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Tracer kinetics in D a p h n i a : an improved 
two-compartment model and experimental test 

B y W I N F R I E D L A M P E R T a n d W I L F R I E D G A B R I E L 

W i t h 7 figures and 4 tables in the text 

Abstract 

A n improved two-compartment model for the kinetics of uptake and release of a 
radioactive tracer in small aquatic animals is presented. Parameters of the model are es-
timated from experimental results for D . magna fed high and low concentrations of 
, 4 C-label led algae. The relative size of the "metabol ic " pool appears to be independent 
of the food concentration (1.6% of body carbon). The model predicts the "apparent" 
metabolic rate measured when homogeneously labelled animals are fed algae differing 
in specific activity f rom the animal itself. A linear relationship is found for the de-
pendence of the apparent metabolic rate on the specific activity of the food. The slope 
of this characteristic increases w i t h the concentration of food. M o d e l predictions are 
tested experimentally. A s predicted and experimental results agree very wel l , we 
assume that the model is a reasonable description of the kinetics of the tracer. Approx-
imations are given for the model equations. The model can be used to calculate correct 
metabolic rates of feeding animals f rom radiotracer experiments. 

Introduction 

T e n years ago C O N O V E R & F R A N C I S (1973) c r i t i c a l l y r e v i e w e d the use of 

radioisotopes b y ecologists . T h e y u r g e n t l y w a r n e d that i g n o r i n g the t h e o r y of 

tracer k ine t i cs ( A T K I N S 1969) m i g h t cause considerable e r r o r i n the results 

f r o m studies o f u p t a k e o r e x c r e t i o n b y aquatic an imals (SMITH & H O R N E R 

1981) . B u t despite extensive use o f radiotracers i n exper iments o f this k i n d , 

the consequences o f these a u t h o r s ' w a r n i n g are s t i l l n o t rea l ized b y m a n y re-

searchers. 

C O N O V E R & F R A N C I S (1973 ) p o i n t e d o u t p a r t i c u l a r l y that , w i t h respect to 

uptake a n d release of a tracer, i t is h i g h l y unrea l i s t i c to cons ider an a n i m a l to 

be a single c o m p a r t m e n t w i t h instantaneous m i x i n g . T h e r e is increas ing 

evidence that at least 2 p o o l s are necessary to adequately describe the behav-

i o u r of the tracer, a s m a l l i n t e r m e d i a t e ' * m e t a b o l i c ' ' p o o l a n d a larger 

" s t r u c t u r a l " p o o l ( C O N O V E R 1 9 6 1 ; PETERS & R I G L E R 1973 ; B R A N D L & F E R ­

N A N D O 1975 ; L A M P E R T 1 9 7 5 ; S C H I L L E R et a l . , 1977 ; T A Y L O R & L E A N 1981) . 

It is easy to demonstra te q u a l i t a t i v e l y that tracer k ine t i c s must be c o n s i d -

ered v e r y care fu l ly w h e n an e x p e r i m e n t w i t h radio iso topes is designed. H o w -

ever, there is a lack o f quant i ta t ive I n f o r m a t i o n about the poss ib le ränge o f 

1 Archiv f. Hydrobiologie, Bd. 100 
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errors . I n this paper w e d e v e l o p an e x a m p l e t o s h o w h o w the Interpreta t ion 

of the results o f tracer e x p e r i m e n t s can be i m p r o v e d b y u s i n g a m o r e realist ic 

mathemat i ca l m o d e l . O u r e x a m p l e is the measurement o f absolute values o f 

resp i ra t ion b y the r a d i o c a r b o n m e t h o d as p r o p o s e d b y S O R O K I N (1968) . 

Parameters o f an energy budget o f an aquatic a n i m a l are of ten est imated 

b y v e r y di f ferent m e t h o d s , e. g. energy i n t a k e is measured b y u s i n g 1 4 C - l a -

bel led mater ia l , g r o w t h b y increase i n d r y w e i g h t , and m e t a b o l i c losses b y 

o x y g e n c o n s u m p t i o n . T o establish a balance a l l the measurements must be 

conver ted t o the same u n i t s . D i f f e r e n t c o n v e r s i o n factors must be a p p l i e d a n d 

thus m u c h u n c e r t a i n t y is i n t r o d u c e d . M e a s u r i n g a l l the parameters o f the 

budget i n the same u n i t s , e. g. i n terms o f c a r b o n , c o u l d e l i m i n a t e this source 

of u n c e r t a i n t y . T h e n , a s s i m i l a t i o n c o u l d be measured b y c a r b o n - 1 4 , g r o w t h as 

increase i n c a r b o n , a n d m e t a b o l i c losses as p r o d u c t i o n o f c a r b o n d i o x i d e 

( L A M P E R T 1983) . U n f o r t u n a t e l y , m o n i t o r i n g s m a l l changes o f C 0 2 i n a buf-

fered aquaeous System is d i f f i c u l t . O n the o t h e r h a n d , the measurement o f the 
1 4 C 0 2 Output o f label led an imals ( S O R O K I N 1968) p r o v i d e s a v e r y sensit ive a n d 

c o n v e n i e n t m e t h o d o f e s t i m a t i n g m e t a b o l i c losses. T o calculate C O 2 f r o m the 

excreted r a d i o a c t i v i t y , the specif ic a c t i v i t y o f the e x p i r e d C 0 2 must be de-

t e r m i n e d . T h i s requires t r a n s f e r r i n g the an imals i n t o c a r b o n d i o x i d e free 

water a n d h a n d l i n g t h e m repeatedly. E x t e n s i v e h a n d l i n g can be a v o i d e d a n d 

the p r o c e d u r e s i m p l i f i e d i f the an imals are label led h o m o g e n e o u s l y . In this 

case one can assume that the specif ic a c t i v i t y ( d p m / m g C ) o f the e x p i r e d C O 2 

equals the specif ic a c t i v i t y o f the a n i m a l . A c c o r d i n g to S O R O K I N (1968) , one 

advantage o f the r a d i o i s o t o p e m e t h o d is that the an imals can be fed u n l a b e l l e d 

f o o d d u r i n g the e x p e r i m e n t . B u t w h e n a label led a n i m a l assimilates u n l a ­

bel led c a r b o n , its m e t a b o l i c p o o l is d i l u t e d a n d the specif ic a c t i v i t y o f the p o o l 

is decreased: hence, the specif ic a c t i v i t y o f the e x p i r e d C O 2 w i l l be reduced, 

causing an underes t imate o f the m e t a b o l i c losses. S O R O K I N (1968) tries to c o m -

pensate f o r that r e d u c t i o n i n specif ic a c t i v i t y b y u s i n g the a r i t h m e t i c mean o f 

the specific a c t i v i t y o f C 0 2 before a n d after the e x p e r i m e n t . T h i s is, o f course , 

a l a b o r i o u s p r o c e d u r e . T h e p r o b l e m can be s o l v e d w h e n h o m o g e n e o u s l y la­

bel led animals are p r o v i d e d w i t h label led f o o d o f exact ly the same specif ic ac­

t i v i t y as the a n i m a l . I n th is case the measured Output o f 1 4 C 0 2 is a t rue i n d i c a -

t i o n o f the m e t a b o l i c losses. A n y V a r i a t i o n o f the specif ic a c t i v i t y o f the f o o d , 

h o w e v e r , w i l l change the o u t p u t o f , 4 C 0 2 , a n d thus p r o d u c e an e r r o r . T h e 

metabol i c rate w i l l be underes t imated i f the specif ic a c t i v i t y o f the f o o d is t o o 

l o w and w i l l be overes t imated i f it is t o o h i g h . 

