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ABSTRACT 

A number of a s p e c t s  of d i e l  rhythms i n  t h e  f eed ing  and r e s p i r a t i o n  

r a t e s  of zooplankton were examined. Emphasis was placed on t h e  r o l e  of t h e  

environment i n  t h e  maintenance and synchroniza t ion  of rhythmic p roces ses  

under n a t u r a l  cond i t i ons  and t h e  e f f e c t s  of  v a r i o u s  environmental parameters  

on t h e  ampli tude of rhythmic phenomena. 

The e x i s t e n c e  of endogenous d i e l  f eed ing  and r e s p i r a t i o n  rhythms under 

cons tan t  cond i t i ons  was demonstrated i n  t h r e e  zooplankton popula t ions  and 

a t  temperatures  from 10  C t o  22 C .  The rhythms were t y p i c a l l y  bimodal; 

maximum r a t e s  were found a t  dawn and dusk, lowest  v a l u e s  nea r  midday. 

Resp i r a t ion  r a t e s  a t  dawn and dusk were, on t h e  average ,  2 . 3  t imes  h ighe r  

than  dur ing  midday; t h e  corresponding d i e l  d i f f e r e n c e  was 6.6 t imes  i n  t h e  

c a s e  of feeding .  

Light  i n t e n s i t y ,  s p e c t r a l  composi t ion,  and temperature were found t o  

have s i g n i f i c a n t  e f f e c t s  on t h e  ampli tude of d i e l  feeding  and r e s p i r a t i o n  

rhythms. It was concluded t h a t  under n a t u r a l  cond i t i ons ,  p e r i o d i c  changes 

i n  t h e  l i g h t  and temperature environment would r e i n f o r c e  endogenous rhythms, 

i nc reas ing  t h e i r  ampli tude over  and above t h a t  demonstrated under cons t an t  

l abo ra to ry  cond i t i ons .  The e f f e c t s  of t w i l i g h t  d u r a t i o n  and s p e c t r a l  

composition of l i g h t  on t h e  maintenance and phase of d i e l  r e s p i r a t i o n  rhythms 

were not  c l e a r l y  def ined .  

S i g n i f i c a n t  d i e l  rhythms i n  feeding ,  r e s p i r a t i o n ,  phosphate e x c r e t i o n ,  

and a s s i m i l a t i o n  r a t e  were demonstrated i n  situ and an energy budget 

cons t ruc ted  from t h e  Eunice Lake zooplankton community. Maximum r a t e s  were 

found near  dawn and dusk,  a l though t h e  p r e c i s e  t iming of maxima and ampli tude 

of rhythms va r i ed  wi th  each parameter.  Net a s s i m i l a t i o n  e f f i c i e n c y  va r i ed  

from l e s s  than 5% a t  dawn and dusk t o  over  90% dur ing  midday; n e t  growth 

e f f i c i e n c y  was h ighes t  a t  dawn and dusk and lowest  near  midday. 
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puZex c o l l e c t e d  from Deer Lake. A l l  r a t e s  co r r ec t ed  
t o  v a l u e s  p red ic t ed  w i t h  a  zooplankton biomass of 50 
pg d ry  w t l m l .  Mean + s tandard  e r r o r  i nd ica t ed .  Upper 
graph (A) = 1 2  C,  lower graph (B) = 5 C. I n t e n s i t y  
ranges  were as fo l lows:  

I = 0.9 - 1.3-uw/cm2 
11 = 2.1 - 3.4 uw/cm2 

I11 = 16.3 - 22.9 pw/cm2 

The e f f e c t s  of  l i g h t  i n t e n s i t y  and s p e c t r a l  composi- 
t i o n  on t h e  r e s p i r a t i o n  r a t e  of Daphnia p t e x  a t  22 C .  
A l l  r a t e s  a r e  co r r ec t ed  t o  va lues  p red ic t ed  wi th  a  
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zooplankton biomass of 50 ug d r y  w t / m l .  Mean 5 s tandard  
e r r o r  i nd ica t ed .  

The e f f e c t  of crowding on t h e  feeding  r a t e  of Diaptomus 48 
kenai c o l l e c t e d  from Eunice Lake. Feeding r a t e  w a s  
r e l a t e d  t o  popula t ion  d e n s i t y  by t h e  fo l lowing  l i n e a r  
express ion:  l o g  FR = - 0.945(log b i o m a s s l l i t e r )  + 
8.29, c o r r e l a t i o n  c o e f f i c i e n t ( r )  = - 0.997. Mean 
f eed ing  r a t e s  i nd ica t ed .  
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Figure  3-1 
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F igure  3-4 

F igure  3-5 

F igure  3-6 

The e f f e c t  of crowding on t h e  weight -spec i f ic  oxygen 
consumption of Diaptomus kenai c o l l e c t e d  from Eunice 
Lake. Resp i r a t ion  r a t e  was r e l a t e d  t o  popula t ion  
d e n s i t y  by t h e  fo l lowing  l i n e a r  express ion:  l o g  
R/S = - 0.837(log b i o m a s s / l i t e r )  + 2.545, c o r r e l a t i o n  
c o e f f i c i e n t ( r )  = - 0.920. Mean r e s p i r a t i o n  r a t e s  
i n d i c a t e d .  

The e f f e c t  of phytoplankton concen t r a t ion  on t h e  
f eed ing  r a t e  of Diaptomus kenai (A) c o l l e c t e d  from 
Eunice Lake and Daphnia puZex (B) c o l l e c t e d  from Deer 
Lake. The food source  u t i l i z e d  f o r  t h e  i n v e s t i g a t i o n  
was ChZamydomonas reinhardt i i .  A l l  r a t e s  a r e  co r r ec t ed  
t o  v a l u e s  expected wi th  a  zooplankton biomass of 50 pg 
d ry  w t / m l .  Mean r a t e s  i n d i c a t e d  f o r  D. kenai (A); 
mean + s tandard  e r r o r  i nd ica t ed  f o r  D. p u l a  (B) .  

Ra t io s  of b l u e  response:red response i n  t h e  c ladocerans  
and copepods examined. Equal r e s p i r a t i o n  o r  f eed ing  
r a t e s  i n  b l u e  and r ed  l i g h t  equa l s  u n i t y  by d e f i n i t i o n .  
Mean v a l u e s  (? s tandard  e r r o r )  f o r  both f eed ing  and 
r e s p i r a t i o n  a r e  shown f o r  each of s i x  i n t e n s i t y  ranges.  

S p e c t r a l  composition of down-welling l i g h t  w i t h  depth 
i n  Eunice Lake, May 27, 1971, a t  1240 h r  (PST). A l l  
d a t a  a r e  normalized t o  a  va lue  of 1 . 0  a t  552 nm. 

Changes i n  t h e  s p e c t r a l  composition of s u r f a c e  l i g h t  
from dawn t o  noon i n  Eunice Lake, May 27, 1971. 
R e l a t i v e  s p e c t r a l  d i s t r i b u t i o n s  a r e  normalized t o  a 
v a l u e  of 1 . 0  a t  600 nm. 

Changes i n  t h e  t o t a l  down-welling r a d i a t i o n  a t  v a r i o u s  
depths  throughout t h e  day i n  Eunice Lake, May 27, 1971. 
Sunr i se  a t  0530 h r  (PST), sunse t  a t  1800 h r  (PST). 
Energy u n i t s  a r e  pw/cm2. 

The r a t e  of i n t e n s i t y  change ( d ~ / d t )  a t  v a r i o u s  depths  
and t imes  of t h e  day i n  Eunice Lake, May 27, 1971. 
Un i t s  a r e  pw/cm2/min and time of day i s  PST. 

Temperature and d isso lved  oxygen p r o f i l e s  of Eunice 
Lake, May 28 - 29, 1973. Un i t s  f o r  d i s so lved  oxygen 
a r e  ppm; mean v a l u e s  over  t h e  24-hr per iod  i n d i c a t e d .  

The s t and ing  crop of phytoplankton and d e t r i t u s  ( u 3  
x 106/1)  i n  Eunice Lake a t  v a r i o u s  depths  on May 28 - 29, 
1973. Mean va lues  over t h e  24-hr per iod a r e  i nd ica t ed .  

Page 

4 9 

50 

5 6 

67 

68 

6 9 

7 0 

' 72 

7 3  

x i i  



Page 

F igu re  3-7 

F igu re  3-8 

F igu re  3-9 

Figure 3-10 

Figure  3-11 

Figure  3-12 

Figure  3-13 

Figure  3-14 

S i z e  d i s t r i b u t i o n  of phytoplankton c o l l e c t e d  from 7 4 
Eunice Lake du r ing  a 24-hr per iod  on May 28 - 29, 1973. 
Mean v a l u e s  i nd ica t ed .  

Die1 changes i n  t h e  v e r t i c a l  d i s t r i b u t i o n  of Eunice 7 5 
Lake zooplankton (May 28 - 29, 1973).  Data taken  
w i t h  a Furuno 200 k c l s e c  Echo Sounder. 

Die1 changes i n  t h e  f eed ing  r a t e  of Eunice Lake 7 7 
zooplankton (May 28 - 29, 1973).  A l l  experiments  
conducted a t  t h e  depth of maximum zooplankton d e n s i t y  
w i t h  i n  s i t u  l i g h t ,  temperature,  and food concen t r a t ion .  
Rates  c o r r e c t e d  t o  v a l u e s  expected w i t h  a zooplankton 
biomass of 50 vg d ry  w t l m l .  Mean + s tandard  e r r o r  
i n d i c a t e d  . 
Die1 changes i n  t h e  r e s p i r a t i o n  r a t e  of Eunice Lake 7 8 
zooplankton (May 28 - 29, 1973).  A l l  experiments  were 
conducted i n  s i t u  a t  t h e  depth  of maximum zooplankton 
d e n s i t y  and r a t e s  co r r ec t ed  t o  v a l u e s  expected w i t h  
a zooplankton biomass of 50 vg dry w t l m l .  Mean + 
s tandard  e r r o r  i nd ica t ed .  

D ie l  changes i n  t h e  r a t e  of i no rgan ic  phosphate 
e x c r e t i o n  of Eunice Lake zooplankton (May 28 - 29, 
1973).  A l l  experiments were conducted wi th  i n  s i t u  
c o n d i t i o n s  a t  t h e  depth  of maximum zooplankton d e n s i t y .  
Ra te s  co r r ec t ed  t o  v a l u e s  expected wi th  a zooplankton 
biomass of  50 vg d r y  w t / m l .  Mean + s tandard  e r r o r  
i n d i c a t e d .  

D i e 1  changes i n  t h e  a s s i m i l a t i o n  rate of Eunice Lake 8 0 
zooplankton (May 28 - 29, 1973).  A l l  experiments  were 
conducted a t  t h e  depth  of maximum zooplankton d e n s i t y  
under i n  s i t u  l i g h t  and temperature cond i t i ons .  
Inco rpora t ion  of k - l a b e l l e d  ChZamydomonus reinhardtii  
was determined and r a t e s  co r r ec t ed  t o  v a l u e s  expected 
w i t h  a zooplankton biomass of 50 vg d r y  w t / m l .  Mean 
+ s tandard  e r r o r  i nd ica t ed .  

D ie l  changes i n  t h e  c a l o r i c  va lues  f o r  feeding ,  
r e s p i r a t i o n ,  n e t  and g ros s  a s s i m i l a t i o n  of Eunice 
Lake zooplankton i n  s i t u  (May 28 - 29, 1973).  

Die1 changes i n  t h e  n e t  a s s i m i l a t i o n  e f f i c i e n c y  90 
(A11 x 100) and n e t  growth e f f i c i e n c y  (A/(A + R) x 100) 
f o r  Eunice Lake zooplankton (May 28 - 29, 1973).  
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GENERAL INTRODUCTION 

The 24-hr per iod  of t h e  e a r t h ' s  r o t a t i o n  has  profound e f f e c t s  on t h e  

physiology and behavior  of organisms. Many important  d a i l y  l i f e  f u n c t i o n s  

reoccur  approximately every 24 h r s  a s  d i e l  rhythms t h a t  a r e  e i t h e r  exogenous 

o r  endogenous. Under n a t u r a l  c o n d i t i o n s  a n  organism may e x h i b i t  a  day- 

n i g h t  p e r i o d i c i t y  which i s  pu re ly  exogenous, r e f l e c t i n g  some response t o  

t h e  environment t h a t  d i sappea r s  under cons t an t  l a b o r a t o r y  cond i t i ons ;  such 

rhythms a r e  d i e l  b u t  n o t  c i r c a d i a n .  Ci rcadian  rhythms, on t h e  o t h e r  hand, 

a r e  endogenous, p e r s i s t i n g  under cons tan t  c o n d i t i o n s  b u t  d r i f t i n g  ou t  of 

phase w i t h  t h e  e x t e r n a l  t ime s c a l e .  Some aspec t  of t h e  environment, t y p i c a l l y  

l i g h t  o r  temperature,  a c t s  a s  a  cue (7eitgeber) t o  main ta in  synchrony under 

n a t u r a l  c i rcumstances.  

Innumerable examples of c i r c a d i a n  a c t i v i t y  c y c l e s ,  u s u a l l y  cha rac t e r i zed  

by one o r  more a c t i v i t y  peaks a t  s p e c i f i c  t imes of t h e  day, have been 

descr ibed  (Harker, 1957).  The d i e l  v e r t i c a l  migra t ion  of zooplankton i s  

one behav io ra l  rhythm t h a t  has  rece ived  much a t t e n t i o n  i n  t h e  l a s t  100 yea r s .  

The endogenous n a t u r e  of plankton migra t ion  has  been demonstrated by a  

number of au tho r s  (Har r i s ,  1963; Ringelberg and Servaas,  1971).  

There have been few s t u d i e s  of d i e l  rhythms i n  t h e  feeding  and 

r e s p i r a t i o n  r a t e s  of zooplankton and many of t h e s e  r e s u l t s  a r e  con t r ad ic to ry .  

F u l l e r  (1937) f i r s t  proposed a  d i e l  f eed ing  rhythm i n  p l ank ton ic  copepods 

demonstrat ing t h a t  feeding  r a t e s  were g r e a t e s t  dur ing  t h e  evening when 

zooplankton i n h a b i t  s u r f a c e  waters .  S imi l a r  obse rva t ions  have been made by 

a  number of o t h e r  au tho r s  (Ponomareva, 1971; Singh, 1972; and Wimpenny, 

1938). However, t h e s e  obse rva t ions  do not  n e c e s s a r i l y  r ep re sen t  c i r c a d i a n  

phenomena s i n c e  g raz ing  r a t e s  w i l l  probably i n c r e a s e  a t  t h e  s u r f a c e  due t o  



t h e  i n f luences  of increased  tempera ture  and food concen t r a t ion .  It i s  no t  

s t r i c t l y  p o s s i b l e  t o  e s t a b l i s h  t h e  e x i s t e n c e  of c i r c a d i a n  rhythms wi thout  

c o n t r o l l i n g  a l l  t h e  exogenous i n f l u e n c e s  of t h e  environment. 

The purpose of t h i s  i n v e s t i g a t i o n  i s  t o  a s c e r t a i n  whether c i r c a d i a n  

rhythms i n  zooplankton feeding  and r e s p i r a t i o n  e x i s t  and i f  s o ,  t o  examine 

t h e  r o l e  of t h e  environment i n  t h e  maintenance and synchroniza t ion  of 

rhythmic processes  under n a t u r a l  c o n d i t i o n s  and t o  d e s c r i b e  t h e  e f f e c t s  of 

v a r i o u s  environmental parameters  on t h e  magnitude of rhythmic phenomena. 

Die1 rhythms were s tud ied  i n  situ t o  de te rmine  t h e i r  p o s s i b l e  s i g n i f i c a n c e  

i n  t h e  measurement of energy flow w i t h i n  n a t u r a l  zooplankton communities. 



Chapter 1 

ENDOGENOUS DIEL RHYTHMS IN THE FEEDING AND 

RESPIRATION OF ZOOPLANKTON 



INTRODUCTION 

Over t h e  p a s t  50 y e a r s  a number of workers have demonstrated t h e  

e x i s t e n c e  of a 24-hr c y c l e  of v a r i a t i o n  i n  t h e  f eed ing  and r e s p i r a t i o n  of 

zooplankton. However, i t  h a s  n o t  been s a t i s f a c t o r i l y  a s c e r t a i n e d  whether 

t h e s e  rhythms a r e  endogenous, i n  t h a t  r a t e  changes occur  i n  t h e  absence of 

p e r i o d i c  environmental  s t i m u l i ,  o r  a r e  exogenous rhythms which are a 

consequence of environmental  s t i m u l i .  

The f i r s t  sugges t ion  of such a c y c l e  i n  f eed ing  r a t e  was t h e  observa t ion  

of Marsha l l  (1924) who noted t h a t  t h e  copepod CaZanus (Crustacea)  captured  

i n  e a r l y  morning had f u l l  g u t s ,  whereas t h e  stomachs of t hose  taken l a t e r  

i n  t h e  day were empty. S imi l a r  obse rva t ions  have been made by a number of 

a u t h o r s  (Pe t ipa ,  1964; Ponomareva, 1971; and Singh, 1972) a l though t h e i r  

s t u d i e s  n e i t h e r  confirm nor deny t h e  endogenous n a t u r e  of feeding  rhythms 

s i n c e  t h e i r  experimental  des ign  d i d  not  e l i m i n a t e  p o s s i b l e  environmental 

s t i m u l i .  

Other workers have been unable  t o  demonstrate  rhythms i n  t h e  feeding  

and r e s p i r a t i o n  r a t e  of zooplankton. Gauld (1953) found t h a t  i f  food was 

a v a i l a b l e ,  t h e  m a j o r i t y  of CaZanus examined had f u l l  g u t s  throughout t h e  

day; a l t e r n a t i o n  of f eed ing  and non-feeding pe r iods  only  occurred when t h e r e  

was v e r t i c a l  migra t ion  i n t o  warmer, phytoplankton-r ich s u r f a c e  waters .  

S i m i l a r l y ,  Pearcy e t  aZ. (1969) and Richman and Rogers (1972) were unable 

t o  demonstrate  d i e 1  f eed ing  and r e s p i r a t i o n  rhythms i n  f reshwater  zooplankton. 

The purpose of t h e  f i r s t  phase of my t h e s i s  was t o  e s t a b l i s h  whether 

o r  n o t  endogenous f eed ing  and r e s p i r a t i o n  rhythms e x i s t  i n  zooplankton 

obta ined  from t h r e e  l a k e s .  



HATERIALS AND METHODS 

Study Areas 

Samples of zooplankton used i n  t h i s  work were obtained from th ree  l akes  

i n  B r i t i s h  Columbia: Eunice Lake, Deer Lake, and Babine Lake. 

Eunice Lake is a small  o l igo t roph ic  l a k e  i n  t h e  Universi ty of B r i t i s h  

Columbia Research Fores t  near  Haney. It has a su r face  a r e a  of 18.2 ha, a  

mean depth of 15.8 m, and a maximum depth of 42 m. Diaptomus kenai (Wilson) 

and Diaptomus tyreZZi (Poppe) were t h e  most common zooplankton co l l ec ted  

from t h i s  lake .  

Deer Lake, a  shallow eut rophic  l a k e  i n  Burnaby, has  a  su r face  area  of 

28.0 ha and depths varying from 3 t o  5 m throughout much of t h e  lake .  The 

p r i n c i p a l  zooplankters  present  were Daphnia p u l a  (de Greer) and CycZops 

scut i fer  (Sar s )  . 
The t h i r d  l a k e  from which zooplankton were obtained f o r  t h i s  inves t iga t ion  

was Babine Lake, s i t u a t e d  i n  nor th-cent ra l  B r i t i s h  Columbia. It i s  about 

160 km long and has a  su r face  a rea  of 490 km2. Diaptomus ashlandii (Marsh) 

and Heterocope septentriona Zis (Juday and Mut towski) , t h e  most common 

zooplankton, were co l l ec ted  from t h e  North Arm where t h e  maximum depth i s  

46 m and t h e  mean depth 20 m. 

Col lec t ion  of Samples 

Zooplankton were c o l l e c t e d  wi th  #6 o r  #10 mesh (239 l.~ and 158 p pore diam.) 

n e t s .  Samples from Eunice Lake were taken wi th  a /I10 n e t  (30 cm diam.) towed 

approximately 25 m/min a t  a  depth of 5 m. Babine Lake zooplankton were col- 

l e c t e d  with a 1/10 n e t  towed a t  1 0  m. A #6 n e t  towed a t  1 m was used i n  Deer 

Lake. The plankton samples were t r ans fe r red  t o  5-gal darkened insula ted  carboys 

conta in ing l a k e  water t o  minimize crowding. Carboys were maintained a t  l a k e  

temperature and returned t o  t h e  labora tory .  



Experimental Design 

Three f eed ing  and f i v e  r e s p i r a t i o n  s t u d i e s  were conducted over  a per iod  

of four  yea r s  i n  an  a t t empt  t o  e s t a b l i s h  d i e 1  rhythms. Each i n v e s t i g a t i o n  

cons i s t ed  of s i x  consecut ive  4-hr l a b o r a t o r y  experiments  wi th  zooplankton 

from one of t h e  l akes .  Experiments were conducted a t  cons t an t  temperature 

under cont inuous darkness  u s ing  a sample of mixed zooplankton from t h e  l a k e  

r a t h e r  than a s i n g l e  spec i e s .  

Determination of Resp i r a t ion  Rate 

S h o r t l y  a f t e r  zooplankton samples were r e tu rned  t o  t h e  l a b o r a t o r y ,  25-ml 

subsamples were t r a n s f e r r e d  t o  darkened 50-ml beakers  and acc l imated  f o r  18 

t o  24 h r  a t  cons t an t  temperature and cont inuous darkness .  A f a r  red  f i l t e r  

(Pe rc iva l  perspex) was used when zooplankton were handled and observed i n  

t h e  l a b o r a t o r y  darkroom. Viaud (1951) has  shown t h a t  zooplankton a r e  in-  

s e n s i t i v e  t o  l i g h t  of t h i s  wavelength (> 700 nm). A wide range  of zooplankton 

d e n s i t i e s  was used i n  t h e  experiment t o  a l l ow l e a s t  squares  l i n e a r  r eg re s s ion  

c o r r e c t i o n  of a l l  r a t e s  t o  v a l u e s  expected a t  a s tandard  biomass of 50 pg 

d r y  w t l m l .  Only a c t i v e  i n d i v i d u a l s  were used i n  each experiment.  The 

temperature chosen f o r  each s tudy  was w i t h i n  5 C of t h e  s u r f a c e  temperature 

t o  minimize any concern f o r  acc l ima t ion .  

Th i r ty  minutes  be fo re  each 4-hr experiment,  200 m l  of a i r - s a t u r a t e d  

dechlor ina ted  water  were measured i n t o  each of e i g h t  darkened 250-ml BOD 

b o t t l e s .  The zooplankton and t h e  25-ml samples of l a k e  water  were added t o  

s i x  of t h e  BOD b o t t l e s .  The zooplankton from t h e  remaining two beakers  i n  

each s e t  were removed w i t h  53 p mesh and 25 m l  of water  added t o  two BOD 

b o t t l e s  a s  c o n t r o l s .  Streptomycin s u l p h a t e  (100 mg/l) was added t o  each 

b o t t l e  t o  i n h i b i t  b a c t e r i a l  growth; t h i s  concen t r a t ion  d id  not  a f f e c t  t h e  

r e s p i r a t i o n  r a t e  of zooplankton (P > 0.05).  A l l  b o t t l e s  were s toppered and 



placed i n  a n  environmental chamber f o r  4  h r s .  TElze : I r r r t ; t k s m e  llinverted 

p e r i o d i c a l l y  t o  prevent  s e t t l i n g  of t h e  z o o p h k t m .  

A t  t h e  end of each 4-hr experiment t h e  c&hsc&d 'axygen An +each sample  

was f i x e d  by a d d i t i o n  of 2  m l  of MnC12 (3M) and 2 al cof a l U n e  i a d i d e  

(NaOH, 8N; NaI, 4E.I) w i th  p o s i t i v e  displacement  +ype rpdp.ef&es -(3krrFtrt and 

Carpenter ,  1966).  P r e s e r v a t i o n  of zooplanktopwas-ammpkiahed -by t h e  

a d d i t i o n  of 2 m l  of a  50% e thano l :  50% f  ormalin ~ ~ r ; g .  Zbks -pmserv&Aon 

d id  n o t  a f f e c t  t h e  s t a b i l i t y  of t h e  iod ide  p z e k t a t e .  

A t  t h e  end of each 24-hr s tudy  t h e  disso- mg.gen a m s x m k ~ o n  -ms 

determined by t i t r a t i n g  5-ml a l i q u o t s  of t h e  . ~ ~ f i e d  dadjrne s l u t i ~ n  -.with 

0.0084 N t h i o s u l p h a t e  from a 5-ml microbure t te .  

Zooplankton were removed from each b o t t l e  by -- -.W*h 53 .p mesh, 

s t a i n e d  w i t h  Lugol ' s  s o l u t i o n ,  and counted by spzc_ias m w r  -paper.  The 

s p e c i e s  composition of t h e  zooplankters  i n  e a ~ h ~ ~ ~  mrt -=y over 

t h e  24-hr per iod  (P > 0.05) .  The mean weight a•’ 20 5 e v U a i l . s  ,of a ~ ~ h  

s p e c i e s  a f t e r  dry ing  a t  60 C f o r  48 h r  was -d a S r a h  Zhztxobalance. 

