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Abstract 

Techniques exist which allow for the measurement of in situ 
grazing rates of meiobenthos on sedimentary bacteria and 
microalgae. Radiolabeled substrates are incorporated into 
microbes which serve as food for meiofauna and which 
themselves also become labeled during feeding. However, 
during in situ grazing experiments, meiofauna may become 
radiolabeled by a variety of non-feeding processes. Proper 
controls to correct for these extraneous routes of labeling 
have been developed in the present study. The use of 
[methyl-3H] thymidine (3HTdR) in studies of meiofaunal 
grazing on bacteria has two unique advantages: (1) it is 
incorporated only into prokaryotic macromolecules, and (2) 
bacterial incorporation of 3HTdR may be selectively 
blocked by several inhibitors which are non-toxic to meio- 
faunal grazers. Coupled with formalin-killed control treat- 
ments, the use of these inhibitors makes it possible to accu- 
rately determine the partitioning of radiolabel into 
meiofauna during grazing into adsorptive, absorptive and 
grazing components. A saturated solution of nalidixic acid 
and 5'-deoxythymidine was found to be most effective in 
inhibiting water-column bacterial uptake and incorporation 
of 3HTdR, and had no toxic effects on meiofauna. The inhib- 
itor was found to immediately block bacterial incorporation 
of 3HTdR and was as effective at 20% saturation as at 100%. 
The presence of sediment reduced the effectiveness of this 
inhibitor by 50%. Solutions of the inhibitor with excess 
undissolved material, however, completely blocked sediment 
bacterial uptake of 3HTdR. Employing these techniques 
during in situ grazing experiments showed that up to 83% 
of total meiofaunal uptake of 3H-label may be attributable 
to non-grazing processes. Experiments conducted in slurried 
sediments yielded grazing rates which were the same as those 
from intact cores. Furthermore, meiofaunal grazing rates on 
multiple food sources (e.g. bacteria and diatoms) may be 
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determined synoptically by adding isotopically-distinct sub- 
strates (e.g. 3HTdR and H14CO3) to the same experimental 
incubation. 

Introduction 

There are two techniques for employing radioactive tracers 
to measure the flow of organic material in food webs via 
grazing. Microbial food is either pre-labeled (Haney 1971) or 
labeled while it is being grazed (Daro 1978). Both techniques 
have advantages and disadvantages that limit their use to 
either laboratory or field studies. The pre-labeling technique 
requires growing bacteria with a radioactive tracer, intro- 
ducing the labeled bacteria to the existing microbial com- 
munity, and knowing the specific activity of the food source. 
Such conditions are best achieved in laboratory studies. The 
synoptic labeling technique is more amenable to in situ 
studies because only the radioactive tracer is introduced, 
and microbial uptake of the tracer and meiofaunal grazing 
can be measured at the same time. However, in situ graz- 
ing studies require proper controls because meiofauna may 
absorb and adsorb dissolved organic matter (DOM) 
(Montagna 1983, 1984a, b). A properly designed in situ 
meiofaunal grazing experiment must consider isotopic up- 
take by three components: the benthic community as a 
whole (which includes bacteria, meiofauna, protozoans, and 
macrofauna), biotic absorption by bacteria and meiofauna 
individually, and abiotic adsorption by sediments and or- 
ganisms. Proper controls for laboratory grazing studies us- 
ing the pre-labeling technique would also require the mea- 
surement of these three components if recycling of the tracer 
by the labeled microbe were extensive. 

Through the appropriate use of inhibitors and poisons, 
experiments can be designed that account for label uptake 
by several of the components in a grazing experiment. Label 
uptake by bacteria and meiofauna can be partitioned by 
selectively inhibiting bacterial metabolism through the use 
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of antibiotics (Fuhrman and McManus 1984) or inhibitors 
of DNA synthesis (Findlay et al. 1984). Abiotic uptake may 
be estimated by the use of a general biological poison (e.g. 
formalin). 

In the present study, we sought to develop and improve 
the technique for measuring in situ meiofaunal grazing rates 
on sediment bacteria using 3HTdR as a tracer. We were 
specifically interested in determining if (1) bacterial uptake 
and incorporation of SHTdR could be suppressed through 
the use of metabolic inhibitors; (2) meiofauna could take up 
significant amounts of 3HTdR directly; (3) meiofaunal viabil- 
ity is affected by the microbial inhibitors; (4) uptake of 
3HTdR by meiofauna could be separated into grazing and 
nongrazing processes; (5) intact sediment cores were neces- 
sary for in situ grazing experiments; (6) the rate of meio- 
faunal grazing on heterotrophic and autotrophic microbes 
could be measured in the same incubation; and (7) the results 
of the various control experiments could be used to calculate 
the appropriate estimates and variances of meiofaunal graz- 
ing rates. 

Materials and methods 

Sediments were collected from an intertidal sand flat in San 
Francisco Bay (SFB) at Alameda, California, USA in 1985. 
Sediments consisted of fine to medium-grained sands and 
were collected with 60 cm 3 syringe corers at low tide. SFB 
water was also collected in an acid-washed Nalgene bottle. 
Samples were processed within I h. Meiofauna were sorted 
from sediments by decantation. One additional experiment 
was performed using fine-sand sediments collected from 
coastal sediments in the Santa Barbara Channel (at a depth 
of 18 m). 

