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ABSTRACT: Assimilation of selenium in the marine copepod Acartia tonsa, feeding on the diatom 
Thalassiosira pseudonana, was studied using a new dual-label radiotracer ratio method. Copepods were 
fed diatoms labeled with the gamma-emitting isotopes 75Se and 2 4 1 ~ n 1 .  The diatoms had concentrated 
selenite " ~ e  1.1 X lo5 times and 2 4 1 ~ m  2.9 X 105 times out of seawater. Mass balance calculations 
indicated that only about 1 % of the ingested 2 4 1 ~ m  was retained in the copepods after gut evacuation. 
suggesting this isotope as an excellent tracer of bulk ingested material. The assimilation efficiency of 
the ingested 7 5 ~ e  was determined by relating its activity to that of 2 4 1 ~ n 1  in the food and fecal pellets of 
the copepod. The 7 5 ~ e  concentration in the feces was consistently lower than that in the food by over an 
order of magnitude. The assimilation efficiency of selenium in A. tonsa was found to be 97.1 5 1.5 % 
over a series of experiments, and remained constant over feeding periods ranging from 6 to 49.5 h. Mass 
balance calculations of selenium assimilation efficiency gave comparable values to those generated 
with the ratio method. The high assimilation efficiency of selenium in planktonic animals may account 
for its relatively long residence time in surface waters. The application of a dual gamma-emitting 
radiotracer ratio method for determining assimilat~on efficiencies of ingested elements could be readily 
extended to many other elements and animals. 

INTRODUCTION 

Marine zooplankton, by packaging ingested material 
into rapidly sinking fecal pellets, can facilitate the 
vertical transport of elements out of surface waters 
(Angel 1984, Fowler & Knauer 1986, Small et  al. 1987). 
Elements which do not enter the organic cycle, show 
little assimilation in animals, and concentrate in zoo- 
plankton feces have shorter residence times in surface 
waters than elements that are appreciably assimilated 
by planktonic consumers and recycled in organic com- 
pounds (Whitfield & Turner 1987). Therefore, in the 
context of understanding the biogeochemical cycling of 
elements in marine systems, it is important to measure 
the assimilation efficiency of elements by the zooplank- 
ton. Moreover, the assimilation efficiency of a n  element 
can dictate the extent to which it is biologically utiliz- 
able or toxic in an  animal. 

Assimilation efficiencies can be very difficult to 
measure and estimates for specific elements within a 
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species have typically been highly variable. Traditional 
mass balance methods in which ingested and excreted 
material are quantitatively compared include the dif- 
ficult task of trying to collect all of the fecal material, 
which is typically small and subject to mechanical 
destruction. Further, difficulties can arise because fecal 
pellets can also lose some material into the dissolved 
phase (Fisher et al. 1983b). Mass balance methods also 
do not take into account the presence of gut-derived 
secretions that can contribute to fecal mass, a problem 
that can be avoided by the use of radiotracers (Calow & 
Fletcher 1972). 

To address some of these difficulties, ratio methods 
have been developed in which the amount of an  
assimilable element is compared to the amount of a 
non-assimilated 'indcator' component in the food and 
fecal material, the assimilated element being depleted 
in the feces relative to the inert component (Conover 
1966, Calow & Fletcher 1972, Bricelj et al. 1984, Tande 
& Slagstad 1985). By combining radiotracers with the 
ratio method, it is only necessary to measure the ratio of 
the assimilated element's radiotracer to that of the inert 
component in samples of the food and the feces. Quan- 
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titative recovery of all excretory products is not neces- 
sary. The success of this method depends largely on the 
behavior of the inert 'indicator' element in the gut of 
the animal under investigation. Any appreciable or 
variable assimilation of this bulk tracer would require 
extensive 'corrections' to the calculated assimilation 
efficiencies. Moreover, the gut residence time of this 
unassimilated tracer should not be appreciably longer 
than that of the assimilated element(s). The radiotracer 
methods developed thus far have utilized beta-emitting 
radioisotopes (e.g. 14C), sometimes in conjunction with 
a gamma-emitting isotope (51Cr). Thus, assimilation 
efficiency, according to the method of Calow & Fletcher 
(1972), is calculated to equal: 

14C/51Cr in the food - 14U51Cr in the feces 
14C/'lCr in the food 

Problems arise, however, in counting beta and gamma- 
emitting radioisotopes in the same sample: 2 different 
counters are typically needed, and interference by " ~ r  
in counting 14C can be substantial. 

