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A B S T R A C T

A  re -e xa m ina t io n  o f  th e  numerica l example  o f  th e  th re e -c o m p a r tm e n t  m ode l by 
C O N O V E R  &  F R A N C IS  (1973 )  showed th a t  th e  w a rn ing  b y  these a u th o rs  f o r  th e  misuse o f  
rad io  iso topes in t ran s fe r  s tudies w i t h in  fo o d  cha ins  is in co rre c t  and based o n  a 
m is in te rp re ta t io n  o f  th e i r  results. T here  is no d i f fe re n c e  in the  es t im a te  o f  t rans fe r  rate by  
use o f  spec i f ic  ac t iv i t ie s  o r  by  use o f  to ta l  rad ioac t iv i t ie s  observed in  each c o m p a r tm e n t .

A f t e r  adapt ing  th e  fo rm u la e  deve loped b y  C O N O V E R  &  F R A N C IS ,  th e i r  model was 
used to  i l lu s t ra te  d e v ia t ions  o f  the  p rog ram m ed  grazing rate in 3 types  o f  graz ing exper im en ts ;  
a) w i t h  1 4 c  p resen t o n ly  in  the  p h y to p la n k to n  at t h e  sta rt  o f  th e  e x p e r im e n t ,  b) w i t h  
1 4 c  o n ly  in  th e  w a te r ,  and c) w i t h  1 4 c  in b o th  p h y to p la n k to n  and w a te r .  U p  t o  a d u ra t io n  o f  
the  graz ing e x p e r im e n t  o f  2 hours, and a t  var ious l ig h t  c o n d i t io n s  and graz ing pressures, 
d e v ia t ions  were  small  and d id  n o t  exceed 4  % .  These results are n o t  d i r e c t ly  appl ¡cable to  
pract ica l w o r k  because the q u a n t i ta t iv e ly  im p o r ta n t  loss by egestion o f  rad io a c t ive  mater ia l 
was n o t  a ccoun ted  fo r ,  o n ly  losses by resp ira t ion  w e re  in c o rp o ra te d  in  th e  c losed, steady-state 
model.

Best ca lcu la t io n s  o f  the  c o m m u n i t y  f i l te r in g  ra te  ( f ra c t io n  o f  th e  v o lu m e  o f  th e  grazing 
vessel sw ep t  clear per day) were genera l ly  ob ta ine d  w i t h  the  fo rm u la  (w i th  t  in  hours)
' ( ( D P M  zoo  at t im e  t ) / ( D P M  p h y to  at 0  +  DPM p h y to  at t ) / 2 )  x  2 4 / t ' ,  a p p l icab le  to  all th ree 
types  o f  g raz ing  e xp e r im e n ts  considered.

I N T R O D U C T I O N

T he  use o f  rad ioac t ive  isotopes t o  measure th e  t rans fe r  o f  m ater ia ls  in a q u a t ic  fo o d  
cha ins  is w id e ly  k n o w n .  Especia lly rad ioac t ive  ca rbon  is being e m p lo y e d  ex tens ive ly  and tha t  
m e th o d  gives th e  ou ts ider  th e  im pression t h a t  th e  u p ta k e  o f  c a rbon  b y  an ima ls  is d i re c t ly  
measured. In re a l i ty ,  however,  one measures o n ly  fo u ra g in g  a c t iv i t y ,  expressed as t h a t  p a r t  o f  
th e  v o lu m e  o f  the  exp e r im e n ta l  vessel f r o m  w h ic h  th e  f o o d  is rem oved, in g raz ing studies 
k n o w n  as th e  ' f i l t e r in g  rate'.  T he  feed ing  rate (a m o u n t  o f  f o o d  ingested per u n i t  t im e )  fo l lo w s  
f r o m  ' f i l t e r in g  rate x fo o d  c o n c e n t ra t io n '  so a d d i t io n a l  measurements  o f  the  f o o d  s tock  have 
to  be made.

In grazing stud ies w i th  th e  1 4 c  m e th o d  d i f f e re n t  ty p e s  o f  e xp e r im e n ts  can be recognized 
and here 3  o f  th e m  w i l l  be t rea ted . T he  f i r s t  o r ig ina tes  f r o m  N A U W E R C K  (1 9 5 9 )  and was 
fo l lo w e d  by ,  am ong others, L A M P E R T  (1974 , 1975) and G U L A T I  e ta ! .  (1 9 8 2 ) .  N a tu ra l  
w a te r,  o r  a p h y to p la n k to n  cu l tu re ,  is labelled d u r ing  a re la t ive ly  long p e r iod  o f  1 to  10 days,
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so th a t  th e  p h y to p la n k to n  reaches a h igh spec if ic  a c t iv i t y .  T he n ,  the  animals  are in t ro d u c e d  
in to  the  m ed iu m ,  or, w h ich  is m ore  c o m m o n  nowadays, the  incuba ted  p h y to p la n k to n  is 
co ncen tra ted ,  washed and in t ro d u c e d  in  th e  grazing vessel. A f t e r  a sh o r t  pe r io d ,  ranging f r o m  
some t i l l  15 m inutes,  du r ing  w h ic h  th e  Z o o p la n k to n  feeds o n  th e  labelled p h y to p la n k to n ,  the  
e x p e r im e n t  is ended by pou r ing  th e  m e d iu m  over  gauze t o  re ta in  the  Z o o p la n k to n ,  fo l lo w e d  
by co l lec t ing  a p h y to p la n k to n  sample b y  f i l t e r in g  a k n o w n  v o lu m e  o f  t h e  m e d iu m  th ro u g h  
mil I ¡pore f i l te rs .  A f t e r  p re p a ra t ion  and c o u n t in g  o f  these samples ( w i th  a l iq u id  s c in t i l la t io n  
co u n te r ,  f o r  instance) the  c o u n ts  per m in u te  (CPM) o b ta ine d  are converted  to  dés in tég ra t ions  
per m in u te  (D P M ) t o  account  f o r  c o u n t  losses due  t o  se lf  a b so rp t io n  and q u e nch in g  (cf. 
G U L A T I ,  1985). T he  f i l te r in g  rate o f  th e  Z o o p la n k to n  (m l per an ima l per u n i t  t im e )  is then  
ca lcu la ted  accord ing  to  'D P M  per a n im a l /D P M  per m l p h y to p la n k to n ' .  Long grazing periods 
in th is  ty p e  o f  e xp e r im e n t  are avo ided  in o rd e r  to  reduce th e  r isk o f  egestion o f  rad ioact ive  
m ater ia l  (cf. P E TE R S , 1984) .