Four microbial inhibitors were used in this study and 
each has unique bacteriostatic or bactericidal characteris- 
tics. Nalidixic acid inhibits the activity of the enzyme DNA 
gyrase, which is responsible for DNA supercoiling (Cozza- 
relli 1980). At low concentrations, nalidixic acid inhibits 
DNA replication and at higher concentrations both tran- 
scription and the amino-acyl-tRNA synthetases are inhib- 
ited (Wright et al. 1981). 5'-deoxythymidine (2',5'-dideoxy- 
thimidine) is an inhibitor of thymine phosphorylase, which 
diminishes the amount of thymidine triphosphate available 
for DNA synthesis (B. Watkins personal communication). 
Benzylpenicillin inhibits cell division without significantly 
affecting cell numbers in seawater-bacteria cultures (Ammer- 
man et al. 1984). Cycloheximide is a microbial protein- 
synthesis inhibitor that also affects 80S ribosome function 
and growth in eukaryotes. Cycloheximide concentrations of 
100/~g ml -  1 or below have been found to have no effect on 
bacterial growth or cell division (Fuhrman and McManus 
1984). 

Experiments were performed to examine the effects of 
the various inhibitors on thymidine uptake by bacteria 
and meiofauna and their potential use as controls for 
grazing experiments. A saturated solution of nalidixic acid 
(200 #g ml -  1) plus 5-'deoxythymidine (2 #g ml -  1) (hereafter 

referred to as ND) was used to inhibit prokaryotic uptake of 
thymidine (Findlay et al. 1984). The effects of benzylpenicil- 
lin (10 #g ml -  1), and cycloheximide (100 #g ml -  1) on thy- 
midine uptake were also investigated. All chemicals were 
obtained from Sigma, St. Louis, Missouri. The various in- 
hibitor additions were compared to "no treatment" and poi- 
soned controls treated with 2% formalin. 

Inhibitor effects on bacterial uptake of 3HTdR 

Initially, the effects of inhibitors on microbial uptake and 
incorporation of 3HTdR (Amersham, Elk Grove, Illinois) 
were tested using SFB water. Freshly collected water was 
filtered through a 3.0 #m membrane filter (Millipore Corp., 
Bedford, Massachusetts) and 10 or 20 ml subsamples were 
aliquoted to 50 ml sterile, plastic, centrifuge tubes. Inhibi- 
tors were added directly to the filtered samples prior to 
incubation. For sediment incubations, the top 2 cm of each 
core (12 c m  3) w e r e  extruded into a 50 c m  3 sample jar and a 
slurry was formed by adding 7 ml of one of the inhibitor 
solutions in 0.02 #m (Gelman) filtered SFB water. 

In all filtered-SFB seawater experiments involving mi- 
crobial or meiofaunal uptake of 3HTdR, 10 ml of a sterile 
seawater solution containing 0.05 to 0.10/~Ci (5 to 10 nM 
final conc unless otherwise noted) of 3HTdR was injected to 
each sample. Bacterial incubations were terminated by the 
addition of 100 to 200/A of a non-radiolabeled solution of 
thymidine (2 to 10 mM final concentration) and samples 
were chilled on ice. Once chilled, a volume equivalent to that 
of the initial sample of ice-cold 10% trichloroacetic acid 
(TCA) was added for 20 to 40 min to extract macromolecules 
(Fuhrman and Azam 1980, 1982, Moriarty and Pollard 
1982, Bauer and Capone 1985). The extracted samples were 
then filtered onto 0.45 #m (Millipore) HAWP filters, rinsed 
three times with cold 5% TCA, placed in scintillation vials 
with I ml ethyl acetate and 15 ml Insta-Gel (Packard Instru- 
ments Downers Grove, Illinois) and counted on a Tri-Carb, 
Model # 4530 liquid-scintillation counter (Packard Instru- 
ments, Downers Grove, Illinois). 
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Fig. 1. Label pathways m a grazing experiment. Boxes represent 
potential compartments, arrows represent flow. Important flow pro- 
cesses include microbial uptake (1), meiofaunal grazing (2), meio- 
faunal recycling (5, 6), and meiofaunal direct uptake (3). Alternate 
input (4) includes such components as sedimentary particles, flagel- 
lates, or ciliates, which compete with the microbe of interest for label 
(7), and meiofaunal uptake of microbial metabolites (8) 
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The first of these experiments examined the effects of 
incubation time and varying concentrations of ND. Under 
the incubation conditions described above, SFB water- 
column bacteria were exposed to concentrations of ND 
ranging from 0 to 100% of saturation (200 #g ml -  1 nalidixic 
acid and 2 #g ml -  1 5'-deoxythymidine). The exposure time 
necessary to inhibit bacteria was investigated by exposing 
bacterial populations to ND for up to 2 h before adding 
label and then assaying for 3HTdR incorporation. The effec- 
tiveness of ND was also compared to other antibiotic agents 
for both water-column and sediment bacteria. 