A dec rease  i n  t h e  d i s so lved  oxygen concemfxxd&a ;irn eg-xmhmrrtal bottles I 

r e l a t i v e  t o  t h e  c o n t r o l s  was a t t r i b u t e d  t o  o x y w  tmmmption $y t h e  ZOO- 
I 

plankton.  The r e s p i r a t i o n  r a t e  of t h e  i n d i v i d u a l s  5n ea.15-1  mas 

c a l c u l a t e d  wi th  t h e  fo l lowing  express ion .  

RESPIRATION RATE - - (E - ET) (F) ( X / M )  - (a?) 
( 1 02/mg d ry  w t l h r )  ( [ N ~ ~ + N ~ G ~  + N . . Q j / l ? ) ( T )  

- 
where CT = m l  t h i o s u l p h a t e  f o r  c o n t r o l s  (.mean) 

- 
ET = m l  t h i o s u l p h a t e  f o r  experimeRSsl3.5.ottk (.mean) 

F = c a l i b r a t i o n  f a c t o r  f o r  thiosuJpba&e m1.utii.m 

X = s i z e  of BOD b o t t l e  (ml) 

CF = conversion f a c t o r  (ml t h i o s u l ~ h s  1~.11 



N 1  t o  x = no. zooplankton of each s p e c i e s  (x) 
- 
W1 t o  x = mean d r y  w t  (pg)/zooplankter  of  each s p e c i e s  (x)  

T = experiment d u r a t i o n  (h r )  

I n  one of t h e  r e s p i r a t i o n  experiments ,  oxygen consumption of a 

popula t ion  of Diaptomus kenai was determined wi th  a Gilson D i f f e r e n t i a l  

Respirometer.  Readings on t h e  same zooplankton were taken every 1 - 2 h r s  

over  t h e  24-hr s tudy .  

S ince  t h e  number of zooplankters  i n  each v e s s e l  was n o t  t h e  same and 

popula t ion  d e n s i t y  i s  known t o  i n f l u e n c e  weight -spec i f ic  r e s p i r a t i o n  r a t e s  

(Ze i s s ,  1963),  i t  w a s  necessary  t o  conver t  r a t e s  t o  t hose  expected under 

s tandard  biomass cond i t i ons .  For each 4-hr experiment ,  an  i n d i v i d u a l  c o r r e c t i o n  

equat ion  ( l o g  r /s  = slope(1og biomass) + i n t e r c e p t )  was de r ived  from a l e a s t  

squares  l i n e a r  r e g r e s s i o n  of l o g  r e s p i r a t i o n  r a t e  ve r sus  l o g  biomass d e n s i t y .  

This  express ion  (eq. Fig.  2-8) was used t o  c o r r e c t  a l l  oxygen consumption 

v a l u e s  t o  t hose  expected w i t h  a zooplankton biomass of 50 pg d r y  w t / m l .  

One-way a n a l y s i s  of v a r i a n c e  was used t o  t e s t  t h e  n u l l  hypothes is  t h a t  

t h e r e  were no d i f f e r e n c e s  i n  t h e  r e s p i r a t i o n  r a t e  of zooplankton w i t h i n  a 

day. F - r a t io s  were determined i n  each s tudy  by comparing t h e  mean square  

of t h e  d e v i a t i o n  i n  r a t e s  due t o  t ime w i t h  v a r i a b i l i t y  ( e r r o r )  w i t h i n  each 

4-hr experiment.  The n u l l  hypo thes i s  was r e j e c t e d  when t h e  c a l c u l a t e d  

F- ra t io  exceeded t h e  c r i t i c a l  F-value f o r  t h e  a p p r o p r i a t e  degrees  of freedom 

(groups - 1; no. r e p l i c a t e s  - no. groups) a t  t h e  0.1% p r o b a b i l i t y  l e v e l .  

Determination of Feeding Rate 

I Feeding experiments were s e t  up and conducted i n  t h e  same way a s  t h e  
I 

r e s p i r a t i o n  experiments  except  t h a t  a l l  samples contained l o 5  c e l l s / m l  of 

ChZamydomonas reinhardtii  as a food source .  ChZamydomonas was inges ted  by 

a l l  zooplankton examined du r ing  t h i s  i n v e s t i g a t i o n .  A t  t h e  end of each 4-hr 



experiment,  zooplankton were removed from t h e  BOD b o t t l e s  by f i l t e r i n g  t h e  

water  through 53 p mesh and preserved wi th  Lugol 's  s o l u t i o n  f o r  subsequent 

count ing  and d r y  weight de t e rmina t ion .  A 100-ml a l i q u o t  of t h e  water  was 

removed from each b o t t l e  and t h e  a l g a e  preserved wi th  e thano l .  A concen t r a t ion  

of 6 - 7% (v/v)  e thano l  k i l l e d  t h e  a l g a l  c e l l s  without  caus ing  plasmolysis .  
* 

Phytoplankton numbers i n  each sample were counted w i t h  a Model B 

Coul te r  Counter equipped wi th  Model M Volume Converter .  Feeding r a t e  w a s  

determined by comparison of t h e  t o t a l  biomass (v3) i n  c o n t r o l  and experimental  

v e s s e l s ,  fo l lowing  t h e  procedure of Sheldon and Parsons (1966b). A 50 p 
F- 

a p e r t u r e  tube  c a l i b r a t e d  wi th  paper mulberry p o l l e n  and 5% s a t u r a t e d  KN03 

e l e c t r o l y t e  was used i n  a l l  c a s e s .  Decrease i n  a l g a l  biomass i n  experimental  

v e s s e l s  was a t t r i b u t e d  t o  f eed ing  by t h e  zooplankton. The f eed ing  r a t e  of 

t h e  zooplankters  i n  i n d i v i d u a l  b o t t l e s  was computed from t h e  fo l lowing  

express ions .  

FEEDING RATE 
= FR (v3 a l g a l  biomass/ml/mg d ry  wt /hr )  

where 

and MCV = 

S C  = 

En CC 
sc=1  s c = l , n  

(F) - m 
s c = l  ,n (F) 

( [NIWl + N2W2 + NxWx] /1000) (T) 

(abs.  no. c e l l s / m l  @ SCM)(MCV @ SCM) 
(X @ SCM) 

(K) (S)30 

s i z e  c l a s s  of a l g a l  c e l l s  (max = 16) where MCV of 

each succes s ive  s i z e  c l a s s  ( s c )  i n c r e a s e s  logar i thmi-  

c a l l y  

t o t a l  number of s i z e  c l a s s e s  used f o r  d i s t r i b u t i o n  

mean c o n t r o l  b o t t l e  phytoplankton count  f o r  each 

s i z e  c l a s s  



R: 
s c = l , n  = mean experimental  b o t t l e  phytoplankton count  f o r  each 

s i z e  c l a s s  

F = biomass conversion f a c t o r  

S M  = s i z e  c l a s s  w i t h  h i g h e s t  c e l l  count 

MCV = mean c e l l  volume (v3)  

N 1  t o  x = no. zooplankters  of each s p e c i e s  (x) 

- 
W 1  t o  x = mean d r y  w t  (vg) /zooplankter  of each s p e c i e s  (x) 

T = experiment d u r a t i o n  ( h r s )  

K = c a l i b r a t i o n  f a c t o r  f o r  given Coul te r  Counter 

a p e r t u r e  tube  

S = s e n s i t i v i t y  of Coul te r  Counter 

A l l  f eed ing  r a t e s  were c o r r e c t e d  t o  v a l u e s  expected a t  a zooplankton 

biomass of 50 pg d r y  w t l m l .  

RESULTS 

Die1 Changes i n  Zooplankton Resp i r a t ion  

F igu re  1-1 p r e s e n t s  d a t a  which show d i e 1  changes i n  t h e  r e s p i r a t i o n  

r a t e  of Eunice Lake zooplankton. The experiments were conducted over  a two 

month per iod  a t  t empera tures  of 10  C ,  16  C ,  and 21 C .  There was a s i g n i f i c a n t  

d i e l  change i n  oxygen consumption a t  a l l  t h r e e  tempera tures  (10 C: 12.31 > 

5.98 @ ?' < 0.001, df = 5,24,  16  C: 26.28 > 6.08 @ P < 0.001, df = 5,23, 21 C:  

4.18 > 4.10 @ P < 0.01, df = 5,20) .  The most pronounced d i e l  changes were 

noted a t  1 0  C. I n  a l l  experiments  t h e r e  were maxima a t  0600 and 1800 h r ,  

a l though t h e  dawn maximum was n o t  we l l  def ined  i n  t h e  16  C s tudy.  This  

s tudy  showed a l a r g e  ampli tude a t  10  C and s i g n i f i c a n t l y  (P < 0.001) higher  

r a t e s  a t  a l l  t imes of t h e  day a t  10 C than a t  16  o r  21 C. There were no 

s i g n i f i c a n t  d i f f e r e n c e s  (P > 0.05) i n  t h e  magnitude of t h e  dawn and dusk 



Figure  1-1 D i e 1  changes i n  t h e  r e s p i r a t i o n  of zooplankton from Eunice Lake 

a t  t h r e e  temperatures .  A l l  s t u d i e s  conducted i n  cont inuous 

darkness  w i th  r a t e s  co r r ec t ed  t o  v a l u e s  expected wi th  a zoo- 

plankton biomass of 50 ug d r y  w t / m l .  The most abundant s p e c i e s  

p re sen t  were t h e  copepods Diaptomus kenai (41.9 ug dry  w t ) ,  

Diaptomus tyreZZi (13.5 vg d r y  w t ) ,  and t h e  c ladocerans  HoZopediwn 

g i b b e m  and Daphnia rosea (6.9 vg d r y  wt ) .  Experiment d a t e s :  

10  C = 22 May 1969, s u n r i s e  a t  0416 h r ,  sunse t  a t  2202 h r ;  16  C = 

1 8  June 1969, SR a t  0502 h r ,  SS a t  2124 h r ;  21 C = 8 August 1969, 

SR = 0412 h r ,  SS a t  2021 h r .  Mean + s tandard  e r r o r  i nd ica t ed .  
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maxima a t  any i n d i v i d u a l  temperature o r  i n  r e s p i r a t i o n  rates (P < 0.05) 

measured a t  16  C and 21 C.  I n  a l l  experiments  t h e  r a t e s  determined nea r  

midday (1000 - 1400 h r )  were lowest .  

I n  another  s tudy  of d i e l  changes i n  t h e  r e s p i r a t i o n  of Eunice Lake 

zooplankton i n  1970, a s i m i l a r  t r end  was observed us ing  resp i rometry  t o  

measure t h e  oxygen consumption of Diaptomus kenai  a t  22 C (Fig. 1-2). 

Resp i r a t ion  maxima were found a t  0730 and 1730 h r  and were more p r e c i s e l y  

def ined  than those  shown i n  Fig.  1-1 s i n c e  oxygen de t e rmina t ions  were made 

every  hour.  The d i e l  d i f f e r e n c e s  observed were s i g n i f i c a n t  a t  t h e  0.1% 

p r o b a b i l i t y  l e v e l  (10.85 > 4.52 @ P < 0.001, df = 19,109) .  There was no 

s i g n i f i c a n t  (P > 0.05) change i n  r e s p i r a t i o n  r a t e  from 0830 t o  1430 h r .  

Babine Lake zooplankton (95% D. a s h t a n d i i )  were used i n  s t u d i e s  of d i e l  

changes i n  oxygen uptake a t  1 3  C. A s i g n i f i c a n t  (9.78 > 5.66 @ P < 0.001, 

df = 5,28) d i f f e r e n c e  i n  oxygen consumption w i t h  t ime of day w a s  demonstrated; 

r e s p i r a t i o n  r a t e s  were h ighes t  a t  0600 and 2200 h r  (Fig.  1-3). 

Die1 Changes i n  Zooplankton Feeding 

D i e l  d i f f e r e n c e s  i n  zooplankton f eed ing  were a l s o  demonstrated. Eunice 

Lake zooplankton maintained a t  21 C showed a d i e l  d i f f e r e n c e  i n  feeding  

r a t e  (16.38 > 5.53 @ P < 0.001, df = 5,30) c h a r a c t e r i z e d  by maxima a t  0200 

and 1800 h r  (Fig.  1-4). The dawn maximum was s i g n i f i c a n t l y  l a r g e r  than  t h e  

dusk maximum (P < 0.001). There w e r e  no s i g n i f i c a n t  d i f f e r e n c e s  i n  f eed ing  

r a t e  from 0600 t o  1400 h r .  

D i e l  d i f f e r e n c e s  i n  t h e  f eed ing  r a t e  of summer and win te r  popula t ions  

of k p h n i a  putex  and QcZops  s c u t i f e r  from Deer Lake were a l s o  examined 

(Fig.  1-5).  Highly s i g n i f i c a n t  d i e l  d i f f e r e n c e s  were found i n  both c a s e s  

(winter :  5 .01 > 3.22 @ P < 0.005, df = 9,40; summer: 12.21 > 5.53 @ P < 0.001, 



Figure  1-2 D i e 1  changes i n  t h e  r e s p i r a t i o n  r a t e  of Diaptomus kenai from 

Eunice Lake, B.C.  Ra tes  were determined under cont inuous 

darkness  a t  22 C (16 August 1970; SR = 0501 h r ,  SS = 1931 h r ) .  

A l l  r a t e s  were co r r ec t ed  t o  v a l u e s  expected a t  a zooplankton 

biomass of 50 pg d r y  w t f m l .  Mean f s tandard  e r r o r  i nd ica t ed .  
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Figure  1-3 D i e 1  changes i n  t h e  r e s p i r a t i o n  r a t e  of Babine Lake zooplankton 

(95% Diaptornus ashzandii, mean d r y  w t  = 5.6 pg).  Experiments 

w e r e  conducted a t  1 3  C and under cont inuous darkness  (12 Sept .  

1969; SR = 0541 h r ,  SS = 1838 h r ) .  A l l  r a t e s  co r r ec t ed  t o  

va lues  expected w i t h  a zooplankton biomass of 50 pg d ry  w t / m l .  

Mean + s tandard  e r r o r  i n d i c a t e d .  
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Figure  1-4 D i e 1  change i n  t h e  feeding  r a t e  of Eunice Lake zooplankton. 

I n v e s t i g a t i o n  conducted a t  21 C and under cont inuous darkness  

(8 J u l y  1969; SR = 0412 h r ,  SS = 2021 h r ) .  The p r i n c i p a l  

s p e c i e s  p re sen t  were t h e  copepods Diaptomus kenai (mean d r y  

w t  = 41.9 ug) , Diaptomus tyreZZi (mean d r y  w t  = 13.5 pg) and 

t h e  c ladocerans  HoZopediwn gibberum and Daphnia rosea (mean 

dry w t  = 6.9 pg).  A l l  r a t e s  c o r r e c t e d  t o  v a l u e s  expected wi th  

a zooplankton biomass of 50 pg d r y  w t / m l .  Mean ? s tandard  

e r r o r  i nd ica t ed .  
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Figure  1-5 D i e 1  change i n  t h e  f eed ing  r a t e  of Deer Lake zooplankton 

samples c o n s i s t i n g  p r i m a r i l y  of Daphnia pulex (mean d ry  w t  = 

18.5 vg) and Cyclops scut i fer  (mean d ry  w t  = 8.5 vg) c o l l e c t e d  

i n  w in te r  (5  Feb. 1972; SR = 0742 h r ,  SS = 1711 h r )  and summer 

(23 June 1972; SR = 0500 h r ,  SS = 2121 h r )  and feeding  experi-  

ments conducted a t  1 0  C and 20 C r e s p e c t i v e l y .  Experiments 

conducted und.er cont inuous darkness  and a l l  r a t e s  co r r ec t ed  

t o  v a l u e s  expected wi th  a zooplankton biomass of 50 pg d ry  w t / m l .  

Mean + s tandard  e r r o r  i n d i c a t e d .  
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df = 5,30) .  I n  both summer (20 C) and w i n t e r  (10 C) experiments ,  t h e  dusk 

maximum occurred a t  1800 h r  wh i l e  t h e  dawn maximum occurred much e a r l i e r  

i n  t h e  summer experiment.  A t  10  C t h e  dusk maximum exceeded t h e  dawn 

maximum (p < 0.001) b u t  w a s  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  dawn 

maximum a t  20 C.  

DISCUSSION 

The r e s u l t s  of t h e  p re sen t  i n v e s t i g a t i o n  demonstrate  s i g n i f i c a n t  d i e 1  

changes i n  t h e  r e s p i r a t i o n  and f eed ing  rates of zooplankton. The c o n s i s t e n t  

r e p e t i t i v e  p a t t e r n  of t h e s e  changes and occurrence  i n  t h e  absence of p e r i o d i c  

environmental s t i m u l i  c l e a r l y  e s t a b l i s h  t h e i r  rhythmic and endogenous n a t u r e .  

The l i m i t a t i o n s  inhe ren t  i n  t h e  p re sen t  f i n d i n g s  must be  considered 

be fo re  d i scuss ion  of t h e  d a t a  themselves.  This  s tudy  does not  e s t a b l i s h  

t h a t  t h e s e  rhythms a r e  c i r c a d i a n  - only  t h a t  t hey  a r e  endogenous. Even 

t h i s  s ta tement  must be  q u a l i f i e d  t o  some e x t e n t  s i n c e  rhythms can only  be  

c a l l e d  endogenous i f  a l l  p e r i o d i c  environmental v a r i a b l e s  a r e  c o n t r o l l e d .  

I n  t h e  p re sen t  s tudy  l i g h t  and temperature were cons t an t ;  however, some 

a u t h o r s  suggest  t h a t  p e r i o d i c  o s c i l l a t i o n s  i n  o t h e r  f a c t o r s  such a s  baro- 

m e t r i c  p r e s s u r e  may s t i l l  p e r s i s t  (Brown e t  aZ., 1955).  Before they  can 

be  c a l l e d  ' c i r c a d i a n '  t h e  rhythms must be followed under cons t an t  cond i t i ons  

f o r  a  minimum of f i v e  t o  seven days  and t h e  frequency of t h e  ' f ree-running 

pe r iod '  determined ( P i t t e n d r i g h ,  1960).  I f  a  rhythm i s  c i r c a d i a n  t h e  f r e e -  

running per iod  must d e v i a t e  by a more o r  less cons t an t  amount from t h e  

per iod  of t h e  e a r t h ' s  r o t a t i o n .  The free-running per iod  is  n o t  e x a c t l y  24 

h r s  s i n c e  t h i s  would u s u a l l y  i n d i c a t e  t h e  e x i s t e n c e  of a n  unknown pe r iod ic  . 
f a c t o r  i n  t h e  environment a c t i n g  a s  a Zeitgeber. The per iod  of t h e  f r ee -  

running rhythm is n o t  c o n s t a n t  b u t  cont inuous ly  inf luenced  by both  t h e  



environment and t h e  phys io log ica l  s t a t e  of t h e  organisms. Since t h e  f r ee -  

running period was n o t  determined, t h e  f eed ing  and r e s p i r a t i o n  rhythms could 

n o t  be  def ined  a s  c i r c a d i a n .  

The f a c t  t h a t  s i g n i f i c a n t  d i e l  rhythms were demonstrated f o r  s e v e r a l  

d i f f e r e n t  s p e c i e s  under a  v a r i e t y  of environmental c i rcumstances sugges t s  

t h a t  t h e s e  rhythms a r e  a  gene ra l  phenomenon. D i e 1  rhythms i n  f eed ing  o r  

r e s p i r a t i o n  were shown a t  tempera tures  from 1 0  - 22 C,  i n  zooplankton from 

bo th  o l i g o t r o p h i c  and eu t roph ic  l a k e s ,  i n  bo th  c ladocerans  and copepods, 

a t  d i f f e r e n t  t imes  of t h e  yea r ,  and a t  d i f f e r e n t  l a t i t u d e s .  

Severa l  t r e n d s  emerge from t h e  experiments r epo r t ed  here .  The d i e l  

rhythm i n  t h e  f eed ing  and r e s p i r a t i o n  of zooplankton i s  t y p i c a l l y  bimodal. 

Resp i r a t ion  and f eed ing  r a t e s  were always h i g h e s t  dur ing  t h e  e a r l y  morning 

and l a t e  a f te rnoon o r  evening, and were lowest  du r ing  t h e  midday. The 

ampli tude of t h e  d i e l  r a t e  changes va r i ed  cons iderably  b u t  was u s u a l l y  two 

t o  fou r  t imes g r e a t e r  than midday l e v e l s  f o r  r e s p i r a t i o n  and even g r e a t e r  

f o r  feeding  (Table 1-1).  Resp i r a t ion  r a t e s ,  on t h e  average,  decreased by 

a f a c t o r  of 1 .9 t i m e s  from dawn t o  midday and increased  by 2.7 t imes  from 

noon t o  dusk. The corresponding average dawn t o  noon decrease  f o r  f eed ing  

rhythms was 6 . 1  t imes w i t h  a  noon t o  dusk i n c r e a s e  by a  f a c t o r  of 7.1. 

The l i m i t a t i o n  of a  4-hr experiment per iod  was apparent  i n  a t t empt s  t o  

e s t a b l i s h  t h e  p r e c i s e  t iming of t h e s e  maxima. It i s  n o t  p o s s i b l e  t o  a s c e r t a i n  

t h e  exac t  t i m e  a t  which t h e  increased  a c t i v i t y  occurs .  The observed maxima 

may no t  r ep re sen t  t h e  t r u e  maxima, which may occur  s l i g h t l y  e a r l i e r  o r  

l a t e r ;  consequent ly,  t h e  observed ampli tude changes a t  dawn and dusk may b e  

underes t imates  of t h e  t r u e  va lues .  

The t iming of t h e  maxima appear t o  be  c o r r e l a t e d  wi th  dawn and dusk. 

The r e s u l t s  of t h e  two Deer Lake s t u d i e s  a r e  c o n s i s t e n t  with t h i s  hypothes is  



TABLE 1-1 

Amplitude changes i n  zooplankton feeding  and r e s p i r a t i o n  rates under cons tan t  

cond i t i ons .  A l l  r a t e s  a r e  expressed r e l a t i v e  t o  a r a t e  of 1 .0  a t  t h e  midday 

minima. The zooplankton community was predominantly copepods i n  both Eunice 

and Babine Lakes, and most ly c ladocerans  i n  Deer Lake. ' 

Sampling Temp Parameter Decrease from I n c r e a s e  from 

Area Measured Dawn Maximum Midday Minimum 

t o  Midday Minimum t o  Dusk Maximum 

Eunice 

Eunice 

Eunice 

Eunice 

Babine 

Eunice 

Deer 

Deer 

1 0  C Resp 

1 6  C Re sp  

21  C Re sp  

22 C Resp 

1 3  C Resp 

21 C Feed 

1 0  C Feed 

20 C Feed 



(Fig.  1-5).  Daylength dur ing  t h e  win te r  s tudy  was approximately 1 0  h r s  and 

1 6  h r s  dur ing  t h e  summer. S ince  t h e  two maxima observed i n  t h e  win te r  s tudy  

were separa ted  by 10  h r s  of d a y l i g h t  and 16  h r s  i n  t h e  summer, a c l o s e  

c o r r e l a t i o n  t o  daylength i s  i n d i c a t e d ,  a l though t h e  t iming of t h e  evening 

peaks a t  both seasons  was similar. However, t h e  d i f f e r e n c e s  i n  t h e  t i m e  

of occurrence  of t h e  maxima may n o t  be e n t i r e l y  due t o  daylength s i n c e  t h e  

per iod  of c i r c a d i a n  phenomena i s  temperature dependent t o  some e x t e n t  

(Sweeney and Has t ings ,  1960).  

The s t u d i e s  of d i e 1  rhythms i n  t h e  r e s p i r a t i o n  of Eunice Lake zoo- 

p l a n k t e r s  (Fig.  1-1) i n d i c a t e  t h a t  a l though t h e  rhythms e x i s t  a t  t h e  t h r e e  

temperatures  examined, tempera ture  h a s  a profound i n f l u e n c e  on both  t h e  

ampli tude of t h e  changes a s  w e l l  a s  t h e  lowest  midday r a t e .  Th i s  is  shown 

i n  Table 1-2 which i n d i c a t e s  t h e  i n t e g r a t e d  d a i l y  oxygen consumption and 

midday r a t e s  f o r  each temperature.  A t  10  C t h e  midday r a t e s  a r e  2.5 t o  3.0 

t imes  h ighe r  than  a t  16 ,  21, o r  22 C.  The 1 3  C r e s p i r a t i o n  r a t e s  of Babine 

Lake zooplankton a r e  i n t e rmed ia t e  between t h e  1 0  and 16  C r e s u l t s  ob ta ined  

w i t h  zooplankton from Eunice Lake (Table 1-2) even though t h e  s p e c i e s  

composition d i f f e r e d .  The decrease  i n  oxygen consumption wi th  increased  

temperature is  no t  p r e d i c t a b l e  given t h e  u s u a l  Q10 r e l a t i o n s h i p s .  S imi la r  

obse rva t ions  were made by Halcrow (1963) who noted h ighe r  r e s p i r a t i o n  r a t e s  

i n  Calanus a t  1 0  C than  a t  20 C a f t e r  a 24-hr acc l ima t ion  period.  However, 

a f t e r  1 0  days acc l ima t ion ,  Halcrow (1963) found a more t y p i c a l  Q10 r e l a t i o n -  

s h i p  i n  t h a t  r a t e s  a t  20 C exceeded those  measured a t  1 0  C. Consequently, 

t h e  r e s u l t s  of t h e  p re sen t  i n v e s t i g a t i o n  a r e  probably a n  a r t i f a c t  of in-  

complete temperature acc l imat ion .  