In a recent r e v i e w K R Y L O V (1980) suggests that better k n o w l e d g e o f the 

tracer k ine t i c s is needed to solve these e x p e r i m e n t a l p r o b l e m s . T h i s s t u d y has 

been in i t ia ted to q u a n t i f y the poss ible errors i n t r o d u c e d b y the inadequate use 

o f the tracer and to give advice o n h o w these errors can be correc ted . I n the 

b e g i n n i n g w e f o r m u l a t e a m a t h e m a t i c a l m o d e l d e s c r i b i n g the t i m e course o f 
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the specif ic a c t i v i t y i n the di f ferent p o o l s . T h e n w e estimate the parameters of 

the m o d e l f r o m feeding e x p e r i m e n t s w i t h D a p h n i a magna. T h e m o d e l w i t h 

k n o w n p o o l sizes a n d transfer rates a l l o w s p r e d i c t i o n s o f the o u t c o m e o f inde-

pendent e x p e r i m e n t s . W e predic t the " a p p a r e n t m e t a b o l i c r a t e " f o r di f ferent 

c o n d i t i o n s w h e n the specif ic a c t i v i t y o f the f o o d does n o t equal that o f the 

a n i m a l . T h e p r e d i c t i o n s are s u p p o r t e d b y e x p e r i m e n t a l d e t e r m i n a t i o n o f 

these apparent m e t a b o l i c rates. F i n a l l y , w e use the m o d e l to estimate the 

ränge o f poss ible er rors f o r c o n d i t i o n s n o t tested e x p e r i m e n t a l l y . 

The model 

O u r m o d e l , F i g . 1, is based o n the s i m p l e t w o - c o m p a r t m e n t m o d e l ( L A M ­

PERT 1975) w h i c h descr ibed reasonably w e l l the , 4 C t u r n o v e r i n D a p h n i a p u l i -

caria. It is a s i m p l i f i c a t i o n o f the 4 - c o m p a r t m e n t m o d e l b y C O N O V E R & 

F R A N C I S (1973) d e r i v e d b y o m i t t i n g the " w a t e r " a n d " f o o d " p o o l s u n d e r the 

a s s u m p t i o n that the water p o o l (here the s u r r o u n d i n g s o f the an imal ) is large 

e n o u g h t o a v o i d a n y feedback to the f o o d p o o l . T h e f o o d is assumed to be re-

p l e n i s h e d , so that the p o o l size is not changed. 

Sj and S2 are relat ive p o o l sizes o f the " m e t a b o l i c " ( p o o l 1) a n d the 

" s t r u c t u r a l " ( p o o l 2) p o o l s , respect ive ly . T r a n s f e r rates are label led Q . T O 

estimate the parameters o f the earl ier m o d e l ( L A M P E R T 1975), some l i m i t i n g as-

s u m p t i o n s w e r e necessary: 

T h e t i m e after i n j e c t i o n o f the tracer t o p o o l 1 was shor t , so that the spe­

c i f i c a c t i v i t y o f p o o l 2 r e m a i n e d l o w a n d the feedback o f tracer v i a Q 2 \ 

"Structural" 

Pool 

S 2 

P21 

»01 

9 « 

"Metabolie" 
Pool 

S1 '10 

Fig. 1. Graphical representation of the two-compartment model. P o o l sizes are labelled 
(S) and transfer rates ( Q ) . The "s t ructura l " pool is much larger than the "metabol ic" 
pool . The model represents a daphnid swimming in a very large environment from 
which it extracts food and into w h i c h it releases C O 2 . Then Q O I is the rate of carbon as-
similation, Q\O is the metabolic rate (rate of C 0 2 - p r o d u c t i o n ) , and Q\2 and £21 are rates 

of carbon exchange between the pools (see also appendix). 
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c o u l d be neglected. Si a n d S 2 r e m a i n e d constant , i . e. g r o w t h o f the a n i m a l 

was negl ig ib le . F i n a l l y , the rate o f r e s p i r a t i o n Q 1 0 was not measured, but 

was t a k e n f r o m the l i terature . Because o f considerable v a r i a b i l i t y o f the l i -

terature data, examples o f transfer rates w e r e calculated f o r di f ferent re­

s p i r a t o r y rates. 

U s i n g the data presented b y L A M P E R T (1975), U M N O V (1980) f o r m u l a t e d a 

n e w m o d e l based o n di f fe rent ia l equat ions . B u t even this m o d e l has some 

s h o r t c o m i n g s ( G A B R I E L , i n prep. ) . T h e m o d e l presented here is i m p r o v e d , so 

that the System is a l l o w e d t o g r o w a n d the feedback f r o m p o o l 2 to p o o l 1 is 

considered. T h e transfer rates Q { 2 and Q 2 \ are es t imated b y the m o d e l ; Q O X and 

Q\o have b o t h been determined experimentally. 

T o estimate the respiratory rate f r o m 1 4 C 0 2 Output, w e Start w i t h a 

h o m o g e n e o u s l y label led System. W e relate a l l specif ic act ivit ies to the i n i t i a l 

rat io o f 1 4 C to , 2 C (relative specif ic activity 1). T h e n the relat ive specif ic ac t iv i ­

ties o f the p o o l s are 

a, (t = 0) = 1 
a 2 ( t = 0) = 1 

Because the m o d e l o n l y a l l o w s f o r C 0 2 e x c r e t i o n f r o m the m e t a b o l i c 

p o o l , the relat ive specif ic a c t i v i t y o f C 0 2 w i l l a lways equal aj . In o r d e r to get 

detectable levels o f excreted 1 4 C 0 2 , this must have a c c u m u l a t e d i n the water 

for some t i m e . If i n g e s t i o n o f f o o d o f the dif ferent specif ic act ivit ies Starts at 

t = 0, t h e n the relat ive " a p p a r e n t " rate o f m e t a b o l i s m ( R A R M ) a p p r o x i m a t e s 

the mean o f ai d u r i n g the p e r i o d o f a c c u m u l a t i o n f r o m the e q u a t i o n 
At 

R A R M = — [ ai (t)dt (1) 

T h e t i m e course o f specif ic act ivit ies can be descr ibed b y the f o l l o w i n g 

System o f d i f fe rent ia l equat ions ( for d e r i v a t i o n see a p p e n d i x ) : 

= 7" [(ao - ai) eoi + (a 2 - a,) Q 2 \ ] (2) 
dt 5i 

^ - £ ( » . - » 2 ) 0 (3) 

T h e change o f the relat ive specif ic a c t i v i t y o f a p o o l w i t h t i m e is inverse ly 

p r o p o r t i o n a l to the p o o l size but p r o p o r t i o n a l to the i n p u t rates and the 

actual gradient o f specif ic act ivi t ies . 