Inhibitor effects on nematode uptake of 3HTdR 

There are eight possible pathways for radioisotopic label to 
follow during an in situ grazing experiment (Fig. 1). In the 
present study we were interested in investigating the kinetics 
of 3H-label appearance in meiofauna via pathways other 
than grazing. When 3HTdR is used to label sediment bacte- 
ria without inhibitors, a fraction of the isotope is taken up by 
the meiofauna due to (1) epicuticular or gut bacteria, (2) 
active absorption by the invertebrate, or (3) passive adsorp- 
tion (Fig. 1). When meiofauna are incubated in sterile sea- 
water without sediments, separation of each of the three 
processes is achieved by comparing uptake in killed, inhib- 
ited, and live (non-treated) samples. Formalin treatments 
(killed controls) result in uptake by abiotic or passive ad- 
sorption only. Bacterial inhibitors (inhibited controls) result 
in uptake by means of both meiofaunal absorption and ad- 
sorption, but inhibit uptake by bacteria associated with 
meiofauna. These three processes can be calculated using the 
following formulas (DPM = dis/min): 

Meiofaunal adsorption = D P M  in formalin treatment. (1) 

Meiofaunal absorption = (DPM in inhibitor treatment) 

- ( D P M  in formalin treatment). 
(2) 

Associated bacteria = (DPM in no treatment) 
- ( D P M  in inhibitor treatment). (3) 

chaetes were sorted and placed in sterile solutions of one of 
the inhibitors (ND, benzylpenicillin, benzylpenicillin + ND, 
or cycloheximide) and the number still viable after 66 h was 
determined. 

Use of inhibitors in grazing experiments 

A two-way factorial experiment was performed to examine 
the effectiveness of ND and the effect of slurried sediment on 
in situ meiofaunal grazing rates. Treatment solutions con- 
sisted of either 7 ml of sterile SFB water, ND, or 4% forma- 
lin (5 replicates of each treatment). Solutions were added 
either to the top 2 cm (12 cm 3) of 60 cm 3 intact sediment 
cores, or to slurries of cores. Two microcuries of 3HTdR in 
a 10 #1 sterile solution were added to the slurries or intact 
cores, and samples were incubated for 2 h. Incubations were 
terminated by adding 2% formalin. Preliminary experiments 
found that subsampling slurries to measure 3HTdR incorpo- 
ration by sediment bacteria gave highly variable results. This 
was probably due to the small volume of slurry (1 ml) sub- 
sampled. Therefore, in all subsequent experiments, slurry 
incubations for determination of incorporated 3H-label by 
sediment bacteria were run in parallel with grazing incuba- 
tions and the entire sample was cold TCA-extracted. 

Meiofauna were separated from sediments by diluting 
samples with 2% formalin, swirling to suspend the animals, 
and decanting them and the supernate onto 63 #m Nitex 
screen filters. Meiofauna were then rinsed into jars and kept 
in refrigerated 2% formalin until sorting (1 to 2 d). Sorting 
was performed under a dissecting microscope, and meiofau- 
na were sorted by taxa into scintillation vials containing 
1 ml distilled water. After sorting, meiofauna were dried at 
60 ~ and solubilized in 100 #1 Soluene tissue solubilizer for 
24 h. Samples were counted by liquid-scintillation spectro- 
photometry in 15 ml Insta-Gel. 

Use of dual labels and controls in grazing experiments 

The effects of ND on nematodes (and any attached bacte- 
ria) were examined in a second series of experiments. Fifty 
nematodes were sorted from sediments by decantation and 
placed in 10 ml of sterile 0.2 #m-filtered SFB water with or 
without ND added. 3HTdR was then injected into the sam- 
ples, which were incubated for varying periods up to 4 h. 
3HTdR uptake by nematodes was determined with varying 
thymidine concentrations (from 1 nM to 10 mM) as well. 

When meiofauna were incubated in sterile seawater with- 
out sediments, procedures identical to those for bacteria 
above were used except that TCA extraction was not per- 
formed. Meiofauna were simply collected onto 3 #m poly- 
carbonate filters (Nuclepore Corp., Pleasanton, California), 
dissolved overnight in 200 #1 Soluene tissue solubilizer 
(Packard Corp., Downers Grove, Illinois), and counted in 
15 ml Insta-Gel. 

To check for the effects of the various microbial inhibi- 
tors on meiofaunal viability, 10 to 20 nematodes and poly- 

In situ grazing experiments that incorporate all proper con- 
trols are highly labor-intensive. To measure grazing on het- 
erotrophs and autotrophs four synoptic incubations with 
replication are necessary. As a result of this large sample 
number, the investigator must either sacrifice replication or 
sort meiofauna for extended periods of time (during which 
the label can move in and out of meiofauna, causing erro- 
neous results). However, by labeling both heterotrophs and 
autotrophs in the same incubation, the number of samples 
may be halved. To design a more efficient protocol for esti- 
mating meiofaunal grazing rates on bacteria and/or algae, 
meiofauna were incubated in slurries with one or both of the 
radiolabeled substrates 3HTdR and H14CO~, and the differ- 
ences in grazing rates were compared. 

Two microcuries of H14CO~ in sterile solution were 
added either individually or simultaneously with 2 #Ci 
3HTdR to slurried samples. Five replicate slurries each re- 
ceived either 3HTdR, H14CO~, or both. The proper live 
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controls for this experiment consisted of 5 replicate slurries 
with both 3HTdR and Hi*CO;  - added, and which received 
ND and were incubated in the dark to inhibit photo- 
synthetic fixation of CO z. 