In  a second m ethod , deve loped  b y  D A R O  (19 7 8 ) ,  b ica rb o n a te  is in t ro d u c e d  at the  
start  o f  the  e xpe r im en t ,  and d u r in g  in c u b a t io n  in th e  l ig h t ,  labe l l ing  o f  p h y to p la n k to n  occurs 
s im u ltaneous ly  to  the  grazing b y  Z o o p la n k to n .  As a result ,  r a d io a c t iv i t y  o f  th e  p h y to p la n k to n  
increases l inea r ly  and th a t  o f  Z o o p la n k to n  p a ra b o l ica l ly  w i t h  t im e .  A f t e r  one h o u r  the 
p h y to p la n k to n  and the  Z o o p la n k to n  are co l lec ted  separate ly  and f i l te r in g  rates are ca lcu la ted  
as ' (D P M  per a n im a l) /0 .5 (D P M  per ml p h y to p la n k to n ) ' .  N o te  th a t ,  com pared  w i t h  th e  o th e r  
fo rm u la  above, a fa c to r  0 .5  is in t ro d u c e d .  P u t  s im p l i f ie d ly ,  th is  is because th e  realized 
ra d io a c t iv i t y  o f  the  an imals  relates to  th e  average ra d io a c t iv i t y  o f  th e  p h y to p la n k to n ,  i.e. 
ha lf  o f  th e  ra d io a c t iv i ty  at th e  end o f  th e  in c u b a t io n .  F o r  a de ta i led  d e r iv a t io n  o f  th is  
fo rm u la  the  reader is re ferred t o  D A R O  (1978 ) .

B A A R S  &  O O S T E R H U IS  (19 8 4 ,  1985)  used a m o d i f ie d  version o f  D A R O ’ s m e th o d .
T h e y  p re incuba ted  natura l w a te r  w i t h o u t  Z o o p la n k to n  some hou rs  in  th e  l igh t  before 
c o n d u c t in g  th e  grazing e xp e r im e n t .  In th is  w a y  a s im i la r  p rocedu re  co u ld  be fo l lo w e d  fo r  
e xp e r im e n ts  in the  da rk  and in th e  l igh t.  In th e i r  set-up m os t  o f  the  ra d io a c t iv i t y  is stil l 
present as b icarbonate , as in  D A R O 's  m e th o d ,  b u t  th e  ra d io a c t iv i t y  o f  the  
p h y to p la n k to n  is h igh enough t o  measure graz ing rates o ve r  re la t ive ly  sh o r t  exp e r im e n ta l  
periods.

In  th is  paper th e  above th ree  m ethods  are t rea ted  on  basis o f  the  th re e -c o m p a r tm e n t  
m ode l b y  C O N O V E R  &  F R A N C IS  (1 9 7 3 ) .  These a u th o rs  c lassif ied the  use o f  iso topes by 
ecologis ts as naive and showed t h a t  ingest ion rates ca lcu la ted  w i t h  th e  f i r s t  f o rm u la  m en t io n e d  
above cou ld  easily d i f f e r  f r o m  th e  real inges t ion  rate b y  a fa c to r  o f  2  o r  more .  T h e y  urged 
the  use o f  f r e q u e n t  measurements o f  the  spec if ic  a c t iv i t ie s  ( the  ra d io a c t iv i t y  re lated t o  the  
ca rbon  b iomass o f  p h y to p la n k to n  o r  Z o o p la n k to n )  in th e  course o f  a grazing e xp e r im e n t .
T h is  rec o m m e n d a t io n  requ ires m uch  m ore  e f f o r t  because i t  im p l ies  n o t  o n ly  th e  norm a l 
m easurement o f  to ta l  rad io a c t iv i t ie s  in b o th  p h y to p la n k to n  and Z o o p la n k to n  b u t  also the 
d e te rm in a t io n  o f  carbon  c o n te n ts  in b o th  o f  these c o m p a r tm e n ts .  Here w e  shall investigate 
w h e th e r  th e i r  conc lus ion  was valid , and subsequen t ly  we  shall use th e i r  m ode l to  s tudy  the 
measuring errors in var ious e xp e r im e n ta l  c o n d i t io n s  o f  al l th ree  14q  methods.

T H E  T H R E E - C O M P A R T M E N T  M O D E L  OF C O N O V E R  &  F R A N C IS

C O N O V E R  &  F R A N C IS  (1973 )  presented a c losed th re e -c o m p a r tm e n t  model t o  i l lus tra te  
possib le  ca lcu la t io n  errors in graz ing e xp e r im e n ts  w i t h  labelled fo o d  (Fig . 1). T he  model 
comprises 3 ca rbon  pools; S i  w a te r ,  S2 p h y to p la n k to n  and S3 Z oo p la n k to n .  T rans fe r  rates 
p  be tw een  these co m p a r tm e n ts  are dep en d e n t  on  cons tan ts  k and th e  a m o u n t  o f  ca rbon  in the  
receiv ing c o m p a r tm e n t .  So, graz ing o n  p h y to p la n k to n  S2 b y  Z o o p la n k to n  S 3  is expressed by 
P 23  =  k 2 3  x  S3. The  w a te r  S i  looses c a rbon  to  the  algae b y  p r im a ry  p ro d u c t io n  in the  l igh t  or 
b y  ass im i la t ion  o f  organ ic  c a rbon  in  the  d a rk ;  P 1 2  =  k 12 x  S2- S im i la r ly ,  th e  dissolved carbon 
c o m p o n e n ts  assim ilated b y  th e  Z o o p la n k to n  are represented b y  P 13 =  k 13 x  S3 . C a rbon
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Fig. 1. The  th re e -c o m p a r tm e n t ,  closed, 
steady-state model o f  C O N O V E R  &  
F R A N C IS  (19 7 3 )  invo lv ing  w a te r ,  p h y to 
p la n k to n  and Z oo p la n k to n .  N um er ica l  
values f o r  s tocks (s), rate cons tan ts  (k) 
and f lo w s  (p) as used in an exam p le  by 
C O N O V E R  &  F R A N C IS .  We assumed 
th a t  these stocks and f lo w s  are expressed 
in pg C/I and pg  c / l / d a y  respect ive ly .

respired b y  p h y to p la n k to n  and Z o o p la n k to n  re tu rns  t o  th e  c o m p a r tm e n t  w a te r ;  P21 =  
k 2 i  x  S'] and p 31 — k 3 i  x  S i  respect ive ly . Because th e  constan ts  depend on  th e  a m o u n t  o f  
ca rbon  in th e  rece iv ing c o m p a r tm e n t ,  th e  meaning o f  these cons tan ts  is genera l ly  d i f f e re n t  f ro m  
variables measured in no rm a l p ract ice . F o r  example ,  in th e  m ode l th e  cons tan ts  concern ing  
th e  f l o w s  o f  p h y to p la n k to n  and Z o o p la n k to n  ca rb o n  to  the  w a te r  ( resp ira t ion )  d o  n o t  depend 
o n  th e  b iomass o f  p h y to p la n k to n  o r  Z o o p la n k to n  and, thus,  have no re la t io n  t o  resp ira t ion  
values o f  p la n k to n  I isted in  th e  l i te ra tu re .  A lso ,  t h e  g razing cons tan t ,  k 2 3 , represents the 
a m o u n t  o f  c a rbon  consumed per u n i t  Z o o p la n k to n  carbon , w h i le  in  grazing e xp e r im e n ts  w i th  
label led f o o d  the  f i l t e r in g  rate is measured (see I n t r o d u c t io n ) .  These rem arks  are cruc ia l to  
unders tand  th e  num er ica l  exam p le  o f  C O N O V E R  &  F R A N C IS  (1973 )  as w i l l  becom e 
clear be low .