The oxygen consumption of zooplankton a t  dusk was on the  average  42% 

higher  than  a t  dawn; t h e  evening maximum always equa l l ed  o r  exceeded morning 



TABLE 1-2 

I n t e g r a t e d  d a i l y  oxygen consumption and midday r a t e s  determined f o r  v a r i o u s  

zooplankton popula t ions  under cons t an t  cond i t i ons .  I n t e g r a t e d  d a i l y  

r e s p i r a t i o n  r a t e s  a r e  determined on an  hour ly  b a s i s  and expressed i n  u 1  02/mg 

d ry  wt/day. Midday l e v e l  i s  expressed i n  u 1  02/mg d r y  wt/hr .  

Sampling Temperature I n t e g r a t e d  Dai ly  Midday Oxygen 

Area Oxygen Consumption Consumption 

Eunice 

Eunice 

Eunice 

Eunice 

Babine 



r a t e s .  However, t h e  r e l a t i o n s h i p  between t h e  r e s p e c t i v e  ampl i tudes  of dawn 

and dusk feeding  maxima was n o t  a s  c l e a r l y  def ined .  Dusk r a t e s  exceeded 

dawn v a l u e s  by approximately 18% i n  two experiments,  wh i l e  i n  t h e  t h i r d  t h e  

dawn feeding  maximum was 52% h ighe r  than  t h e  evening maximum. 

The magnitude of d i e l  p e r i o d i c i t y  i n  t h e  f eed ing  r a t e  of zooplankton 

exceeds t h a t  f o r  r e s p i r a t i o n  (Table 1-1).  Th i s  may have important imp l i ca t ions  

t o  t h e  d i e l  energy f low w i t h i n  zooplankton communities. I f  t h e  energy 

r equ i r ed  f o r  maintenance of zooplankton communities h a s  sma l l e r  d i e l  change 

than  f eed ing  r a t e ,  then t h e r e  may be an  enhancement of food a s s i m i l a t i o n  

r e l a t i v e  t o  energy requirements  a t  dawn and dusk. Consequently, t h e  energy 

der ived  from increased  feeding  a t  dawn and dusk, w i th  only  s l i g h t l y  g r e a t e r  

r e s p i r a t o r y  expendi ture ,  may b e  made a v a i l a b l e  f o r  increased  growth and 

product ion.  This  argument assumes 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  does no t  

va ry  throughout t h e  day a s  i t  may i f  zooplankton e x h i b i t  super f luous  feeding  

(Beklemishev, 1961) a t  dawn and dusk. I n v e s t i g a t i o n s  of d i e l  rhythms i n  

feeding ,  r e s p i r a t i o n ,  and a s s i m i l a t i o n  in s i tu  a r e  r equ i r ed  t o  s u b s t a n t i a t e  

t h i s  hypothes is .  

Rhythms of t h e  type  demonstrated i n  t h i s  i n v e s t i g a t i o n  may be  of 

s i g n i f i c a n c e  i n  t h r e e  ways: t o  t h e  organism, t o  t h e  popula t ion ,  and t o  

experimental  des ign .  Of fundamental s i g n i f i c a n c e  t o  t h e  i n d i v i d u a l  i s  t h e  

s e l e c t i v e  va lue  of b i o l o g i c a l  c locks  themselves.  Here a r a t h e r  important  

d i s t i n c t i o n  must be made. A b i o l o g i c a l  c lock  is  a  b a s i c  phys i ca l  o s c i l l a t o r  

w i t h i n  t h e  c e l l s  of v i r t u a l l y  every organism. It i s  expressed a s  a number 

of behaviora l  and phys io log ica l  rhythms which may o r  may not  have s e l e c t i v e  

advantage of t h e i r  own. BGnning (1963) c l e a r l y  makes t h i s  d i s t i n c t i o n  by 

r e l a t i n g  t h e  ' c lock '  i t s e l f  t o  t h e  'hands of t h e  c lock '  which a r e  t h e  

observed phenomena o r  t h e  o v e r t  express ions  of t h e  fundamental o s c i l l a t i o n .  



O s c i l l a t i o n s  w i t h  24-hr pe r iods  can only  be  c a l l e d  ' c locks '  i f  they  a r e  

a c t u a l l y  used t o  measure t ime. Resp i r a t ion  and feeding  rhythms do no t  

measure t ime b u t  a r e  an  i n d i r e c t  express ion  of b a s i c  c e l l u l a r  processes .  

The s e l e c t i v e  advantage of b i o l o g i c a l  c locks  i s  t h a t  they provide t h e  

mechanism whereby organisms cont inuous ly  r e g u l a t e  t h e i r  phys io log ica l  

a c t i v i t i e s ,  even i n  t h e  absence of e x t e r n a l  t ime cues  which r e l y  on t h e  

e a r t h ' s  r o t a t i o n .  

The i n t r i n s i c a l l y  h ighe r  r e s p i r a t i o n  and f eed ing  near  dawn and dusk 

has  an important  imp l i ca t ion  t o  energy f low w i t h i n  many zooplankton popula- 

t i o n s .  A t  dawn and dusk migra t ing  plankton a r e  o f t e n  exposed t o  increased  

temperature and h ighe r  food concen t r a t ions  which a r e  a s soc i a t ed  wi th  in- 

c reased  r e s p i r a t i o n  and f eed ing  r a t e s .  Inherent  rhythms i n  feeding  and 

r e s p i r a t i o n  w i l l  r e i n f o r c e  t h i s  exogenous tendency f o r  maximized r a t e s  near  

t h e  su r f ace .  A d i s t i n c t  e n e r g e t i c  advantage i s  achieved when zooplankton 

feed  near  t h e  s u r f a c e  a t  dawn and dusk then  migra te  i n t o  deeper ,  co lde r  

waters du r ing  t h e  day; t h e  energy i n  excess  of requirements  f o r  b a s a l  

metabolism can  be  e f f i c i e n t l y  u t i l i z e d  f o r  increased  f ecund i ty ,  development 

r a t e s ,  and product ion,  by v i r t u e  of bo th  lower temperatures  and i n h e r e n t  

minimum energy expendi tures  du r ing  midday (McLaren, 1963).  

A major s i g n i f i c a n c e  of d i e l  rhythms i s  t o  experimental  des ign  - l a r g e  

e r r o r s  may r e s u l t  from ignor ing  i n t r i n s i c  p e r i o d i c i t i e s .  Frequent ly oxygen 

consumption and f eed ing  r a t e s  of zooplankton a r e  expressed on a  d a i l y  b a s i s  

wi thout  cons ide ra t ion  of p o s s i b l e  d i e l  d i f f e r e n c e s .  Rates  determined a t  

one t i m e  of day a r e  o f t e n  ex t r apo la t ed  t o  c a l c u l a t e  d a i l y  va lues .  Examples 

of t h e  r e s u l t a n t  e r r o r s  i n  e s t i m a t i n g  oxygen consumption and feeding  r a t e s  

a r e  given i n  Table 1-3 i n  which i n t e g r a t e d  d a i l y  r a t e s  a r e  compared wi th  

ex t r apo la t ed  r a t e s  determined from 4-hr experiments conducted a t  midday. 



TABLE 1-3 

To ta l  d a i l y  r e s p i r a t i o n  and f eed ing  r a t e s  of zooplankton under c o n s t a n t  

cond i t i ons .  Actual  r a t e s ,  i n t e g r a t e d  over  24 h r s  a r e  compared w i t h  e x t r a -  

po l a t ed  d a i l y  rates based on 4-hr experiments  conducted near  midday (1000 - 

1400 h r ) .  R e s p i r a t i o n  r a t e s  a r e  expressed as p l  02/mg'dry wtlday. Feeding 

r a t e s  a r e  expressed a s  p 3  a l g a l  biomass/ml/mg d r y  wt/day. 

Sampling Temp Parameter Ext rapola ted  I n t e g r a t e d  % Er ro r  

Area Measured Dai ly  Rate Dai ly  Rate  

Eunice 1 0  C Resp 583.2 875.3 33.4 

Eunice 21 C R e  s p  190.2 255.7 25.6 

Eunice 22 C Resp 209.4 304.2 31.2 

Bab i n e  1 3  C R e  s p  474.0 561.4 15.6 

Eunice 21 C Feed 150.0 537.4 72.1 

Deer 1 0  C Feed 739.2 1344.4 45.0 

Deer 20 C Feed 1454.4 2304.0 36.9 



Extrapola ted  r e s p i r a t i o n  r a t e s  on t h e  average  underes t imate  t o t a l  d a i l y  

oxygen conusmption by more than  25%; t h e  underes t imate  of feeding  by ex t r a -  

p o l a t i o n  ranged from 36.9 t o  72.1%. E r r o r s  of t h i s  magnitude become very  

important  when ex t r apo la t ed  r a t e s ,  such a s  t hose  determined by Richman 

(1958, 1964),  provide t h e  b a s i s  f o r  f u r t h e r  c a l c u l a t i o n s  of energy t r ans -  

formation i n  zooplankton popula t ions .  



Chapter 2 

THE EFFECTS OF ENVIRONMENTAL FACTORS ON THE AMPLITUDE OF 

ZOOPLANKTON RESPIRATION AND FEEDING I N  THE LABORATORY 



INTRODUCTION 

Die1 changes i n  environmental parameters ,  such a s  l i g h t  o r  temperature,  

may a f f e c t  feeding  and r e s p i r a t i o n  rhythms of zooplankton i n  two d i s t i n c t  

ways. They may a c t  a s  cues  t h a t  main ta in  synchrony between endogenous rhythms 

and t h e  exogenous time s c a l e .  I n  o t h e r  words, t h e  environment may a f  f e c t  

t h e  phase of  rhythms. These d i e l  changes may a l s o  in f luence  t h e  ampli tude 

of r e s p i r a t i o n  and f eed ing  rhythms w i t h  t h e  r e s u l t  t h a t  r a t e s  a r e  increased  

a t  c e r t a i n  t imes of t h e  day and lowered a t  o t h e r  t imes r e l a t i v e  t o  t h e  

endogenous rhythm under cons t an t  cond i t i ons .  I n  t h i s  chapter  I d e s c r i b e  

t h e  e f f e c t s  of v a r i o u s  environmental f a c t o r s  on t h e  amplitude of r e s p i r a t i o n  

and feeding .  Some c o n s i d e r a t i o n  w a s  a l s o  given t o  t h e  p e r s i s t e n c e  of 

endogenous rhythms under a  v a r i e t y  of l i g h t  environments and t h e  p o s s i b l e  

r o l e s  of s p e c t r a l  composition and t w i l i g h t  du ra t ion  on t h e  maintenance of 

rhythmic phenomena. 

Light  and temperature a r e  t h e  dominant f a c t o r s  which vary i n  a  c o n s i s t e n t  

d i e l  f a sh ion  and t h e i r  e f f e c t s  on f eed ing  and r e s p i r a t i o n  r a t e s  w i l l  be  

considered i n  d e t a i l .  A number of o t h e r  v a r i a b l e s  r e q u i r e  cons ide ra t ion  

s i n c e  they a f f e c t  r a t e s  of r e s p i r a t i o n  and feeding  measured i n  t h e  l abo ra to ry  

and t h e  subsequent c o r r e c t i o n  of r a t e s  t o  s tandard  condi t ions .  

Temperature is  an important  v a r i a b l e  i n  t h e  environment of zooplankton, 

p a r t i c u l a r l y  i n  t h e  c a s e  of migra tory  forms where temperature changes of 

5 t o  1 0  C a r e  p o s s i b l e  du r ing  d i e l  v e r t i c a l  migra t ions .  Non-migratory 

zooplankton a r e  no t  exposed t o  s i g n i f i c a n t  p e r i o d i c  temperature f l u c -  

t u a t i o n ;  however, t h e  ' i n  s i t u f  temperature a f f e c t s  t h e i r  metabolic r a t e  

and poss ib ly  t h e i r  response t o  l i g h t .  The e f f e c t s  of temperature on 

r e s p i r a t i o n  r a t e s  of zooplankton a r e  we l l  documented (Comita, 1968),  oxygen 



consumption normally i n c r e a s i n g  wi th  temperature.  Severa l  workers have 

a l s o  shown t h a t  t h e  f eed ing  r a t e  of zooplankton is  p o s i t i v e l y  c o r r e l a t e d  

wi th  temperature (Burns, 1969; Schindler  and Comita, 1966).  

The e f f e c t s  of l i g h t  i n t e n s i t y  and s p e c t r a l  composition on zooplankton 

feeding  and r e s p i r a t i o n  a r e  poor ly  documented and o f t e n  con t r ad ic to ry .  The 

ma jo r i t y  of workers have been unable t o  demonstrate  s i g n i f i c a n t  d i f f e r e n c e s  

i n  f eed ing  and r e s p i r a t i o n  due t o  l i g h t  i n t e n s i t y  ( s e e  f o r  example, McMahon, 

1965; Schindler ,  1968).  Severa l  a u t h o r s  have suggested t h a t  CaZanus has  

h ighe r  r e s p i r a t i o n  and f eed ing  r a t e s  i n  darkness  (Gauld, 1951; Marshal l  and 

O r r ,  1955).  Moshir i  e t  aZ. (1969),  on t h e  o t h e r  hand, have shown an  i n c r e a s e  

i n  r e s p i r a t i o n  i n  l i g h t .  Buikema (1973) r epo r t ed  h i g h e s t  f i l t r a t i o n  r a t e s  

i n  Daphnia a t  l i g h t  i n t e n s i t i e s  of 10  pw/cm2 and s i g n i f i c a n t l y  lower r a t e s  

i n  darkness  and a t  i n t e n s i t i e s  g r e a t e r  than  160 pw/cm2. 

There have been few i n v e s t i g a t i o n s  which examine t h e  e f f e c t s  of s p e c t r a l  

composition on r e s p i r a t i o n  and f eed ing  r a t e s .  The locomotor a c t i v i t y  of Daphnia 

v a r i e s  w i t h  s p e c t r a l  composition of i n c i d e n t  l i g h t  (Smith and Baylor,  1953).  

They noted t h a t  Daphnia popula t ions  remained r e l a t i v e l y  i n a c t i v e  under red 

l i g h t  (> 600 nm) and moved predominantly i n  a v e r t i c a l  vec to r ,  b u t  when 

exposed t o  b l u e  l i g h t  (< 500 nm) t h e  popula t ion  moved a c t i v e l y  i n  a 

h o r i z o n t a l  vec to r .  Harris and Wolfe (1956) noted t h a t  t h e  p h o t o t a c t i c  

responses of Daphnia were l o s t  under r ed  l i g h t  l e a v i n g  a response which was 

predominantly pho tok ine t i c .  Buikema (1973) h a s  shown t h a t  wi th  t h e  except ion  

of a smal l  i n c r e a s e  i n  f i l t r a t i o n  r a t e s  of Daphnia under b lue  l i g h t ,  s p e c t r a l  

composition d id  n o t  i n f l u e n c e  feeding  behavior .  

Populat ion d e n s i t y ,  food s i z e ,  and concen t r a t ion  a r e  f a c t o r s  whose 

e f f e c t s  must be  determined p r i o r  t o  a n  eva lua t ion  of t h e  impact of l i g h t  

and temperature on t h e  ampli tude of rhythms. The e f f e c t s  of t h e s e  f a c t o r s  



on feeding  and r e s p i r a t i o n  a r e  w e l l  documented, b u t  were examined t o  provide  

a  b a s i s  f o r  c o r r e c t i o n  of a l l  l a b o r a t o r y  r e s u l t s  t o  s tandard  cond i t i ons .  

There a r e  few environmental f a c t o r s  which a f f e c t  t h e  t iming of t h e  

phases of a  rhythm under n a t u r a l  cond i t i ons ;  one o r  more f e a t u r e s  of t h e  

day:night c y c l e  a r e  t h e  most common Zei tgebers  (Harker,  1964).  S ince  t h e  

r e l a t i v e  r a t e  of i n t e n s i t y  change (d111dt) has  been shown t o  a f f e c t  t h e  

v e r t i c a l  migra t ion  of Daphnia (Ringelberg,  1961),  r a t e  of i n t e n s i t y  change, 

manifested a s  t w i l i g h t  d u r a t i o n ,  was t h e  f a c t o r  considered i n  t h e  p re sen t  

i n v e s t i g a t i o n .  Under n a t u r a l  c o n d i t i o n s ,  changes i n  s p e c t r a l  composition 

a t  dawn and dusk, pho to f r ac t ion  (hours  d a y l i g h t l h o u r s  darkness) ,  t h r e sho ld  

i n t e n s i t i e s ,  o r  any combination of t h e s e  f a c t o r s  may a c t  a s  a  Ze i tgeber  

o r  a f f e c t  t h e  phases of rhythmic phenomena. For example, a r e l a t i v e  

i n t e n s i t y  change from dim t o  b r i g h t  l i g h t  has  been shown t o  s e t  t h e  phase 

of chromatophore rhythms i n  t h e  f i d d l e r  c r ab ,  Uca, provid ing  t h e  photo- 

f r a c t i o n  exceeds one hour of darkness  (Brown e t  aZ., 1950, 1954). I n  

another  ca se ,  a  l i g h t  f l a s h  of 5  x  s e c  d u r a t i o n  was shown t o  be 

s u f f i c i e n t  t o  s e t  t h e  phase of e c l o s i o n  rhythms i n  DrosophiZa (Harker, 1964).  

With t h e  except ion of t h e  e f f e c t s  of r a t e  of i n t e n s i t y  change on t h e  v e r t i c a l  

migra t ion  of Daphnia (Ringelberg,  1961, 1964),  t h e  r o l e  of environmental 

p e r i o d i c i t i e s  on t h e  phase and maintenance of d i e 1  rhythms i n  zooplankton 

is  unknown. 

MATERIALS AND METHODS 

Study Area and Co l l ec t ion  of Samples 

Zooplankton were c o l l e c t e d  from Eunice and Deer Lakes i n  t h e  manner 

o u t l i n e d  i n  t h e  previous  chap te r .  Unless o therwise  s t a t e d ,  a l l  s t u d i e s  

were conducted w i t h  a  mixed-species sample of t h e  zooplankton. Af t e r  



c o l l e c t i o n ,  zooplankton were r e tu rned  t o  t h e  l a b o r a t o r y  i n  darkened 5-gal 

p l a s t i c  carboys and kept  under cons t an t  temperature and darkness  f o r  18 - 

24 h r s .  

Measurement of Feeding Rate of Zooplankton 

Feeding r a t e s  were measured i n  a manner s i m i l a r  t o  t h a t  descr ibed  i n  

Chapter 1. To determine t h e  e f f e c t  of zooplankton abundance on weight- 

s p e c i f i c  feeding  r a t e ,  l o 5  c e l l s / m l  of ChZamydomonas reinhardtii were added 

t o  12 darkened 250-ml BOD b o t t l e s  and Diaptomus kenui with  a biomass ranging 

from 2 - 115 mg d ry  w t / l  added t o  1 0  of t h e  b o t t l e s .  Two c o n t r o l s  without  

zooplankton were used and t h e  experiment was conducted a t  20 C f o r  4 hr .  

Streptomycin su lpha te  (100 mg/l) and P e n i c i l l i n  G (50 mg/l) were used t o  

i n h i b i t  b a c t e r i a l  growth. 

To determine t h e  e f f e c t  of food p a r t i c l e  s i z e  on feeding ,  Daphnia 

puZex were provided w i t h  food i n  which t h e  diameter  of i n d i v i d u a l  c e l l s  

ranged from 1 . 3  t o  90 p .  Suspensions of equal  t o t a l  biomass (v3 m l - l )  

begween food types  were prepared us ing  t h e  fo l lowing  food sources:  Escherichia 

coZi (1.3 p l e n g t h ) ,  ChZoreZZa eZZipsoidea (3.3 p diam.) , ChZamydomonus 

reinhardtii (10.4 p diam.) ,  pecan (45 p diam.), and corn  (90 v diam.) po l l en .  

C e l l s  were suspended i n  dech lo r ina t ed  water  p rev ious ly  f i l t e r e d  through a 

Mi l l i po re  HA f i l t e r  (47 mm, pore diam. 0.45 v ) .  Approximately 150 Daphniu 

were t r a n s f e r r e d  i n t o  each of s i x  250-ml BOD b o t t l e s  f o r  each of t h e  f i v e  

foods; two c o n t r o l s ,  without  zooplankton, were used i n  each case .  I n  

another  experiment,  equal  biomass of t h e  f i v e  food sources  were combined. 

Experiments of 4-hr d u r a t i o n  were conducted i n  t h e  dark  a t  20 C.  C e l l  

numbers were determined a t  t h e  conclus ion  of t h e  experiments w i th  a Coulter  

Counter equipped w i t h  e i t h e r  a 100 LI o r  200 p a p e r t u r e  tube. 



The feeding  r a t e s  of Eunice Lake zooplankton were examined a t  e i g h t  

concen t r a t ions  of ChZamydomonas ranging from 1.4 x 10" t o  1 .2  x l o 6  c e l l s l m l .  

The des i r ed  c e l l  concen t r a t ions  were prepared by suspending t h e  a l g a e  i n  

M i l l i p o r e  f i l t e r e d ,  dechlor ina ted  water .  Two r e p l i c a t e s  con ta in ing  

approximately 150 zooplankton were used a t  each concen t r a t ion  and weight- 

s p e c i f i c  feeding  r a t e s  determined i n  each cas@. A s i m i l a r  experiment was 

conducted us ing  D. putex from Deer Lake; fou r  r e p l i c a t e s  were used a t  each 

of 1 0  concen t r a t ions  from 2.8 x l o 2  t o  1.4 x l o 6  ChZamydomonas c e l l s / m l .  

The e f f e c t  of temperature on f eed ing  r a t e s  i n  D. puZex was determined 

a t  5 C i n t e r v a l s  from 5 C t o  25 C a f t e r  24-hr acc l ima t ion .  S i x  r e p l i c a t e s  

were used a t  each temperature and a l l  experiments were conducted i n  t h e  dark  

f o r  4 h r  us ing  Chlamydomonas ( l o 5  c e l l s / m l )  a s  a food  source.  

Two s t u d i e s  were conducted t o  determine t h e  e f f e c t s  of l i g h t  i n t e n s i t y  

and s p e c t r a l  composition on t h e  feeding  r a t e s  of zooplankton. I n  t h e  f i r s t  

s tudy ,  zooplankton c o l l e c t e d  from Eunice Lake (predominantly HoZopediwn 

gibbemm and Daphnia rosea) were kep t  under cons t an t  darkness  a t  22 C f o r  

1 8  h r ,  and then  t r a n s f e r r e d  t o  c l e a r  250-ml BOD b o t t l e s  con ta in ing  ChZamydo- 

moms. The va r ious  l i g h t  q u a l i t y  regimes were achieved by p l ac ing  Pe rc iva l  

coloured p l e x i g l a s s  f i l t e r s  between 4-20 W Durotes t  V i t a l i t e  f l u o r e s c e n t  

lamps. The s p e c t r a l  composition of each sou rce  (Fig.  2-1) was measured 

wi th  t h e  system descr ibed  by Duval e t  aZ. (1973a). I n t e n s i t i e s  were reduced 

t o  20 - 40 uw/cm2 wi th  neu t r a l -dens i ty  f i l t e r s .  Feeding r a t e  was measured 

f o r  4 h r  under r e d ,  g reen ,  b lue ,  and whi te  l i g h t ;  s i x  zooplankton samples 

and two c o n t r o l s  were used f o r  each q u a l i t y .  Rates  determined i n  darkness  

served a s  a c o n t r o l .  A s i m i l a r  experiment was conducted a t  1 2  C w i th  

CycZops scut i fer  c o l l e c t e d  from Deer Lake. I n  t h i s  case ,  t h e  e f f e c t  of 

s p e c t r a l  composition was examined a t  e i g h t  i n t e n s i t i e s  from 0 .1  t o  1000 pw/crn2. 



Figure  2-1 Transmit tance s p e c t r a  of l i g h t  energy from 4-20 W Durotest  

Vi ta l i te  f l u o r e s c e n t  lamps pas s ing  through t h e  p l e x i g l a s s  

and/or  n e u t r a l  d e n s i t y  f i l t e r s  used i n  t h e  l i g h t  q u a l i t y  

s t u d i e s .  
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Layers  of p l a s t i c  f i l m  ( L e t r a s e t  Le t r a tone  LT-7) were used a s  neu t r a l -dens i ty  

f i l t e r s .  