After 2 h incubation, bacterial slurries were extracted as 
above and a 1 ml subsample was withdrawn from the indi- 
vidual or dual isotope slurries. The subsample was filtered 
onto a 0.45/lm HAWP and rinsed three times with filtered 
seawater to estimate uptake of H14CO~ by microalgae. The 
subsample was dispersed and suspended in 5 ml distilled 
water and 15 ml Insta-Gel for liquid-scintillation counting. 
Meiofauna were extracted from the remainder of the sample, 
and incorporation of 3H and 14C label was determined as 
previously described. 

Because both 3H and 14C were potentially present in all 
experimental treatments receiving both 3HTdR and 
H14CO3, those subsamples for bacteria, algae, and meiofau- 
na were counted using dual-channel liquid-scintillation 
counting. Corrections for isotopic crossover into each chan- 
nel were made using the following algorithms (from the In- 
struments Manual): 

A - -  ( E  2 " DPM~c) 
DPM3H = , (4) 

E1 

B 
D P M ~  c = ~ ,  (5) 

where E 1 = efficiency of counting 3H in lower energy region, 
E 2 = efficiency of counting ~4C in lower energy region, 
E a = efficiency of counting ~4C in higher energy region, 
A = total counts/min in lower energy region, and B = total 
counts/min in higher energy region. 

By setting the lower limit of the higher energy region at 
or above the endpoint of the 3H spectrum, the counting 
efficiency of 3H in the higher energy region reduces to zero. 

Calculation of grazing rate estimates and variances 

Meiofaunal grazing rates on bacteria and microphototrophs 
were estimated by the model proposed by Daro (1978) and 
modified by Roman and Rublee (1981) and Montagna 
(1984 b). The meiofaunal grazing rate (G) is the proportion of 
material flowing from the donor (or food) compartment to 
the recipient (or predator) compartment per hour. G is ex- 
pressed in units of h -  1 and is calculated as follows (Mon- 
tagna, 1984b): 

G = 2 F / I ,  (6) 

F = M / B ,  (7) 

where F is the fraction of DPM in meiofauna (M) relative to 
bacteria (B) at time t. In this discussion, B could be any 
microbe. Since 2/t is a constant, variability in G is only due 
to variability in M and B. 

There are two ways in which to obtain values of M and 
B. Either each core is subsampled to obtain a value for B and 
the rest of the core is sorted to obtain M, or M and B can 

be estimated independently. For each case, the mean of the 
fraction (F), and the variance of the fraction S~, is calculated 
in different ways. When F is measured by subsampling for M 
and B: 

/v = Z 5 ,  (8) 
/,/ 

G - F) 2 
S~ = Y2 - -  (9) 

n - I  

When estimating F by independently measuring M and B: 

J~ 
F -  B '  (10) 

s~ = (B)2 (11) 

The independent sampling method is more accurate, but 
better precision is attained by the subsampling technique. 

Since grazing rates must be measured as a function of 
two estimates, i.e., experimental and control values, S~ is also 
a function of the variances of the two values (Kempthorne 
and Allmaras 1965). There are two different ways grazing 
rates can be corrected using control values, and each has 
different implications for calculating the precision of the 
grazing rate. Control or correction values are subscripted ~ 
with a c below. Since, 

M Mc M B ~ - M ~ B  

B Bc B.Bc 
(12) 

and does not equal 

M - M c (13) 
B _ B c  ' 

the investigator must choose between Eq. (12) or Eq. (13) as 
the proper correction for grazing rates. It is necessary to 
correct meiofauna for non-grazing uptake of label and bac- 
teria for adsorption. M and B must be reduced before F~, the 
corrected grazing fraction, is calculated. Therefore, Eq. (13) 
is most applicable and is used in all subsequent calculations. 
The two ways in which corrected grazing-rate fractions (Fc) 
can be measured is either by subsampling parallel, control 
incubations, or by conducting four completely independent 
experiments. When using parallel controls with subsampling 
to obtain M and B, F c is calculated by: 

k n i -  Bc ] ,  
(14) 

n 

Sffo = unknown. (15) 

When subsampling, it is not clear which replicate of the 
control values to use to correct any given experimental val- 
ue. Most often the mean control value,/Uc or/3r is used to 
correct all experimental values. However, it is not known 
how the variance of F~ should be calculated if this is done. 
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Most  often Eq. (9) is used, and the problem of the variance 
of the control value (Eq. 15) is ignored. When four indepen- 
dent measurements of M, B, Mc, and B c are made, F~ is 
calculated by: 

I~ - B - B e  , (16) 

+ s ,o) + + + s o) 
S z + (17) 

= ( B  -t- Bc) 2 

If all samples are independent, Eq. (16) is appropriate, and 
the variance of F c can be calculated (Eq. 17). Due to the 
multiplicative nature of the calculations, the variance is very 
high. 

Results 

Microbial inhibition 

The prokaryotic inhibitors benzylpenicillin, N D  (nalidixic 
acid + 5'-deoxythymidine), and formalin all had the same 
effectiveness in inhibiting microbial incorporation of 3HTdR 
in SFB water (Table 1). All three treatments inhibited 
3HTdR incorporation to levels which were 2 to 3% of con- 
trol (no treatment) values. Cycloheximide also significantly 
inhibited activity by about one-third over non-treated con- 
trols. 