We have therefore developed a double radiotracer 
ratio method for determining assimilation efficiencies 
of ingested elements in animals using only gamma- 
emitting radioisotopes. In this paper we present the 
results of a study in which 75Se and 2 4 1 ~ m  were used to 
study the assimilation efficiency of selenium by the 
pelagic copepod Acartia tonsa using the ratio tech- 
nique. Americium, a highly particle-reactive, non- 
essential element, shows essentially no assimilation in 
marine zooplankton and was therefore considered as 
an excellent potential tracer of bulk ingested material 
(Fisher et  al. 1983a, b). 

MATERIALS AND METHODS 

The calanoid copepod Acartia tonsa was collected 
from Stony Brook Harbor, Long Island, USA in summer. 
Copepods were maintained in the laboratory in 35 ppt 
glass-fiber-filtered seawater at 18 "C and were fed the 
prymnesiophyte Isochrysis galbana and the diatom 
Thalassiosira pseudonana prior to experiments. Feed- 
ing experiments used only T. pseudonana (clone 3H). 
Cultures of T. pseudonana were axenically maintained 
in sterile filtered (0.2 pm Nuclepore) nearshore surface 
seawater (collected 8 km off Shinnecock, Long Island) 
enriched with f/2 nutrients (Guillard & Ryther 1962). 
Experimental inocula were obtained by resuspending 
cells off a sterile 1 pm Nuclepore filter (washed with 
stenle filtered seawater) into sterile filtered seawater 
for radioisotope uptake. Initial cell densities were set at 
104 cells ml-'. Nutrient enrichment for the isotope 
accumulation m e d a  included f/2 N, P and vitamins, 

f/5O MO, Mn, CO, Fe and Si, but no added Cu, Zn or 
EDTA. In replicate experiments, diatom cultures held 
at 18 "C were illuminated with cool white fluorescent 
lamps (L : D  14 : 10 h cyclic illumination of 210 pEin mP2 
S-') and exposed to a range of 75Se and 2 4 1 ~ m  concen- 
trations. Thus, algal cells were exposed to 18.5 to 37 
kBq I- '  (0.6 to 1.2 nM) 2 4 ' ~ m  and 37.0 to 660 kBq 1-l 

(0.136 to 2.42 nM) 75Se for 3 d. The 2 4 1 ~ m  (tl12 = 433 yr) 
was taken from a stock solution in 3N HN03 while the 
75Se (tIl2 = 120 d) was from a stock in 0.5N HC1 as 
selenious acid. 

Because selenium is a group VIA element and has 
many physical and chemical attributes like those of 
sulfur (Bagnall 1973), it can behave as a sulfur analog 
in algae (Shrift 1954, Wrench 1978). A comparison of 
the subcellular distribution of these 2 elements in 
Thalassiosira pseudonana cells was therefore made. 
Cells were inoculated (104 ml-') into 250 m1 of sterile 
filtered seawater enriched with f/2 nutrients and 
3700 kBq of 35S Na2S04, a beta-emitting radiotracer. 
Radiolabeled algal cells were fractionated by differ- 
ential centrifugation (Sorvall refrigerated ultracentri- 
fuge) after osmotic disruption, following the protocol of 
Fisher et al. (1983~) .  The radioactivity and protein con- 
tent of each of the 4 fractions (collected at 754 X g, 
5 min; 2000 X g, 15 min; 10 000 X g, 15 min; supernat- 
ant) were determined. The enhanced sensitivity BCA 
method was used to measure protein concentrations 
(Smith et al. 1985). 