C O N O V E R  &  F R A N C IS  (1973)  assumed th e  c a rbon  poo ls  t o  be in a s teady state, and 
th e n  th e  m ode l w o r k s  as, w h a t  th e y  call,  a h y d ra u l ic  m ode l.  I f  th e  c a rbon  p o o ls  d o  n o t  change, 
the  p ro d u c t io n  o f  p h y to p la n k to n ,  f o r  example ,  is o n ly  possib le  u n t i l  some o f  t h e  p h y to p la n k to n  
is eaten and recyc l ing  begins. Thus  th e  t rans fe r  rates are in balance, in  th e  num er ica l  example  
given by C O N O V E R  &  F R A N C IS  the  c a rbon  assim ila ted by th e  p h y to p la n k to n  s to ck  o f  
6 0 0  /^g C/I is 6 1 5 /tg C /I  per day  b u t  losses are e x a c t ly  o f  th e  same size; 6 0 0  A9 is eaten b y  the 
Z o o p la n k to n  and 1 5 / tg  is excre ted  (Fig . 1). T he  ca rb o n  consumed d a i ly  by  Z o o p la n k to n  - 
e qua l l ing  2 4 0  %  o f  th e  Z o o p la n k to n  s to ck  o f  2 5 0  M9, meaning t h a t  C O N O V E R  &  F R A N C IS  
used a graz ing co n s ta n t  o f  2 .4  - is supp lem en ted  w i t h  15 ^ 9  d issolved ca rbon  ta ke n  up  b y  the 
animals , and th is  to ta l  o f  615  /tg is respired eve ryday  b y  th e m  (Fig . 1).

F o r  b io log is ts  th e  above coup l ings  seem i l log ica l;  in pract ice , p r im a ry  p ro d u c t io n  by 
algae is n o t  l im i te d  b y  th e  C O 2 c o n c e n t ra t io n  in  th e  w a te r ,  and grazing in in c u b a t io n  bo tt les  
o f te n  does lead t o  decrease in algal c o ncen tra t ions .  B u t  th e  advantages o f  these feedbacks 
are t h a t  a lgebra ic  so lu t io n s  are possib le  and th a t  a set o f  fo rm u la e  can be deve loped  to  
re late spec i f ic  a c t iv i t ie s  to  processes one  w a n ts  to  measure. In an actual graz ing e xp e r im e n t ,  
th e  p lo t t i n g  o f  th e  spec i f ic  ac t iv i t ies  f o r  p h y to p la n k to n  and Z o o p la n k to n  against t im e  w i l l  
give est imates o f  th e  c o e f f ic ie n ts  needed f o r  th e  c a lc u la t io n  o f  t h e  g raz ing co n s tan t  
( C O N O V E R  &  F R A N C IS ,  1973). F o r  th e o re t ica l  purposes, how ever,  one  can also select a 
set o f  values f o r  c a rbon  p oo ls  and f lo w s ,  and th e n  derive  th e  spec i f ic  a c t iv i t ie s  at any t im e

Zoo
250

Phyto
600

P,2= 615 
(k,2= 1.025)

Water
3 0 0 0
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C o m p a r tm e n t

Tab le  1. N u m er ica l  values o f  the  specif ic  
a c t iv i t y  and th e  to ta l  a c t iv i t y  in the  example  
o f  a grazing e x p e r im e n t  w i t h  label led p h y t o 
p la n k to n  lasting o n e  h o u r ,  as used b y  

C O N O V E R  &  F R A N C IS  (1973) in a three- 
c o m p a r tm e n t  m ode l [c f. Fig. 1).
U n i ts  a rb i t ra ry ,  b u t  com parab le  w i t h  
D P M // ig  and D P M /I  f o r  specif ic  and to ta l  
a c t iv i t y  respect ive ly .

in th e  course o f  such a p ro g ra m m e d  grazing e xp e r im e n t .  These ca lcu la t ions  w i l l  give the  
grazing co n s tan t  one w o u ld  have observed in p ract ice ,  w h ic h  can be compared  w i t h  the  
actual co n s tan t  p u t  in th e  model.  A l l  the  fo rm u la e  needed are t rea te d  in C O N O V E R  &  
F R A N C IS  (1973 )  and th e  reader is re fe r red  t o  th e i r  paper f o r  f u l l  d e ta i ls  a b o u t  the 
deriva t ions.  Part o f  th is  m a t te r  is reca p i tu la te d  in  th e  A p p e n d ix  o f  th is  paper.

T he  th eo re t ica l  exam p le  given b y  C O N O V E R  &  F R A N C IS  is based on  p oo ls  and f lo w s  
given in Fig. 1 and concerns the  change in spec if ic  ac t iv i t ies  a f te r  a grazing e x p e r im e n t  
lasting one h o u r  and s tart ing  w i t h  a spec i f ic  a c t iv i t y  o f  the  p h y to p la n k to n  o f  100 u n i ts  
(Tab le  1). C O N O V E R  &  F R A N C IS  ca lcu la ted  the  grazing cons tan t  k 2 3  as th e  ra t io  
be tween the  specif ic  ac t iv i t ies  o f  Z o o p la n k to n  (a f te r  one ho u r)  and o f  p h y to p la n k to n  (at the 
sta rt) ;  X 3/X 2 =  9 .3 0 1 /1 0 0 ,  i.e. 0 ,0 9 3  per hou r.  T h is  makes 2 .2 3  per day ,  whereas th e  real 
grazing co n s tan t  p u t  in th e  m ode l was 2 .4  per d a y ,  a d e v ia t io n  o f  7 % .  T h e y  also ca lcu la ted  
' in g es t io n  ra te '  as is n o rm a l ly  d one  in e xp e r im e n ts  w i t h  t race r  fo o d ,  i.e. b y  use o f  to ta l  
rad io a c t iv i t ie s  measured in Z o o p la n k to n  and p h y to p la n k to n  (Tab le  1, low e r  l ine ) .  T o ta l  
ra d io a c t iv i t y  in th e  an imals  d iv ided  b y  th e  to ta l  ra d io a c t iv i t y  in  th e  p h y to p la n k to n  (at 
the  sta rt  o f  the  e x p e r im e n t )  gives ( 2 3 2 5 /6 0 0 0 0 )  x  2 4  h r  =  0 .93  per  day. C O N O V E R  &  
F R A N C IS  c la im  th a t  th is  is a serious m isca lcu la t ion  compared  w i t h  the  k 2 3  o f  2 .4  p u t  in 
the  m ode l and th e re fo re  w a rn  t h a t  w o rk e rs  w i t h  rad io  isotopes have to  use spec if ic  
ac t iv i t ies  instead o f  to ta l  act iv i t ies .  H ow ever,  th e y  m is in te rp re ted  the  ' inges t ion '  ca lcu la ted 
w i t h  the  no rm a l m ethod . The  value o f  0 .9 3  represents th e  f i l te r in g  rate, and in th is  case It 
means t h a t  93  %  o f  the w a te r  w i l l  be sw ep t clear b y  th e  Z o o p la n k to n  in the  course o f  one 
day. T o  get th e  real ingestion, w e  have to  m u l t i p l y  w i t h  th e  c o n c e n t ra t io n  o f  p h y to p la n k to n ,  
so feed ing  w i l l  a m o u n t  t o  0 .9 3  x  6 0 0  is 5 5 8  ßg ca rbon  consumed per day .  Because the  
feed ing  p u t  in the  model was 6 0 0 ßg  (na m e ly  2 .4  x 2 5 0 ) ,  the  underes t im ate  is 7 %  also 
w i t h  th is  t y p e  o f  ca lcu la t ion .