In contrast, when sediments were treated with the inhibi- 
tors or combinations of them, much lower inhibition of 
3HTdR incorporation was noted (Table 2). Benzylpenicillin, 
cycloheximide, and their combinations showed lower mean 
amounts of 3HTdR incorporation than controls, but these 
differences were not significant (P ~> 0.05). Conversely, addi- 
tion of N D  (and its combinations) resulted in significantly 
lower incorporation rates than non-treated controls. The 
N D  treatment, which apparently inhibited 3HTdR incorpo- 
ration by only 50%, was not significantly different from 
formalin-killed samples (P >~ 0.05). 

Incorporat ion of 3HTdR was linear for varying degrees 
of saturation of N D  during 2 h incubations (Fig. 2). Inhibi- 
tion of incorporation was observed beginning at 1% of N D  
and was complete at 40 to 100% saturation. More extensive 
examination of a wider range of inhibitor concentrations 
shows that below 1% saturation of N D  there was no effect 
or slight stimulation of 3HTdR incorporation by SFB-water 
bacteria (Fig. 3). However, complete or nearly complete inhi- 
bition of 3HTdR incorporation was apparent at 20 to 100% 
saturation of ND. 

N D  was immediately effective in inhibiting 3HTdR in- 
corporation. No  difference could be found in the rates of 
incorporation when SFB-water bacteria were exposed to 
N D  momentari ly or for 60 min prior to measuring 3HTdR 
incorporation (Fig. 4). Furthermore, inhibition was still 
complete after up to 3 h of exposure to ND. 

On the basis of these results it is hypothesized that, in 
sediments, the effectiveness of inhibitors in stopping 3HTdR 

Table l. Uptake and incorporation of [methyl-3H] thymidine 
(3HTdR) by San Francisco Bay (SFB)-water bacteria incubated with 
inhibitors. All treatments consisted of triplicate 10 ml samples of 
3/~m filtrates incubated with 5 nM 3HTdR and the inhibitors for 
1 h. Values are mean dis/rain ml- 1 h-  1. Underlining joins means 
that are not significantly different (Tukey multiple-comparison test, 
P ~> 0.05). ND: nalidixic acid + 5'-deoxythymidine 

Inhibitor 

None Cyclo- Benzyl- ND Formalin 
heximide penicillin 

15 746 11 610 461 194 104 

Table 2. Uptake and incorporation of 3HTdR by sediment-bacteria 
incubated with inhibitors. All treatments consisted of triplicate sam- 
ples (2 cm a surface sediment mixed with 5 ml of sterile inhibitor 
solutions) incubated with 5 n M  3HTdR for 2 h. Values are mean 
dis/min cm 3 h 1. Underlining joins means that are not significant- 
ly different (Tukey multiple-comparison test, P >/0.05). N: no treat- 
ment;  P: benzylpenicillin; C: eycloheximide: ND: nalidixic 
acid + 5'-deoxythymidine; F: formalin 

Inhibitor 

N P C P + C  ND N D + P + C N D + P  N D + C  F 

2539 2180 2066 1960 1103 1082 1017 936 380 
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Fig. 2. Effect of incubation time on different concentrations of 
DNA-synthesis inhibitor (nalidixic acid+ 5'-deoxythymidine, ND) 
on [methyl-3H] thymidine (3HTdR) uptake by water-column bacte- 
ria. 3/lm San Francisco Bay (SFB)-water filtrates, with diluted 
block added, were incubated with 5 nM 3HTdR for 2 h 

incorporation may be a function of their bioavailability. The 
inhibitors themselves may be adsorbed onto sediments and 
associated organic matter (both dissolved and particulate). 
To investigate this possibility, a supersaturated solution 
(200%) of N D  was added to sediments and compared to 
sediments receiving no treatment or formalin. This super- 
saturated treatment was successful in inhibiting 3HTdR up- 
take as effectively as formalin treatment (Fig. 5). 
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Fig. 3. Effects of DNA-synthesis inhibitor (ND) concentration on 
3HTdR uptake by water-column bacteria. 3.0 #m SFB filtrates, with 
diluted ND added, were incubated with 5 nM 3HTdR for 2 h 
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Fig. 6. Effect of incubation time on uptake of 3HTdR by nema- 
todes. Nematodes were incubated in sterile solutions of ND, no 
treatment or formalin with 10 nM 3HTdR. Uptake expressed as 
fmol TdR mg 1 nematode dry wt 
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Fig. 4. Effect of incubation time and pre-treatment period of DNA- 
synthesis inhibitor (ND) on 3HTdR uptake by water-column bacte- 
ria. 3.0 #m SFB filtrates received 5 nM 3HTdR either immediately 
or 60 rain following no addition or addition of ND 
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Table 3. Toxicity of selected microbial inhibitors to meiofaunal 
nematodes and polychaetes. Fifteen nematodes and polychaetes 
were placed in 10 ml of sterile solutions of seawater (None), 
200 pg m1-1 nalidixic acid + 2/~g m1-1 3'-deoxythymidine (ND), 
10 #g ml-1 benzylpenicillin (P), ND + benzylpenicillin (ND + P), 
or 100 #g ml-  1 cycloheximide; and the number viable after 66 h was 
determined 