T h o u g h p o o l sizes m a y change w h e n the a n i m a l g r o w s , w e feel it is 

reasonable to assume that the ra t io S i : S 2 r emains constant o v e r the shor t t i m e 

intervals used i n these e x p e r i m e n t s . A s the a m o u n t o f c a r b o n reta ined i n the 

a n i m a l is de f ined as the dif ference o f a s s i m i l a t i o n a n d r e s p i r a t i o n , the transfer 

rates Q 0 \ , Q I 2 , g 2 i , a n d Q \ 0 are n o t independent . T h e y are c o n n e c t e d as f o l l o w s 

(see appendix ) : 
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e i 2 = - — ^ ( e o i - eio) + 62 i (4) 
02 + J\ 

Experimental material and methods 

A l l experiments for the estimation of parameters of the model and for the test of 
the predictions were carried out w i t h D a p h n i a magna of 0.25 to 0.35 mg individual dry 
weight (0.12—0.15 mg C ) . The food was Scenedesmus acutus grown in a chemostat as de-
scribed by L A M P E R T (1976). F o o d suspensions of appropriate densities (low: 0.1 mg 
C • l i t e r " 1 , 2.8 x 10 3 cells m l - 1 ; high: 1.5 mg C • l i t e r " 1 , 4.2 x 10 4 cells m l - 1 ) were pre-
pared by diluting stock suspensions w i t h membrane filtered lake water. Particular 
carbon concentration of the stock was estimated by measuring the light extinction 
(800 nm) in a photometer, using a previously established calibration curve. 

Algae were labelled w i t h 1 4 C-sodium-bicarbonate in a closed Erlenmeyer flask 
under fluorescent light w i t h gentle shaking overnight ( L A M P E R T 1977). Daphnids were 
labelled w i t h 1 4 C-label led Scenedesmus. 10—20 new-born animals were placed i n t o 

stoppered glass bottles completely filled w i t h about 1.2 liter of food S u s p e n s i o n (2 mg 
C • l i t e r - 1 ) . The specific activity of the food was adjusted by diluting w i t h unlabelled 
algae to 3.2 x 10 6 dpm per mg C . T o prevent S e d i m e n t a t i o n of the algae the bottles 
were placed on a tissue culture apparatus which rotated them along their long axis once 
a minute. The daphnids were transferred to fresh food S u s p e n s i o n every second day. 
T o ensure that they became homogeneously labelled, the food was always carefully ad­
justed to the same specific activity (i. e. 3.2 x 10 6 dpm per mg C) . Animals were as-
sumed to be uniformly labelled after about 8—10 days, at which time they had their 
second clutch of young and were used in the release experiments. That they were well 
fed under these conditions was demonstrated by the large numbers of eggs they car­
ried. 

Rates of carbon assimilation and respiration were measured simultaneously. 7—8 
unlabelled D . magna were placed into glass stoppered bottles of 300 m l wi th 1 4 C - l a -
belled algal Suspension. After 4 hours the label retained in the animals and the 1 4CC>2 
excreted were determined. The sum of both yielded the assimilation rate. Oxygen con-
sumption was measured in the same bottles by a membrane electrode and converted to 
CC>2-excretion to estimate the respiratory rate. A wide ränge of food concentrations 
was tested in this way (BOHRER & L A M P E R T , in prep.) but only the rates for 0.1 mg C • l i ­
ter" 1 and 1.5 mg C • l i ter" 1 were used for this study. 

The increase of , 4 CC>2 Output by previously unlabelled D a p h n i a fed labelled food 
was measured for the estimation of pool sizes. 8 unlabelled daphnids of 2.7 m m average 
size were placed into glass stoppered bottles w i t h labelled food Suspension for different 
periods of time. 100 ml bottles were used for the 20 and 40 min . runs, 300 ml bottles for 
the longer periods (1, 1.5, 2, 3, and 4 hours). Controls without animals were run simul­
taneously. The bottles were incubated for every time interval in a temperature con-
trolled waterbath (20 °C) under weak i l lumination. A t the end of the experimental 
time, each bottle was opened and two 15 m l subsamples were withdrawn by a syringe. 
The subsamples were transferred to vials containing 0.1 ml N N a O H . 10 ml of each 
sample were filtered through a 0.45 /im membrane filter. The filter was dissolved in a 
special cocktail (Filtercount, Packard) and counted in an L S C . 3 m l of the filtrate was 
pipetted into a scintillation vial and mixed wi th a water absorbing fluor (Picofluor, 
Packard) which had been enriched w i t h 5 % of a C0 2 -absorbant (Carbosorb, Packard) 
to avoid losses of 1 4 CC>2. Samples treated in this way were stable for many days. The 
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remaining 7 ml of filtrate were acidified by 0 .2 ml of N H C l and bubbled with air for 
10 minutes to remove the C O 2 . Then another 3 ml was mixed w i t h the fluor. The dif-
ference of radioactivity before and after acidification was considered to be 1 4 C 0 2 - T o 
measure the initial value of 1 4CC>2, the food Suspension was treated in the same way 
when the bottles were filled at the beginning. 

The animals were poured through a sieve, rinsed, narcotized in carbonated water, 
flushed into a petri dish containing a few drops of formalin and transferred imme-
diately into weighed aluminum Containers. They were dried at 102 °C for two hours, 
cooled in a desiccator, and weighed to the nearest /ig on an electro balance. After 
weighing, the dry animals were transferred to a scintillation vial , wetted wi th a drop of 
distilled water, and incubated at 6 0 ° C overnight w i t h 1 ml of tissue solubilizer (So-
luene 3 5 0 , Packard). The cool samples were counted wi th a toluene cocktail . 

Controls without animals were used to measure the , 4CC>2 excretion of the algae. 
The controls were corrected for the number of algae consumed by the animals in the 
experimental bottles. The number of algae at the end of the experiment in the bottles 
wi th animals and in the controls was estimated f rom the radioactivity of the membrane 
filters. It was assumed that the rate of 1 4 C-excret ion per alga was constant and was the 
same in the experimental bottles and in the controls. A l s o the per capita loss rate of 
algae in the animal bottles was assumed to be constant resulting in an exponential de-
crease of the algal number. Therefore, the fo l lowing correction was applied: 

1 4 C 0 2 c o n t r o l (corr.) = - ^ - [ l - e x p ( - K t ) ] ( C c - Q ) + Q 
K. • t 

K = - l n ^ 
t F a 

where: C c and Q are the concentrations of 1 4CC>2 in the controls and in the initial 
Suspension; F c and F a are the radioactivity of the filters f rom the controls and the 
bottles w i t h animals. 1 4CC>2 excretion in the controls never exceeded 3 0 % of the ani­
mal bottles. Reduction of food in the animal bottles was usually in the order of 2 0 %. 