A  s im i la r  m is take is made b y  C O N O V E R  &  F R A N C IS  w h e n  th e y  est imate  the 
Z o o p la n k to n  resp ira t ion  cons tan t  k 3 i_ In  th e i r  m e th o d  w i t h  spec if ic  ac t iv i t ies  (a f te r  
c o rrec t ing  th e  a c t iv i t y  o f  th e  w a te r  f o r  e x c re t io n  by p h y to p la n k to n ) ,  k 3 i  f o l lo w s  f r o m  
x  1 / x 3  =  0 .0 4 0 /9 .3 0 1 ,  i.e. 0 .0 0 4 3  per hr.  T h is  makes 0 .1 03  per day  whereas 0 .2 0 5  was 
a c tu a l ly  p u t  in  th e  model (F ig . 1 ). B y  using to ta l  rad ioac t iv i t ie s  th e y  c la im  t h a t  th e  cons tan t 
k 3 t w i l l  be m uch  more m isca lcu la ted  : (1 2 0 .5 /2 3 2 5 )  x  2 4  =  1.24 per  day. B u t ,  1 .24  means 
th a t  124  %  o f  the Z o o p la n k to n  b iomass is exc re ted  per  day  so a to ta l  o f  1 .24 x  2 5 0 =  310  
ßg c a rbon  w i l l  be t rans fe r red  f r o m  Z o o p la n k to n  t o  th e  w a te r  w h i le  th is  f l o w  a c tu a l ly  
involves 0 .2 05  x  3 0 0 0  =  615 . Thus,  b o th  ca lcu la t ions  show  a 5 0  %  d e v ia t io n  o f  the  
p ro g ra m m e d  resp ira t ion  and th is  d e v ia t io n  is exp l icab le .  T he  ra d io a c t iv i t y  o f  Z o o p la n k to n  
starts at zero and increases l in e a r ly  d u r in g  th e  e x p e r im e n t  o f  1 hour.  C onsequen t ly ,  the  
c o u n ts  in the  w a te r  due to  e x c re t io n  b y  Z o o p la n k to n  are related to  the  average 
ra d io a c t iv i t y  o f  the  an imals  in  th a t  h o u r ,  i.e. h a l f  o f  th e  ra d io a c t iv i t y  at t h e  end o f  the  
expe r im en t .

C onc lud ing ,  the  serious w a rn ing  o f  C O N O V E R  &  F R A N C IS  (1973)  regarding th e  use

Water Phytopl. Zoopl.

Specific activity
Start (f = 0) 0 100 0
End (f = 1/24) 0.061 95.82 9.301

Total activity
Start 0 60000 0
End 183 57492 2325
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L ig h t ,
H igh  g raz ing 250 250

250. 250 25 25

1200 1200

600 600

25000 25000950 1175

D ark ,
H igh  g raz ing

Dark ,
Low  g raz ing

250 250

250. 250 25

300 300
600 600

50 275
25000 25000

Fig. 2. T h re e -c o m p a r tm e n t  models  accord ing  to  th e  m ode l o f  C O N O V E R  &  F R A N C IS  (1973) 
b u t  w i t h  n u m er ica l  values va ry ing  w i t h  l ig h t  c o n d i t io n s  and grazing pressure. F low s  (/ig 
C / l /d a y )  b e tw een  th e  c o m p a r tm e n ts  are in  balance, so th e  stocks (/ig C/I) do  n o t  change in 
accordance  to  th e  c o n d i t io n s  o f  C O N O V E R  &  F R A N C IS '  model.
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o f  to ta l  ac t iv i t ies  instead o f  spec if ic  a c t iv i t ie s  is w ro n g .  B o th  ca lcu la t io n  m ethods ,  if  
app l ied  co r re c t ly ,  give essentia l ly  t h e  same results !

In  th e  ne x t  sections we  w i l l  use th e  m ode l o f  C O N O V E R  &  F R A N C IS  to  i l lus tra te  
var ious s i tua t ions  w h ic h  can be enco un te re d  do ing  1 grazing expe r im en ts .  Special a t te n t io n  
w i l l  be paid t o  p rob lem s  as the  one w h ic h  became a pparen t  above in the  c a lc u la t io n  o f  
Z o o p la n k to n  exc re t ion ,  so w h e th e r  s tart ,  end o r  average values o f  ra d io a c t iv i t y  have to  be 
used f o r  a most accurate ca lcu la t ion .

E S T IM A T E S  O F  G R A Z IN G  R A T E S  IN  D I F F E R E N T  E X P E R I M E N T A L  C O N D IT IO N S

In case a large a m o u n t  o f  rad io  iso tope  is p resent in  the  w a te r ,  as in th e  m e th o d  o f  
D A R O  (19 7 8 )  or in the m o d i f ie d  vers ion as used b y  B A A R S  &  O O S T E R H U IS  (19 8 4 ,  1985), 
the  fo rm u la e  listed in  C O N O V E R  &  F R A N C IS  (1973 )  are n o t  d i r e c t l y  app l icab le.  F ro m  
the  o r ig ina l  set o f  matr ices presented in t h a t  paper a new  set o f  f o rm u la e  was derived  th a t  
inc ludes th e  p o ss ib i l i ty  o f  a spec i f ic  a c t i v i t y  in th e  m e d iu m  higher th a n  zero r ig h t  f r o m  the  
s ta r t  o f  the  e xpe r im en t .  These new  fo rm u la e ,  listed in th e  A p p e n d ix ,  enabled us to  
ca lcu la te  th e  spec if ic  ac t iv i t ies  d u r in g  a graz ing e x p e r im e n t  at any o f  th ree c o n d i t io n s  : 
a) s ta r t ing  w i t h  o n ly  the p h y to p la n k to n  labelled ( the  classical set-up), o r  b) w i t h  rad io  isotope 
o n ly  in th e  w a te r  (D A R O 's  m e th o d ) ,  o r  c) w i t h  most o f  the rad io  iso tope  in  th e  w a te r  b u t  
w i th  p h y to p la n k to n  being p re labe l led  d u r in g  some h o u rs  be fo re  th e  onset o f  grazing 
( B A A R S  &  O O S T E R H U IS ) .  C a lcu la t ions  f o r  a) and c) w ere  made at h igh and lo w  grazing 
pressure in  th e  l igh t,  and in  the  da rk .  C a lcu la t io n s  f o r  D A R O 's  m e th o d  invo lved  o n ly  high 
and lo w  grazing pressure in th e  l ig h t ,  because her  m e th o d  is b o u nd  t o  th e  active 
i n c o rp o ra t io n  o f  rad ioac t ive  b ica rbona te  b y  pho tosyn thes is .