Treatment % alive after 66 h 

Nematodes Polychaetes 

None 87 100 
ND 93 100 
P 27 67 
N D +  P 73 100 
Cycloheximide 87 14 
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Fig. 5. Effect of adding double-saturated ND to sediments. This 
experiment was performed on Santa Barbara coastal sediments 
which were incubated with 3HTdR incubated for 2 h 

Thymidine  uptake by nematodes  

Neither  nematodes  nor  polychaetes were affected by N D  
after 66 h of exposure (Table 3). However,  both  groups ex- 
hibited some sensitivity to the other inhibitors.  Nematodes  
were most  sensitive to benzylpenicillin (27% viable after 
66 h), while polychaetes were most  sensitive to cyclohexi- 

mide (14% viable). When  N D  and benzylpenicillin were add- 

ed together  there was no effect on either nematode or poly- 
chaete viability. 

aHTdR uptake was linear over 4 h when nematodes in 
sterile seawater were exposed to ND,  formalin, or nothing 
(Fig. 6). Non- t rea ted  controls had the highest rates of up- 
take, followed by those nematodes exposed to N D  and those 
exposed to formalin, respectively. This suggests that  total  
meiofaunal  uptake of 3H-label is comprised of three distinct 
and separable pools. 

3HTdR uptake by nematodes was linear over a wide 
range of TdR concentrat ions in 2 h incubations (Fig. 7). 
There was a parallel  response in 3HTdR uptake across the 
concentrat ion ranges for all t reatments (none, ND, and for- 
malin). Between 1 n M  and 1 0 m M  TdR, adsorpt ion  ac- 
counted for less than 10% of the total  3H-label taken up by 
nematodes,  35 to 40% of uptake was a t t r ibutable  to associ- 
ated bacteria,  and about  57% was due to direct nematode 
absorpt ion  (Fig. 8). The par t i t ioning of 3HTdR uptake was 
not  constant  over time (Fig. 9). At Time 0, bacteria  had not  
taken up any measurable  3H; however, meiofaunal  absorp-  
t ion and adsorpt ion  had already occurred to some extent. 
After incubat ion for 1 h, the various pools  of 3H appeared  to 
be in equilibrium, and this was mainta ined for up to 4 h. 
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Fig. 7. Effect of thymidine concentration on uptake of 3HTdR by 
nematodes. Nematodes were incubated in sterile solutions of 1 to 
104 nM 3HTdR with no treatment, ND, or formalin. Uptake ex- 
pressed as fmol TdR mg-~ nematode dry wt 

Table 4. Effects of core treatment, inhibitors, and taxa on male- 
faunal grazing rates. All rates are mean grazing rates (% removed 
h-1, and were determined from dis/rain of 3H incorporated into 
meiofauna after incubation of surface sediments (5.5 cm 2 core) with 
3HTdR. Underlining joins means that are not significantly different 
(Tukey multiple-comparison test, P >i 0.05). Poly: Polychaeta; Biva: 
Bivalvia; Nema: Nematoda; Harp: Harpacticoida; Ostr: Ostra- 
coda; Fore: Foraminifera 

Source Tukey multiple-comparison test 

Core 0.22 0.17 
Slurry Intact 

Inhibitor 0.26 0.20 0.10 
None ND Formalin 

Taxa 0.57 0.17 0.13 0.13 0.t0 0.06 
Poly Biva Nema Harp Ostr Fore 
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Fig. 8. Effect of thymidine concentration on percent uptake of 
3HTdR due to either absorption, adsorption, or bacteria attached to 
nematodes 
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Fig. 9. Effect of incubation time on percent uptake of 3HTdR by 
nematodes, due to absorption, adsorption, and associated bacteria 

Meiofaunal  grazing rates 

There was no significant difference between grazing rates 
from intact sediment cores and slurries of sediment cores 
(Tukey mul t ip le-compar ison tests, Table 4). However,  the to- 
tal dis/min in bacteria  and meiofauna in slurries (from which 
the grazing rate was calculated) was twice as great  as in 
intact  cores. N D  was again only par t ia l ly  effective, and graz- 
ing rates were not  significantly different from either live or  

Table5. Partitioning of 3HTdR by sedimentary compartments. 
Sediment slurries were incubated with 3HTdR and extracted for 
bacterial or meiofaunal incorporation of ~HTdR. Three experimen- 
tal treatments (none, ND or formalin) enabled partitioning of 
3H-label 

Benthos DPM a % Label 

Bacteria (none-ND) 26 655 51 

Abiotic (formalin) 5 750 10 

Meiofauna 895 2 
Absorption: 485 (54%) (ND-formalin) 
Adsorption: 255 (29%) (formalin) 
Grazing: 155 (17%) (none-ND) 

Unaccounted for (ND-formalin) 20 450 37 

a Means of 3 relicate samples. Values are dis/min and % of total 
label attributable to each process 

formalin-kil led treatments.  None of the individual  meio- 
faunal taxa were found to have significantly different grazing 
rates except for polychaetes,  which exhibited 3- to 10-fold 
greater rates of grazing than other taxa on bacteria  
(P ~> 0.05). 