The ability of the algae to re-incorporate 1 4CC>2 under the d im light conditions 
was tested. Daphnids were fed labelled algae overnight. The Suspension was then f i l ­
tered, and the filtrate containing 1 4CC>2 and labelled D O C was used to make up a new 
S u s p e n s i o n w i t h unlabelled algae. After 4 hours under the e x p e r i m e n t a l conditions, the 
algae were filtered on a membrane filter and their radioactivity was measured. The 
uptake did not exceed 2 %, thus this possible error was neglected. 

These experiments yielded a time series of measurements of , 4 C incorporated into 
the animal and , 4CC>2 excreted. The sum of the two measures estimated the amount of 
carbon assimilated. The respired I 4 C was then expressed as percentage of total assim-
ilated , 4 C . However , the radioactivity retained in the animal may be partly due to un-
digested food contained in the gut which is not yet assimilated. This error is assumed 
to be small because of the high assimilation efficiency our daphnid exhibits on a diet of 
Scenedesmus. A regression on the uptake of 1 4 C in time (see L A M P E R T 1977) at high food 
concentration shows only a small intercept representing the material in the gut. If the 
animals were allowed to clear their guts at the end of the experiments to remove the 
undigested material, they w o u l d lose additional , 4 C from the metabolic pool by the 
mechanisms discussed in the introduction. This loss f rom the metabolic pool would 
probably introduce a much greater error than the one caused by assuming that all the 
radioactivity contained in the animal represents assimilated carbon. The error in­
troduced by assuming that all the radioactive material was assimilated is more impor-
tant during the shorter experimental periods. 
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Homogeneously labelled animals were used to test the predictions of the model. 
Food suspensions of varying specific activity were prepared by mixing labelled and un­
labelled algae. Specific activities ranged from 0 to more than twice the value of the 
animals. Experiments lasted 4 hours. Samples of food Suspension and animals were 
treated as described above. Rates of , 4 C 0 2 - o u t p u t were calculated as % of b o d y - l 4 C . 
W h e n an animals and its diet are of exactly the same specific activity, this must reflect 
the true respiratory rate. Therefore, all the "apparent" metabolic rates obtained with 
food of a defined specific activity are given relative to the "ideal condit ions" . 

Parameter estimation 

Because the rates o f transfer are related t o each other as in (4) and (Si + S 2 

= 1) and because goi and Q\o can be measured directly, the System o f differ­

ential equations (2) and (3) contains only 2 unknown parameters, e. g. Si and 

Q 2 \ . These parameters can be estimated from experimental data. W e measured 

the average ratio o f respired to assimilated 1 4 C (E) for different periods o f time 

(At ) . Resul ts o f these measurements are presented in F i g . 2. 

30 

i i i 1 
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Fig. 2. Experimentally determined fraction of the assimilated 1 4 C which was excreted 
as , 4 C 0 2 after different periods of time. Unlabelled D . m a g n a were fed labelled Scene­
desmus at high (H) and low (L) concentration. Lines are the results of a least-squares fit 

(see text). 
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T h e m e a n ra t io f o r a g i v e n p e r i o d o f t i m e is: 
Atj 

E i = _L[£ i ( lk io d t ( 5 ) 

A t j l eo i 

A s the d a p h n i d s i n o u r exper iments w e r e u n l a b e l l e d at the b e g i n n i n g , but 

the f o o d was labe l led , w e h a d the f o l l o w i n g i n i t i a l c o n d i t i o n s : 

ao = 1 
a, (t = 0) = 0 
a 2 ( t = 0) = 0 

B y n u m e r i c a l i n t e g r a t i o n o f (2) a n d (3) the c o r r e s p o n d i n g values of the 

m o d e l (Tj) can be calculated as f u n c t i o n s of the parameters Si a n d Q 2 \ . T h e n 

these parameters can be est imated b y a least Squares f i t , i . e. b y m i n i m i z a t i o n 

of 

x 2 = ^ [ £ i - T i ( y , - s , ) ] 2
 ( 6 ) 

(aj 2: variance of Ei) 

w i t h respect to Q21 a n d S i . T h e m i n i m i z a t i o n is independent o f ox if , as i n the 

exper iments presented, the absolute errors are a p p r o x i m a t e l y ident i ca l at al l 

measur ing p o i n t s . F i g . 2 s h o w s h o w w e l l the f i t ted l ines a p p r o x i m a t e the ex­

p e r i m e n t a l results. H a v i n g est imated Si and Q 2 \ w e k n o w al l the parameters 

of the m o d e l . T h e y are l is ted i n T a b l e 1. 

T w o c o m p l i c a t i o n s must be cons idered : 

F i r s t , 0.1 m g C - l i t e r " 1 is b e l o w the i n c i p i e n t l i m i t i n g level c o n c e n t r a t i o n . 

T h u s the inges t ion rate depends o n the c o n c e n t r a t i o n o f f o o d . A closed 

System was r e q u i r e d to estimate the parameters e x p e r i m e n t a l l y . C o n s e -

q u e n t l y , the c o n c e n t r a t i o n o f algae decreased d u r i n g the exper iments . T h e r e -

fore, Q01 and Q\o a n d also Q 2 X v a r y w i t h t i m e . T h e n u m e r i c a l values g iven i n 

T a b l e 1 were calculated w i t h the est imated mean f o o d c o n c e n t r a t i o n d u r i n g 

Table 1. Parameters of the two-compartment model (cf. F ig . 1) of D . m a g n a , as deter­
mined for low and high concentration of food. P o o l sizes (S) in % of total body carbon; 

transfer rates (Q) in % of body carbon per hour. 

Model Algal concentration Mode of 
parameter ( m g C - l i t e r - 1 ) determination* 

0.1 1.5 

Si 1.6 1.6 p f 

s2 98.4 98.4 c 

Q01 0.665 2.25 m 
0.4 0.8 m 
1.22 1.76 c 

Q u 0.96 0.33 p f 

* pf = least-squares-fit; c = 
calculated; m = measured 



Tracer kinetics in D a p h n i a 9 

the e x p e r i m e n t a l p e r i o d . W e also est imated the parameters by a l l o w i n g the 

transfer rates t o v a r y w i t h t i m e . T h e differences between the results o f this 

c a l c u l a t i o n a n d the c a l c u l a t i o n w i t h the means w e r e negl ig ib le . T h u s w e pres-

ent o n l y the latter values. 