Four experiments were conducted in which algal 
cells, after accumulation of radioisotope, were col- 
lected on 1 pm Nuclepore filters and resuspended into 
100 to 250 m1 unlabeled, unenriched, sterile filtered 
seawater to give cell densities in the experimental 
feeding suspensions ranging from 1.33 to 2.10 X 10' 
cells ml-' (representing 2.9 to 4.7 mg dry wt or 8.1 to 
12.8 X log  pm3 1-l). The experimental conditions of 
each experiment are shown in Table 1. Copepods 
were added to these cell suspensions to give average 
densities of about 20 individuals per 200 m1 (Table 1). 
The copepods fed on labeled diatoms for 6 h in the 
dark at 18 "C, after which they were allowed to empty 
their guts for at least 12 h following transfer to sterile 
filtered seawater containing unlabeled Thalassiosira 
pseudonana (1 X 10' cells ml-l). Since the gut resi- 
dence time of both 75Se and 2 4 1 ~ m  in ingested food is 
<30 min, the 'cold' feeding period should have been 
ample to purge all undigested radioactivity from the 
copepods. 

Feces and eggs were collected at the end of the 6 h 
radioactive feedings using a 20 pm Nitex mesh and 
rinsed with 10 m1 sterile filtered seawater to eliminate 
any trapped pools of radioisotope. Fecal pellets were 
separated from eggs and other unidenhfiable debris 
caught on the Nitex mesh with a drawn-out Pasteur 
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Table 1 .  Experimental conditions in the 4 experiments 

Expt Isotope activity Cell density Isotope activity Feeding Copepods 
and concentrations dunng feeding per cell during volume per flask 
for diatom uptake cells ml-l X 10' feeding 

kBq 1-' (nM) (b~g dry wt ml-') pBq cell-' (ml) 
75Se 2 4 1 ~ m  75Se 2 4 1 ~ m  

pipette and were placed on a 1 pm Nuclepore filter; 
they were rinsed twice with 5 m1 filtered seawater to 
remove any remaining unbound isotope. Collected 
fecal pellets and eggs were then counted for their 
radioactivity. Eggs were not collected in Expt 1. 

The assimilation efficiency of selenium was deter- 
mined by 2 methods. One method involved the use of 
the ratios of 75Se: 2 4 1 ~ m  activity in the food and fecal 
pellets as described by the equation: 

7 5 ~ e / 2 4 1 ~ m  (food) - 75Se /241~m (feces) 
Assim. eff. = 

75Se /241~m (food) 

The second approach used mass balance by comparing 
the amount of ingested 75Se (and 2 4 1 ~ m )  to that 
retained by the copepods after gut evacuation. The 
amount of ingested radioisotope was calculated as the 
sum of the isotope in fecal pellets and copepods after 
gut evacuation. 

Loss of 75Se and 2 4 1 ~ m  from Thalassiosira pseudo- 
nana and from the fecal pellets of Acartia tonsa was 
examined over an 8 d period. Labeled algal cells were 
transferred to unlabeled sterile filtered seawater to 
which no copepods were added; cell densities were 
identical to those in the feeding suspensions with 
copepods. Partitioning of 75Se and 241Am between the 
'dissolved' and particulate phases was determined 
using established techniques (Fisher et  al. 1983a). 

75Se- and 241~m-labeled fecal pellets from Acartia 
tonsa collected at the end of a 6 h feeding period were 
transferred to 9 m1 of isotope-free glass fiber (GFC) 
filtered seawater. The upper 8.5 m1 of seawater were 
periodically removed by careful pipetting without dis- 
turbing the settled fecal pellets which were assayed for 
radioactivity. After counting, 8.5 m1 of fresh unlabeled 
GFC filtered seawater was then added to the fecal 
pellets. 

The radioactivity of 75Se and 241~m-containing sam- 
ples was measured using a Pharmacia-Wallac LKB 

CompuGamma with a well-type NaI(Tl) crystal. The 
"Se and 2 4 1 ~ m  contents of samples were determined 
by counting the gamma emissions at 264 and 60 keV, 
respectively. 35S-containing samples were placed in 
glass vials with 10 m1 Aquasol and counted with an 
LKB Rack Beta liquid scintillation counter. Quenching 
was corrected using the external standards ratio 
method. Counting times for all samples were adjusted 
so that propagated counting errors were < 5 %. 