When  the par t i t ioning of 3H-label derived from 3HTdR 
was calculated for the course of a 2 h grazing experiment,  
2% of the total  label taken up by an intact core was at t r ibut-  
able to meiofauna (Table 5). Of this 2%, only 17% was due 
to actual  meiofaunal  grazing while 54 and 29% were due to 
absorpt ive and adsorpt ive processes, respectively. We found 
51% of the label in the sediment bacter ia l ly- incorporated 
fraction, and 10% in the sedimentary-adsorbed fraction. Fi- 
nally, up to 37% of the label taken up by a given sediment 
core could not  be accounted for in any of the defined pools. 

No  significant differences were found when meiofaunal  
grazing rates were determined by injecting 3HTdR and 
H14CO~ - either individually or in the same incubat ion 
(Table 6). The mean grazing rate (expressed as % label 
removed h -  1) on 3H-labeled microorganisms was four times 
greater than on 1+C-labeled microorganisms.  
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Table 6. Effect of individual and dual labeling on meiofaunal graz- 
ing (% label removed h - I  individual 1). Sediment slurries were 
incubated with 3HTdR, H14CO~ -, or both, and meiofauna grazing 
rate was determined. No significant differences in grazing rates for 
a given isotope were found (P ~> 0.05) 

Label Treatment 

Alone Together 

3HTdR 0.029 0.026 
H14CO3 0.008 0.007 

Discussion 

Benthic bacteria (Zobell and Feltham 1938) and microalgae 
(Leach 1970) have long been hypothesized as maj or food and 
carbon sources for benthic invertebrates. Diatoms and bac- 
teria are eaten by meiofaunal taxa such as nematodes (Jen- 
sen 1982, Romeyn and Bouwman 1983) and harpacticoid 
copepods (Sellner 1976, Rieper 1978, 1982, 1984). Although 
trophic relationships have been investigated, few of these 
studies measured in situ rates ofmeiofaunal grazing on natu- 
ral microbial populations (Montagna 1984b). 

Radiolabeled substrates have proven to be very useful 
tools in studies of food-chain dynamics in planktonic sys- 
tems (Conover and Francis 1973, Hollibaugh et al. 1980, 
Ducklow et al. 1986). In particular, uptake of [methyl-3H] 
thymidine (3HTdR) has been used for estimating both bacte- 
rial production (Fuhrman and Azam 1980, Moriarty and 
Pollard 1982) and the transfer of bacterial carbon to higher 
trophic levels (Hollibaugh et al. 1980, Roman and Rublee 
1981). The use of 3HTdR for food-web studies is attractive 
because it is taken up and incorporated into macromolecules 
exclusively by prokaryotes (Hollibaugh et al. 1980, Moriarty 
and Pollard 1982), and there is a potential to measure bacte- 
rial carbon production and fate in the same experiment. 

A variety of related methodological problems associated 
with conducting proper meiofaunal grazing experiments 
have been addressed in this study. Past studies of planktonic 
(Conover and Francis 1973) or meiofaunal (Carman and 
Thistle 1985) grazing have frequently made erroneous as- 
sumptions concerning controls or completely ignored con- 
trols altogether. 

Our choice of a combination of nalidixic acid plus 
5'-deoxythymidine (ND) as an inhibitor of bacterial 3HTdR 
uptake (Findlay et al. 1984) was justified due to the absence 
of toxic effects on meiofaunal organisms (Table 3). Inhibitors 
that affect meiofaunal physiology and viability would ob- 
viously be poor choices and would probably give low es- 
timates of grazing if feeding behavior and ingestion rate were 
altered. 

The ND was found to be an effective inhibitor of bacte- 
rial uptake and incorporation of 3HTdR in the water col- 
umn. The inhibitor's effect was apparent immediately and it 
could be used in a range of concentrations (from 20 to 100% 
of saturation in seawater). However, in sediments, ND was 
not as effective in stopping uptake and incorporation of 
3HTdR as it was in seawater. 3HTdR incorporation was 
inhibited by only 43% (1103/2539) when sediments were 

incubated in slurries of a saturated solution of ND (Table 2) 
and resulted in 37% of sediment incorporation being un- 
accountable for (Table 5). Possible reasons for the lack of 
biological action of the ND in sediments are (1) inactivation 
of nalidixic acid and/or 5'-deoxythymidine due to complexa- 
tion with macromolecular dissolved organic matter in pore 
waters (Carlson et al. 1985); (2) ionic binding with mineral 
complexes; and (3) lower sediment microbial sensitivity to 
ND. 

Other investigators have also found limited effectiveness 
of antimicrobial agents in inhibiting the activities of natural- 
ly occurring microbes (Fallon et al. 1983). Jensen (1984) 
found that uptake and respiration of amino acids by lake- 
water bacteria were inhibited by less than 50% when a vari- 
ety of antibiotics were used. Interestingly, 14CO2 fixation by 
lake algae and extracellular organic carbon release were 
found to be most affected by antibiotics. Findlay et al. (1984) 
observed that while saturated solutions of nalidixic acid and 
5'-deoxythymidine inhibited 3HTdR uptake and incorpora- 
tion of macrophyte-associated bacteria by 90%, sediment 
bacteria were inhibited by only 50%. Jensen (1984) sug- 
gested that when such inhibitors are used, corrections for 
incomplete bacterial inhibition must be made. As pointed 
out by Yetka and Wiebe (1974), antibiotics may only be 
effective on rapidly growing microbial populations. The low 
growth-rates characteristic of sediment bacteria may ac- 
count for the ineffectiveness of ND on these populations. 
However the single experiment conducted using super- 
saturated solutions of ND showed that ND was effective in 
blocking 3H-label incorporation by sediment bacteria 
(Fig. 5). This suggests that chemical binding of ND with 
sediment complexes accounts for the ineffectiveness of 
saturated-ND solutions. 