S e c o n d , at the h i g h f o o d c o n c e n t r a t i o n the gut of the animals is densely 

p a c k e d w i t h u n l a b e l l e d f o o d at the b e g i n n i n g o f the e x p e r i m e n t , w h e n inges-

t i o n o f label led f o o d Starts. H e n c e , the gut acts l i k e an a d d i t i o n a l s m a l l p o o l , 

p r e c e d i n g the " m e t a b o l i c " one . If th is c o m p l i c a t i o n is n o t i g n o r e d , ao be-

comes t i m e dependent . W e can a p p r o x i m a t e this Situation b y a d d i n g a t h i r d 

d i f ferent ia l e q u a t i o n (7) to the System (2) (3): 

^ = l ( a F - a o ) e o , (7) 
dt bo 

w h e r e aF is the specif ic a c t i v i t y o f the f o o d a n d So the p o o l size represent ing 

the gut content . B y f i t t i n g s i m u l t a n e o u s l y f o r So, S i , and Q 2 \ a p o o l size S 0 = 

0.34 % o f to ta l c a r b o n is o b t a i n e d . T h i s a p p r o x i m a t i o n assumes that f o o d en­

t e r i n g the gut mixes ins tantaneous ly w i t h the gut content . H o w e v e r , w h e n la­

bel led f o o d enters the fore gut , o n l y part o f it is m i x e d b y peristalsis , whereas 

u n l a b e l l e d f o o d is defecated at the same t i m e . T h e p r o b l e m appears o n l y at 

the h i g h f o o d c o n c e n t r a t i o n . If the same p r o c e d u r e is car r ied out f o r 0.1 m g 

C • l i t e r - 1 , So is n o t s i g n i f i c a n t l y di f ferent f r o m z e r o . 

T h e t i m e course o f the specif ic act ivit ies o f p o o l s 1 and 2 (ai and a 2) is pre­

sented i n F igs . 3 and 4. D u r i n g the first 4 h o u r s a 2 changes o n l y v e r y l i t t l e . If, 

as an a p p r o x i m a t i o n , w e cons ider a 2 = 0, w e are able to integrate the diffe­

rent ia l e q u a t i o n (1). F o r the i n i t i a l c o n d i t i o n s ao = 1 a n d a t (t = 0) = 0 we 

o b t a i n the f o l l o w i n g e q u a t i o n : 

a,(t) = • Qoi l - e x p - — ( e o i + Q2>)t (8) 

T h e results o f this a p p r o x i m a t i o n are i n c l u d e d i n the f igures. A t the l o w 

f o o d c o n c e n t r a t i o n ( F i g . 3) the a p p r o x i m a t i o n comes v e r y close to the exact 

S o l u t i o n . A t the h i g h f o o d level ( F i g . 4), the d e v i a t i o n is due t o the effect o f 

the i n i t i a l l y f i l l e d gut [ E q u . (7)]. B y this c o m p l i c a t i o n a delay i n the t i m e 

course of ai is p r o d u c e d . 

Prediction of the "apparent" rate of metabolism and experimental 
test 

K n o w i n g a l l the parameters o f the equat ions (2) a n d (3) w e can t r y to pre-

dict the results o f independent e x p e r i m e n t s . C o m i n g back t o the i n i t i a l 

p r o b l e m , w e ask: W h i c h " a p p a r e n t " rate o f C 0 2 e x c r e t i o n w i l l w e measure if 

the specific a c t i v i t y o f the f o o d a n d o f the label led animals are n o t identical? 
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1 2 3 
T I M E ( H O U R S ) 

Fig. 3. M o d e l estimation of the time course of the specific activities in the "metabol ic" 
(solid line) and the "s t ructura l " (broken line) pool for low food concentration, using 
the parameters listed in Table 1. Specific activities are given relative to the specific acti­
vity of the food. The dotted line indicates the results of the calculations by the approxi­

mative equation (8). 

W e integrate the System o f d i f fe rent ia l equat ions (2) a n d (3) w i t h the i n ­

i t ia l c o n d i t i o n s ai (t = 0) = a 2 (t = 0) = 1 a n d calculate the relat ive apparent rate 

o f m e t a b o l i s m ( R A R M ) f r o m e q u a t i o n (1). T h e p e r i o d o f accumula ted M C 0 2 

is set at 4 h o u r s . T h e specif ic a c t i v i t y o f the f o o d (ao) varies f r o m 0 (unlabe l led 

food) to 2.5 (2.5 t imes specif ic a c t i v i t y of the animals) . 

T h e m o d e l predic ts a l inear r e l a t i o n s h i p be tween the relat ive specif ic ac­

t i v i t y o f the f o o d a n d the R A R M ( F i g . 5). W h e n the specif ic a c t i v i t y of the 

f o o d is 0, the R A R M is 69 % at the l o w a n d 25 % at the h i g h f o o d concentra ­

t i o n . T h u s , the measurements y i e l d a serious u n d e r e s t i m a t i o n . 

A f t e r p r e d i c t i n g the apparent rate, w e tested the m o d e l b y m e a s u r i n g the 
l 4 C 0 2 Output w i t h f o o d o f di f ferent specif ic a c t i v i t y . T h e measured p o i n t s 

have been added t o F i g . 5. T h e y agree v e r y w e l l w i t h the p r e d i c t e d ones. 

Slopes a n d intercepts o f the p r e d i c t e d l i n e a n d l inear regressions f o r the meas­

ured results are c o m p a r e d i n T a b l e 2. F r o m the excel lent agreement w e c o n -

clude that o u r m o d e l describes the b e h a v i o u r o f the tracer i n D a p h n i a m a g n a 

reasonably w e l l . 
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Further calculations 

F o r prac t i ca l purposes it m i g h t be useful to k n o w the s lope o f the l ine re-

la t ing the relat ive specif ic a c t i v i t y o f the f o o d a n d the R A R M f o r concentra-

t ions o f f o o d o t h e r t h a n the t w o tested here. T h e r e f o r e , w e w i l l have to inter-

polate be tween the f o o d c o n c e n t r a t i o n s . A s the relat ive p o o l sizes d o not 

change w i t h the f o o d c o n c e n t r a t i o n (cf. T a b l e 1) and Q 0 \ a n d Q \ 0 are k n o w n , 

o n l y Q 2 \ has to be d e t e r m i n e d f o r the c a l c u l a t i o n o f the R A R M . A c c o r d i n g to 

E q u . (5) o n l y one measured p o i n t (E) is needed because the System of differ­

ent ia l equat ions has o n l y o n e degree o f f r e e d o m left. T h e i n c i p i e n t l i m i t i n g 

level c o n c e n t r a t i o n f o r D a p h n i a magna ingest ing Scenedesmus at 20 ° C is 

about 0.3 m g C • l i t e r " 1 . A s s i m i l a t i o n rate a n d m e t a b o l i c rate d o n o t change i n 

the ränge f r o m 0.3 to 1.5 m g C • l i t e r - 1 ( B O H R E R & L A M P E R T , i n prep. ) . H e n c e , 

E must be constant i n th is ränge. B e l o w the i n c i p i e n t l i m i t i n g level w e assume 

a l inear increase o f E ( A t = 4 hours ) f r o m 0.1 m g C / l ( E = 0.191) to 0.3 m g 