We used the  same (cons tan t)  c a rbon  stocks as C O N O V E R  &  F R A N C IS  f o r  
p h y to p la n k to n  ( 6 0 0 p g / l )  and f o r  Z o o p la n k to n  ( 2 5 0 / ig / l )  b u t  raised the  ca rbon  s to ck  in 
th e  w a te r  to  a m ore  natura l value f o r  seawater o f  2 5 0 0 0  p g / l  as b ica rbona te  c o n ce n t ra t io n s  
in seawater are ca 2 4 5 0 0  p g / l .  F o r  h igh grazing pressure we  choose a d a i ly  ra t io n  o f  100  % 
o f  b o d y  c a rbon  (2 5 0  pg C / l /d a y )  and f o r  lo w  grazing pressure 10 %  (25 p g  C / l /d a y ) ,
L im i te d  b y  th e  c o n d i t io n s  o f  th e  m ode l o f  C O N O V E R  &  F R A N C IS  th a t  c a rbon  stocks do 
n o t  change, resp ira t ion  b y  Z o o p la n k to n  was set at s im i la r  a m o u n ts  (Fig . 2). F o r  bo th  
graz ing pressures th e  up take  o f  d issolved ca rbon  b y  Z o o p la n k to n  was neglected and set at 
zero.

F o r  e xpe r im en ts  b y  d a y l ig h t  a h igh p r im a ry  p ro d u c t io n  was assumed. I n th e  f ie ld  
d a i ly  p r im a ry  p ro d u c t io n  o f te n  equals th e  p h y to p la n k to n  s tock  and th is  was m od e l le d  by 
a p p ly in g  a ca rbon  up take  o f  600  ß g /\ per l ig h t  p e r iod  o f  12 hours, g iv ing a rate co n s tan t  
k i 2  o f  2 and a p r im a ry  p ro d u c t io n  over  2 4  hou rs  in the  l ig h t  o f  1 200  f jg/ \  (Fig . 2a, b).
T he  u p ta k e  o f  ca rbon  b y  p h y to p la n k to n  in the  d a rk  shou ld  m in im a l ly  equal th e  grazing 
pressure to  f u l f i l l  th e  c o n d i t io n s  o f  th e  m ode l.  A  f o u r  t im es  low er  ca rbon  up take  by n igh t  
th a n  b y  day  was chosen, p e rm i t t in g  some resp ira t ion  b y  p h y to p la n k to n  also in  th e  case 
o f  h igh grazing pressure (Fig . 2c).

S pe c i f ic  ac t iv i t ies  at th e  sta rt  o f  th e  e xp e r im e n ts  w ere  set a t  4 0 0 0  f o r  p h y to p la n k to n  
in th e  classical e x p e r im e n t  (24  x 1 0 ^  D P M /I  f o r  the  to ta l  p h y to p la n k to n  s tock  in th e  grazing 
vessel), and at 4 000  fo r  th e  w a te r  in D A R O 's  e x p e r im e n t  (1 0 ^  D P M /I ,  com pa rab le  w i t h  45 
/ iC i  per l i t re ) .  In the  e xp e r im e n t  w i t h  a s h o r t  p re labe l l ing  o f  th e  p h y to p la n k to n  i t  was 
assumed th a t  s tart ing  w i th  1 0 ^  D P M /I  in  th e  w a te r  the  spec if ic  a c t i v i t y  o f  the  p h y to p la n k to n  
reached 1 000  a f te r  some hours ,  th u s  set t ing  the  spec i f ic  a c t iv i t y  o f  the  w a te r  at 3976  
( ( 10^  — 6 0 0  x  1 0 0 0 ) /2 5 0 0 0 ) .  W i th  th e  fo rm u la e  listed in th e  A p p e n d ix  spec if ic  ac t iv i t ie s  of 
p h y to p la n k to n  and Z o o p la n k to n  were ca lcu la ted  at 15, 30, 60  and 120  m in u te s  a f te r  the  
start  o f  th e  grazing exper im en ts .  These spec i f ic  ac t iv i t ies  w ere  t ran s fo rm e d  in to ta l  act iv it ies, 
the var iab le  w h ic h  is n o rm a l ly  measured by th e  w o r k e r  d o in g  such expe r im en ts .  T he  results, 
lis ted in Tab le  2, show  t rends  in ra d io a c t iv i t y  th a t  co u ld  be expected. In  th e  classical
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Tab le  2. T o ta l  a c t iv i t ie s  in p h y to p la n k to n  and Z o o p la n k to n  d u r in g  graz ing e xp e r im e n ts  in 4 
s i tua t ions  w i t h  d i f f e re n t  l igh t  c o n d i t io n s  and graz ing pressure (Fig . 2).  Three  ty p e s  o f  
exp e r im e n ta l  set-ups : a) s tart ing  w i th  1 4 c  labelled p h y to p la n k to n ,  b) s ta r t ing  w i t h  14q  
b ica rb o n a te  in th e  w a te r ,  and c) w i t h  a h igh a m o u n t  o f  1 4 c  b ica rb o n a te  in th e  w a te r  b u t  
p h y to p la n k to n  p re labe l led  f o r  some hours. D o t te d  lines in Z o o p la n k to n  co lu m n s  rough ly  
and a rb i t r a r i l y  ( >  1 000  D PM /I)  ind ica te  th e  shortes t  grazing p e r iod  needed to  o b ta in  
Z o o p la n k to n  ra d io a c t iv i t ie s  m ost  su itab le  f o r  easy and rel iable processing o f  subsamples o f  
th e  Z o o p la n k to n  s tock.

Type o f 
experiment 
and time

Total activities (DPM/I) in light conditions Total activities (DPM/I) in dark conditions

High grazing pressure Low grazing pressure High grazing pressure Low grazing pressure
(mi n. )

Phytopl. Zoopl. Phytopl. Zoopl. Phytopl. Zoopl. Phytopl. Zoopl.