I n  each s tudy ,  f eed ing  r a t e s  were s tandard ized  t o  va lues  expected wi th  

a  zooplankton biomass of 50 ug d r y  w t / m l  by l e a s t  squares  l i n e a r  r eg re s s ion ;  

i nd iv idua l  c o r r e c t i o n s  were app l i ed  f o r  each experiment.  

Measurement of t h e  Resp i r a t ion  Rate of Zooplankton 

The e f f e c t s  of t h e  same parameters  on r e s p i r a t i o n  r a t e s  were examined 

i n  zooplankton c o l l e c t e d  from Deer and Eunice Lakes. Unless o therwise  

i n d i c a t e d ,  oxygen concen t r a t ion  was determined by t h e  Micro-Winkler technique 

descr ibed  i n  t h e  previous  chap te r .  

To t e s t  t h e  e f f e c t  of zooplankton abundance on weight -spec i f ic  oxygen 

consumption, r e s p i r a t i o n  r a t e s  of Diaptomus kenai from Eunice Lake were 

measured i n  20 samples ranging  i n  biomass from 15-115 mg dry  w t / l .  Streptomycin 

su lpha te  (100 mg/l) was added t o  samples t o  i n h i b i t  b a c t e r i a l  r e s p i r a t i o n .  

The e f f e c t  of phytoplankton concen t r a t ion  on oxygen consumption w a s  

determined us ing  Eunice Lake zooplankton. The experiments  were conducted 

a t  20 C us ing  Chlamydomonas i n  suspensions of 1 .4  x l o4  t o  1 . 2  x l o 6  c e l l s / m l .  

Two r e p l i c a t e s  w i t h  approximately 150 zooplankton i n  each b o t t l e  were used 

a t  each of 10 a l g a l  concen t r a t ions .  

The e f f e c t  of temperature on t h e  oxygen consumption of Daphnia p u l a  

was examined a f t e r  24-hr p r i o r  exposure of s i x  zooplankton samples t o  each 

experimental  t empera tures  ranging  from 5 C t o  25 C .  

Experiments were conducted t o  determine t h e  combined e f f e c t s  of l i g h t  

i n t e n s i t y  and s p e c t r a l  composition on t h e  weight -spec i f ic  oxygen consumption of 

two s p e c i e s  of zooplankton a t  d i f f e r e n t  temperatures .  In  t h e  f i r s t  s tudy ,  t h e  

r e s p i r a t i o n  r a t e  of D. pulex c o l l e c t e d  from Deer Lake was examined under 



r ed ,  b lue ,  and green l i g h t ,  a t  5 and 12 C. Oxygen consumption was determined 

wi th  a Gilson D i f f e r e n t i a l  Respirometer a f t e r  t h e  animals  had been kept  i n  

darkness  f o r  24 h r  a t  t h e  experimental  temperature.  

I n  another  s tudy ,  t h e  r e s p i r a t i o n  r a t e  of Diaptomus kenai from Eunice 

Lake was determined under r ed ,  b l u e ,  green,  and wh i t e  l i g h t ,  a t  i n t e n s i t i e s  

from 1 - 100 uw/cm2 and a t  t h r e e  temperatures:.  5 ,  10 ,  and 15  C. A l l  

experiments were conducted f o r  4 h r  i n  250-ml BOD b o t t l e s  a f t e r  a 24-hr 

dark  per iod  a t  t h e  experimental  temperature.  Dissolved oxygen concen t r a t ions  

were determined us ing  t h e  spec t rophotometr ic  technique  of Duval e t  aZ. (1973b). 

Oxygen consumption of Daphnia puZex was examined under t h e  same co lou r s  and 

i n t e n s i t i e s  of 1 - 1000 pw/cm2. 

Resp i r a t ion  r a t e s  were co r r ec t ed  t o  v a l u e s  expected wi th  a zooplankton 

biomass of 50 pg d r y  w t / m l  by t h e  method p rev ious ly  descr ibed .  

Measurement of Short-Term Changes i n  t h e  Resp i r a t ion  Rate  of Zooplankton 

(Phase S tud ie s )  

Die1 rhythms i n  t h e  oxygen consumption of Deer Lake zooplankton 

(p~edominan t ly  Daphnia puZex and CycZops scu t i f e r )  were determined f o r  one 

week pe r iods  w i t h  a cont inuous flow re sp i rome te r lda t a  a c q u i s i t i o n  system. 

Zooplankton samples were enclosed i n  a 7-1 perspex v e s s e l  and a e r a t e d  

dechlor ina ted  water f l u shed  through t h e  system a t  a f low r a t e  of 300 mllmin. 

The appara tus  and zooplankton were kept  a t  cons t an t  temperature (15 C) i n  

an  environmental chamber equipped wi th  a t w i l i g h t  s imula t ion  system. Light  

i n t e n s i t i e s  were maintained a t  1500 uw/cm2 by a negative-feedback c o n t r o l  

system and temperatures  cont inuous ly  monitored wi th  f i v e  the rmis to r s  placed 

throughout t h e  system. Twi l igh t  d u r a t i o n  was a d j u s t a b l e  from 1 t o  120 min 

wi th  an e l e c t r o n i c  dimmer; t h e  r a t e  of i n t e n s i t y  change followed t h e  



exponent ia l  p a t t e r n  c h a r a c t e r i s t i c  of n a t u r a l  t w i l i g h t  t r a n s i t i o n s .  

Resp i r a t ion  r a t e s  were determined a t  16-min i n t e r v a l s  by comparing d isso lved  

oxygen concen t r a t ions  a t  each s i d e  of t h e  r e s p i r a t o r  w i t h  four  YSI Model 

5331 oxygen probes placed i n  perspex ho lde r s .  F ive  1-sec readings  were 

taken from each probe by a  programmed d a t a  a c q u i s i t i o n  t imer  u t i l i z i n g  two 

YSI Model S3 Oxygen Monitors and punched on p6per t a p e  i n  ASCII code by a  

Datex DSR-1 d a t a  a c q u i s i t i o n  system. Fur ther  d e t a i l s  of t h e  system a r e  

descr ibed  by Duval e t  a l .  ( in  p r e p , )  

Each i n v e s t i g a t i o n  was of one-week d u r a t i o n  and examined t h e  e f f e c t s  

of a  s p e c i f i c  a spec t  of t h e  1 igh t :da rk  c y c l e  on t h e  phase of r e s p i r a t i o n  

rhythms. I n  t h e  f i r s t  two s t u d i e s ,  t h e  p e r s i s t e n c e  of d i e 1  rhythms was 

determined under cont inuous darkness  and cont inuous l i g h t .  

Three experiments were designed t o  examine t h e  e f f e c t s  of t w i l i g h t  

du ra t ion  on t h e  maintenance of r e s p i r a t i o n  rhythms; t w i l i g h t  d u r a t i o n s  of 

1, 60, and 120 min were t e s t e d .  I n  each s tudy ,  t h e  zooplankters  were kept  

i n  cont inuous darkness  f o r  two days be fo re  t h e  1 igh t :da rk  c y c l e  (L:D = 12:12) 

was i n i t i a t e d .  The t iming of t h e  1 igh t :da rk  c y c l e  was delayed 6  h r  (90' 

phase s h i f t )  from t h e  n a t u r a l  photoperiod t o  t e s t  t h e  a b i l i t y  of zooplankton 

t o  resynchronize t h e i r  endogenous rhythms t o  t h e  a l t e r e d  l i g h t  regime. 

The r o l e  of red  (> 650 nm) and b l u e  (< 500 nm) l i g h t  i n  t h e  maintenance 

of r e s p i r a t i o n  rhythms was a l s o  examined. I n  t h e s e  experiments a  12L:12D 

photoperiod wi th  120-min t w i l i g h t  was given 6  h r  ou t  of phase wi th  t h e  

n a t u r a l  1 igh t :da rk  c y c l e  a f t e r  two days cont inuous darkness .  



RESULTS 

The E f f e c t s  of Temperature on t h e  Feeding and R e s p i r a t i o n  Rates  o f  Zooplankton 

Temperature had a s i g n i f i c a n t  e f f e c t  (P < 0.001) on t h e  biomass of 

ChZamydomonas consumed by Daphnia pulex from Deer Lake. Feeding r a t e s  were 

h i g h e s t  a t  1 5  C and decreased  a t  t empera tures  above and below t h i s  po in t  (Fig.  

2-2). The range of c e l l  s i z e s  consumed a l s o  v a r i e d  w i t h  tempera ture ;  t h e  g r e a t -  

est range of c e l l s  was consumed a t  15  C ,  t h e  s m a l l e s t  a t  5 and 25 C (Table 2-1). 

The oxygen consumption of  D. p u l a  i nc reased  i n  a l i n e a r  manner wi th  

temperature;  r a t e s  a t  25 C were e i g h t  t imes  h ighe r  than  a t  5 C (Fig.  2-31. 

Ql0 c a l c u l a t e d  f o r  t empera tures  between 5 - 1 5  C ,  1 0  - 20 C, and 15  - 25 C 

were 4.6, 2.2, and 1 .7  r e s p e c t i v e l y .  

The E f f e c t s  of S p e c t r a l  Composition and L igh t  I n t e n s i t y  on t h e  Feeding and 

Resp i r a t i on  Rates  of Zooplankton 

S p e c t r a l  composition had a s i g n i f i c a n t  e f f e c t  (P < 0.001) on t h e  biomass 

of  phytoplankton consumed by Eunice Lake zooplankton under approximately 

e&a l  i n t e n s i t i e s  (20 - 40  uw/cm2) of r e d ,  b l u e ,  g reen ,  and wh i t e  l i g h t .  The 

biomass of a l g a e  consumed by t h e  cladoceran-dominated samples were as 

fo l lows  : 

LIGHT QUALITY 

Red 

Green 

Blue 

White 

Dark 

FEEDING RATE 

p 3  biomass/ml/mg d r y  wt /hr  
103 



TABLE 2-1 

The effect of temperature on the range of particle sizes consumed by Daphnia 

puZex. All investigations were conducted with a food concentration of lo5 

cells/ml. Feeding rates corrected to values expected with a zooplankton 

biomass of 50 ug dry wt / m l .  

Temperature Size Range Consumed 

1-1 diameter 

Mean Cell Volume of 

Cells Consumed ( v 3 )  



Figure  2-2 The e f f e c t  of temperature on t h e  feeding  r a t e  of Daphnia 

putex c o l l e c t e d  from Deer Lake. A l l  rates a r e  c o r r e c t e d  t o  

v a l u e s  p red ic t ed  wi th  a  zooplankton biomass of 50 vg d ry  

w t / m l .  Mean t s tandard  e r r o r  i n d i c a t e d .  
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Figure  2-3 The e f f e c t  of  temperature on t h e  r e s p i r a t i o n  r a t e  of Daphnia 

puzex c o l l e c t e d  from Deer Lake. A l l  r a t e s  co r r ec t ed  t o  va lues  

expected w i t h  a zooplankton biomass of 50 vg dry  w t / m l .  Mean 

+ s tandard  e r r o r  i nd ica t ed .  
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The feeding  r a t e  of CycZops s c u t i f e r  from Deer Lake was dependent on 

both s p e c t r a l  composition and i n t e n s i t y  of l i g h t .  Feeding rate g e n e r a l l y  

decreased w i t h  inc reas ing  l i g h t  i n t e n s i t y  under a l l  q u a l i t i e s  (Fig.  2-4). 

Rates  a t  i n t e n s i t i e s  l e s s  than  1 pw/cm2 were 50 - 90% higher  than  a t  i n t e n s i -  

t i e s  over  1000 uw/cm2; t h e  g r e a t e s t  percentage change was found i n  b l u e  

l i g h t ,  t h e  l e a s t  i n  green. The feeding  r a t e  of CycZops w a s  s i g n i f i c a n t l y  

higher  i n  wh i t e  l i g h t  (P < 0.001).  There were no s i g n i f i c a n t  d i f f e r e n c e s  

( P  > 0.05) i n  t h e  r a t e s  determined i n  r ed ,  b l u e ,  o r  green l i g h t  except  a t  

i n t e n s i t i e s  l e s s  than 10 pw/cm2. A t  low i n t e n s i t i e s  (< 10  vw/cm2) feeding  

r a t e s  were h ighe r  i n  red and wh i t e  l i g h t  t han  i n  e i t h e r  b lue  o r  green l i g h t .  

Both s p e c t r a l  composition and i n t e n s i t y  inf luenced  t h e  r e s p i r a t i o n  

r a t e  of D. puzex from Deer Lake. There was a s i g n i f i c a n t  i n t e r a c t i o n  between 

l i g h t  i n t e n s i t y  and temperature (P < 0.001); a t  i n t e n s i t i e s  g r e a t e r  than  

1 pw/cm2 r e s p i r a t i o n  r a t e s  i n  a l l  s p e c t r a l  composi t ions were lower a t  12  C 

than a t  5 C;  12 C r a t e s  exceeded 5 C v a l u e s  a t  i n t e n s i t i e s  less than  1 

pw/cm2 (Fig.  2-5). A t  12  C ,  t h e  h ighes t  r a t e  of oxygen consumption was 

found i n  low i n t e n s i t y  (<  1 pw/cm2) b l u e  l i g h t .  A t  5 C,  r a t e s  determined 

under b l u e  l i g h t  were s i g n i f i c a n t l y  h ighe r  than red  and green r a t e s  a t  a l l  

i n t e n s i t i e s  (P < 0.01) whereas oxygen consumption d i d  n o t  vary  s i g n i f i c a n t l y  

between r ed  and green l i g h t ;  maximum r e s p i r a t i o n  r a t e s  were found a t  t h e  

in te rmedia te  i n t e n s i t y  (2 .1  - 3.4 vw/cm2) i n  a l l  l i g h t  regimes. 

The oxygen consumption of Daphnia p d e x  a t  22 C was a l s o  dependent on 

both i n t e n s i t y  and s p e c t r a l  composition. Resp i r a t ion  r a t e s  i n  b lue  l i g h t  a t  

i n t e n s i t i e s  from 1 - 30 pw/cm2 were h i g h e s t ;  maximum r a t e s  were found a t  8 

pw/cm2, more than  70% h ighe r  than  i n  whi te  l i g h t  of equal  i n t e n s i t y  (Fig. 2-6). 

Spec t r a l  composition d i d  no t  i n f luence  t h e  r e s p i r a t i o n  r a t e  of t h i s  c ladoceran 

a t  i n t e n s i t i e s  g r e a t e r  than 500 pw/cm2. A t  i n t e n s i t i e s  l e s s  than 30 pw/cm2 



F i g u r e  2-4 The e f f e c t  of l i g h t  i n t e n s i t y  and s p e c t r a l  composition on 

t h e  f e e d i n g  r a t e  o f  Cyclops scutifer c o l l e c t e d  from Deer 

Lake. Exper iments  conducted a t  1 2  C and a l l  r a t e s  are 

c o r r e c t e d  t o  v a l u e s  p r e d i c t e d  w i t h  a zooplankton biomass 

of 50 pg d r y  w t / m l .  Mean + s t a n d a r d  e r r o r  ind ica ted .  





Figure  2-5 The e f f e c t  of l i g h t  i n t e n s i t y ,  s p e c t r a l  composition, and 

tempera ture  on t h e  r e s p i r a t i o n  r a t e  of Daphnia puZm 

c o l l e c t e d  from Deer Lake. A l l  r a t e s  co r r ec t ed  t o  va lues  

p red ic t ed  wi th  a zooplankton biomass of 50 ug d ry  wtlml.  

Mean f s tandard  e r r o r  i nd ica t ed .  Upper graph (A) = 12 C ,  

lower graph (B) = 5 C .  I n t e n s i t y  ranges  were a s  fol lows:  

I. = 0.9 - 1 . 3  uw/cm2 

11 = 2.1 - 3.4 uw/cm2 

111 = 16.3 - 22.9 vw/cm2 
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Figure  2-6 The e f f e c t s  of l i g h t  i n t e n s i t y  and s p e c t r a l  composition on 

t h e  r e s p i r a t i o n  r a t e  of  Daphnia puZex a t  22 C. A l l  r a t e s  a r e  

c o r r e c t e d  t o  v a l u e s  p red i c t ed  w i th  a zooplankton biomass 

of 50 pg d r y  w t / m l .  Mean f s t anda rd  e r r o r  i nd i ca t ed .  





t h e r e  was no s i g n i f i c a n t  i n t e n s i t y  e f f e c t  i n  b l u e  l i g h t .  I n  gene ra l ,  

r e s p i r a t i o n  r a t e s  were lowest  i n  green l i g h t ,  approximately equal  i n  red  

and wh i t e  l i g h t ,  and h ighes t  i n  b l u e  l i g h t ,  a l though oxygen consumption a t  

i n t e n s i t i e s  near  100 uw/cm2 was s i g n i f i c a n t l y  h ighe r  (P < 0.01) i n  whi te  

l i g h t  (Fig.  2-6). 

The r e s p i r a t i o n  r a t e  of t h e  copepod Diaptomus kenai was examined under 

e i g h t  l i g h t  i n t e n s i t i e s  between 1 and 100 uw/cm2, i n  four  co lou r s ,  and a t  

5, 10 ,  and 1 5  C .  The r e s u l t s  a r e  presented  i n  Table 2-2 and summarized 

below. 

A. Temperature = 5 C 

Light  i n t e n s i t y  had no s i g n i f i c a n t  e f f e c t  on r e s p i r a t i o n  r a t e s  i n  

r ed  and green l i g h t  (P > 0.05) .  

I n  b l u e  l i g h t ,  oxygen consumption was i n v e r s e l y  r e l a t e d  t o  l i g h t  

i n t e n s i t y ;  r a t e s  a t  2.5 uw/cm2 were 2.2 t i m e s  g r e a t e r  than  those  

a t  60 uw/cm2. 

Resp i r a t ion  r a t e s  i n  whi te  l i g h t  were h i g h e s t  a t  10  uw/cm2, f i v e  

t imes g r e a t e r  than  a t  2 .5  uw/cm2. 

A t  i n t e n s i t i e s  less than 10 uw/cm2, r a t e s  were h ighes t  i n  r ed  

l i g h t ,  no t  s i g n i f i c a n t l y  d i f f e r e n t  between b l u e  and green l i g h t ,  

and lowest  i n  wh i t e  l i g h t  (P > 0.05) . 

B. Temperature = 10 C 

1. Light  i n t e n s i t y  had no s i g n i f i c a n t  e f f ec t .  (P > 0.05) on r e s p i r a t i o n  r a t e s  

i n  r ed  and green l i g h t  except  a t  i n t e n s i t i e s  less than  2.5 uw/cm2. 

2. I n  both  b l u e  and whi te  l i g h t ,  minimum r e s p i r a t i o n  r a t e s  were 

found a t  i n t e n s i t i e s  of 5 uw/cm2, i n c r e a s i n g  a t  i n t e n s i t i e s  above 

and below t h i s  l e v e l .  



TABLE 2-2 

The e f f e c t s  of l i g h t  i n t e n s i t y ,  s p e c t r a l  composi t ion,  and tempera ture  on 

t h e  r e s p i r a t i o n  r a t e  of Diaptomus kenai c o l l e c t e d  from Eunice Lake. A l l  

r a t e s  co r r ec t ed  t o  v a l u e s  p r e d i c t e d  w i t h  a zooplankton biomass of 50 pg d ry  

wt/ml. Un i t s  = l.11 02/mg d r y  w t /h r .  Mean and s t anda rd  e r r o r  i n d i c a t e d .  

SPECTRAL LIGHT INTENSITY (pw/ cm2) 
TEMP 

COMP 0.1  1 2.5 5 1 0  2 5 50 100 

5 C Red 17.0 
1 .4  

Blue 12.8 
0.6 

Green 14.9 
1.7 

White 7.5 
0.9 

Red 22.6 16.2 11.9 13.4 15.3 
1.6 2.6 1 .8  1 . 3  0 .3  

Blue -- 14.4 6.4 . 11.1 13.9 
0.6 0 .8  . 1 . 3  1.9 

Green 16 .0  14.4 14.7 14 .8  12.5 
0.8 2.2 1.1 1.4  1 . 0  

White 6.4 -- 5 .5  8.9 14 .9  
0.7 0.8 0.7 2.2 

1 5  C Red 28.3 
0.6 

Blue 23.2 
1 . 5  

Green 24.1 
4.2 

White 25.2 
1 . 5  



A t  i n t e n s i t i e s  g r e a t e r  than 1 0  pw/cm2 t h e r e  were no s i g n i f i c a n t  

d i f f e r e n c e s  (P > 0.05) i n  r a t e s  observed i n  r e d ,  wh i t e ,  o r  green 

l i g h t ;  a l l  r a t e s  were s i g n i f i c a n t l y  g r e a t e r  (P < 0.01) than  

oxygen consumption i n  b l u e  l i g h t .  

A t  l i g h t  i n t e n s i t i e s  less than 1 0  vw/cm2, r e s p i r a t i o n  rates were 

h i g h e s t  i n  r e d  and green l i g h t .  

C. Temperature = 1 5  C 

I n  gene ra l ,  oxygen consumption of D. kenai a t  1 5  C was 80% h ighe r  

than  v a l u e s  determined a t  e i t h e r  5 o r  1 0  C. 

L ight  i n t e n s i t y  had no e f f e c t  on r a t e s  i n  green ,  b l u e ,  o r  wh i t e  

l i g h t ;  a  s i g n i f i c a n t  i n t e n s i t y  e f f e c t  was noted under red  l i g h t  

where oxygen consumption was i n v e r s e l y  r e l a t e d  t o  i n t e n s i t y  above 

2.5 vw/cm2. 

There were no s i g n i f i c a n t  d i f f e r e n c e s  i n  r e s p i r a t i o n  r a t e  i n  b lue ,  

g reen ,  o r  wh i t e  l i g h t  a t  i n t e n s i t i e s  below 30 pw/cm2; oxygen consump- 

t i o n  i n  red  l i g h t  always exceeded va lues  found i n  o t h e r  co lou r s .  

The E f f e c t s  of Crowding, Food Concentrat ion,  and Food S i z e  on t h e  Feeding 

and Resp i r a t i on  Rates  of  Zooplankton 

The e f f e c t s  o f  v a r i o u s  l a b o r a t o r y  v a r i a b l e s  were examined t o  provide  

t h e  d a t a  necessary  t o  s t a n d a r d i z e  feed ing  and r e s p i r a t i o n  r a t e s  t o  v a l u e s  

expected under comparable c o n d i t i o n s  i n  t h e  f i e l d .  This  enabled de te rmina t ion  

of t h e  r e s u l t s  of l i g h t  and temperature  on t h e  ampl i tude  of rhythms independent 

o f  l a b  v a r i a b l e s  such a s  popula t ion  d e n s i t y ,  food c o n c e n t r a t i o n ,  and food 

s i z e .  The r e s u l t s  p resen ted  i n  t h i s  s e c t i o n  a r e  r e p r e s e n t a t i v e  of t h e  

t ypes  of c o r r e c t i o n s  a p p l i e d  t o  t h e  d a t a ;  however, s p e c i e s - s p e c i f i c  

c o r r e c t i o n s  were determined f o r  each l i g h t  and tempera ture  experiment.  



Feeding r a t e  was i n v e r s e l y  r e l a t e d  t o  t h e  biomass of zoop lank ton / l i t e r  

(Fig.  2-7). Rates  decreased 170 t imes  when t h e  biomass of zooplankton was 

increased  from 2  t o  115 mg d ry  w t / l .  Crowding a l s o  had a  s i g n i f i c a n t  e f f e c t  

on t h e  weight -spec i f ic  oxygen consumption of Diaptomus kenai (Fig.  2-8). 

P a r t i c l e  s i z e  had a  s i g n i f i c a n t  e f f e c t  on both t h e  biomass and number 

of c e l l s  consumed by Daphnia pulex. The number of c e l l s  consumed was 

i n v e r s e l y  r e l a t e d  t o  c e l l  diameter  (Table 2-3). The lowest  feeding  r a t e  

was observed wi th  ChaZrnydomonas re inhard t i i ,  l e s s  than 1 .5% of t h e  r a t e  

determined w i t h  t h e  bacter ium Escherichiu c o l i .  

Food concen t r a t ion  had a  s i g n i f i c a n t  e f f e c t  on t h e  feeding  r a t e  of 

Diaptomus kenai and Daphnia pulex (Fig.  2-9). The biomass of a l g a l  c e l l s  

consumed increased  i n  a  l i n e a r  manner wi th  food concen t r a t ion  up t o  6 - 7 

x l o 5  c e l l s / m l  depending on t h e  spec i e s .  Beyond t h i s  concen t r a t ion  feeding  

r a t e  was reduced i n  bo th  popula t ions .  Phytoplankton concen t r a t ion  d i d  not  

a f f e c t  (P > 0.05) t h e  oxygen consumption of zooplankton. 