C / l ( E = 0.25) (cf. F i g . 2). U s i n g E a n d the respective measured values of Q 0 \ 

and Qio, Q u was f i t ted , so that the R A R M c o u l d be calculated [ E q u . (1)]. T h e 

n u m e r i c a l values of the R A R M w h i c h reflect the degree o f u n d e r e s t i m a t i o n 
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0.5 1.0 1.5 2.0 
RELATIVE SPECIFIC ACTIVITY 

2.5 

Fig . 5. Effect of the specific activity of the food on the estimated rate of C O 2 produc-
t ion from homogeneously labelled daphnids. Specific activities of the food are given re­
lative to the animals (1.0). Relative apparent rates of metabolism ( R A R M ) are related 
to the correct rate measured when the food has exactly the same specific activity as the 
animals (1.0). Deviations of R A R M away f rom one, therefore, reflect the degree of un-
derestimation or overestimation. Lines represent model predictions (not regressions!). 
Points are results of the experimental test. Parameters of the regression equations on 
the experimental values are given in Table 2. (dots 1.5 mg C - l i t e r " 1 ; open circles 

0.1 mg C - l i t e r " 1 ) . 

Table 2. Parameters of the linear equation y = a + b • x relating the relative apparent 
rate of metabolism (y) and the specific activity of the food relative to the animals (x) 
(cf. Fig. 5). Comparison of the lines predicted by the model and linear regressions on 

the experimental results. 95 %-confidence limits are given in parentheses. 

Algal M o d e l Experiment 
concentration prediction 
(mg C • l i t e r " ') 

0.1 a 0.693 0.687 (0.050) 
b 0.307 0.311 (0.043) 

1.5 a 0.239 0.241 (0.020) 
b 0.761 0.753 (0.021) 

o r o v e r e s t i m a t i o n o f the correct rate o f m e t a b o l i s m w h e n f o o d o f di f ferent 

specif ic a c t i v i t y is of fered are p l o t t e d i n F i g . 6. 
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RELATIVE SPECIFIC ACTIVITY 

Fig. 6. Interpolation of the characteristics relating the relative specific activity of the 
food to the R A R M for algal concentrations not tested experimentally. Lines are 

predicted by the model for the concentrations (mg C • l i t e r - 1 ) indicated. 

Instead of u s i n g a f it to E , Q 2 \ can be a p p r o x i m a t e d a c c o r d i n g to E q u . (8) 

f r o m the f o l l o w i n g e q u a t i o n : 

Q O I + Q 2 I V 
Si 

A t ( e o i + Q21) 
i - e x p j - J - ( 6 o i + e 2 i ) A t j ^ (9) 

Q21 is o b t a i n e d b y n u m e r i c a l S o l u t i o n o f E q u . (9). N u m e r i c a l values o f Q 2 \ gen-

erated b y this a p p r o x i m a t i o n c o m e v e r y close to the results o f the f i t . 

T h e t i m e p e r i o d o f a c c u m u l a t i o n o f 1 4 C02 i n the e x p e r i m e n t has a 

s t r i k i n g in f luence o n the result . T o q u a n t i f y the e r r o r to be expected w e cal­

culated the R A R M f o r t i m e p e r i o d s o f 1 t o 24 h o u r s , u s i n g the m o d e l param­

eters l isted i n T a b l e 1 ( F i g . 7). W h e n u n l a b e l l e d f o o d is of fered to a label led 

a n i m a l f o r 24 h o u r s at h i g h c o n c e n t r a t i o n , o n l y 13 % of the correct metabol i c 

rate is observed. B u t even after o n l y one h o u r the e r r o r is a lready 45 % . 

F i n a l l y , w e calculated the t i m e needed to label an a n i m a l h o m o g e n e o u s l y , 

again u s i n g the parameters o f T a b l e 1. A t h i g h c o n c e n t r a t i o n s o f f o o d o u r D . 

m a g n a w o u l d need 149 h o u r s to reach 9 0 % of the specif ic a c t i v i t y o f the f o o d 

a n d 297 h o u r s to reach 99 % . A t the l o w c o n c e n t r a t i o n these t i m e per iods are 

m u c h longer (457 h o u r s f o r 9 0 % a n d 914 h o u r s f o r 9 9 % ) . H o w e v e r , the 

transfer rates of T a b l e 1 refer t o adult D . m a g n a . L a b e l l i n g w i l l p r o c e e d faster 
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g l 1 1 1 1 1 1 1 1 1 1 1 1 

0 4 8 12 16 20 24 
DURATION OFTHE EXPERIMENT (HOURS) 

Fig . 7. Model predictions of the effect of prolonged duration of an experiment on the 
R A R M when labelled animals (spec. activity = 1.0) are fed unlabelled food (spec. acti­
vity = 0). Underestimation of the correct metabolic rate increases over time and is 

more pronounced at high (H) than at low (L) concentration of food. 

when it Starts with young animals because these have relatively higher met­
abolic rates. 

W e tested this by raising homogeneously labelled neonates (offspring o : 
labelled animals; 7/ig dry weight) in unlabelled food Suspension (1 mg C • li­
ter"1). E v e r y day some daphnids were removed and their dry weight and ra­
dioactivity were determined. T h e specific activity of the animals decreasec 
rapidly. 1 0 % of the initial value was reached after 78 hours when the 
daphnids had a dry weight o f 47 fig. A 99 % reduction was recorded after 25C 
hours at 320 /ig dry weight per animal. 

Discussion 

T h e model presented here should describe the kinetics of the tracer better 
than the previous one ( L A M P E R T 1975) because growth of the animal and feed­
back from pool 2 to pool 1 were not neglected when the parameters were es­
timated. T h e predictions based on the two-compartment model are in a very 
g o o d agreement with the experimental test. T h u s we assume that for given ex­
perimental accuracy n o further compartments are necessary to describe tracer 
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Table 3. Reported numerical values for the relative size of the "high-turnover" pool of 
different species of Zooplankton (%of total body phosphorus or carbon respectively). 

Species Tracer Relative size of 

"metabol ic" pool 

(%) 

Reference 

Calanus finmarchicus 32p 1.3-6.1 C O N O V E R 1961 

D a p h n i a rosea 32p 2.6 PETERS & R I G L E R 1973 

Mesocyclops edax 1 4 C 3.0 B R A N D L & F E R N A N D O 1975 

D a p h n i a p u l i c a r i a 1 4 C 2.6-3.1 L A M P E R T 1975 

Chydorus sphaericus 1 4 C 3.0 S C H I L L E R et al. 1977 

D a p h n i a magna , 4 C 1.6 This study 

k inet ics i n a D a p h n i a , u n l i k e i n animals w h i c h c o n t a i n an intermediate 

" s t o r a g e " p o o l (STREIT 1975) . 

Trans fer rates r e p o r t e d here are, o f course , o n l y v a l i d f o r the special c o n ­

d i t i o n s , but the p r i n c i p l e seems t o be rather general i n s m a l l aquatic animals . 