RESULTS 

A typical uptake graph for selenite 75Se and 2 4 1 ~ m  in 
Thalassiosira pseudonana is given in Fig. 1. Accumula- 
tion of 75Se levels off with cessation of cell growth, 
while 2 4 1 ~ m  uptake continues throughout the 3 d 
uptake period, with nearly 75 % of the total added 
radioisotope becoming associated with the particulate 

0 20 4 0 6 0  80 

Time (hours) 

Fig. 1. Thalassiosirapseudonana. Uptake of "Se (m) and 2 4 1 ~ m  
(0) by diatoms over time. Values shown are fractions of total 
isotope in the water column associated with cells at each 

sample time 
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(i.e. cell) phase in the case shown here. At the final 
sample time, volume/volume concentration factors 
(VCF) were determined for each element in the 
diatoms (Fisher et al. 1983a): 

metal cell 
VCF = 

metal dissolved 

Selenium attained a VCF of 1.1 X 105; americium's 
VCF was 2.9 X 105. Unlike sulfur, selenium did not 
correlate well with the protein content of all the sub- 
cellular fractions of the diatom cells (Fig. 2) .  The super- 
natant fraction, which had 40 % of the total cellular 35S 
and 37 O/O of the cell protein, was enriched in 75Se, con- 
taining 84 % of the cellular contents. 

In contrast to the algae, copepods feeding on labeled 
diatoms for up to 50 h showed a fairly steady increase 

% cellular protein in subcellular fractions 

Fig. 2 Thalassiosira pseudonana. Comparison of the percent 
of total cellular 3 5 ~  and 7 5 ~ e  with the percent of total cellular 
protein in each subcellular fraction. (U, m) Pellet 1, 754 X g; (0, 
a) pellet 2, 2000 x g; (0, *) pellet 3, 10 000 X g; (A, A )  

supernatant. Linear fit of VS protein in all fractions: open 
symbols: y = 1 . 0 1 3 ~  - 0.334 (r = 0.993, p <0.001). Linear fit of 
75Se vs protein in all fractions other than supernatant: closed 

symbols: y = 0 . 2 6 5 ~  - 0.142 (r = 0.994, p <0.001) 

in 75Se, while their body burden of 2 4 1 ~ m  remained 
essentially constant (Fig. 3). 

The 75Se and ' " ~ m  levels in the diatoms fed to the 
copepods and in the zooplankton fecal pellets pro- 
duced during the 6 h feeding are presented in Table 2. 
The 2 4 ' ~ m  was reduced by up to ?-fold in the fecal 
pellets relative to the food (expressed on a Bq pg-l dry 
wt basis), although this varied among the experiments, 
while the 75Se concentration in the fecal pellets was 
always reduced by about 2 orders of magnitude rela- 
tive to concentrations in the food (Table 2). Mean 
75Se : 2 4 1 ~ m  ratios in the food and fecal pellets, together 
with the calculated selenium assimilation efficiencies, 
are also shown for the 4 feeding experiments in Ta- 
ble 2. The calculated assimilation efficiencies - 97.1 f 
1.5 % -were remarkably high and showed remarkable 
constancy for the 4 experiments, each of which was 
conducted with different batches of algal cells and 
copepods collected months apart. Thls constancy was 
maintained regardless of the inter-experimental varia- 
tion (up to 4.8-fold) in the S e :  Am ratios in the algal 
food (Table 2). Analysis of the eggs produced by female 

Time (hours) 

Fig. 3. Acartia tonsa. Accumulation of 7 5 ~ e  (m) and 2 4 1 ~ m  (c) 
activity (Bq) per individual copepod fed double-labeled 

diatoms for 49.5 h 

Table 2. Acartra tonsa. Radioacbv~ty of ingested and excreted material and assirnllat~on efficiencies of Se, based on the ratio 
method 

Rad~oactivity 
in food 

(Bq vg-' dry 
Se Am Se/Am 

Radioactivity Assimilation 
in fecal pellets efficiency 

(Bq @g-' dry wtlb of Se (%) 