14c only in 
phytoplankton

0 2400000

I I I 
O 2400000 0 2400000

I I I 
o 2400000 0

15 2350527 10255 2350529 1030 2387533 10336 2387533 1039

30 2302093 20193 2302102 2038 2375130 20510 2375133 2070

60 2208257 39146 2208292 3989 2350519 40385 2350528 4115

120 2032127 73569 2032257 7644 2302064 78290 2302099 8128

14c  only in 
the water

0 0 0 0 0

15 49470 107 49470 11

30 97897 425 97897 43

60 191703 1664 191704 169

120 367720 6384 367728 655

14ç in water & 
phytoplankton

0 600000 0 600000 0 600000 0 600000 0

15 636805 2670 636806 268 609275 2611 609275 262

30 672833 5471 672835 552 618501 5234 618501 528

60 742617 11441 742627 1165 636803 10519 636806 1071

120 873545 24738 873585 2562 672825 21227 672834 2202

1 6 5



e x p e r im e n t  th e  h igh ly  rad ioac t ive  p h y to p la n k to n  is losing m ore  r a d io a c t iv i t y  w i t h  t im e  in 
th e  l igh t  th a n  in th e  d a rk  because th e  d i l u t i o n  w i t h  12 C in the  l ig h t  is m uch  h igher due to  a 
h igh p r im a r y  p ro d u c t io n  coup led  w i t h  a h igh re s p i ra t io n /e x c re t io n  (F ig . 2a, b).  In D A R O 's  
e x p e r im e n t  th e  ra d io a c t iv i t y  o f  th e  p h y to p la n k to n  increases l in e a r ly  w i t h  t im e  whereas 
Z o o p la n k to n  ra d io a c t iv i t y  quadrup les  w i t h  t im e  pe r iods  tw ic e  as long . In the  e x p e r im e n t  w i th  
s h o r t  p re labe l l ing  the  p h y to p la n k to n  ra d io a c t iv i t y  increases, due t o  the  h igher specif ic  a c t iv i ty  
o f  th e  w a te r ,  bo th  in the l ig h t  and in th e  da rk .  The  la t te r  p h e n o m e n o n  is absent in actual 
exp e r im e n ts ,  o f  course, b u t  here due to  th e  re la t ive ly  h igh up take  o f  c a rbon  p rog ram m ed  to 
o ccu r  in th e  d a rk  in  o rd e r  to  f u l f i l l  the  c o n d i t io n s  o f  th e  model (F ig . 2c, d).

T ab le  2 was used to  reach th e  a m o u n t  o f  ca rbon  grazed aw ay  per day  by th e  fo rm u la  
(DPM  z o o /D P M  p h y to )  x  2 4 / t im e  x  [ p h y to p la n k to n  ca rbon ] .  We used three values f o r  the  
p h y to p la n k to n  ra d io a c t iv i ty  : a) th a t  at t im e  zero, b) th a t  at the  end o f  the  grazing e xpe r im en t ,  
and c) th e  average value be tween the  s ta r t  and the  end o f  th e  e xp e r im e n t .  O n ly  th e  la t te r  was 
used f o r  D A R O 's  e x p e r im e n t  because using th e  value at th e  start was  senseless (w i th  a 
p h y to p la n k to n  ra d io a c t iv i t y  o f  zero) and because the  use o f  the  end value w o u ld  give 
est imates o f  grazing tw o  t im es  to o  low .  T he  results o f  th e  ca lcu la t ions  (F ig . 3) show  th a t  in 
s h o r t  e xp e r im e n ts  lasting 15 m inutes,  th e  d e v ia t io n  f r o m  the  grazing rate p u t  in  th e  model 
(2 5 0  and 2 5  f ig  C per day ,  respect ive ly) is less than  3 o r  4 % ,  no m a t te r  w h ic h  value o f  
p h y to p la n k to n  ra d io a c t iv i t y  is used. W i th  pe r iods  o f  graz ing longer than  15 m in  th e  devia t ions 
genera l ly  increase. N o w ,  th e  use o f  average p h y to p la n k to n  rad ioac t iv i t ie s  gave genera l ly  the 
best results. W i th  high grazing pressure th e  e f fe c t  o f  Z o o p la n k to n  resp i ra t io n  becomes 
a pparen t  in b o th  the  classical e x p e r im e n t  and in  t h e  e x p e r im e n t  w i t h  short  p re labe l l ing ,  all 
f o u r  curves (bo ld  lines in Fig. 3a and c, le f t  side) dec l ine  w i t h  t im e .  B u t  a l th o ug h  Z oo p la n k to n  
resp i ra t io n  rate was p rog ram m ed as h igh as th e  grazing rate, losses b y  resp ira t ion  o f  1 4 c  
ingested b r ing  a b o u t  an underes t im ate  o f  o n ly  ca 4  %  over  a 2 h o u r  pe r iod  if  average 
p h y to p la n k to n  rad ioac t iv i t ie s  are used. T h is  is because the  b o d y  ca rbon  respired b y  th e  
Z o o p la n k to n  still  consis ts p re d o m in a n t ly  o f  12 C d u r in g  th e  grazing e xp e r im e n t .  T he  a m o u n t  
o f  new  m ater ia l  ingested over  a 2 h o u r  p e r iod  is 2 /2 4  x  2 5 0  =  2 0 .8  fig . Bu t ,  o n  average, in 
the  Z o o p la n k to n  s tock  o f  2 5 0  fig  o n ly  ca 10 f ig  new  ca rbon  w i l l  be present d u r in g  th a t  
pe r iod .  So, th e  f ra c t io n  o f  new m ater ia l  in  th e  a m o u n t  o f  ca rbon  respired in t h a t  2  hou rs  is 
1 0 / 2 5 0 =  0.04.

In  tw o  cases th e  use o f  the  p h y to p la n k to n  r a d io a c t iv i t y  at th e  end o f  th e  grazing 
e x p e r im e n t  revealed an e q ua l ly  good o r  even b e t te r  est imate  o f  the  grazing rate than  th e  use 
o f  th e  average p h y to p la n k to n  r a d io a c t iv i t y  (Fig . 3a, h igh grazing pressure). T h is  is because the 
loss o f  1 4 c  f r o m  the  labelled p h y to p la n k to n  compensates f o r  th e  loss o f  1 4 c  f r o m  the  
Z o o p la n k to n  by resp ira t ion .  In one case th e  use o f  the  p h y to p la n k to n  ra d io a c t iv i t y  at the 
sta rt  o f  th e  e xp e r im e n t  gave a b e t te r  resu lt  (Fig . 3c, h igh  grazing pressure in  the  da rk ) .  T h is  
is due  to  a comparab le  c o u n te ra c t io n  in th e  ca lcu la t io n ;  the  low e r  p h y to p la n k to n  
ra d io a c t iv i t y  at th e  start  ra the r  th a n  d u r in g  th e  grazing e xp e r im e n t  compensates f o r  th e  loss 
o f  14 c  f r o m  th e  Z o o p la n k to n  by resp ira t ion .

Fig. 3. Est imates o f  ingest ion rate (¿¿g C per  2 5 0  f ig  o f  Z o o p la n k to n  carbon)  f o r  4 
s i tu a t io ns  w i th  d i f f e re n t  l ig h t  c o n d i t io n s  and grazing pressure (Fig. 2 ,  T ab le  2 ).  Three  types  
o f  e xp e r im e n ta l  set-ups : a) s ta r t ing  w i t h  labelled p h y to p la n k to n ,  b) s ta r t ing  w i t h  1 4 c  
b ica rbona te  in the  w a te r,  and c) s ta r t ing  w i t h  a high a m o u n t  o f  1 4 c  b ica rbona te  in the  water  
b u t  w i t h  p h y to p la n k to n  pre labe l led  f o r  some hours. D i f f e re n t  values o f  p h y to p la n k to n  
ra d io a c t iv i t y  used in the  c a lc u la t io n  o f  ingest ion rate : DPM  p h y to  at th e  sta rt  o f  th e  
e x p e r im e n t  (d o t te d  lines), DPM  p h y to  at the  end o f  the  grazing pe r iod  (dashed lines) and mean 
DPM  p h y to  du r ing  the  graz ing p e r io d  (bo ld  lines). O rd ina tes  o u te rm o s t  le f t  : percen tua l 
d e v ia t io n  o f  p rog ram m ed ingest ion.  T h in  h o r iz o n ta l  lines : +  5, 0  and — 5 %  dev ia t ion .
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G E N E R A L  C O N C L U S IO N S  A N D  D IS C U S S IO N