P o o l size estimates have been o b t a i n e d i n v e r y di f ferent w a y s , f r o m decrease 

o f label i n the a n i m a l ' s b o d y ( C O N O V E R 1 9 6 1 ; B R A N D L & F E R N A N D O 1975 ; 

SCHILLER et a l . 1977) , appearance of tracer i n the m e d i u m f r o m label led ani ­

mals (PETERS & R I G L E R 1973) , o r increase of tracer Output w h e n p r e v i o u s l y 

unlabe l led animals receive labe l led f o o d ( L A M P E R T 1975 ; this s tudy) . N e v e r t h e -

less, the results are v e r y s i m i l a r (cf. T a b l e 3) . M o r e o v e r , exper iments o f 

G A R D N E R & S C A V I A ( 1 9 8 1 ) d e m o n s t r a t e d a v e r y fast response o f D a p h n i a to 

d e p r i v a t i o n o f f o o d w i t h respect to a m m o n i u m e x c r e t i o n . T h i s m a y be an i n -

d i c a t i o n that a s i m i l a r m o d e l can also be a p p l i e d to n i t r o g e n m e t a b o l i s m . 

W e f o u n d the relat ive size o f the m e t a b o l i c p o o l to be n e a r l y ident ica l 

b e l o w and above the i n c i p i e n t l i m i t i n g level c o n c e n t r a t i o n o f f o o d . T h e rela­

t ive size of p o o l 1, h o w e v e r , i n D . magna is a l i t t le smal ler t h a n the values es­

t imated for o ther species (Tab le 3) . T h i s m i g h t be because o f the large size o f 

the animals , c o m p a r e d to the o t h e r species, o r because the parameters were es­

t imated i n dif ferent w a y s . T h e large size has p r o b a b l y i n f l u e n c e d o t h e r pa­

rameters of the m o d e l , t o o . W e observed that the f r a c t i o n of assimilated 1 4 C 

respired after some p e r i o d o f t i m e was l o w e r at the l o w f o o d c o n c e n t r a t i o n 

(cf. F i g . 2). T h i s effect o f the f o o d c o n c e n t r a t i o n was not f o u n d w i t h smal ler 

species o f D a p h n i a . A c t u a l l y , the f r a c t i o n o f 1 4 C respired after 3 h o u r s was a 

l i t t le h igher at v e r y l o w f o o d c o n c e n t r a t i o n s f o r D . pulex a n d D . p u l i c a r i a 

(Table 4) . W e c a n n o t e x p l a i n this c o n t r a d i c t i o n f r o m o u r data. I n o t h e r ex­

per iments w i t h D . magna ( B O H R E R & L A M P E R T , i n prep. ) , th is r e d u c t i o n was 

not always as p r o n o u n c e d as i n th is s t u d y . Besides the p h y s i o l o g i c a l dif-

ferences between s m a l l a n d large species, there m i g h t be an artifact o f the ex­

per imenta l design i n v o l v e d . T h e r e d u c t i o n o f f o o d i n the bott les is measured 

f r o m the decrease o f r a d i o a c t i v i t y o n the f i l ters . T h i s does n o t p r o v i d e i n -
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Table 4. Fraction of assimilated , 4 C which is excreted as , 4 C 0 2 in experiments of 3 
hours duration, when unlabelled daphnids are fed labelled food. Values are given for al­
gal densities below (0.1 mg C • l i t e r - 1 ) and above (1.5 mg C • l i t e r - 1 ) the incipient 
l imiting level concentration. A l l data from experiments of the authors (partly unpub-

lished). 

Daphnia 
species 

Individual 

dry weight 

(Mg) 

Alga l species Fraction respired 

L o w H i g h 
concn conen 

D . p u l i c a r i a 60 Scenedesmus acutus 0.34 0.30 
D . p u l i c a r i a 60 A s t e r i o n e l l a formosa 0.31 0.27 
D . pulex 35 Scenedesmus sp. 0.29 0.24 
D . pulex 35 Cblamydomonas r e i n b a r d i 0.31 0.26 
D . magna 320 Scenedesmus acutus 0.18 0.24 

f o r m a t i o n o n the q u a l i t y o f the f o o d . A s part o f the f o o d is reingested after de-

fecat ion, the qual i ta t ive effect o f the g r a z i n g m a y be m o r e p r o n o u n c e d t h a n 

the quant i ta t ive one . T h i s artifact w o u l d be m o r e i m p o r t a n t f o r large a n i m a l s 

at l o w c o n c e n t r a t i o n s o f f o o d a n d f o r longer e x p e r i m e n t a l p e r i o d s . 

T a b l e 4 demonstrates that the results o f exper iments w i t h d i f ferent 

daphnids a n d diets give s i m i l a r results. T h e evidence suggests that correc t 

tracer k ine t i cs must be c o n s i d e r e d i n uptake a n d release exper iments . F o r ex-

amples there is a considerable loss o f tracer i n a s s i m i l a t i o n e x p e r i m e n t s . F o r 

reasons discussed i n L A M P E R T (1975) , it is n o t suff ic ient t o refer to S C H I N D L E R 

(1968) w h o d i d n o t f i n d 1 4 C02 losses d u r i n g the first 14 h o u r s o f an e x p e r i ­

ment . F i g . 2 s h o w s that a measurable loss o f tracer m a y o c c u r a lready after 2 0 

minutes i n D . magna, a n d this process m a y even be faster i n an imals w i t h a 

higher m e t a b o l i c t u r n o v e r . 

T h e results o f this s t u d y m a y also he lp t o r e v i v e the measurement o f the 

metabol ic rate o f aquatic an imals b y the m e t h o d o f S O R O K I N (1968) . T h e effect 

of the specif ic a c t i v i t y o f the f o o d o n the results o f such e x p e r i m e n t s is a lready 

k n o w n q u a l i t a t i v e l y . 

F E D O R O V & S O R O K I N ( 1 9 6 7 , c i ted i n C O N O V E R & F R A N C I S 1973) r e p o r t e d 

that feeding a labe l led a n i m a l w i t h a n o n - l a b e l l e d diet reduces the p r o d u e t i o n 

of ,4CC>2. L a b e l l e d b r e a m larvae g iven h i g h e r rat ios o f n o n - l a b e l l e d f o o d ex-

h i b i t e d a l o w e r rate o f 1 4 C - e x c r e t i o n (SOROKIN & P A N O V 1966) . N o w w e have 

some quant i ta t ive i n f o r m a t i o n w h i c h enables us t o calculate the correct met­

abol ic rate. Because it is d i f f i c u l t t o feed animals w i t h f o o d o f exact ly the same 

specific a c t i v i t y , i t is i m p o r t a n t t o k n o w that the r e l a t i o n s h i p be tween the re­

lative specif ic a c t i v i t y o f the f o o d and the apparent m e t a b o l i c rate is l i n e a r 