The E f f e c t s  of Light  on t h e  P e r s i s t e n c e  and Phase of Resp i r a t ion  Rhythms 

Few c o n s i s t e n t  t r e n d s  emerged from t h e  s t u d i e s  repor ted  here .  I n  

gene ra l ,  s i g n i f i c a n t  d i e 1  r e s p i r a t i o n  rhythms were observed only  on t h e  

f i r s t  and second days of each s tudy ,  decreas ing  i n  ampli tude and becoming 

arrhythmic on t h e  t h i r d  and succes s ive  days. This  l o s s  of rhythmic i ty  was 

most apparent  i n  t hose  i n v e s t i g a t i o n s  having a  t w i l i g h t  du ra t ion  of 120 min, 

i r r e s p e c t i v e  of s p e c t r a l  composition (Table 2-4). The most pronounced 

rhythms were observed under cont inuous l i g h t  and cont inuous dark ,  bu t  even 

i n  t hese  s t u d i e s  t h e  t iming of t h e  maxima were no t  c o n s i s t e n t l y  c o r r e l a t e d  

t o  t h e  photoperiod p r i o r  t o  t h e  experiments;  i n  cont inuous darkness  maximum 

r a t e s  were found between 2100 and 2400 h r  and 1400 - 1600 h r .  Under 



TABLE 2-3 

The e f f e c t  of c e l l  s i z e  on t h e  feeding  r a t e  of Daphnia p u l a  a s  determined 

i n  4-hr experiments i n  which each of f i v e  food sources  were provided i n  equal  

t o t a l  biomass (p3)/ml.  A l l  r a t e s  a r e  co r r ec t ed  t o  v a l u e s  p red ic t ed  wi th  a  

zooplankton biomass of 50 pg dry  w t / m l .  Mean f s tandard  e r r o r  i nd ica t ed .  

Food Source C e l l  Diam. Biomass Consumed C e l l s  Consumed 

!J v 3 / m l / m g  d ry  wt/hr  no/ml/mg d r y  wt /hr  

103 

Escherichia 1.5  123.0 + 36.0 4 . 3  + 1.0 (X l o 4 )  coZi 

ChZamydomonas 
re inhard t i i  

Pecan Po l l en  45.0 5.0 + 0.5 0.2 5 0.05 

Corn Pol len  90.0 15.0 t 2.4 0.2 + 0.03 
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Figure  2-7 The e f f e c t  of crowding on t h e  f eed ing  r a t e  of Diaptomus kenai 

c o l l e c t e d  from Eunice Lake. Feeding r a t e  was r e l a t e d  t o  

popula t ion  d e n s i t y  by t h e  fo l lowing  l i n e a r  express ion ;  l o g  

FR = - 0.945(log zooplankton b i o m a s s / l i t e r )  + 8 . 2 9 ,  c o r r e l a t i o n  

c o e f f i c i e n t  ( r )  = - 0.997.  Mean f eed ing  r a t e s  i n d i c a t e d .  





Figure  2-8 The e f f e c t  of crowding on t h e  weight -spec i f ic  oxygen consumption 

of Diaptomus kena i  c o l l e c t e d  from Eunice Lake. Resp i r a t ion  

r a t e  was r e l a t e d  t o  popula t ion  d e n s i t y  by t h e  fo l lowing  l i n e a r  

express ion:  l o g  R/S = - 0.837(log zooplankton b i o m a s s / l i t e r )  

-t 2.545, c o r r e l a t i o n  c o e f f i c i e n t  ( r )  = - 0.920. Mean 

r e s p i r a t i o n  r a t e s  i nd ica t ed .  





Figure  2-9 The e f f e c t  of phytoplankton concen t r a t ion  on t h e  feeding  r a t e  

of Diaptomus kenai ( A )  c o l l e c t e d  from Eunice Lake and Daphnia 

pulex (B) c o l l e c t e d  from Deer Lake. The food source  u t i l i z e d  

f o r  t h e  i n v e s t i g a t i o n  w a s  ChZamydomonas reinhardtii .  A l l  r a t e s  

a r e  co r r ec t ed  t o  v a l u e s  expected w i t h  a zooplankton biomass 

of 50 pg d r y  w t / m l .  Mean r a t e s  i nd ica t ed  f o r  D. kenai ( A ) ;  

mean f s tandard  e r r o r  i n d i c a t e d  f o r  D. puZex (B) .  





cont inuous  l i g h t ,  maxima were observed between 1500 and 1900 h r  and from 

0600 - 1300 h r ,  showing no c o n s i s t e n t  p a t t e r n  of s h i f t  i n  phase.  There 

were no rhythms observed under e i t h e r  b l u e  o r  wh i t e  l i g h t  when zooplankters  

were exposed t o  a  photoperiod of  12L:12D w i t h  120 min t w i l i g h t  du ra t i on .  

There was some sugges t ion  of a rhythm i n  r e d  l i g h t ,  bu t  aga in  t h e  phase of 

rhythm s h i f t e d  r a p i d l y  and bo re  l i t t l e  r e l a t i 6 n  t o  t h e  photoperiod examined. 

The r e s u l t s  p r e sen t ed  i n  t h i s  chap te r  c l e a r l y  i n d i c a t e  t h a t  l i g h t  

i n t e n s i t y ,  s p e c t r a l  composition, and tempera ture  have a  marked i n f l u e n c e  on 

t h e  feed ing  and r e s p i r a t i o n  r a t e s  of zooplankton. Consequently,  d a i l y  

changes i n  t h e s e  parameters  w i l l  a f f e c t  t h e  ampli tude of any i n h e r e n t  

feed ing  and r e s p i r a t i o n  rhythms. 

V e r t i c a l l y  mig ra t i ng  zooplankton a r e  o f t e n  exposed t o  d i e l  temperature  

f l uc tua t ion :  of 5 - 1 0  C f o r  many months of t h e  yea r ,  non-migrating s p e c i e s  

cons iderab ly  less. Die1 temperature  changes can be  expected t o  a f f e c t  t h e  

ampl i tude  of any d i e l  rhythms i n  mig ra t i ng  s p e c i e s .  The r e l a t i o n s h i p  

between temperature  and oxygen consumption demonstrated f o r  Daphnia puZex 

i n  t h e  p re sen t  i n v e s t i g a t i o n  i s  c o n s i s t e n t  wi th  responses  demonstrated 

f o r  o t h e r  zooplankters  (Comita, 1968) .  Resp i r a t i on  r a t e s  of Daphnia 

i nc reased  w i t h  temperature  i n  a  c u r v i l i n e a r  manner; s i n c e  t h e  zooplankters  

were kept  a t  cons t an t  t empera ture  f o r  24 h r  p r i o r  t o  each experiment,  a  

l a c k  of acc l ima t ion  is  i n d i c a t e d .  This  is  c o n s i s t e n t  wi th  t h e  obse rva t ions  

of  Halcrow (1~63) who noted t h a t  CaZanus could on ly  reach  an acc l imated  

s t a t e  a f t e r  s e v e r a l  days exposure t o  a  p a r t i c u l a r  temperature .  Consequently, 

i n  n a t u r e ,  i t  i s  u n l i k e l y  t h a t  t h e  d i e l  temperature  changes zooplankton 

encounter  would be  accompanied by any s i g n i f i c a n t  degree  of acc l imat ion .  



Thus, i n  t hose  s p e c i e s  i n  which v e r t i c a l  mig ra t i ons  a r e  a s s o c i a t e d  w i th  a  

pronounced temperature  change, s i g n i f i c a n t  e f f e c t s  on r e s p i r a t i o n  r a t e s  can 

be  expected.  The e f f e c t  of t empera ture  on t h e  ampli tude of i n h e r e n t  d i e l  

r e s p i r a t i o n  rhythms can be  i l l u s t r a t e d  by re-examining d a t a  from t h e  

prev ious  chap te r  (F ig .  1-1) .  I n  a  h y p o t h e t i c a l  s i t u a t i o n  where zooplankton 

mig ra t e  from 5 C water  a t  midday t o  20 C wa te t  a t  dusk, t h e  ampli tude of 

t h e  d i e l  r e s p i r a t i o n  rhythm would be  i nc reased  f o u r  t imes  over  t h a t  due t o  

t h e  endogenous component a l o n e  (Table 2-5). I n  n a t u r e ,  t h e  i n c r e a s e  i n  

ampli tude may be  even g r e a t e r  due t o  t h e  s imultaneous a c t i o n  of  o t h e r  

environmental f a c t o r s  such a s  l i g h t  and popula t ion  d e n s i t y  d i f f e r e n c e s  

throughout  t h e  day. 

Temperature a l s o  a f f e c t e d  bo th  t h e  f eed ing  r a t e  and s i z e  of c e l l  

consumed by D. puZex. Maximum feeding  r a t e s  were observed a t  1 5  C (Fig.  2-2). 

I f  f i l t r a t i o n  r a t e s  of Daphnia i n c r e a s e  l i n e a r l y  w i t h  temperature  a s  shown 

by Burns (1969) and McMahon (1965),  t h e  h igh  f eed ing  r a t e s  a t  1 5  C a r e  

a t t r i b u t a b l e  t o  t h e  much wider  range of c e l l  s i z e s  (1 .3  - 10.4 v diam.) 

consumed a t  t h i s  t empera ture .  S i m i l a r l y ,  t h e  observed dec rease  i n  feed ing  

r a t e  above 1 5  C may be  a consequence of t h e  sma l l e r  range  of phytoplankton 

inges t ed  (1.3 - 2.6 v diam.).  I n  t h e  c a s e  of v e r t i c a l l y  migra t ing  zooplank- 

ters, temperature  w i l l  i n c r e a s e  t h e  ampli tude of f eed ing  rhythms i n  a  

manner s i m i l a r  t o  t h a t  p r ev ious ly  desc r ibed  f o r  r e s p i r a t i o n .  

I n  non-migratory zooplankton s p e c i e s ,  t empera ture  w i l l  have l i t t l e  

impact on t h e  d i e l  v a r i a b i l i t y  i n  e i t h e r  f eed ing  o r  r e s p i r a t i o n  rhythms 

s i n c e  any d i e l  t empera ture  changes w i l l  be minimal. 

L igh t  i n t e n s i t y  and s p e c t r a l  composition a l s o  have a  marked e f f e c t  on 

t h e  behavior  and physiology of zooplankton. Exposure of zooplankton t o  

d i e 1  changes i n  e i t h e r  of  t h e s e  parameters  w i l l  be  r e f l e c t e d  i n  r e l a t i v e  



TABLE 2-5 

The e f f e c t  of temperature  on t h e  ampl i tude  of d i e 1  r e s p i r a t i o n  rhythms i n  

a v e r t i c a l l y  mig ra t i ng  zooplankter .  For t h e  purpose of demonstrat ion t h e  

e f f e c t  of temperature  shown i n  t h e  p r e s e n t  chap te r  (F ig .  2-1) is  super- 

imposed on t h e  ampli tude of t h e  endogenous rhythm observed a t  a cons t an t  

temperature  (16 C) from t h e  p rev ious  chap te r  (Table 1-1).  Resp i r a t i on  

r a t e s  a t  midday a r e  g iven  a s  1 .0  f o r  t h e  endogenous component. 

Time Depth Temp Endogenous D i e 1  Rhythm 

(d Rhythm + Temp E f f e c t  

Midday 10 5 

Dawn 1 2 0 

~ u s k  1 2 0 



changes i n  t h e  ampli tude of d i e 1  rhythms. 

I n  t h e  p re sen t  i n v e s t i g a t i o n  I examined t h e  combined e f f e c t s  of l i g h t  

i n t e n s i t y ,  s p e c t r a l  composition, and tempera ture  on t h e  r e s p i r a t i o n  and 

f eed ing  r a t l s  of bo th  c ladocerans  and copepods. Seve ra l  g e n e r a l i z a t i o n s  

emerged from t h e  t r e n d s  observed i n  t h i s  s tudy .  

The f i r s t  po in t  i s  t h a t  s p e c t r a l  composir.ion and i n t e n s i t y  a f f e c t  zoo- 

plankton f eed ing  and r e s p i r a t i o n  only  a t  low l i g h t  i n t e n s i t i e s ;  t h e r e  were 

no s i g n i f i c a n t  co lour  o r  i n t e n s i t y  e f f e c t s  above l i g h t  i n t e n s i t i e s  of 500 

uw/cm2 i n  e i t h e r  D. puZez o r  CyeZops seut i fer .  Zooplankton a r e  on ly  exposed 

t o  t h e s e  low i n t e n s i t i e s  b e f o r e  s u n r i s e  and a f t e r  s u n s e t ;  even i n  t h e  c a s e  

of t h e  v e r t i c a l l y  mig ra t i ng  s p e c i e s  observed i n  t h i s  s t udy ,  l i g h t  i n t e n s i t i e s  

exceed 1000 vw/cm2 throughout most of t h e  day (F ig .  3-3). Any e f f e c t s  of 

l i g h t  i n t e n s i t y  o r  s p e c t r a l  composition would be  expressed on ly  a t  dawn and 

dusk. 

A second g e n e r a l i z a t i o n  i s  t h a t  t h e  e f f e c t s  of l i g h t  i n t e n s i t y  a r e  

tempera ture  and co lour  dependent.  I n  t h e  copepod ~iaptomus kenai, changes 

i n  l i g h t  i n t e n s i t y  had l i t t l e  e f f e c t  on r e s p i r a t i o n  r a t e s  beyond 15  C 

(Table 2-4). The e f f e c t s  of t empera ture  a r e  n o t  f u l l y  understood s i n c e  a 

marked i n t e n s i t y  e f f e c t  p e r s i s t s  i n  t h e  c ladoceran  Daphnia puZex a t  22 C 

(Fig.  2-6) and r e s p i r a t i o n  r a t e s  a t  i n t e n s i t i e s  g r e a t e r  than 1 pw/cm2 a r e  

lower a t  12 C than  a t  5 C (Fig.  2-5). A s i m i l a r  t empera ture- l igh t  i n t e r -  

a c t i o n  was shown by Smith and Baylor (1953) who noted t h a t  t h e  c h a r a c t e r i s t i c  

behav io ra l  response  of  Daphnia t o  b l u e  l i g h t  was l o s t  a t  c e r t a i n  temperatures  

It i s  p o s s i b l e  t h a t  i n  some s i t u a t i o n s  t h e  e f f e c t s  of temperature  may over- 

r i d e  any l i g h t  responses ,  p a r t i c u l a r l y  i n  t h e  c a s e  of surface-dwell ing 

s p e c i e s  which a r e  exposed t o  t h e  combination of low i n t e n s i t i e s  and h igh  

tempera tures  a t  dawn and dusk. 



The f i n a l  g e n e r a l i z a t i o n  concerns t h e  response of zooplankton t o  s p e c t r a l  

composition. A t  a l l  t empera tures  and a t  i n t e n s i t i e s  l e s s  than 30 uw/cm2 the  

c ladocerans  examined showed h ighes t  feeding  and r e s p i r a t i o n  r a t e s  i n  b lue  

l i g h t .  I n  t h e  copepods Diaptomus kenai and Cyclops s cu t i f e r ,  feeding  and 

r e s p i r a t i o n  r a t e s  were h ighes t  i n  red  o r  occas iona l ly  whi te  l i g h t  and lowest 

i n  b lue .  The d i s t i n c t i o n  between t h e  response of t h e  c ladocera  and copepoda 

t o  s p e c t r a l  composition i s  i n d i c a t e d  i n  Fig.  2-10 which i l l u s t r a t e s  t h e  r a t i o s  

of mean feeding  and r e s p i r a t i o n  r a t e s  i n  b lue  l i g h t  t o  t he  corresponding 

red  r a t e s  a t  s i x  i n t e n s i t i e s ;  t h e  marked e f f e c t  of low i n t e n s i t y  b lue  l i g h t  

(10 - 20 pw/cm2) on t h e  c ladocerans  examined i s  c l e a r l y  apparent .  The high 

r a t i o s  i n  c ladocerans  were due t o  h igh  r e s p i r a t i o n  and feeding  r a t e s  i n  

b l u e  l i g h t  r a t h e r  than unusual ly  low r a t e s  i n  red  l i g h t .  These r e s u l t s  a r e  

c o n s i s t e n t  w i t h  t h e  obse rva t ions  of Smith and Baylor (1953) who noted t h a t  

Daphnia exposed t o  b l u e  l i g h t  became a c t i v e ,  whereas popula t ions  kept  under 

red  l i g h t  remained r e l a t i v e l y  i n a c t i v e .  

I n  s t u d i e s  where comparisons between l i g h t  and dark  were made, r e s p i r a t i o n  

and feeding  r a t e s  between 1 and 30 pw/cm2 exceeded dark  r a t e s ;  beyond 100 

uw/cm2 r a t e s  i n  t h e  l i g h t  were l e s s  than those  measured i n  t h e  dark.  This 

observa t ion  may exp la in  many of t h e  c o n f l i c t i n g  r e s u l t s  shown by o t h e r  workers. 

For example, Gauld (1951) and Marshal l  and O r r  (1955) found h igher  r e s p i r a t i o n  

and feeding  r a t e s  i n  darkness .  However, t h e  l i g h t  i n t e n s i t i e s  used by 

t h e s e  a u t h o r s  were w e l l  above those  normally encountered by Calanus. The 

r e s u l t s  of t h e  p re sen t  i n v e s t i g a t i o n  a r e  c o n s i s t e n t  wi th  t h e  observa t ions  

of Buikema (1973) who h a s  shown t h a t  f i l t r a t i o n  r a t e s  of Daphnia a r e  h ighes t  

a t  a  l i g h t  i n t e n s i t y  of 1 0  pw/cm2 and s i g n i f i c a n t l y  lower i n  darkness  and 

a t  i n t e n s i t i e s  g r e a t e r  than 160 uw/cm2. Many workers have observed t h a t  

zooplankton respond t o  h igh  l i g h t  i n t e n s i t i e s  by moving t o  r eg ions  of lower 



F i g u r e  2-10 R a t i o s  o f  b l u e  response : red  r e s p o n s e  i n  t h e  c l a d o c e r a n s  and 

copepod: examined. Equal r e s p i r a t i o n  o r  f e e d i n g  r a t e s  i n  

b l u e  and r e d  l i g h t  e q u a l s  u n i t y  by d e f i n i t i o n .  Mean v a l u e s  

(f s t a n d a r d  e r r o r )  f o r  b o t h  f e e d i n g  and r e s p i r a t i o n  a r e  shown 

f o r  e a c h  o f  s i x  i n t e n s i t y  r a n g e s .  
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i n t e n s i t y  (Cushing, 1951);  changes i n  r e s p i r a t i o n  and feeding  r a t e  may be  

ano the r  man i f e s t a t ion  of t h i s  photonegat ive response.  

The most pronounced i n t e n s i t y  e f f e c t  was observed on t h e  f eed ing  r a t e  

of t h e  copepod CycZops s c u t i f e r  (Fig.  2-4)  where r a t e s  a t  l e s s  than  1 pw/cm2 

were 50 - 90% higher  than a t  i n t e n s i t i e s  over 1000 pw/cm2. Feeding r a t e  

was i n v e r s e l y  r e l a t e d  t o  l i g h t  i n t e n s i t y  over  t h e  range examined (0 .1  - 

1000 vw/cm2), t h e  g r e a t e s t  i n t e n s i t y  e f f e c t  be ing  shown i n  b l u e  l i g h t .  A 

s i m i l a r  r e l a t i o n s h i p  between i n t e n s i t y  and oxygen consumption was observed 

f o r  D. kenai i n  b l u e  l i g h t  a t  5  C and i n  red l i g h t  a t  bo th  10  and 1 5  C.  

However, t h e  e f f e c t  of i n t e n s i t y  on r e s p i r a t i o n  and feeding  r a t e s  was both 

co lour  and temperature dependent.  I n  a l l  s t u d i e s ,  t h e r e  was no s i g n i f i c a n t  . 

e f f e c t  of i n t e n s i t y  above 15  C i n  e i t h e r  r ed  o r  green l i g h t ;  i n  t h e  ca se  of 

D. kenai t h i s  l a c k  of i n t e n s i t y  e f f e c t  i n  red and green l i g h t  p e r s i s t e d  a t  

5  and 10  C. I n  wh i t e  l i g h t ,  oxygen consumption of Diaptomus was exceedingly 

low when i n t e n s i t i e s  were l e s s  than  10  pw/cm2 a t  e i t h e r  5  o r  1 0  C.  The 

s i g n i f i c a n c e  of t h i s  e f f e c t  i n  wh i t e  l i g h t  i s  no t  known and w i l l  r e q u i r e  

f u r t h e r  s tudy  f o r  c l a r i f i c a t i o n .  

S p e c t r a l  composition had a  marked e f f e c t  on t h e  feeding  r a t e s  of t h e  

c ladocerans  Daphnia rosea and HoZopediwn gibberwn. The biomass of phyto- 

plankton consumed was t h r e e  t imes h ighe r  i n  b lue  l i g h t  than  i n  e i t h e r  r ed  

o r  wh i t e  l i g h t  of equal  i n t e n s i t y  (20 - 40 vw/cm2). The f a c t  t h a t  r a t e s  

determined i n  r ed  and wh i t e  l i g h t  were not  s i g n i f i c a n t l y  d i f f e r e n t  and 

both  lower than  dark  r a t e s  sugges ts  t h a t  t h e  presence of red l i g h t  i n  t h e  

v i s i b l e  spectrum may have an i n h i b i t o r y  e f f e c t  on t h e  a c t i v i t y  of c ladocerans ,  

o v e r r i d i n g  t h e  presence  of a l l  o t h e r  wavelengths.  The r e s u l t s  of t h e  

r e s p i r a t i o n  s tudy  w i t h  D. puZex a r e  c o n s i s t e n t  w i t h  t h i s  hypothes is  (Fig.  

2-6); oxygen consumption i n  red and whi te  l i g h t  was not  s i g n i f i c a n t l y  



d i f f e r e n t  and l e s s  than  50% of t h e  r a t e s  determined i n  ' b lue  l i g h t  (1  - 30 

pw/cm2). 

The increased  a c t i v i t y  of c e r t a i n  c l adoce rans  i n  low i n t e n s i t y  b l u e  

l i g h t  may have an  important  consequence t o  t h e  ampli tude of i nhe ren t  d i e l  

rhythms i n  feed ing  and r e s p i r a t i o n  r a t e .  During dawn and dusk most zoo- 

p l a n k t e r s  a r e  found nea r  t h e  s u r f a c e  and a r e  exposed t o  a  v i s i b l e  spectrum 

which i s  predominantly b l u e  l i g h t  of low i n t e n s i t y  (Chapter 3 ) .  I n  

c ladocerans ,  feed ing  and r e s p i r a t i o n  r a t e s  w i l l  be  increased  a s  much a s  50%,  

r e i n f o r c i n g  t h e  r a t e s  which a r e  a l r e a d y  i n h e r e n t l y  h igh  a t  t h e s e  t imes  of 

t h e  day (Chapter 1). I n  copepods, t h e  i n c r e a s e  i n  t h e  p ropor t i on  of r e d  

l i g h t  a t  s u n r i s e  and sunse t  may produce t h e  same e f f e c t ,  except  s l i g h t l y  

l a t e r  than t h e  b l u e  l i g h t  enhancement p red i c t ed  f o r  c ladocerans .  The 

s i g n i f i c a n c e  of s p e c t r a l  composition and i n t e n s i t y  e f f e c t s  i n  terms of d i e l  

v a r i a b i l i t y  i n  zooplankton energy requirements  and expendi ture  w i l l  t h u s  be 

even g r e a t e r  than  descr ibed  i n  Chapter 1. I n  a  t he rma l ly  s t r a t i f i e d  water  

column, r e s p i r a t i o n  and f eed ing  r a t e s  of mig ra t i ng  s p e c i e s  may be a s  much 

as t e n  t imes h ighe r  a t  dawn and dusk than a t  midday. Endogenous rhythms 

are r e in fo rced  by t h e  e f f e c t s  of l i g h t  and tempera ture  t o  produce an 

ampl i tude  of  t h i s  s i z e .  

The e f f e c t s  of t h e  l i g h t  environment on t h e  maintenance and phase of 

r e s p i r a t i o n  rhythms observed i n  t h e  p re sen t  i n v e s t i g a t i o n  a r e  n o t  c l e a r .  

I n  gene ra l ,  rhythms s h i f t e d  i n  phase r a p i d l y  and were un re l a t ed  t o  e i t h e r  

t h e  photoperiod under n a t u r a l  c o n d i t i o n s  o r  t h e  photoperiod examined. To 

s a t i s f a c t o r i l y  demonstrate  t h e  r o l e  of some environmental parameter a s  a  

Zeitgeber, i t  is  necessary  t o  ach i eve  f u l l  synchroniza t ion  of rhythms t o  a  

l i g h t :  dark  c y c l e  a t  l e a s t 6  h r o u t  of phase w i th  t h e  n a t u r a l  environmental 

c y c l e  a f t e r  a  per iod  of cont inuous  darkness .  This  was not  demonstrated i n  



t h e  p re sen t  i n v e s t i g a t i o n ;  consequent ly ,  t h e  r o l e  of t h e  l i g h t  environment 

i n  t h e  maintenance of r e s p i r a t i o n  rhythms cannot be  assessed  from my r e s u l t s .  