This , theo re t ica l ,  paper has led to  th e  f o l lo w in g  conclus ions.
1) C O N O V E R  &  F R A N C IS  (1973 )  m is in te rp re te d  the  results o f  th e i r  m ode l in case o f  

the  processing o f  to ta l  rad ioac t iv i t ie s  t o  reach est imates o f  the  ingest ion o r  feed ing  rate. There 
is no p r inc ipa l  d i f fe rence  between the  o u tc o m e  o f  c a lcu la t ions  o n  feed ing  rate w i t h  specif ic  
ac t iv i t ie s  and th a t  w i th  to ta l  rad ioac t iv i t ies .  In th e  la t te r  ca lcu la t io n  th e y  o v e r lo o ke d  the 
fa c t  th a t  the  f i r s t  result  is an est imate  o f  the  f i l te r in g  rate, n o t  th e  feed ing  rate.

2) W i th in  the  l im i ta t io n s  o f  C O N O V E R  &  F R A N C IS '  th re e -c o m p a r tm e n t  m ode l the 
errors in  the  es t im a te  o f  grazing rate are small  i n d i f f e r e n t  types  o f  1 4 c  expe r im en ts .  If  
average p h y to p la n k to n  rad io a c t iv i t ie s  are used in the  ca lcu la t ions,  th e  de v ia t io ns  at the  
longest exp e r im e n ta l  d u ra t io n  used (2 hours) d id  n o t  surpass 4 % .

3) In all the three 1 4 c  te ch n iqu e s  s tud ied, th e  best m e th o d  to  ca lcu la te  the  c o m m u n i t y  
f i l t e r i n g  rate was genera lly  th e  use o f  th e  average p h y to p la n k to n  ra d io a c t iv i t y ,  accord ing
to  th e  f o rm u la  ' f i l t e r in g  rate =  ( (D P M  z o o  at t im e  t ) / ( D P M  p h y to  at t im e  0  +  D P M  p h y to  
at t ) / 2 )  x 2 4 / t ' ( w i t h  t im e  t  in hours  (end o f  th e  grazing e x p e r im e n t )  and the  f i l t e r in g  rate 
expressed as f r a c t io n  o f  the  to ta l  v o lu m e  o f  th e  graz ing vessel sw ep t clear per day .  I f  sort ing 
o f  separate species and stages is done  th e  f i l te r in g  rate is n o rm a l ly  expressed in  ml per 
day per an im a l accord ing to  ' (D P M  per a n im a l) / (m e a n  DPM  p h y to  per m l)  x  2 4 / t ' .

One o f  the  rem arkab le  po in ts  f r o m  Fig. 3  is th a t  e xp e r im e n ts  in d a y l ig h t  do  no t 
necessarily give results worser  than  those in th e  dark .  A l th o u g h  grazing e xp e r im e n ts  are 
genera l ly  d one  in the  dark  o r  in  d im  l ig h t  t o  avo id  p r im a ry  p ro d u c t io n  in  c o n t ro l  vessels 
[cf. P E TE R S , 1984) ,  in th e  techn iques  w i t h  rad io  iso topes such c o n t ro ls  are n o t  necessary 
and th e  e f fec ts  o f  p r im a ry  p ro d u c t io n  - causing a h igh loss o f  label in  the classical e x p e r im e n t  
o r  an increase in th e  ra d io a c t iv i t y  o f  th e  p h y to p la n k to n  in e xp e r im e n ts  w i t h  high 
co n c e n t ra t io n s  o f  14 c  b ica rbona te  - do  n o t  in te r fe re  w i t h  th e  est imate  o f  f i l t e r in g  rate, 
p ro v id in g  o n e  calcula tes w i t h  the  average p h y to p la n k to n  ra d io a c t iv i t y  and p ro v id in g  
ir rad iance levels are o f fe re d  w h ich  th e  an im a ls  n o rm a l ly  encoun te r  b y  day. A ls o  in case th a t  
the  c o n d i t io n s  o f  C O N O V E R  &  F R A N C IS '  m ode l are n o t  fu l f i l l e d ,  i.e. t h a t  th e  
p h y to p la n k to n  s tock  does change due  t o  p r im a ry  p r o d u c t io n  o r  graz ing, i t  can be expected 
th a t  in  m ost cases th e  use o f  the  average p h y to p la n k to n  ra d io a c t iv i t y  w i l l  m in im iz e  the 
inaccuracy o f  the  est imate  o f  f i l t e r in g  rate.

More serious o b je c t io n s  t o  C O N O V E R  &  F R A N C IS '  model can be raised regarding the 
w a y  o f  p ro g ra m m in g  o f  the  Z o o p la n k to n  c o m p a r tm e n t  as one single ca rbon  po o l  w i t h  comple te  
and ins tan teneous  m ix ing .  T h e y  a lready ind ica te  themselves th a t  th is  c o n d i t io n  is n o t  
jus t i f ia b le .  Because o f  the  evidence fo r  a small  m e ta b o l ic  po o l  and a larger s t ruc tu ra l  poo l  
o f  c a rbon  w i t h in  th e  an ima l,  losses o f  1 4 c  b y  resp i ra t io n  m ay  be h igher than  f o l l o w s  f r o m  
a s im p le  e x t ra p o la t io n  o f  the  1 4 c / 1 2 c  ra t io  in  th e  en t i re  an ima l (C O N O V E R  &  F R A N C IS ,  
1973;  L A M P E R T ,  1975; L A M P E R T  &  G A B R I E L ,  1984) .  Even m ore  serious is the  lack 
o f  egestion in  th e  m ode l.  The  ca rbon  c o n te n t  o f  th e  faecal pe l le ts  egested, w i l l  n o t  get 
recyc led  im m e d ia te ly ;  at 15 ° C  m in e ra l iz a t io n  w i l l  take  one o r  several days. Even if 
ass im i la t ion  e f f ic ie n c y  is high, f o r  instance 90  % ,  th e  ca rbon  n o t  assim ilated has a b o u t  the 
same spec i f ic  a c t iv i t y  as th e  p h y to p la n k to n  cells ingested. I f  egestion o f  rem ains o f  these 
cells occu rs  d u r in g  the  grazing e x p e r im e n t ,  th is  w i l l  lo w e r  th e  (rela tive) r a d io a c t iv i t y  o f  the  
an im a l b y  10 %  compared  w i th  an im a ls  in a graz ing e x p e r im e n t  l im i te d  t o  the  t im e  span 
be fore  the  f i r s t  rad ioact ive  pel le ts  appear [c f. B A A R S  &  O O S T E R H U IS ,  1985) .  In T ab le  2 
we in d ica ted  w h ic h  grazing pe r iods  in the  d i f f e re n t  1 4 c  m e th o d s  are needed to  o b ta in  
re la t ive ly  re l iab le  c oun t ings  f o r  th e  Z o o p la n k to n  samples, b u t  here we  m ay add th a t  these 
a rb i t ra ry  bo rde rs  also can be used as l im i t in g  the  d u ra t io n  o f  th e  grazing e xp e r im e n t .  For  
instance, at h igh grazing pressure a p e r iod  o f  15 m inu tes  o r  less shou ld  n o t  be exceeded, 
whereas a t  lo w  grazing pressure th e  d u ra t io n  can be ex tended  to  a b o u t  one h o u r .  D A R O 's  
m e th o d  fo rm s  an e x ce p t ion  because th e  f o o d  cells (and th u s  the  f i r s t  pe l le ts  p roduced )
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have a re la t ive ly  lo w  ra d io a c t iv i t y  in the  beg inn ing  o f  th e  e x p e r im e n t .  W i th  her m e th o d ,  
the  grazing p e r iod  m ig h t  be ex tended  to  1 h o u r  at h igh and to  2 hou rs  at lo w  grazing 
pressure f o r  th e  e xam p le  g iven in  Tab le  2.