Se Am Se/Am 

1 2.99 1.53 1.954 0.0318 0.793 0.040 98.0 
2 2.74 1.19 2.303 0.0147 0 165 0.089 96.1 
3 12.65 1.44 8.785 0.0988 0 252 0.392 95.5 
4 6.14 0.65 9.446 0.0780 0.639 0.122 98.7 

Mean: 97.1 f 1.5 

*Dry wU3H cell = 22.4 pg (Fisher et  al. 1983a) 
Dry wt/fecal pellet taken from volume and sinlung rate (0.00021 mm3; 116 m d-l; from Turner 1977) using Stokes Law 
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copepods indicated that from 0 to 1.5 % of the ingested 
2 4 1 ~ m  and about 2 % of the ingested 75Se was depo- 
sited in the eggs. Using a mass balance approach (in 
which the 2 4 1 ~ m  activity remaining in the copepods 
after gut evacuation was compared with the activity in 
the fecal pellets), the assimilation efficiency of 2 4 1 ~ m  in 
Acartia tonsa was calculated to range from 0.35 to 
1.36 '10. 

Within any one experiment, the Se : Am ratios in the 
food and fecal pellets were found to be constant 
throughout the 6 h feeding period (Fig. 4), indicating 
that, for the purpose of determining assimilation effi- 
ciency, samples of food and feces could be taken at any 
time during the feeding period and could be consid- 
ered representative. A comparison of the selenium 
assimilation efficiencies for Acartia tonsa found by ratio 
calculation and by mass balance is shown in Fig. 5. 
There were no significant differences observed 
between the 2 methods, even when radioactive feeding 
was extended for up to 49.5 h. Moreover, the assimila- 
tion efficiency of '%e stayed essentially constant over 
this period. 

The loss of 75Se and 2 4 1 ~ m  from the diatoms in the 
absence of copepods during the 6 h feeding was 25 and 
20 %, respectively (Fig. 6). Loss of these 2 isotopes from 
the diatoms into the water was describable by a 2- 
compartment model, in which there was an initial 
sharp loss from the rapidly exchanging pool within the 
first hour, followed by a much reduced loss rate for 75Se 
(tlI2 = 126 h) and no detectable loss of 2 4 1 ~ m .  Since the 
&atoms lost some isotope into the 'dissolved' phase 
during the 6 h feeding period, dissolved 75Se and 2 4 1 ~ m  
in the feeding suspension could have contributed to the 
accumulation of these tracers by the copepods. The 
extent to which this released isotope could have associ- 
ated with the copepods was tested by putting 
unlabeled Acartia tonsa individuals for 6 h into sea- 

Time (hours) 

Fig. 4. Ratio of 7 5 ~ e  : 2 4 1 ~ m  activity in labeled Thalassiosira 
pseudonana (U) and Acartia tonsa fecal pellets (o) during 6 h 
feeding period. Copepods were returned to their feedng 
suspension after removal of feces and &atom samples at each 

sampling time 

water in which double-labeled Thalassiosira pseudo- 
nana cells had been allowed to depurate for 6 h and 
then were removed by filtration. The results of this 
experiment indicated that the maximum contribution 
from the dissolved phase to the copepod body burden 
of Am and Se was 3.9 and 5.6 %, respectively. 

The release of 75Se and 2 4 1 ~ m  from labeled fecal 
pellets into the dissolved phase was also describable by 
a 2-compartment model. By 12 h, the rapidly exchang- 
ing pools were noted by the loss of 53 and 23 % of '%e 

Tlme (hours) 

Fig. 5. Acartia tonsa Comparison of selenium assimilation 
efficiencies in copepods feeding on radiolabeled Thalassiosira 
pseudonana cells for up to 49.5 h, calculated using the mass 
balance approach (hatched bars) and the ratio method (open 

bars) 

Time (hours) 

Fig. 6. Thalassiosira pseudonana. Retention of ( A )  2 4 1 ~ m  and 
( B )  '%e by double-labeled cells resuspended in unlabeled 

sterile-filtered seawater 
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and 2 4 1 ~ m  respectively from the feces (Fig. 7). After 
12 h ,  the fecal pellets exhibited a more gradual net loss 
of both radiotracers, indicating the presence of more 
slowly exchanging pools, with retention half times of 
8.5 d and 20 d for "Se and 2 4 1 ~ m ,  respectively (Fig. 7). 