(F ig . 5). If th is r e l a t i o n s h i p is k n o w n , the measured rate o f 1 4 C02 e x c r e t i o n 

can be correc ted t o the relat ive specif ic a c t i v i t y 1.0. T h e specif ic act ivi t ies o f 

the a n i m a l a n d the f o o d can be measured easi ly . O n l y t w o p o i n t s are nec-
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essary f o r the e x p e r i m e n t a l d e t e r m i n a t i o n o f the c o r r e c t i o n l ine . T h e f irs t 

va lue can be o b t a i n e d b y feeding u n l a b e l l e d f o o d to the a n i m a l (specific act iv­

i t y = 0); the second p o i n t , f r o m the e x p e r i m e n t w i t h label led f o o d . U s i n g t h i s 

m e t h o d w o u l d he lp t o o v e r c o m e p r o b l e m s presented b y factors such as an u n -

k n o w n r e s p i r a t o r y q u o t i e n t . It w o u l d , therefore , a l l o w the parameters o f t h e 

c a r b o n budget f o r aquatic a n i m a l s to be measured m u c h m o r e accurately . 
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Appendix 

D e f i n i t i o n s 

Qik transfer rate f rom i to k (fraction of total carbon per hour) 
Qox rate of carbon assimilation 
Q io rate of CC>2-production (metabolic rate) 

C i total carbon in pool 1 
C2 total carbon in pool 2 

Si = — — l - — relative size of pool 1 
C i + C2 

c - — relative size of pool 2 
C , + C 2 

relative specific activity 
(normalized to some fixed ratio of , 4 C / 1 2 C ) 

ap rel. spec. activity of the food 
ao rel. spec. activity of assimilated carbon 
aj rel. spec. activity of pool 1 
a2 rel. spec. activity of pool 2 

Example: 
for homogeneously labelled animals aj = a2 = 1 

M , = a, • C i j 
M 2 = a 2 • C 2 j 

product of the total carbon of a pool and its relative specific activity 

D e r i v a t i o n o f e q u a t i o n s ( 2 ) , ( 3 ) , a n d ( 4 ) 

F r o m these definitions the fo l lowing equations result for C i , C2, M i , and M2: 

(AI) ^ = ( C i + C 2 ) • (eoi + Q21 - Q12 - öio) 
dt 

( A 2 ) ^ - ( C I + C 2 ) - ( C i 2 - ( ) 2 i ) 

( A 3 ) = ( C i + C 2 ) • (ao • Q01 + a 2 • 021 - * i ' Q\2 - ai • Q10) 
dt 

(A4) ^ = (C , + C 2 ) • (a, • Q n - a 2 • Q 2 \ ) 

2 Archiv f. Hydrobiologie, Bd. 100 
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F r o m the definitions aj = — and a 2 = ^ and using the quotient rule follows: 
C | C 2 

(A5) _ 1 - d M i _ JM_ . d Q 
dt C i dt C j dt 

(A6) ^ = — • _ . ^ 
dt C 2 dt C 2 dt 

By Substitution of (AI ) , (A2), (A3), and (A4) into (A5) and (A6) and by the definitions 
for Si and S 2 , equations (2) and (3) are obtained. 

The assumption — = const. is equivalent to y - f—^ = 0 
C 2 dt \ C 2 / 

therefore, C i • = C 2 • ^7^-
dt dt 

By substituting (AI ) and (A2) and by Solution for Q n and the definitions for Si and S 2 

we obtain equation (4). 

Zusammenfassung 

Das Zwei-Kompart iment-Model l für das Verhalten eines Radiotracers ( 1 4 C ) in 
D a p h n i a ( L A M P E R T 1975) wurde auf der Basis eines Differentialgleichungssystems ver­
bessen und neu beschrieben (Fig. 1). Das neue M o d e l l berücksichtigt den Rückfluß des 
Tracers v o m " S t r u k t u r p o o l " z u m "Stoffwechselpool" und das Wachstum des Tieres. 
Die Modellgleichungen werden mathematisch abgeleitet und Näherungsformeln gege­
ben. 

Die Raten der Kohlenstoffaufnahme und C 0 2 - A b g a b e wurden bei D a p h n i a 
m a g n a experimentell mit der Radiokohlenstoffmethode gemessen (Fig. 2). Die Größe 
des kleinen Pools mit dem hohen Umsatz (Stoffwechselpool) liegt bei niedriger und 
hoher Futterkonzentration bei 1,6% des gesamten Kohlenstoffs. Entsprechend sind 
98,4% i m " S t r u k t u r p o o l " festgelegt (Tabelle 1). 

Das M o d e l l wird eingesetzt, um mögliche Fehler bei der Methode der Messung 
der C0 2 -Abgaberate fressender Daphnien mit H i l f e homogen radioaktiv markierter 
Tiere zu quantifizieren. Es sagt einen linearen Zusammenhang zwischen der scheinba­
ren Rate der C 0 2 - E x k r e t i o n ( R A R M ) und der spezifischen Aktivität des Futters i m 
Verhältnis zum Tier voraus (Tabelle 2, F ig . 5). Erhalten zum Beispiel markierte Daph­
nien für vier Stunden unmarkiertes Futter, so liegt der gemessene Wert der C 0 2 - A b -
gabe bei nur 25 % des tatsächlichen Wertes. 

Die Voraussagen des Modells wurden experimentell überprüft. Die experimentel­
len Daten bestätigen die Modellvoraussagen sehr gut (Fig. 5). Daraus w i r d geschlossen, 
daß das Zwei-Kompart iment-Model l das Verhalten des Tracers im Tier hinreichend 
genau beschreibt, so daß auch Voraussagen über den Einfluß der Futterkonzentration 
und der Fütterungszeit auf die scheinbare C 0 2 - A b g a b e möglich sind. Wenn markierte 
Tiere Futter anderer spezifischer Aktivität fressen, so w i r d der auftretende Fehler 
immer größer, je höher die Futterkonzentration (Fig. 6) und je länger die Fütterungs­
zeit ist (Fig. 7). 

Der lineare Zusammenhang zwischen der Unter- und Uberschätzung der C 0 2 -
Abgaberate und der relativen spezifischen Aktivität des Futters ermöglicht eine einfa­
che Korrektur der Ergebnisse von Stoffwechselmessungen mit radioaktiv markierten 
Tieren, wie sie S O R O K I N (1968) vorgeschlagen hat. Damit sind präzise Messungen der 
C 0 2 - A b g a b e von Wassertieren auch in gepufferten Systemen möglich. 
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A m Beispiel der Messung von C02-Abgaberaten w i r d deutlich gemacht, daß die 
Kenntnis der Kinet ik unbedingte Voraussetzung für die Verwendung radioaktiver Tra­
cer bei physiologischen Experimenten mit aquatischen Organismen ist. Keinesfalls 
kann ein Organismus, wie oft geschehen, als ein einzelnes Kompartiment aufgefaßt 
werden, in dem der Tracer gleichmäßig verteilt w i r d . 
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