There a r e  s e v e r a l  p o s s i b l e  reasons  which may account  f o r  t h e  f a i l u r e  

t o  s h i f t  t h e  phase of t h e  rhythms i n  a c o n s i s t e n t  f a sh ion  du r ing  t h i s  s tudy .  

L ight  i n t e n s i t i e s  i n  t h e  environmental chamber (1500 pw/cm2) exceeded those  

t o  which d i e l  migra t ing  zooplankters  a r e  normally exposed (Table  3-1); 

r e s u l t s  of t h e  ampli tude s t u d i e s  r epo r t ed  i n  t h i s  chap te r  c l e a r l y  sugges t  

t h a t  i n t e n s i t i e s  of t h i s  magnitude produce lowered r e s p i r a t i o n  r a t e s .  There 

was no s i g n i f i c a n t  zooplankton m o r t a l i t y  du r ing  t h i s  i n v e s t i g a t i o n ,  a l though 

l i g h t  avoidance r e a c t i o n s  were observed i n  many cases .  

It i s  p o s s i b l e  t h a t  t h e  h igh  zooplankton d e n s i t i e s  (> 1000/1) r equ i r ed  

t o  ach ieve  a measurable change i n  oxygen concen t r a t i on  i n  16 min may have 

cont r ibu ted  t o  t h e  problem; phys i ca l  i n t e r f e r e n c e  between zooplankters  is  

unavoidable a t  t h e s e  d e n s i t i e s .  

Fur ther  s t u d i e s  w i l l  be r equ i r ed  t o  c l a r i f y  t h e  r o l e  of s p e c i f i c  

a s p e c t s  of t h e  l i g h t  environment a s  a Zeitgeher and i n  t h e  maintenance of 

r e s p i r a t i o n  rhythms. There is  every reason t o  expect t h a t  bo th  t h e  r a t e  

of i n t e n s i t y  change a t  dawn and dusk and perhaps t h e  marked changes i n  

s p e c t r a l  composition observed a t  t h e s e  t i m e s  (Fig.  3-2) may p l ay  an  important  

r o l e  i n  t h e  synchroniza t ion  of endogenous d i e l  rhythms under n a t u r a l  

cond i t i ons .  The e f f e c t s  of l i g h t  i n t e n s i t y  and s p e c t r a l  composition on t h e  

ampli tude of rhythms have been p rev ious ly  desc r ibed ;  i t  remains t o  be  

demonstrated whether t h e  phase of rhythms is  a l s o  a f f e c t e d  by t h e s e  parameters .  



Chapter 3 

DIEL RHYTHMS I N  THE FEEDING, RESPIRATION, EXCRETION, AND ASSIMILATION OF 

EUNICE LAKE ZOOPLANKTON I N  SITU 



INTRODUCTION 

I n  t h e  f i r s t  chap te r  I demonstrated t h e  e x i s t e n c e  of endogenous d i e l  

f eed ing  and r e s p i r a t i o n  rhythms. The r e s u l t s  i n  t h e  second chap te r  suggested 

t h a t  d i e l  changes i n  l i g h t  and temperature  would r e i n f o r c e  t h e s e  rhythmic 

phenomena under n a t u r a l  cond i t i ons .  I n  t h e  p re sen t  chap te r  I have examined 

t h e  p o s s i b l e  e x i s t e n c e  of d i e l  rhythms i n  situ. V e r t i c a l l y  mig ra t i ng  zoo- 

p lankton ,  i n  t h e  normal cou r se  of e v e n t s ,  a r e  exposed t o  p e r i o d i c  d i f f e r e n c e s  

i n  l i g h t  i n t e n s i t y ,  s p e c t r a l  composi t ion,  temperature ,  and food concen t r a t i on  

which may modify t h e  f i n a l  express ion  of rhythms. I n  an  a t t empt  t o  c l a r i f y  

t h e  consequences of rhythmic phenomena t o  t h e  secondary product ion  and 

e n e r g e t i c s  of zooplankton communities, d i e l  var i :b i l i ty  i n  a s s i m i l a t i o n ,  

e x c r e t i o n ,  r e s p i r a t i o n ,  and feed ing  r a t e s  were examined and a  d i e l  energy 

budget cons t ruc t ed .  

Although t h e r e  have been numerous a t t empt s  t o  measure r e s p i r a t i o n ,  

f eed ing ,  e x c r e t i o n ,  and a s s i m i l a t i o n  i n  t h e  f i e l d ,  they  have never  been 

monitored s imul taneous ly  throughout t h e  day and under a  p e r i o d i c  l i g h t  and 

tempera ture  regime. I n  most c a s e s ,  energy budgets  of zooplankton communities 

a r e  based on shor t - te rm experiments  e x t r a p o l a t e d  t o  24 h r s  (Kibby, 1971; 

Pavlova,  1961; Richman, 1958, 1964; and o t h e r s ) .  A s  i n d i c a t e d  i n  Chapter 1, 

t h e  e x i s t e n c e  o f  rhythms could l ead  t o  s e r i o u s  underes t imates  of t h e  

product ion  of n a t u r a l  communities. Ra tes  determined i n  t h e  p re sen t  i nves t i ga -  

t i o n  were compared w i t h  t h e  r e s u l t s  of o t h e r  a u t h o r s  and t h e  consequences 

of rhythmic phenomena t o  t h e  energy expendi ture  and u t i l i z a t i o n  of n a t u r a l  

zooplankton communities p red i c t ed .  



MATERIALS AND METHODS 

Study Area and Co l l ec t i on  of Samples 

The i n v e s t i g a t i o n  was conducted over  a  24-hr per iod  (May 28 - 29, 1973) 

a t  Eunice Lake i n  t h e  Un ive r s i t y  of B r i t i s h  Columbia Research F o r e s t .  A l l  

experiments  and sampling were conducted from a l a r g e  f l o a t  (16 f t  x 20 f t ) ,  

s i t u a t e d  ove r  t h e  deepes t  p o r t i o n  of t h e  l a k e  (> 30 m). Zooplankton were 

c o l l e c t e d  every 2 h r  w i th  a  #10 (156 u mesh, 30 cm diam.) plankton n e t  hauled 

v e r t i c a l l y  from a predetermined depth .  Phytoplankton samples were c o l l e c t e d  

from v a r i o u s  depths  wi th  a  7-1 Van Dorn b o t t l e .  

Measurement of Phys i ca l  Parameters ,  Phytoplankton,  and Zooplankton D i s t r i b u t i o n s  

L igh t  s p e c t r a  were measured from dawn t o  dusk a t  1-m i n t e r v a l s  from t h e  

s u r f a c e  t o  20 m us ing  t h e  spec t ro rad iome te r /da t a  a c q u i s i t i o n  system desc r ibed  

by Duval e t  a l .  (1973a).  Due t o  an equfpment mal func t ion  du r ing  t h i s  s tudy ,  

1971 a r e  presen ted ;  however, c loud cover  and s u r f a c e  c o n d i t i o n s  were s i m i l a r  

on bo th  days.  Spec t ra  were normalized t o  550 nm ( i n t e n s i t y  @ 550 nm = 1 .0 )  

t o  f a c i l i t a t e  i d e n t i f i c a t i o n  of changes i n  s p e c t r a l  composition w i t h  depth 

and t i m e .  

Water samples c o l l e c t e d  a t  1-rn i n t e r v a l s  every 2 h r  were used f o r  measure- 

ment of t empera ture ,  d i s so lved  oxygen concen t r a t i on ,  and phytoplankton s t and ing  

c rop .  Temperatures were taken  immediately a f t e r  samples were brought t o  t h e  

s u r f a c e .  

Dissolved oxygen c o n c e n t r a t i o n s  were determined a s  fo l lows .  Water from 

t h e  Van Dorn sampler was siphoned i n t o  250-1111 BOD b o t t l e s  and 2 m l  of MnC12 

(3M) and a l k a l i n e  i o d i d e  (NaOH 8N; NaI 4 M) added t o  each b o t t l e  w i t h  p l a s t i c  

sy r inges .  Samples were r e tu rned  t o  t h e  l a b o r a t o r y  f o r  spec t rophotomet r ic  

de t e rmina t ion  of d i s so lved  oxygen concen t r a t i on  (Duval e t  aZ., 1973b).  



A 100-ml a l i q u o t  from each sample was t r a n s f e r r e d  ' to  a  4-02 g l a s s  

b o t t l e  and preserved w i t h  5 m l  of a  50% ethanol :50% formal in  mix ture .  The 

s t and ing  c rop ,  biomass, and dry weight e s t i m a t i o n  of phytoplankton were 

determined wi th  a  Model B Coulter Counter and Model M Volume Converter  

(Sheldon and Parsons ,  1966a,b).  

The v e r t i c a l  d i s t r i b u t i o n  of zooplankton was determined i n  two ways. 

V e r t i c a l  h a u l s  were taken every 2 h r  a t  2-m i n t e r v a l s  from 0 - 20 m w i th  a  

ill0 plankton n e t .  A Furono 200-kc/sec echo sounder was used t o  monitor t h e  

d i s t r i b u t i o n  of zooplankton every 15  min throughout  t h e  day. 

Determinat ion of Feeding Rate 

Every 2 h r  zooplankton (predominantly Diaptomus kenai (3O%), D. tyreZZi . 

(40%),  HoZopediwn gibberurn (30%), and Chaoborus s p . )  were c o l l e c t e d  from t h e  

depth  of h i g h e s t  popula t ion  dens i ty  a s  i n d i c a t e d  by t h e  echo sounder.  Any 

Chaoborus sp .  were removed from the  samples and d i sca rded .  Samples of water  

con ta in ing  phytoplankton were taken from t h e  same depth .  Approximately 200 

zooplankters  of t h e  above s p e c i e s  composition were t r a n s f e r r e d  i n t o  each of 

s i x  250-ml BOD b o t t l e s ;  t h e  b o t t l e s  were then  f i l l e d  w i t h  l a k e  water  con ta in ing  

phytoplankton and r e tu rned  t o  t he  same p o s i t i o n  i n  t h e  water  column. Two 

b o t t l e s  wi thout  zooplankton were used a s  c o n t r o l s .  A f t e r  2 h r  t h e  b o t t l e s  

were brought t o  t h e  s u r f a c e  and t h e  zooplankton removed and preserved  wi th  

5 m l  of Lugol 's  s o l u t i o n .  The phytoplankton i n  100 m l  of t h e  sample were 

preserved and r e tu rned  t o  t h e  l a b o r a t o r y  where t h e  c e l l s  w e r e  counted and 

feed ing  r a t e  c a l c u l a t e d .  

Determinat ion of Resp i r a t i on  Rate 

The oxygen consumption of s i x  zooplankton samples taken from t h e  depth 

of maximum popula t ion  d e n s i t y  was measured every 2 h r .  Zooplankton were not  

removed from t h e  b o t t l e s  a t  t h e  end of each experiment;  5  m l  of e thano l :  



formal in  were added t o  each b o t t l e  i n  a d d i t i o n  t o  t h e  Winkler r e a g e n t s  

( C a r r i t t  and Carpenter ,  1966). The a d d i t i o n  of p r e s e r v a t i v e  had no s i g n i f i -  

c a n t  e f f e c t  (P > 0.05) on t h e  d i s so lved  oxygen con ten t  of t h e  samples.  D i s -  

solved oxygen concent ra t ion  was determined a s  desc r ibed  by Duval et aZ. (1973b) 

and r e s p i r a t i o n  r a t e s  ca l cu l a t ed  a s  o u t l i n e d  i n  Chapter 1. 

Determinat ion of Rates of Inorganic  Phosphate Excre t ion  

A t  2-hr i n t e r v a l s ,  approximately 200 zooplankton were t r a n s f e r r e d  i n t o  

s i x  250-ml BOD b o t t l e s ;  two b o t t l e s  wi thout  zooplankton were used a s  c o n t r o l s .  

The samples were returned t o  t h e  sampling depth f o r  2  h r .  A t  t h e  end of t h i s  

pe r iod  t h e  b o t t l e s  were brought t o  t h e  s u r f a c e ,  t h e  zooplankton removed, and 

100 m l  of t h e  remaining water  p reserved  w i t h  1 m l  of Chloroform and quick- 

f rozen  i n  an acetone/dry i c e  mixture .  On thawing i n  t h e  l a b o r a t o r y ,  a l l  

p a r t i c u l a t e  ma t t e r  was removed from t h e  water  w i t h  a  M i l l i p o r e  HA f i l t e r  (47 

nun, pore  diam. 0 . 4 5 ~ ) .  The concen t r a t i on  of d i s so lved  ino rgan ic  phosphate 

i n  each sample was determined w i t h  a  Beckman DU-2 spectrophotometer  fo l lowing  

t h e  method of S t r i ck l and  and Parsons (1972). 

Determinat ion of Ass imi la t ion  Rate  

To measure t h e  a s s i m i l a t i o n  r a t e  of zooplankton, 50 l l C i  of ~ ~ " 0 ;  were 

added t o  1 . 0  L of  a  l o g  phase c u l t u r e  of ChZamydomonas reinhardtii (5 x l o 6  

c e l l s / m l ) .  Af t e r  24 h r  t h e  c u l t u r e  was d i l u t e d  t o  5 1 wi th  dech lo r ina t ed  

water .  Every 2  h r  50 m l  of r a d i o a c t i v e  ChZamydomonas were p i p e t t e d  i n t o  

each of e i g h t  250-ml BOD b o t t l e s  and approximately 200 zooplankton added t o  

s i x  of  t h e  b o t t l e s .  A l l  b o t t l e s  were f i l l e d  w i th  u n f i l t e r e d  l a k e  water  and 

r e tu rned  t o  t h e  sampling depth .  Af t e r  a  2-hr experiment ,  t h e  zooplankters  

were t r a n s f e r r e d  i n t o  water  con ta in ing  non- rad ioac t ive  food t o  a l l ow  them 

t o  c l e a r  t h e i r  g u t s  of  4 ~ - l a b e l l e d  phytoplankton.  The zooplankters  were 

then  counted,  d i s so lved  i n  2  m l  of P ro toso l  S o l u b i l i z e r  (Xew England Nuclear) 



and t r a n s f e r r e d  t o  s c i n t i l l a t i o n  v i a l s  f o r  radiocarbon a s s a y  i n  t h e  

l a b o r a t o r y .  The a l g a e  i n  a l l  b o t t l e s  were preserved  wi th  5 m l  of e thano l :  

f o rma l in  mix ture  and r e tu rned  t o  t h e  l a b o r a t o r y  f o r  a Cou l t e r  Counter 

de t e rmina t ion  of c e l l  number and radiocarbon a s say  w i t h  a Packard Model 3003 

Tri-Carb S c i n t i l l a t i o n  Spectrometer .  Phytoplankton numbers were converted 

t o  d r y  weight  and a s s i m i l a t i o n  r a t e s  determined fo l l owing  Sorokin (1968). 

Determinat ion of Ca lo r i c  Equiva len ts  

R e s p i r a t i o n  r a t e s  were converted t o  c a l o r i c  e q u i v a l e n t s  w i t h  t h e  f a c t o r  

of 0.005 c a l 1 ~ 1 l  02 proposed by Swif t  and French (1954) assuming an  RQ 

(Resp i r a to ry  Quot ien t  = + A C O ~ / -  A02) of 1 . 0  f o r  zooplankters  f eed ing  o f f  

phytoplankton r a t h e r  than  l i v i n g  o f f  f a t  r e s e r v e s  (Parsons and Takahashi,  

1973) .  A sampIe c a l c u l a t i o n  i s  given below. 

If: Oxygen Consumption = 5.0 ~1 02/mg d r y  w t l h r  

Assuming : RQ = 1 . 0  (Parsons and Takahashi) 

and C a l o r i c  Conversion = 0.005 c a l / p l  02 (Swif t  and French, 1954) 

Resp i r a to ry  Expendi ture  = (0.005)(5.0) 

= 2.5 x cal lmg d r y  w t l h r  

Feeding r a t e s  were converted t o  c a l o r i c  e q u i v a l e n t s  i n  t h e  manner ou t -  

l i n e d  f n  t h e  fo l lowing  example. S ince  Eunice Lake phytoplankton were 

predominantly Chlorophyceae, t h e  mean d r y  w e i g h t l c e l l  was taken  a s  1.67 x 

pg (Parsons et aZ., 1961) w i t h  a c a l o r i c  equ iva l en t  of 5.3 cal/mg d r y  

wt (Cummins and Wuycheck, 1971) .  

Feeding Rate  = 50.0 x 1 0 % ~ / m l / m ~  d r y  w t l h r  

Volume of Sample = 250 m l  

T o t a l  Biomass Consumed = (50.0 x l o 3  p"ml/mg d r y  w t l h r )  (250 ml) 



= 1.25 x  l o 7  p3/mg d r y  w t /h r  

s i n c e  t h e  mean c e l l  volume of each c e l l  consumed (F ig .  3-7) was 50 p 3  

T o t a l  C e l l  Number Consumed = (1.25 x  l o 7  p3) /50  p 3  

= 2.5 x  l o 5  ce l l s /mg d r y  w t /h r  

Dry W t  Consumed = (2 .5  x l o 5 )  (1.67 x  p g / c e l l )  

= 41.75 ~ g / m g  d ry  w t /h r  

C a l o r i e s  Consumed = (41.75 pg) (0.0053 c a l / p g )  

= 0.221 cal/mg d r y  wt /hr  

Ass imi l a t i on  r a t e s  were converted t o  c a l o r i e s  i n  a  s i m i l a r  manner u s ing  

a  carbon:dry weight r a t i o  of 0.52 (Parsons e t  aZ., 1961) .  

Carbon Assimilated = 1 .0  vg C/mg d ry  wt /hr  

T o t a l  Assimilated = (1 .0  vg C)/0.52 

= 1.92 pg/mg d ry  wt /hr  

C a l o r i e s  Assimilated = 1.92 ~ g ( 0 . 0 0 5 3  c a l / v g )  

= 0.0102 c a l  

RESULTS 

V e r t i c a l  D i s t r i b u t i o n s  of Temperature, L igh t ,  Dissolved Oxygen, Phytoplankton, 

and Z o o ~ l a n k t o n  

a )  L i g h t  

Light  i n t e n s i t y  decreased i n  an exponent ia l  f a sh ion  w i t h  depth ;  60 - 

80% of t h e  s u r f a c e  l i g h t  was removed i n  t h e  f i r s t  meter w i th  t h e  g r e a t e r  

s u r f a c e  e x t i n c t i o n  occu r r ing  nea r  dawn and dusk. A t  no t i m e  du r ing  t h e  day 

(May 27, 1971) d i d  more than 1 X  of t h e  i nc iden t  l i g h t  reach 7.5 m. The 

e x t i n c t i o n  c o e f f i c i e n t s  a t  noon were a s  fo l lows  : 
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The s h i f t s  i n  s p e c t r a l  composi t ion of l i g h t  w i t h  d e p t h  a r e  more a p p a r e n t  

when normal ized  s p e c t r a l  d i s t r i b u t i o n s  a r e  compared ( F i g .  3-1). V i r t u a l l y  

no r e d  o r  b l u e  l i g h t  p e n e t r a t e d  t o  d e p t h s  g r e a t e r  t h a n  1 0  m. 

The s p e c t r a l  composi t ion of i n c i d e n t  l i g h t  v a r i e d  th roughout  t h e  day.  

The p r o p o r t i o n s  of a l l  wave leng ths  v a r i e d  t o  some e x t e n t  w i t h  t i m e ,  b u t  

marked changes  i n  t h e  r e l a t i v e  amount of b l u e  were  e v i d e n t  a t  dawn (F ig .  3-2) 

and dusk.  The p r o p o r t i o n  of b l u e  l i g h t  a t  t h e  s u r f a c e  n e a r  midday was 

29.5% of t h e  t o t a l  r a d i a t i o n  and i n c r e a s e d  t o  o v e r  48% a t  dawn and dusk.  

At 1 m t h e  r e l a t i v e  amount of b l u e  l i g h t  (400 - 500 nm) a t  noon was l e s s  

t h a n  16% b u t  over  34% a t  dawn and dusk. 

changes  i n  t h e  t o t a l  down-welling r a d i a t i o n  a t  v a r i o u s  d e p t h s  through- 

o u t  t h e  day a r e  shown i n  F i g .  3-3. The a b s o l u t e  r a t e  of i n t e n s i t y  change 

(AIlAt)  v a r i e d  w i t h  b o t h  d e p t h  and t ime of day  ( F i g .  3-4). The rate of 

i n t e n s i t y  change was i n v e r s e l y  p r o p o r t i o n a l  t o  d e p t h  and h i g h e s t  a t  s u n r i s e  

and s u n s e t .  R e l a t i v e  r a t e s  of i n t e n s i t y  change ( A I / I A ~ )  were  h i g h e s t  a t  

dawn and dusk b u t  d i d  n o t  v a r y  s i g n i f i c a n t l y  w i t h  d e p t h .  



Figure  3-1 S p e c t r a l  composition of down-welling l i g h t  w i t h  depth  i n  

Eunice Lake, May 27, 1971, a t  1240 h r  (PST).  A l l  d a t a  a r e  

normalized t o  a va lue  of 1 .0  a t  552 nm. 





Figure 3-2 Changes i n  t h e  s p e c t r a l  composition of su r face  l i g h t  from 

dawn t o  noon i n  Eunice Lake, May 27 ,  1971. Re la t ive  s p e c t r a l  

d i s t r i b u t i o n s  a r e  normalized t o  a  va lue  of 1 . 0  a t  600 nm. 
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F i g u r e  3-3 Changes i n  t h e  t o t a l  down-welling r a d i a t i o n  a t  v a r i o u s  d e p t h s  

th roughout  t h e  day i n  Eunice  Lakc,, May 27 ,  1971. S u n r i s e  a t  

0530 h r  (PST), s u n s e t  a t  1800 h r  (PST). Energy u n i t s  a r e  

uw/cm2. 





F i g u r e  3-4 The r a t e  o f  i n t e n s i t y  change ( d I / d t )  a t  v a r i o u s  d e p t h s  and 

t i m e s  of t h e  day i n  Eunice  Lake,  May 27, 1971. U n i t s  are 

l.w/cm2/min and t i m e  o f  day i s  PST. 





b )  Temperature and Dissolved Oxygen Pro f i l e s  

With t h e  except ion  of t h e  f i r s t  meter ,  t h e r e  were no s i g n i f i c a n t  

d i f f e r e n c e s  i n  t h e  tempera ture  p r o f i l e s  i n  Eunice Lake throughout  t h e  day. 

A gradual  decrease  i n  temperature  was found between 4.5 rn and 9.5 m (Fig.  

3-5). Sur face  tempera tures  v a r i e d  from 14.2 - 17 .0  C throughout  t h e  day. 

Dissolved oxygen concen t r a t i on  d id  n o t  v a r y  s i g n i f i c a n t l y  w i th  t i m e  of 

day. There was a  s l i g h t  i n c r e a s e  i n  oxyger fconcent ra t ion  from t h e  s u r f a c e  

t o  6 - 8 m, b u t  concen t r a t i ons  always exceeded 10  ppm above 20 m (Fig.  3-5) 

C) Phytoplankton Standing Crop 

The biomass of phytoplankton v a r i e d  s i g n i f i c a n t l y  w i t h  dep th  bu t  no t  

w i t h  t ime. The s t and ing  c rop  of phytoplankton and d e t r i t u s  a t  2 .5  m (94 pg 

d r y  w t / l )  was approximately 50% of t h e  s u r f a c e  va lue  (180 pg d r y  w t / l )  a s  

i n d i c a t e d  i n  F ig .  3-6. The h i g h e s t  s t and ing  c rop  was found a t  5.5 m.  The 

phytoplankton community was composed of a t  l e a s t  t h r e e  major s p e c i e s  having 

mean c e l l  volumes of 0 .6 ,  18 .7 ,  and 149 u 3  r e s p e c t i v e l y  (F ig .  3 - 7 ) ;  t h e  

s p e c i e s  composition of t h e  e n t i r e  phytoplankton community was no t  determined. 

d )  Die2 Changes i n  the  Ver t i ca l  Dis tr ibut ion o f  Zooplankton 

There were marked d i e 1  v e r t i c a l  movements of Eunice Lake zooplankton 

throughout  t h e  day (Fig.  3-8). The migra t ion  p a t t e r n  i n d i c a t e d  by t h e  echo 

soundings was s i m i l a r  t o  t h a t  shown by t h e  v e r t i c a l  h a u l s .  During midday, 

t h e  m a j o r i t y  of zooplankters  were found between 3  and 12 m,  a l though t h e  

v e r t i c a l  p o s i t i o n  v a r i e d  w i th  s p e c i e s .  The v e r t i c a l  hau l  d a t a  i n d i c a t e d  t h a t  

t h e  most ex t ens ive  mig ra t i on  (8  - 1 0  m) was undertaken by Diaptomus kenai, D. 

t y r e l l i ,  and Chaoborus sp .  and t h e  l e a s t  by Holopediwn gibberzm and ~ a p h n i a  

rosea. I n  gene ra l ,  t hey  began t h e i r  a scen t  between 1345 and 1415 h r  and 

reached t h e  s u r f a c e  wa te r s  by 2300 h r .  S h o r t l y  be fo re  midnight they sank 



F i g u r e  3-5 Temperature  and d i s s o l v e d  oxygen p r o f i l e s  o f  Eunice  Lake, 

May 28 - 29,  1973. U n i t s  f o r  d i s s o l v e d  oxygen a r e  ppm; mean 

v a l u e s  o v e r  t h e  24-hr p e r i o d  i n d i c a t e d .  