C O N O V E R  &  F R A N C IS  (1973 )  were w e l l  aware o f  th e  above m e n t io n e d  sho rtcom ings  
in th e i r  m ode l b u t  also ind ica ted  th a t  more soph is t ica ted  m ode ls  can n o t  be solved anym ore  
in an ana ly t ica l  w a y ,  The  m e r i t  o f  th e i r  s imple  m ode l is t h a t  i t  insp ired o the rs  to  t h in k  
a b o u t  th e  1 techn iques  used and to  c o n s t ru c t  m ore  a p p ro p r ia te  models , f o r  exam p le  to  
s im u la te  ass im i la t io n  and resp ira t ion  ( L A M P E R T ,  1975; L A M P E R T  &  G A B R I E L ,  1984).  A t  
present m ore  and m ore  data on  th e  carbon budge t  and d y n a m ic s  o f  copepods  become 
available, and i t  w o u ld  be w o r th w h i l e  to  s im u la te  th e  processes in f luenc ing  the  animals  
ra d io a c t iv i t y  in grazing e xp e r im e n ts  accord ing  to  4  c o m p a r tm e n ts  : inges t ion  and 
ass im i la t ion  in a c o m p a r tm e n t  representing th e  a n te r io r  g u t ,  f o rm a t io n  o f  faecal pe l le ts  in a 
p o s te r io r  g u t  c o m p a r tm e n t ,  resp ira t ion  via a small m e ta b o l ic  c o m p a r tm e n t  and g ro w th  or 
egg p ro d u c t io n  in a large s truc tu ra l  co m p a r tm e n t .
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A P P E N D IX

A )  T h e  sp e c i f ic  ac t iv i t ies  o f  th e  c o m p a r tm e n ts  presented in Fig. 1 can be calcu la ted f o r  t im e  t  
accord ing  t o  the  equat ions  (see C O N O V E R  &  F R A N C IS ,  1973, p. 2 7 4  and p. 2 8 1 ) :

x i  = c i i e _ X l t  + c 1 2 e_X2t + c E (1)

x2 = c 2 i e ^ 1t + C2 2 e ^ 2t + CE (2)

X3 = C3 1 e X l t  + C3 2 e X 2 t+ C E (3) in w h ich ,

1. t im e  t  is p a r t  o f  2 4  h r  i f  f lo w s  (p in Fig. 1) are expressed per day;

2. X-] and X2 f o r m  the  roo ts  o f  the  q u a d ra t ic  equat ion ,

— ( K i  +  l<2  +  K 3 )X +  K i  K 2 +  K 2 K 3 +  K-) K 3 — k 12^21 — M  3^31  =  0

( w i th  K i  =  k 2 i  + k 3 l ,  K 2 =  M 2 , K 3 =  k  13 +  (<23 ; cf. C O N O V E R  &  F R A N C IS ,  p. 2 7 4 ) ;

3. C e  is the  f ina l spec if ic  a c t iv i t y ,  t o  be ca lcu la ted  accord ing t o  (x 1 q  +  X20 +  x 3 0 ) / ( S l  +  S2 +  S? '

4. C-] i ,  C i2 -  C2 1 , C2 2 , C 31 and C3 2  have to  be ca lcu la ted  accord ing  to  B).

B) T o  o b ta in  the  so lu t io n  f o r  C¡j tw o  sets o f  re la t ions  are required.
T he  rates o f  changes o f  spec i f ic  a c t i v i t y  in  the  three poo ls  are :

X1 = -  K 1X1 k21x2 + k 31x 3 (4)

x2 k 12x 1 K 2x2 (5)

x 3 = k 13x 1 k23x 2 _ K 3x 3 (6)

F irs t  w e  set th e  deriva t ives o f  the  e q ua t ions  (1) - (3) equal to  equa t ions  (4) - (6)  at t  =  0, so tha t  

“  X-,c i  1 -  X2C 12 = -  K 1x 10 + k21x 2 0 + k 31x 30 (7)

— X1C21 — X2C22 = ^12x ̂  Q — ^ 2 *2 0  (S)

~  ^ 1 C31 ~  ^2 C32 = k 13X10 + k23x2 0 ~  K 3X30 (9^

T h e n  we  set th e  equat ions  (1) - (3) at t  =  0, so th a t

x 1 0 = c i i  + C12 + C E ( 10)

x20 ~ C2 1 + C22 + CE (11)

x 3 0 = C31 + C32 + CE (12)
B y  rearrang ing equat ions  (10) (12) and su b s t i tu t in g  th e  a p p ro p r ia te  variables in  e q u a t ions  (7)- (9) 
the  e q u a t ions  f o r  C¡j can be ob ta ined .  F o r  exam p le ,  C i 2 = x 10—^ 1 1—^"E su b s t i tu te d  in (7) gives

C11 = ( - ^ 2 x 10+^ 2 CE+ K 1x 10- k 21x 20_ k 31x 3 0 )/(A 1- A 2 )
In a s im i la r  w ay ,

C12 = ( _ ^ '1 x 10+ -^1CE+ K 1x 10_ k 21X20_ k 31X20) /( -^2- -^1*

C2 i  = (—A 2x 2o+-^2 Ce k i 2x io + K 2x 2o)/(-^' l A 2 )

C22 = A ' ]x 2o+ '^'1GE—k 12x 10+ ^ 2x20^ ^ 2_ ^ l  ^

C31 = (_ ^-2X30+^ 2 CE_ k 13x 10_ k 23x 20+K 3x 30) / ( ^ 1 _ -^2)

C32 = (~ ^ '1 x 30+ -^1CE- k 13x 10_ k 23x 20+ K 3x 3 0 ^ ('^2 - -^1)

In  case rad io  iso tope  is o n ly  present in the  p h y to p la n k to n  r ig h t  at th e  sta rt  o f  th e  e x pe r im en t  
(so if  x -]0 =  0  anc* x 30  =  0 ), m an y  te rm s  in these equat ions  become zero and th e  e q ua t ions  
then  resemble  the  ones l is ted b y  C O N O V E R  &  F R A N C IS  (1973 ; th e i r  Tab le  1 ).
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