DISCUSSION 

The high concentration factor observed for selenite 
selenium ranks this element among the most concen- 
trated elements in marine phytoplankton (Fisher 1986). 
Most of the other elements which have comparably high 
concentration factors (e.g. the actinides) are accumu- 
lated from seawater passively by phytoplankton and are 
associated principally with cell surfaces (Fisher 1986). 
The selenite additions to which the cells were exposed 
in our experiments, from 0.136 to 2.42 nM, were at  or 
above the minimum amount required to support Thalas- 
siosira pseudonana growth (Price et  al. 1987) and 
natural concentrations of total selenium (ca 1 nM) in 
surface coastal waters (Measures & Burton 1980, Cutter 
1982). 

Selenium has been thought to behave as a sulfur 
analog in algae and higher plants, being metabolized 
into seleno-amino acids (Shrift 1954, Wrench 1978, 
Brown & Shrift 1982). Our fractionation results with 
Thalassiosira pseudonana (Fig. 2 ) ,  however, show that 
selenium, unlike sulfur, does not correlate with proteinin 
all the subcellular fractions due to a large pool of 
selenium in the supernatant or soluble cellular fraction. 
Large poolsof soluble selenium have also beenidentified 

T ~ m e  (hours) 

Fig. 7. Retention of 7 5 ~ e  (M) and '"Am (L) in Acartia tonsa fecal 
pellets resuspended into unlabeled GFC filtered seawater 
Retention half-times (trIl2) for the rapidly exchanging pools (A) 
of "Se and 241Am were 0.5 d and 1.1 d, respectively. 7 5 ~ e  A: y 
- 100 X l ~ - ~ . ~ ~ ~ ~ ;  241Am A: y = 100 X ~ O - ~ . O " ~ .  t,,,:, for the 
slowly exchangmg pools (B) were 8.5 d and 20.2 d for 
and 2 4 1 ~ m ,  respectively. 75Se B: y = 50.613 x l ~ ~ ~ ~ ~ ~ ' ~ " ' " ,  

r2 = 0.922; 2 4 1 ~ m  B: y = 78.285 X 10-00u062x , r2 = 0.717 

in the chlorophytes Dunaliellaprimolecta (73 % soluble) 
and Chlorella sp. (98 % soluble) (Bottino et al. 1984). It 
appears that many of the seleno-amino acids synthesized 
by algae cannot be incorporated into protein. 

Some phytoplankton species, including Thalassiosira 
pseudonana, have a biological requirement for 
selenium (Doucette et al. 1987, Price et  al. 1987). The 
essentiality of this element for marine zooplankton has 
not been demonstrated. However, the high assimilation 
efficiency of selenium in marine zooplankton is further 
evidence that this element enters into the organic 
cycle, possibly as an  analog of sulfur. The dominance of 
organic selenide compounds (probably seleno-amino 
acids) among the various selenium species in surface 
seawater (Cutter & Bruland 1984) is consistent with this 
and suggests that this element can be considered as a 
'recycled' element (Whitfield & Turner 1987). The 
assimilation in biological tissue and organic cycling of 
selenium probably account for its relatively long resi- 
dence time - 2.6 X 104 yr (Broecker & Peng 1982) - in 
the ocean. 