TEMPERATURE O C  

6 8 10 12 14 16 

j Dissolved 

DISSOLVED OXYGEN (PPM) 



F i g u r e  3-6 The s t a n d i n g  c r o p  of phy top lank ton  and d e t r i t u s  ( p 3  x 106/1) 

i n  Eunice  Lake a t  v a r i o u s  d e p t h s  on May 28 - 29, 1973.  Mean 

v a l u e s  o v e r  t h e  24-hr p e r i o d  a r e  i n d i c a t e d .  





F i g u r e  3-7 S i z e  d i s t r i b u t i o n  o f  phy top lank ton  c o l l e c t e d  from Eunice  

Lake d u r i n g  a 24-hr p e r i o d  on  May 28  - 29, 1973. Mean v a l u e s  

i n d i c a t e d .  
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F i g u r e  3-8 D i e 1  changes  i n  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  Eunice  Lake 

zooplankton (May 28 - 29, 1973) .  Data t a k e n  w i t h  a Furuno 

200 k c l s e c  Echo Sounder.  
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s l i g h t l y  i n  t h e  wa te r  column and between 0730 and 0845 h r  a f t e r  a  s l i g h t  

dawn r i s e  (0.5 m), descended t o  t h e i r  day d e p t h .  

D i e l  Changes i n  t h e  Feeding Ra te  of Zooplankton 

Highly s i g n i f i c a n t  d i f f e r e n c e s  (P < 0.001)  i n  t h e  f e e d i n g  r a t e  of 

Eunice Lake zooplankton were found th roughout  t h e  day.  Feeding r a t e s  were  

h i g h e s t  a t  0400 and 2115 h r  and lowes t  n e a r  midday (F ig .  3-9). Noon r a t e s  

were  on ly  1% of v a l u e s  found n e a r  dawn. 

D i e l  Changes i n  t h e  R e s p i r a t i o n  Rate  of Zooplankton 

The r e s p i r a t i o n  r a t e  o f  Eunice  Lake zooplankton v a r i e d  th roughout  t h e  

day (Fig .  3-10). Oxygen consumption was h i g h e s t  a t  0930 and 2130 h r  and 

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  (P > 0.05) between 1100 and 1900 h r .  R a t e s  a t  

dusk were twice  a s  h i g h  as midday l e v e l s ;  t h e  morning maximum was 23% 

h i g h e r  than t h e  midday minimum. 

D i e l  Changes i n  t h e  I n o r g a n i c  Phosphate  E x c r e t i o n  of Zooplankton 

. Highly s i g n i f i c a n t  (P < 0.001) d i f f e r e n c e s  i n  t h e  r a t e  of i n o r g a n i c  

phosphate  e x c r e t i o n  were found throughout  t h e  day.  R a t e s  were lowes t  a t  

1500 h r ,  i n c r e a s i n g  f o u r  t i m e s  t o  a  maximum a t  1700 h r  (Fig .  3-11). Two 

l e s s e r  maxima were found a t  0130 and 0800 h r .  

Die1 Changes i n  t h e  A s s i m i l a t i o n  Ra te  of Zooplankton 

The a s s i m i l a t i o n  r a t e s  of Eunice Lake z o o p l a n k t e r s ,  a s  measured from 

t h e  i n c o r p o r a t i o n  of l a b e l l e d  ChZamydomonas, were h i g h e s t  n e a r  dawn and 

dusk and lowest  d u r i n g  midday (F ig .  3-12). R a t e s  a t  noon were less t h a n  

50% of dawn and dusk  v a l u e s .  There  was no 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  

ampl i tude of dawn and dusk maxima. 



F i g u r e  3-9 D i e 1  changes  i n  t h e  f e e d i n g  r a t e  o f  Eunice  Lake zooplankton 

(May 28 - 29, 1973) .  A l l  exper iments  conducted a t  t h e  d e p t h  

o f  maximum zooplankton d e n s i t y  w i t h  i n  s i t u  l i g h t ,  t e m p e r a t u r e ,  

and food c o n c e n t r a t i o n .  R a t e s  c o r r e c t e d  t o  v a l u e s  expec ted  

w i t h  a zooplank ton  biomass o f  50 p g  d r y  wt/ml.  Mean f s t a n d a r d  

e r r o r  i n d i c a t e d .  
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Figure  3-10 Die1 changes i n  t h e  r e s p i r a t i o n  r a t e  of Eunice Lake zooplankton 

(May 28  - 29,  1973).  A l l  experiments  were conducted in s i t u  

a t  t h e  depth  of maximum zooplankton d e n s i t y  and r a t e s  co r r ec t ed  

t o  va lues  expected w i t h  a zooplankton biomass of 50 ug d r y  

wt/ml. Mean + s tandard  e r r o r  i n d i c a t e d .  





F i g u r e  3-11 D i e 1  changes  i n  t h e  r a t e  o f  i n o r g a n i c  phospha te  e x c r e t i o n  o f  

Eunice  Lake zooplankton (Play 28 - 29,  1973) .  A l l  exper iments  

were  conducted w i t h  i n  situ c o n d i t i o n s  a t  t h e  d e p t h  of maximum 

zooplank ton  d e n s i t y .  R a t e s  c o r r e c t e d  t o  v a l u e s  expec ted  w i t h  

a zooplank ton  biomass of 50 vg d r y  wt /ml .  Mean + s t a n d a r d  

e r r o r  i n d i c a t e d .  





F i g u r e  3-12 Die1  changes  i n  t h e  a s s i m i l a t i o n  r a t e  of Eunice  Lake zooplankton 

(May 28 - 29,  1 9 7 3 ) .  A l l  e x p e r i m e n t s  were  conducted a t  t h e  

d e p t h  of maximum zooplankton d e n s i t y  under  i n  situ l i g h t  and 

t e m p e r a t u r e  c o n d i t i o n s .  I n c o r p o r a t i o n  of 1 4 c - l a b e l l e d  

ChZamydornonas reinhardtii was de te rmined  and r a t e s  c o r r e c t e d  

t o  v a l u e s  expec ted  w i t h  a  zoop lank ton  biomass o f  50 pg d r y  

wt /ml .  Mean + s t a n d a r d  e r r o r  i n d i c a t e d .  





DISCUSSION 

The r e s u l t s  of t h e  p r e v i o u s  c h a p t e r  sugges ted  t h a t  under  n a t u r a l  

c o n d i t i o n s  p e r i o d i c  changes  i n  l i g h t  i n t e n s i t y ,  s p e c t r a l  compos i t ion ,  

t empera tu re ,  and food c o n c e n t r a t i o n  would r e i n f o r c e  endogenous d i e l  rhythms 

by i n c r e a s i n g  r a t e s  even f u r t h e r  a t  dawn and dusk,  r e d u c i n g  r a t e s  d u r i n g  

midday. The r e s u l t s  of t h e  p r e s e n t  c h a p t e r  c l e a r l y  d e m o n s t r a t e  s i g n i f i c a n t  

d i e l  rhythms i n  f e e d i n g ,  r e s p i r a t i o n ,  e x c r e t i o n ,  and a s s i m i l a t i o n  i n  situ. 

D i f f e r e n c e s  i n  t h e  a m p l i t u d e  o f  each of t h e s e  rhythms r e s u l t e d  i n  l a r g e  

v a r i a t i o n s  i n  a s s i m i l a t i o n  e f f i c i e n c y  ( A / I  x 100) and n e t  growth e f f i c i e n c y  

( A / ( A  + R)  x  100) th roughout  t h e  day.  

S i n c e  a  number of env i ronmenta l  f a c t o r s  a f f e c t  f e e d i n g  and r e s p i r a t i o n  

r a t e s  (Chapter  2 )  and would change t h e  a m p l i t u d e  o f  i n  s i t u  rhythms, s e v e r a l  

b i o t i c  and a b i o t i c  f e a t u r e s  i n  t h e  environment of Eunice  Lake zooplankton 

were examined a t  t h e  d e p t h  o f  maximum zooplankton d e n s i t y  (MZD) a t  1 h r  

i n t e r v a l s  throughout  t h e  day.  These d a t a ,  based on v i s u a l  approx imat ions  

of.  t h e  mean d e p t h  of maximum zooplankton d e n s i t y  (MZD) from echo soundings ,  

a r e  summarized i n  T a b l e  3-1. 

During t h i s  i n v e s t i g a t i o n ,  Eunice Lake zooplankton a t  t h e  d e p t h  of 

maximum abundance exper ienced  s i g n i f i c a n t  d i e l  changes  i n  l i g h t ,  i n c l u d i n g  

s h i f t s  i n  t h e  s p e c t r a l  compos i t ion  of i n c i d e n t  l i g h t ,  changes  i n  t h e  t o t a l  

i n t e n s i t y  of down-welling l i g h t ,  a s  w e l l  as marked changes  i n  t h e  r a t e  of 

i n t e n s i t y  change ( d I / d t )  throughout  t h e  day.  Zooplankton were exposed t o  

maximum l i g h t  i n t e n s i t i e s  a t  s u n r i s e  and s u n s e t  ( c a .  1100 pw/cm2) and 

exper ienced  lower i n t e n s i t i e s  d u r i n g  midday (Tab le  3-1).  The i n t e n s i t i e s  

shown i n  t h e  p r e v i o u s  c h a p t e r  t o  i n c r e a s e  r e s p i r a t i o n  and f e e d i n g  r a t e s  

(< 100 Llw/cm2) were  o n l y  found a t  dawn and dusk;  consequen t ly ,  r e i n f o r c e m e n t  
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of endogenous rhythms would o n l y  occur  a t  t h e s e  t imes .  Higher  i n t e n s i t i e s  

found between s u n r i s e  and s u n s e t ,  g iven  t h e  r e l a t i o n s h i p  e s t a b l i s h e d  i n  t h e  

p r e v i o u s  c h a p t e r ,  may b e  p a r t i a l l y  r e s p o n s i b l e  f o r  t h e  low r a t e s  observed  

n e a r  midday, p a r t i c u l a r l y  i n  t h e  c a s e  o f  f e e d i n g .  There  was no e v i d e n c e  of 

Eunice  Lake zooplankton a t  t h e  d e p t h  of maximum abundance (MZD) f o l l o w i n g  

s i m i l a r  o r  ' o p t i m a l '  l i g h t  i n t e n s i t i e s  througtiout t h e  day as sugges ted  by 

Cushing (1955).  

R a t e s  of i n t e n s i t y  change were  a l s o  h i g h e s t  a t  s u n r i s e  and s u n s e t ;  

however, t h e  e f f e c t s  o f  t h i s  pa ramete r  on t h e  f e e d i n g  and r e s p i r a t i o n  of 

zooplankton a r e  n o t  known. The v e r t i c a l  movement o f  zooplankton appeared 

t o  b e  r e l a t e d  t o  r a t e s  of i n t e n s i t y  change ( A I I c ~ ) ;  r a t e s  of i n t e n s i t y  change 

began t o  i n c r e a s e  s h o r t l y  a f t e r  dawn (Tab le  3-1) and were  accompanied by 

a g e n e r a l  downward movement o f  zooplankton ( F i g .  3-8).  T h i s  phenomenon 

was n o t  examined i n  d e t a i l  i n  t h e  p r e s e n t  i n v e s t i g a t i o n ;  however, v a r i o u s  

o t h e r  a u t h o r s  have demonstra ted a s t r o n g  c o r r e l a t i o n  between r a t e s  of 

i n t e n s i t y  change and v e r t i c a l  movement o f  zoop lank ton  (McNaught and H a s l e r ,  

1964; R i n g e l b e r g ,  1961) . 
At dawn and dusk when zooplankton were  d i s t r i b u t e d  n e a r  t h e  s u r f a c e  

(F ig .  3-8), p o p u l a t i o n s  were  exposed t o  h i g h  p r o p o r t i o n s  of low i n t e n s i t y  

b l u e  (400 - 500 nm) l i g h t  ( F i g .  3-2).  T h i s  was e v i d e n t  by dawn and dusk 

(0400, 0500, and 2000 h r )  v a l u e s  of h 0.5 (Tab le  3 - I ) ,  t h e  wavelength  which 

d i v i d e s  t h e  s p e c t r a l  d i s t r i b u t i o n  i n t o  two e q u a l  p o r t i o n s  i n  t e rms  of t o t a l  

energy .  J e r l o v  (1954) demons t ra ted  t h a t  t h e  s p e c t r a l  d i s t r i b u t i o n  of day- 

l i g h t  b e f o r e  s u n r i s e  and a f t e r  s u n s e t  was predominant ly  s h o r t  wavelength  

r a d i a t i o n  (< 560 nm) due  t o  a  r e l a t i v e l y  h i g h  c o n t r i b u t i o n  from b l u e  sky 

l i g h t  i n  t h e  a b s e n c e  o f  d i r e c t  s u n l i g h t .  A s  i n d i c a t e d  i n  t h e  p r e v i o u s  

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



and may c o n t r i b u t e  t o  t h e  h i g h e r  r a t e s  observed a t  dawn and dusk.  

I n  t h e  p r e v i o u s  c h a p t e r ,  food c o n c e n t r a t i o n  was shown t o  have marked 

e f f e c t  on t h e  f e e d i n g  r a t e  of zooplankton.  During t h e  p r e s e n t  i n v e s t i g a t i o n ,  

Eunice Lake zooplankton encountered d i e l  d i f f e r e n c e s  i n  t h e  s t a n d i n g  c r o p  

o f  p a r t i c u l a t e  m a t t e r  (F ig .  3-6, T a b l e  3-1);  c o n c e n t r a t i o n s  i n c r e a s e d  

approx imate ly  two t i m e s  from 2.5  t o  5 .5  m.  Co'nsequently, d u r i n g  t h e i r  

morning d e s c e n t  and a g a i n  d u r i n g  t h e  even ing  a s c e n t ,  zooplankton passed  

th rough  w a t e r  c o n t a i n i n g  s i g n i f i c a n t l y  h i g h e r  food c o n c e n t r a t i o n s .  Th i s  

c o u l d  r e s u l t  i n  a n  i n c r e a s e  i n  f e e d i n g  r a t e  as i n d i c a t e d  i n  Chap te r  2 which,  

however, might b e  p a r t i a l l y  o f f s e t  by t h e  h i g h  i n t e n s i t i e s  (> 1000 pw/cm2) 

a l s o  exper ienced  a t  t h e s e  t i m e s .  

S i n c e  t e m p e r a t u r e  a l s o  a f f e c t s  f e e d i n g  and r e s p i r a t i o n  r a t e s ,  t h e  5 C 

t e m p e r a t u r e  change exper ienced  by Eunice  Lake zooplankton d u r i n g  t h e i r  d i e l  

v e r t i c a l  m i g r a t i o n  may account  f o r  a m p l i t u d e s  which a r e  g r e a t e r  t h a n  t h o s e  

demonstra ted i n  endogenous rhythms under c o n s t a n t  c o n d i t i o n s  (Chapter  1 ) .  

I n  summarizing t h e  e f f e c t s  of d i e l  changes  i n  t h e  environment o f  

Eunice  Lake zooplankton a t  t h e  d e p t h  of maximum abundance,  i t  is  c l e a r  t h a t  

t h e  environment w i l l  r e i n f o r c e  t h e  endogenous d i e l  rhythms demonstra ted i n  

Chapter  1, i n c r e a s i n g  rates f u r t h e r  a t  dawn and dusk,  r e d u c i n g  them d u r i n g  

midday. Feeding and r e s p i r a t i o n  r a t e s  a t  dawn and dusk  when z o o p l a n k t e r s  

were  d i s t r i b u t e d  n e a r  t h e  s u r f a c e  a r e  i n c r e a s e d  by t h e  combined i n f l u e n c e  

of h i g h e r  t e m p e r a t u r e s ,  low l i g h t  i n t e n s i t i e s ,  and a  h i g h  p r o p o r t i o n  of 

b l u e  l i g h t .  R a t e s  a t  midday, a l r e a d y  i n h e r e n t l y  low, a r e  f u r t h e r  reduced 

by lower t e m p e r a t u r e s ,  h i g h e r  i n t e n s i t i e s ,  and i n c i d e n t  l i g h t  which was 

predominant ly  yel low-green.  

Highly  s i g n i f i c a n t  d i e l  changes  i n  f e e d i n g  ( F i g .  3-9), r e s p i r a t i o n  

( F i g .  3-10), i n o r g a n i c  phospha te  e x c r e t i o n  ( F i g .  3-11),  and a s s i m i l a t i o n  



( F i g .  3-12) were  found d u r i n g  t h e  p r e s e n t  i n v e s t i g a t i o n .  However, b o t h  t h e  

a m p l i t u d e  and t i m i n g  o f  t h e  maxima of e a c h  of t h e  f o u r  p a r a m e t e r s  d i f f e r e d .  

Feed ing  r a t e s  were  h i g h e s t  a t  0400 and 2115 h r  and t h e  a m p l i t u d e  o f  t h e  

d i e l  rhythm l a r g e  due t o  n e g l i g i b l e  f e e d i n g  n e a r  midday. The h i g h  r a t e s  

measured a t  dawn and dusk a r e  n o t  e n t i r e l y  due  t o  t h e  endogenous rhythm; 

t h e  i n t r i n s i c  component p r o b a b l y  a c c o u n t s  f o r  a n  i n c r e a s e  of s i x  t o  seven  

t i m e s  (Chapter  1 )  w i t h  t h e  env i ronmenta l  c o n d i t i o n s  p r e v i o u s l y  d e s c r i b e d  

c o n t r i b u t i n g  t o  t h e  remainder  of t h e s e  maxima. 

I n  t h e  c a s e  o f  r e s p i r a t i o n ,  t h e  dawn maximum was later  (0930 h r ) .  

However, s i n c e  t h e  m i g r a t i n g  z o o p l a n k t e r s  d i d  n o t  r e a c h  t h e  d e p t h  of maximum 

phytop lank ton  d e n s i t y  u n t i l  s u n r i s e  (Tab le  3 - I ) ,  t h e  d e l a y  i n  t h e  r e s p i r a t i o n  

maximum may b e  r e l a t e d  t o  t h e  i n c r e a s i n g  food c o n c e n t r a t i o n s ;  r e s p i r a t i o n  

r a t e s  o c c a s i o n a l l y  i n c r e a s e  when zooplankton a r e  a c t i v e l y  f e e d i n g  (Conover, 

1 9 6 6 ) .  T h i s  e f f e c t  was n o t  i n d i c a t e d  i n  t h e  p r e v i o u s  c h a p t e r  where food 

c o n c e n t r a t i o n s  from l o 4  t o  l o 6  c e l l s / m l  had no s i g n i f i c a n t  e f f e c t  on t h e  

oxygen consumption of zoop lank ton .  P r e v i o u s  i n v e s t i g a t i o n s  (Chapter  1 )  

i n d i c a t e d  t h a t  t h e  a m p l i t u d e  o f  r e s p i r a t i o n  rhythms was a lways less t h a n  

t h e  a m p l i t u d e  o f  f e e d i n g  rhythms.  The r e s u l t s  of t h e  i n  situ o b s e r v a t i o n s  

a r e  c o n s i s t e n t  w i t h  t h i s  t r e n d ;  r e s p i r a t i o n  i n c r e a s e d  o n l y  2 .0  t i m e s  from 

t h e  midday l e v e l .  T h i s  a m p l i t u d e  i s  no g r e a t e r  t h a n  observed under 

c o n t r o l l e d  c o n d i t i o n s  i n  t h e  l a b o r a t o r y  and a consequence of t h e  i n h e r e n t  

rhythm i t s e l f .  For  t h e  s p e c i e s  examined i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  

environment d i d  n o t  r e i n f o r c e  endogenous r e s p i r a t i o n  rhythms t o  t h e  same 

e x t e n t  as f e e d i n g  rhythms.  

The d i e l  p a t t e r n  o f  i n o r g a n i c  phospha te  e x c r e t i o n  by Eunice  Lake zoo- 

p l a n k t o n  was s i m i l a r  t o  t h e  p a t t e r n  d e s c r i b e d  f o r  oxygen consumption.  

However, t h e  a m p l i t u d e  o f  t h e  e x c r e t i o n  rhythm was g r e a t e r  t h a n  t h a t  



demonstra ted f o r  r e s p i r a t i o n ;  e x c r e t i o n  of d i s s o l v e d  i n o r g a n i c  phosphate  

i n c r e a s e d  f o u r  t i m e s  from midday t o  dusk.  The a m p l i t u d e  and t i m i n g  of t h e  

p r e s e n t  rhythm was s i m i l a r  t o  t h a t  d e s c r i b e d  f o r  Acartia by Hargrave and 

Geen (1968) .  The r e l a t i v e  impor tance  o f  endogenous and exogenous components 

t o  t h e  a m p l i t u d e  o f  t h e  rhythm cannot  b e  a s s e s s e d  s i n c e  endogenous e x c r e t i o n  

rhythms were  n o t  c o n s i d e r e d  i n  p r e v i o u s  chapte ' rs .  

The d i e l  rhythm i n  a s s i m i l a t i o n  r a t e  was s i m i l a r  t o  t h a t  of f e e d i n g  i n  

t i m i n g  b u t  n o t  i n  a m p l i t u d e .  A s s i m i l a t i o n  r a t e s  were h i g h e s t  a t  dawn and 

dusk and l o w e s t  a t  midday. The magni tude of dawn and dusk maxima 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  and approx imate ly  50% h i g h e r  t h a n  midday l e v e l s .  

A budge t  f o r  t h e  d i e l  energy consumption and e x p e n d i t u r e  o f  t h e  Eunice  

Lake zoop lank ton  community i s  p r e s e n t e d  i n  Tab le  3-2; o n l y  z o o p l a n k t e r s  

l a r g e r  t h a n  156 p are c o n s i d e r e d ,  and no a t t e m p t  h a s  been made t o  e s t i m a t e  

t h e  energy l o s s e s  i n c u r r e d  by t h e  e x c r e t i o n  o f  d i s s o l v e d  o r g a n i c  and in-  

o r g a n i c  compounds. It was n o t  p o s s i b l e  t o  e s t i m a t e  e x c r e t i o n  o f  ca rbon  

based on l o s s e s  d u e  t o  i n o r g a n i c  phospha te  e x c r e t i o n ;  t h e r e  a r e  no p u b l i s h e d  

C:P r a t i o s  f o r  t h e  e x c r e t i o n  p r o d u c t s  of zoop lank ton .  T h i s  r e p r e s e n t s  a  

shor tcoming of t h e  p r e s e n t  d a t a  s i n c e  i t  h a s  been e s t i m a t e d  t h a t  i n  some 

c a s e s  a s  much a s  30% o f  t h e  energy  i n c o r p o r a t e d  i s  l o s t  w i t h i n  24 h r  through 

e x c r e t i o n  ( B u t l e r  e t  al., 1970) .  

Die1  d i f f e r e n c e s  i n  t h e  f e e d i n g ,  r e s p i r a t i o n ,  and a s s i m i l a t i o n  r a t e s  

o f  Eunice  Lake zoop lank ton  were  c o n v e r t e d  t o  c a l o r i c  e q u i v a l e n t s  and a r e  

p r e s e n t e d  i n  F i g .  3-13. 

The r e s u l t s  o f  t h e  p r e s e n t  i n v e s t i g a t i o n  i n d i c a t e  t h a t  Eunice  Lake 

zooplankton e x h i b i t  ' s u p e r f l u o u s  f e e d i n g '  (Beklemishev,  1954) a t  c e r t a i n  

t i m e s  o f  t h e  d a y ;  I n g e s t i o n  r a t e s  a t  dawn and dusk were  w e l l  i n  e x c e s s  of 

energy requiremei: ( F i g .  3-13). It h a s  o f t e n  been sugges ted  t h a t  when 
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F i g u r e  3-13 Die1  changes  i n  t h e  c a l o r i c  v a l u e s  f o r  f e e d i n g ,  r e s p i r a t i o n ,  

n e t  and g r o s s  a s s i m i l a t i o n  o f  Eunice  Lake zooplankton in s i tu  

(Play 28 - 29, 1973) .  





c o n c e n t r a t i o n s  o f  phy top lank ton  a r e  h i g h ,  zooplankton may i n g e s t  a  g r e a t  

d e a l  more food t h a n  i s  a c t u a l l y  a s s i m i l a t e d ,  t h e  remainder  p a s s i n g  th rough  

t h e  g u t  u n d i g e s t e d  (Cushing and V u c e t i c ,  1963) .  Conover (1966) s t a t e d  t h a t  

i f  s u p e r f l u o u s  f e e d i n g  o c c u r r e d ,  a s s i m i l a t i o n  e f f i c i e n c i e s  would d e c r e a s e  

b u t  was u n a b l e  t o  d e m o n s t r a t e  any s i g n i f i c a n t  change 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  o v e r  a  r a n g e  o f  food c o n c e n t r a t i o n s  from l o 3  t o  2  x  l o 5  c e l l s / l .  