Several criteria exist for the choice of a metabolic or 
growth inhibitor for microbes (i.e., as a live control) in ecolo- 
gical studies. Since radiotracer may appear in a grazer by 
direct grazing, abiotic adsorption, active transport or uptake 
by enteric or epicuticular bacteria, corrections must be made 
for all of these possible routes. Montagna (1983) clearly 
showed that live, non-feeding meiofauna incorporate more 
radiolabel in a grazing experiment than their formalin-killed 
counterparts. These sources of label in meiofauna will result 
in overestimates of grazing if the rates are not corrected. 

When the total uptake of 3H-label by various meiofaunal 
compartments was partitioned, the results were surprising 
(Figs. 7 and 8). Apparently, enteric or epicuticular bacteria 
associated with meiofauna were responsible for the majority 
(>  50%) of "nongrazed" label appearing in live nematodes. 
Contributions by absorption and adsorption, while still sig- 
nificant, were of secondary importance in comparison to this 
fraction. It would be of interest to know if these associated 
bacteria are of some nutritional importance to meiofauna. 
Such partitioning would be impossible without the use of 
selective inhibitors. 

In their studies of meiofaunal copepod grazing on sedi- 
ment bacteria and microalgae, Carman and Thistle (1985) 
used formalin-treated controls only and concluded that 
neither absorption nor adsorption were important. Howev- 
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er, without live controls it is impossible to discern whether 
or not uptake of label by bacteria associated with meiofauna 
or active transport  was significant and hence, whether re- 
ported feeding rates were accurate. As demonstrated in the 
present study, these non-grazing forms of meiofaunal uptake 
of radiolabel could actually account for the maj or fraction of 
label in live meiofauna (83%, cf. Table 5). 

Grazing experiments may be facilitated by employing 
slurries rather than whole cores. Previous reports (Findlay 
and White 1983) have indicated that certain microbial activi- 
ties may be enhanced or depressed in a slurry environment. 

The ultimate purpose of employing the correct types of 
live and killed controls in meiofaunal grazing experiments is 
to obtain accurate rates of cropping of bacterial and mi- 
croalgal populations. Mean meiofaunal grazing rates in the 
dual-label experiment were 0.28 x 1 0 - 3 h  -1 for bacteria 
and 0.08 x 10 .3  h -1 for microalgae for sandy SFB sedi- 
ments. In comparison, Montagna  (1984b) found nematode 
grazing rates of 0.217 x 10- 3 and 1.44 x 10- 3 h -  1 on bacte- 
ria and algae, respectively, in natural sediments from a South 
Carolina mudflat. Feeding-dish studies have shown rates of 
0.032 x 10 -3 h -1 (Duncan et al. 1974) and 3.6 x 10 .3  h -1 
(Admiraal et al. 1983) for nematodes grazing on bacteria and 
algae, respectively. In our experiment in which grazing rates 
by individual taxa were determined (Table 4), nematodes 
grazed bacteria at 1.3 x 10- 3 h -  1. This rate was not signifi- 
cantly different from that for all other taxa except for poly- 
chaetes (5.7 x 10 -3 h- l ) .  

The apparent preference of meiofauna for bacteria over 
microalgae in the dual-labeling experiment is consistent with 
findings of Brown and Sibert (1977), who found harpacti- 
colds to select bacterial carbon. In contrast, Montagna  
(1984 b) found that diatom carbon was preferentially ingest- 
ed, while Van den Berghe and Bergmans (1981) found no 
preference among Tisbe sp. Guidi (1984) found that food 
composition had no effect on ingestion rates of Tisbe  cucu- 

mariae. The present study did not determine bacterial and 
microalgal biomasses, and large differences between these 
two pools of microbial carbon would be reflected in the 
selection of these microbes. 

The results and conclusions of the present study lead to 
several recommendations for accurately estimating meio- 
faunal grazing rates in sediments using radiolabeled sub- 
strates. First, slurries appear to be an adequate medium for 
conducting grazing experiments, and slurries increase the 
precision of measuring meiofaunal accumulation of label 
because label is homogeneously distributed. Note that this 
may not be true for concurrently determining microbial pro- 
ductivity; such activities have been found to be greatly en- 
hanced in slurries (Bauer and Montagna,  unpublished data). 
Second, a proper, living meiofaunal (and microbially inhib- 
ited) control must be employed to correct for radiolabel 
uptake by meiofauna by a variety of routes. Finally, stream- 
lining and simplification of a grazing experiment may be 
achieved by using dual radiotracers and dual live controls 
(i.e., addition of a bacterial inhibitor and incubation in the 
dark to inhibit photosynthesis) to simultaneously measure 
grazing on bacterial and microautotrophic populations. 
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