Polonium, another group VIA element, shows com- 
parable behavior to selenium in that it has an  almost 
identical concentration factor in Thalassiosira pseudo- 
nand (1.2 X 1C5) and appears to associate with cyto- 
plasmic protein in phytoplankton (Fisher et  al. 1983~) .  
Polonium is also assimilated in crustaceans, primarily 
in protein in the hepatopancreas (Cherry et  al. 1983, 
Heyraud et al. 1987). 210Po consequently enters into the 
organic cycle in the ocean and shows evidence of being 
recycled in surface waters, unlike its grandparent 
'lOPb, which shows comparatively negligible associa- 
tion with organic compounds and negligible recycling 
behavior in the sea (Bacon et  al. 1976, Fisher et  al. 
1983c, Todd et al. 1986). Americium, which also shows 
negligible assimilation in marine zooplankton (Fisher 
et  al. 1983b, this report) and which does not appreci- 
ably penetrate into the cytoplasm of phytoplankton 
cells (Fisher et al. 1983c), does not show geochemical 
evidence that it enters into the organic cycle in the sea 
and has, like Pb (Broecker & Peng 1982), a short resi- 
dence time in the oceans (Fukai et al. 1979, 1981). 
Because americium does not assimilate in zooplankton, 
fecal pellets are enriched with this element relative to 
the animals that produced them and the food they fed 
upon (Fisher et al. 1983b, Fowler et al. 1983, this 
report). 

The selenium assimilation efficiency observed here 
for Acartia tonsa grazing on labeled diatoms (97 %) is 
higher than that for selenium in euphausiids (66%) 
feeding on Arternia salina that had previously grazed 
on 75Se-labeled phytoplankton (Fowler & Benayoun 
1976). Given the high assimilation efficiency of 
selenium and reduced accumulation from the dissolved 
phase, zooplankton probably obtain most of their 
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selenium by feeding. Thus, for selenium to be utilized 
by an animal (or to exert toxic action), it must be 
associated with particles which are ingested. This is 
consistent with the observation that only 3 % of the 
body burden of selenium in the euphausiid Meganyc- 
tiphanes norvegica collected in the Mediterranean was 
associated with the exoskeleton (Fowler 1977). 

When determining the assimilation efficiency of an  
element using a mass balance approach, assessing the 
quantity of ingested material for short-term experi- 
ments involving small animals can be difficult. Collec- 
tion of excreted material also poses difficulties in that 
small (80 to 200 pm) fecal pellets are easily lost or 
broken into smaller fragments during handling. Quan- 
titative loss of material from feces into the dissolved 
phase poses problems for both mass balance and ratio 
methods, but can be  corrected in the ratio method by 
knowing the relative loss rates of the assimilated and 
non-assimilated elements. When using the ratio 
method, it is important to choose an  appropriate inert 
tracer of ingested material. We found that 2 4 1 ~ r n  is an  
excellent tracer of bulk food for zooplankton feeding 
experiments. This transuranic radionuclide is not 
essential for any organism, but the labeling of food 
particles with Am is easily accomplished due to its 
extremely high particle reactivity (Fisher et al. 1983a). 
Moreover, 2 4 1 ~ m  is commercially available, has a rela- 
tively long half-life (433 yr), and its single, well-defined 
gamma emission peak at 59.5 keV makes it compatible 
for use with many other radiotracers, even when using 
NaI(T1) detectors whose resolution is less fine than that 
of Ge-Li detectors. 

Ratio methods for determination of assimilation effi- 
ciency have reduced the margin of error in zooplankton 
feeding experiments to the point where the geochemi- 
cal implications of such results may be interpreted in a n  
oceanographically consistent way. Whereas gravimet- 
ric determinations of carbon assimilation efficiency 
in Calanus have ranged from 53 to 87 % (Taguchi & 
Ishii 1972), assimilation efficiencies based on ratio 
methodology showed much less variation: 86 _+ 2 % 
using C and Si tracers (Tande & Slagstad 1985) and 
85 5 0.2 %, using C and Cr tracers with Acartia tonsa 
(Reinfelder & Fisher 1991). 

The retention half-time (trl12) of 2 4 1 ~ m  in the copepod 
fecal pellets was considerably shorter than that for this 
isotope in larger euphausiid fecal pellets from the same 
diet (trl12 = 46 d) (Fisher et  al. 1983b), but more than 
double that of selenium (Fig. 7). Given sinking rates of 
copepod fecal pellets on the order of 50 to 100 m d- l ,  
(Komar et  al. 1981), the fecal pellets, which initially 
have lower selenium concentrations than do the 
copepods themselves or the food they fed upon, should 
release essentially all their selenium into the dissolved 
phase during their descent in the water column. 
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