S u p e r f l u o u s  f e e d i n g  h a s  been t h e  s u b j e c t  of much c o n t r o v e r s y  o v e r  t h e  p a s t  

20 y e a r s  and h a s  l e d  t o  many d i s c r e p a n c i e s  r e g a r d i n g  a s s i m i l a t i o n  e f f i c i e n c i e s ;  

e s t i m a t e s  o f  a s s i m i l a t i o n  v a r y  from 6  t o  99% (Conover, 1964) .  I n c o n s i s t e n c y  

i n  t h e  d e f i n i t i o n  o f  ' a s s i m i l a t i o n '  h a s  a l s o  c o n t r i b u t e d  t o  t h i s  problem; 

i n  t h e  p r e s e n t  s t u d y  a s s i m i l a t i o n  i s  d e f i n e d  as t h a t  amount of energy  

a c t u a l l y  i n c o r p o r a t e d  and remain ing  a t  t h e  c o n c l u s i o n  o f  t h e  exper iment .  

Consequent ly ,  t h e  l a c k  o f  e x c r e t i o n  d a t a  p r e v i o u s l y  mentioned w i l l  have no 

impact on t h e  c a l c u l a t i o n  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  (A/I x l o o ) ,  o n l y  

t h a t  energy  a c t u a l l y  i n c o r p o r a t e d  i s  c o n s i d e r e d  i n  c a l c u l a t i o n s .  A s  

i n d i c a t e d  i n  F i g .  3-14, a s s i m i l a t i o n  e f f i c i e n c i e s  v a r i e d  from l e s s  t h a n  5% 

a t  dawn and dusk t o  100% n e a r  midday. 

1600 h r  were i n s u f f i c i e n t  t o  meet t h e  

p l a n k t o n ;  energy  i n c o r p o r a t e d  a t  dawn 

p o p u l a t i o n  a t  t h i s  t i m e .  

I n  f a c t ,  i n g e s t i o n  rates from 1000 - 

r e s p i r a t o r y  e x p e n d i t u r e  of t h e  zoo- 

and dusk must b e  used t o  s u p p o r t  t h e  

I n  some c a s e s ,  t h e  h i g h  a s s i m i l a t i o n  e f f i c i e n c i e s  demonstra ted by 

o t h e r  workers  (Conover, 1964;  and o t h e r s )  may b e  a  consequence of exper iments  

conducted n e a r  midday when f e e d i n g  r a t e s  a r e  i n h e r e n t l y  low and e f f i c i e n c i e s  

p o s s i b l y  h i g h .  I n  f a c t ,  d u r i n g  t h i s  s t u d y ,  t h e  a v e r a g e  a s s i m i l a t i o n  

e f f i c i e n c y  between 1100 and 1600 h r  was 53X. T h i s  is  c o n s i s t e n t  w i t h  v a l u e s  

determined by o t h e r  a u t h o r s  even though t h e  t o t a l  e f f i c i e n c y  o v e r  t h e  24-hr 

p e r i o d  was l e s s  t h a n  6%. 



Figure  3-14 Die1 changes i n  t h e  n e t  a s s i m i l a t i o n  e f f i c i e n c y  ( A 1 1  x 100) 

and n e t  growth e f f i c i e n c y  (A/  (A + R) x 100) f o r  Eunice Lake 

zooplankton (Play 28 - 29, 1973) .  
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The n e t  growth e f f i c i e n c y  ( A / ( A R )  x 100) remained h i g h e s t  a t  dawn and 

dusk ( F i g .  3-14). I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  Eunice  Lake zooplankton 

would b e  u n a b l e  t o  s u s t a i n  growth a t  t h e  i n g e s t i o n  r a t e s  found n e a r  midday; 

some of t h e  energy  i n c o r p o r a t e d  a s  a  r e s u l t  o f  f e e d i n g  a t  d a m  and dusk 

must b e  used t o  m a i n t a i n  t h e  p o p u l a t i o n  d u r i n g  midday. Energy a s s i m i l a t e d  

a t  dawn and dusk,  a l b e i t  a t  low e f f i c i e n c i e s ,  inay b e  u t i l i z e d  f o r  i n c r e a s e d  

p r o d u c t i o n  th roughout  t h e  day as w e l l  a s  f o r  maintenance of m e t a b o l i c  re -  

qu i rements  a t  t i m e s  when f e e d i n g  r a t e s  a r e  n e g l i g i b l e .  

There  a r e  a  number of p o s s i b l e  e r r o r s  which may have  i n f l u e n c e d  t h e  

p r e s e n t  budget  and c o n s e q u e n t l y  i t s  i n t e r p r e t a t i o n .  As p r e v i o u s l y  ment ioned,  

e x c r e t i o n  of d i s s o l v e d  i n o r g a n i c  and o r g a n i c  compounds have n o t  been i n c l u d e d  

i n  t h i s  budge t .  High e x c r e t i o n  l o s s e s  would t end  t o  u n d e r e s t i m a t e  t h e  

g r o s s  a s s i m i l a t i o n  r a t e ,  r e s u l t i n g  i n  n e t  growth e f f i c i e n c i e s  ( F i g .  3-14) 

which would b e  abnormal ly  h i g h .  The e f f i c i e n c i e s  found i n  t h e  p r e s e n t  

s t u d y  (15 - 35X) a r e  s i m i l a r  t o  t h e  v a l u e s  p r e s e n t e d  by Conover (1968) f o r  

a c t i v e l y  growing copepods (20 - 60%) based on t h e  e x p r e s s i o n :  AW = K2 

(A'RAt) where AW i s  t h e  energy  e q u i v a l e n t  of growth over  any p e r i o d  of t i m e  

(At) and A ' ,  R ,  and K2 a r e  t h e  f r a c t i o n  of i n g e s t e d  food a s s i m i l a t e d ,  energy 

a c q u i r e d  i n  f e e d i n g ,  and n e t  growth e f f i c i e n c y ,  r e s p e c t i v e l y .  

S e v e r a l  o t h e r  f a c t o r s  may have a f f e c t e d  t h e  a s s i m i l a t i o n  r a t e s  measured 

i n  t h i s  s t u d y .  I f  some u n i n c o r p o r a t e d  14c remained i n  t h e  g u t  of z o o p l a n k t e r s  

a f t e r  t h e  2-hr c l e a r i n g  p e r i o d ,  a s s i m i l a t i o n  r a t e s  would be o v e r e s t i m a t e d .  

A major c o n s i d e r a t i o n  i n  t h e  i n t e r p r e t a t i o n  of t h e  p r e s e n t  d a t a  is  t h a t  

f e e d i n g  r a t e s  were measured w i t h  n a t u r a l  phy top lank ton  p o p u l a t i o n s ,  whereas  

a s s i m i l a t i o n  was de te rmined  w i t h  a  l a b e l l e d  c u l t u r e  of Chlamydomonas 

re inhard t i i  and l a k e  w a t e r ,  a l b e i t  a t  s i m i l a r  c o n c e n t r a t i o n s .  S i n c e  t h e  

s p e c i e s  compos i t ion  o f  phy top lank ton  i n g e s t e d  h a s  been shown t o  a f f e c 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  (Fedorov and Sorok in ,  1967; S c h i n d l e r ,  1971) ,  

t h i s  may b e  a n  impor tan t  c o n s i d e r a t i o n  h e r e .  F u r t h e r  s t u d i e s  a r e  r e q u i r e d  

t o  e s t a b l i s h  whether  s u p e r f l u o u s  f e e d i n g  i s  a  g e n e r a l  phenomenon under  

n a t u r a l  c o n d i t i o n s .  

N e v e r t h e l e s s ,  t h e  e x i s t e n c e  of marked d i e 1  rhythms i n  f e e d i n g ,  

r e s p i r a t i o n ,  and a s s i m i l a t i o n  t end  t o  c a s t  dodbt on  t h e  o b s e r v a t i o n s  of 

s e v e r a l  p r e v i o u s  a u t h o r s .  E s t i m a t i o n s  o f  t o t a l  d a i l y  consumption and 

a s s i m i l a t i o n  based on exper iments  conducted d u r i n g  t h e  day may account  f o r  

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

i n  o t h e r  e n e r g e t i c s  s t u d i e s .  For  example, Richman (1964) e s t i m a t e d  t h e  

d a i l y  c a l o r i c  i n t a k e  o f  Diaptomus a t  approx imate ly  1 . 7  cal /mg d r y  wt /day 

w i t h  a  r e s p i r a t o r y  e x p e n d i t u r e  of 1.1 cal /mg d r y  wt /day.  S i m i l a r  v a l u e s  

have been proposed f o r  o t h e r  z o o p l a n k t e r s  by a  number of workers  (Lasker ,  

1966;  Pavlova,  1964; Richman, 1958;  Pechen and Kuznetsova,  1 9 6 6 ) .  The t o t a l  

d a i l y  c a l o r i c  i n t a k e ,  a s s i m i l a t i o n ,  and r e s p i r a t o r y  e x p e n d i t u r e  measured 

i n  t h i s  s t u d y  were 3.9,  0 .22 ,  and 1 . 0  cal /mg d r y  wt /day ,  r e s p e c t i v e l y .  

~ l t h o u ~ h  r e s p i r a t o r y  e x p e n d i t u r e s  sugges ted  by o t h e r  workers  are n o t  

s i g n i f i c a n t l y  d i f f e r e n t  from t h e  p r e s e n t  one,  presumably due t o  t h e  s m a l l  

a m p l i t u d e  o f  r e s p i r a t i o n  rhythms,  t h e  c a l o r i c  i n t a k e s  of o t h e r  a u t h o r s  

a r e  less t h a n  40% of t h e  v a l u e  de te rmined  f o r  Eunice  Lake zooplankton;  

a s s i m i l a t i o n  e s t i m a t e s  by o t h e r  workers  exceeded t h e  p r e s e n t  v a l u e  by a t  

l e a s t  two t i m e s .  



GENERAL D I S C U S S I O N  

I n  c o n c l u s i o n ,  i t  is  c l e a r l y  e v i d e n t  t h a t  d i e l  rhythms i n  t h e  

f e e d i n g  and r e s p i r a t i o n  o f  zoo-plankton p r e s i s t  under  b o t h  c o n s t a n t  

l a b o r a t o r y  c o n d i t i o n s  and n a t u r a l  f i e l d  c o n d i t i o n s .  These rhythms,  

a l t h o u g h  endogenous, a r e  r e i n f o r c e d  by p e r i o d i c  changes  i n  l i g h t  and 

t e m p e r a t u r e ,  i n c r e a s i n g  t h e  magni tude of rhythms o v e r  and above t h a t  

due  t o  t h e  i n t r i n s i c  component a l o n e .  F u r t h e r  i n v e s t i g a t i o n s  w i l l  be  

r e q u i r e d  t o  determi-ne whether  o r  n o t  rhythms of t h e  t y p e  demons t ra ted  

i n  t h i s  s t u d y  are c i r c a d i a n ;  t h e s e  phenomena must b e  moni tored c o n t i n -  

uous ly  o v e r  a p e r i o d  of s e v e r a l  d a y s  and t h e  f requency  of t h e  f r e e -  

runn ing  p e r i o d  de te rmined .  

S e v e r a l  o t h e r  a r e a s  r e q u i r e  f u r t h e r  i n v e s t i g a t i o n .  These i n c l u d e  

a more p r e c i s e  d e f i n i t i o n  o f  t h e  e f f e c t s  of t e m p e r a t u r e  on t h e  a m p l i t u d e  

and p e r s i s t e n c e  of r e s p i r a t i o n  and f e e d i n g  rhythms a s  w e l l  a s  c l a r i f i c a t i o n  

of t h e  r e l a t i o n s h i p  between t e m p e r a t u r e  and t h e  r e s p o n s e s  of zooplankton t o  

l i g h t  i n t e n s i t y  and s p e c t r a l  compos i t ion .  

It i s  a l s o  n o t  known t o  what e x t e n t  endogenous r e s p i r a t i o n  and 

f e e d i n g  rhythms p e r s i s t  i n  o t h e r  s p e c i e s  of zooplankton o r  t o  what e x t e n t  

t h e s e  phenomena a r e  s e a s o n a l l y  dependent ;  u b i q u i t y  of endogenous rhythms 

cannot  b e  deduced from t h e  r e s u l t s  of t h e  p r e s e n t  i n v e s t i g a t i o n  a l o n e .  

I n  t h i s  s t u d y ,  t h e  magni tude of f e e d i n g  rhythms a lways exceeded 

t h a t  of r e s p i r a t i o n  rhythms. S i n c e  t h i s  h a s  i m p o r t a n t  r a m i f i c a t i o n s  t o  

t h e  d i e l  energy budge t  o f  Eunice  Lake Zooplankton,  i t  i s  n e c e s s a r y  t o  

e s t a b l i s h  whether  o r  n o t  t h i s  t o o  i s  a  common phenomenon. I n  o t h e r  

words,  does  " s u p e r f l u o u s  f e e d i n g "  commonly occur  a t  dawn and dusk and 

i s  t h e  food consumption d u r i n g  midday t y p i c a l l y  i n s u f f i c i e n t  t o  meet 

t h e  m e t a b o l l i c  demands of t h e  zooplankton community? It w i l l  a l s o  be 



i m p o r t a n t  t o  c l a r i f y  t h e  r o l e  of d i s s o l v e d  e x c r e t i o n  p r o d u c t s ,  o m i t t e d  

from t h e  p r e s e n t  i n v e s t i g a t i o n ,  t o  t h e  d i e l  energy budget  of zooplankton.  

The d i f f e r e n t i a l  r e s p o n s e  of c l a d o c e r a n s  and copepods t o  low 

i n t e n s i t y  b l u e  o r  r e d  l i g h t  is  a l s o  worthy o f  f u r t h e r  c o n s i d e r a t i o n .  

An e l e c t r o p h y s i o l o g i c a 1  examina t ion  o f  t h e  v i s u a l  sys tem of zooplankton 

a t  d i f f e r e n t  t e m p e r a t u r e s  and a t  v a r i o u s  t i m e s  o f  t h e  day may i n d i c a t e  

t h a t  s p e c i f i c  pho tosys tems  are more a c t i v e  a t  dawn and dusk when zoo- 

p l a n k t e r s  are exposed t o  low i n t e n s i t y  b l u e  l i g h t .  

One o f  t h e  most i m p o r t a n t  problems remains  u n r e s o l v e d ;  what f a c t o r s  

i n  t h e  environment o f  zooplankton a c t  as Zeitgebers t o  m a i n t a i n  synch- 

r o n i z a t i o n  o f  endogenous rhythms t o  t h e  n a t u r a l  l i g h t  : d a r k  c y c l e ?  

R a t e s  o f  i n t e n s i t y  change (AI /At ) ,  a b s o l u t e  i n t e n s i t i e s ,  s h i f t s  i n  

s p e c t r a l  compos i t ion  of l i g h t  w i t h  t ime  and d e p t h ,  p h o t o f r a c t i o n ,  

t e m p e r a t u r e  o r  any combinat ion o f  t h e s e  f a c t o r s  may a c t  a s  c u e s  under  

n a t u r a l  c o n d i t i o n s .  Each o f  t h e s e  v a r i a b l e s  must b e  examined i n  t h e  

l a b o r a t o r y  t o  d e t e r m i n e  t h e i r  a b i l i t y  t o  s h i f t  t h e  phase  of t h e  f ree - runn ing  

rhythm. 

However, d e s p i t e  t h e  seemingly l a r g e  number o f  q u e s t i o n s  posed by t h e  

p r e s e n t  i n v e s t i g a t i o n ,  s e v e r a l  s i g n i f i c a n t  advances  have been made. Endo- 

genous d i e l  f e e d i n g  and r e s p i r a t i o n  rhythms have been demonstra ted under  

a v a r i e t y  of c i r c u m s t a n c e s ,  t h e  e f f e c t s  of s e v e r a l  env i ronmenta l  pa ramete rs  

demonstra ted from l a b o r a t o r y  s t u d i e s  and t h e  e x i s t e n c e  o f  d i e l  rhythms 

i n  s i t u  conf i rmed f o r  a t  l e a s t  one l a k e .  The magni tude o f  t h e  rhythms -- 

demons t ra ted  i n  t h i s  s t u d y  c l e a r l y  s u g g e s t s  t h a t  rhythmic phenomena may 

b e  of g r e a t  impor tance  t o  t h e  e x p e r i m e n t a l  d e s i g n  o f  f u t u r e  e n e r g e t i c s  

s t u d i e s  and t h e  d i e l  energy  b u d g e t s  of zooplankton communities.  



SUMMARY 

1. Endogenous d i e l  rhythms i n  f e e d i n g  and r e s p i r a t i o n  were shown a t  

t e m p e r a t u r e s  f rom 1 0  - 22 C ,  i n  zooplankton from b o t h  o l i g o t r o p h i c  

and e u t r o p h i c  l a k e s ,  i n  b o t h  c l a d o c e r a n s  and copepods,  a t  d i f f e r e n t  

t i m e s  of t h e  y e a r ,  and a t  d i f f e r e n t  l a t i t u d e s .  

2.  The d i e l r h y t h m s  demons t ra ted  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  were  

t y p i c a l l y  bimodal ;  r e s p i r a t i o n  and f e e d i n g  r a t e s  were a lways  h i g h e s t  

d u r i n g  t h e  e a r l y  morning and l a t e  a f t e r n o o n  o r  even ing ,  and were 

l o w e s t  d u r i n g  t h e  midday. 

3 .  The a m p l i t u d e  o f  t h e  d i e l  r a t e  changes  v a r i e d  c o n s i d e r a b l y  b u t  was 

u s u a l l y  two t o  f o u r  t i m e s  g r e a t e r  t h a n  midday l e v e l s  f o r  r e s p i r a t i o n  

and s i x  t o  seven  t i m e s  h i g h e r  a t  dawn and dusk i n  t h e  c a s e  o f  f e e d i n g .  

4 .  The t i m i n g . o f  r e s p i r a t i o n  and f e e d i n g  maxima were  c l o s e l y  c o r r e l a t e d  

w i t h  t h e  o n s e t  of davm and dusk.  

5 .  The oxygen consumption o f  zooplankton a t  dusk was on t h e  a v e r a g e  42% 

h i g h e r  t h a n  a t  dawn; t h e  even ing  maximum always e q u a l l e d  o r  exceeded 

morning r a t e s .  

6. L i g h t  i n t e n s i t y ,  s p e c t r a l  compos i t ion ,  and t e m p e r a t u r e  had a marked 

i n f l u e n c e  on t h e  f e e d i n g  and r e s p i r a t i o n  r a t e s  of zooplankton.  

7. R e s p i r a t i o n  r a t e s  of zooplankton i n c r e a s e d  w i t h  t e m p e r a t u r e  i n  a 

c u r v i l i n e a r  manner; oxygen consumption o f  Daphnia pulex i n c r e a s e d  

from 3.5 p l  02/mg d r y  w t / h r  a t  5  C t o  26.5 p 1  02/mg d r y  w t / h r  a t  25 C .  



8. Temperature  a l s o  a f f e c t e d  b o t h  t h e  f e e d i n g  r a t e  and s i z e  of c e l l  

consumed by D. pulex; maximum r a t e s  were  observed a t  1 5  C ,  l o w e s t  

v a l u e s  a t  5  and 25 C. 

9 .  Temperature was expected t o  have pronounced e f f e c t s  on  t h e  a m p l i t u d e  

o f  d i e 1  f e e d i n g  and r e s p i r a t i o n  rhythms;  i n  m i g r a t i n g  s p e c i e s  tempera- 

t u r e  may r e i n f o r c e  endogenous rhythms,  i n c r e a s i n g  r a t e s  f u r t h e r  a t  

dawn and dusk when z o o p l a n k t e r s  a r e  found n e a r  t h e  s u r f a c e  and lower ing  

them d u r i n g  midday when zooplankton descend t o  c o l d e r  w a t e r .  

1 0 .  S p e c t r a l  compos i t ion  and i n t e n s i t y  were  shown t o  a f f e c t  zooplankton f e e d i n g  

and r e s p i r a t i o n  o n l y  a t  low l i g h t  i n t e n s i t i e s ;  t h e r e  were  no s i g n i f i c a n t  

q u a l i t y  o r  i n t e n s i t y  e f f e c t s  above l i g h t  i n t e n s i t i e s  o f  500 pw/cm2. 

11. The e f f e c t s  o f  l i g h t  i n t e n s i t y  were  t e m p e r a t u r e  and c o l o u r  dependen t ;  

t h i s  i n t e r a c t i o n ,  however, v a r i e d  w i t h  t h e  s p e c i e s  examined. 

12. A t  a l l  t e m p e r a t u r e s  and a t  i n t e n s i t i e s  less t h a n  30 uw/cm2 t h e  

c l a d o c e r a n s  examined showed h i g h e s t  f e e d i n g  and r e s p i r a t i o n  r a t e s  i n  

b l u e  l i g h t .  However, i n  copepods,  r a t e s  were  h i g h e s t  i n  r e d  o r  

o c c a s i o n a l l y  w h i t e  l i g h t  and lowes t  i n  b l u e .  

1 3 .  Feeding and r e s p i r a t i o n  r a t e s  between 1 and 30 uw/cm2 exceeded d a r k  

r a t e s ;  beyond 100 uw/cm2 l i g h t  r a t e s  were l e s s  t h a n  t h o s e  measured i n  

t h e  d a r k .  

1 4 .  I n  t h e  copepod, CycZops scu t i fcr ,  f e e d i n g  r a t e  was i n v e r s e l y  r e l a t e d  

t o  l i g h t  i n t e n s i t y  o v e r  t h e  range  examined ( 0 . 1  - 1000 pw/cm2). 



1 5 .  I n  t h e  c ladocerans ,  Daphnia rosea and HoZopedi~m gibberwn, t h e  biomass 

of phytoplankton consumed was t h r e e  t i m e s  h i g h e r  i n  b l u e  l i g h t  t h a n  

i n  e i t h e r  red o r  w h i t e  l i g h t  o f  e q u a l  i n t e n s i t y  (20  - 40 pw/cm2). 

1 6 .  The e f f e c t s  of t w i l i g h t  d u r a t i o n  and s p e c t r a l  compos i t ion  of l i g h t  on 

t h e  maintenance and phase  of d i e l  r e s p i r a t i o n  rhythms were  n o t  c l e a r l y  

d e f i n e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  

17 .  S i g n i f i c a n t  djr: l  rhythms i n  t h e  f e e d i n g ,  r e s p i r a t i o n ,  phospha te  

e x c r e t i o n ,  al>d a s s i m i l a t i o n  of zooplankton were  demonstra ted i n  s i t u .  

D i f f e r e n c e s  i n  t h e  a m p l i t u d e  of each of t h e s e  rhythms r e s u l t e d  i n  

l a r g e  v a r i a - i o n s  i n  a s s i m i l a t i o n  e f f i c i e n c y  and n e t  growth e f f i c i e n c y  

th roughout  the  day. 

1 8 .  Die1 char v s  i n  t h e  environment of Eunice  Lake zooplankton were  shown 

t o  r e i n f ~ v c e  t h e  endogenous component of d i e l  rhythms; a t  dawn and 

dusk,  wl TI migra t ing  z o o p l a n k t e r s  were d i s t r i b u t e d  n e a r  t h e  s u r f a c e ,  

r a t e s  x.cluld be  i n c r e a s e d  by t h e  combined i n f l u e n c e  of h i g h e r  tempera- 

t u r e s ,  low l i g h t  i n t e n s i t i e s ,  and a h i g h  p r o p o r t i o n  of b l u e  l i g h t .  

1 9 .  The J r s u l t s  of t h e  in s i t u  i n v e s t i g a t i o n  i n d i c a t e  t h a t  Eunice  Lake 

z o o ~ ~ l a n k t o n  e x h i b i t  s u p e r f l u o u s  f e e d i n g  a t  c e r t a i n  t i m e s  of t h e  day;  

i n i c s t i o n  r a t e s  a t  dawn and dusk were w e l l  i n  e x c e s s  o f  energy  

rc ,-uirements.  

20 .  Lot a s s i m i l a t i o n  e f f i c i e n c i e s  v a r i e d  from l e s s  t h a n  5% a t  dawn and 

dusk t o  100% near  midday. 



21. I n g e s t i o n  r a t e s  from 1000 - 1600 h r  were  i n s u f f i c i e n t  t o  meet t h e  

r e s p i r a t o r y  e x p e n d i t u r e  of t h e  zoop lank ton ;  i t  is  sugges ted  t h a t  energy  

i n c o r p o r a t e d  a t  dawn and dusk  i s  used t o  s u p p o r t  t h e  p o p u l a t i o n  a t  

t h i s  t ime .  

22. The n e t  growth e f f i c i e n c y  of Eunice  Lake zooplankton was a l s o  h i g h e s t  

a t  dawn and dusk.  

23 .  The t o t a l  d a i l y  c a l o r i c  i n t a k e ,  a s s i m i l a t i o n ,  and r e s p i r a t o r y  expendi-  

t u r e  measured i n  t h i s  s t u d y  were  3 . 9 ,  0 .22,  and 1 . 0  cal /mg d r y  wt /day ,  

r e s p e c t i v e l y .  
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