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ABSTRACT: Organic matter in marine sediments can be sufficiently labelled for ingestion experiments 
with deposit-feeders by allowing 14C-formaldehyde to bond chemically to it. Microbes, which other- 
wise would account for much of the I4C-formaldehyde uptake, are reversibly inhibited with 30 % NaC1. 
When incubated in 30 % NaC1, at least 95 % of the I4C uptake appears to be due to chemical bonding 
with sedimentary organics. There is a positive relationship between '4~-formaldehyde uptake and 
organic content of sediment. 

INTRODUCTION use of radiotracers to study the ingestion of natural 
sedimentary organic matter by deposit-feeders. Simi- 

The goal of this study was to develop a method of lar methods have been described by Banks and Wolfin- 
radiolabelling sedimentary organic matter for use in barger (1981). 
feeding studies on deposit-feeding animals. Two For ingestion experiments, 2 conditions must be  met 
approaches have been used previously for such by the radiolabelling procedure: The label must be 
studies: (1) Chemical/gravimetric analyses of natural associated with sedimentary organic matter, rather 
material (Newell, 1965; Hargrave, 1970; Lopez et al., than be adsorbed to surfaces or taken up by microbes, 
1977); (2) radiolabelled 'synthetic' detritus (Kofoed, and the label should not migrate during the time 
1975a; Tenore, 1977; Cammen, 1980). One disadvan- course of the feeding experiment. It is important to 
tage of the first approach is its lack of precision and note that the conditions for ingestion experiments are 
sensitivity in measuring small changes, a typical prob- less rigorous than those to study assimilation, which 
lem in estimating assimilation of organic debris by requires the added condition of knowing the distribu- 
animals. For example, it is usually impossible to distin- tion of radioisotope within the labelled substrate (Lam- 
guish 5 % assimilation from 0 % assimilation. Chemi- pert, 1977; Banks and Wolfinbarger, 1981). 
cal/gravimetric analyses are not easily applied to study 
ingestion selectivity of organic matter, a subject of 
considerable interest in deposit-feeding research (Self MATERIALS AND METHODS 
and Jumars, 1978; Taghon et al., 1978; Lopez and 
Kofoed, 1980; Lopez and Cheng. 1982). The use of 14C-formaldehyde was chosen as labelling agent, 
radiolabelled detritus prepared in the laboratory because formaldehyde reacts with a wide variety of 
allows greater sensitivity for measuring small changes functional groups, perhaps the most common reaction 
(e.g. Kofoed, 1975a, b), but studies using such material being the formation of a cross-link of functional groups 
always suffer in extrapolation to the natural world. In with a methylene bridge (Pearse, 1968, pp. 70-73). 
this study we have developed methods which allow the Because preliminary experiments with phenol- and 

heat-killed sediments suggested that microbial activ- 
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(1) Development of a technique that inhibits microbial 
uptake of 14C-formaldehyde without interfering with 
physical/chemical uptake; (2) determining the rela- 
tionship between physical/chemical uptake of 14C-for- 
maldehyde and sedimentary organic matter. 

Microbial Inhibition with 30 % NaCl 

Distinguishing microbial from physical/chemical 
processes is a common problem in biogeochemical 
studies, and interpretation of results can hinge on the 
type of microbial control used (Brock, 1978). The prob- 

The results of Experiment 1 suggested that microbial 
inhibition by 30 % NaCl was at least partly reversible. 
In Experiment 2, we investigated this apparent reversi- 
bility of inhibition. Sediment suspensions, prepared as 
in the previous experiment, were pre-incubated in 
either seawater or 30 % NaC1, then allowed to recover 
for 18 or 48 h before incubating with 14C-mixed amino 
acids. Incubation and sampling were performed as in 
the previous experiment. 

Experiment 3: Effect of Incubation Temperature and 
30 % NaCl on 14C-formaldehyde Uptake 

lem is obvious in this study; clearly, formaldehyde 
An independent method of determining the effect of fixation is not suitable. Furthermore, because the pur- 

30 % NaCl on microbial activity, in this case on 14C- 
pose of this study is to develop methods for use in 

formaldehyde uptake, is to compare uptake in 30 % feeding experiments, the labelling method should not 
NaCl and in seawater over a wide range of incubation leave toxic residues in the sediment. Therefore, we  
temperatures (Brock, 1978). If 30 % NaCl is an effec- have investigated the efficacy of a concentrated solute, 

30 % NaCl, as  an  inhibitor of microbial activity (Brock, tive inhibitor of microbial activity, the seawater sam- 

1978). ple should exhibit higher uptake (microbial + physi- 
cal/chemical) than the 30 % NaCl sample (physical/ 
chemical only) when incubated at non-lethal tempera- 

Experiment 1: Effect of 30 % NaCl on 14C-mixed tures. At temperatures that inactivate or kill microbes, 

Amino Acid Uptake by Marine Sediment seawater and 30 % NaCl samples should display the 
same activity. Samples of a sediment suspension were 

This experiment was conducted to determine 
whether 30 % NaCl affects microbial activity associ- 
ated with a marine sediment, as measured by incorpo- 
ration of 14C-mixed amino acids (U-14C protein hyd- 
rolysate, 57 mCi mAtom-l, Amersham) from solution. 
A sediment suspension was prepared from the light 
fraction of an  intertidal muddy sediment. Sediment 
suspensions (5 ml, - 65 mg dry weight) were pre-incu- 
bated for 1.75 h in either seawater, 30 % NaCl- both of 
which were filtered (0.45 pm) before use - or a HgC1, 
solution (90 yg ml-l seawater). Samples were cen- 
trifuged and resuspended in one of the solutions and 
allowed to sit for 15 min. 14C-mixed amino acids 
(0.5 yCi) were then added to each sample. After l h 
incubation at 25 'C, subsamples were filtered onto 
Nuclepore filters (1 pm pore size, 25 mm diameter). 
Filters were placed in glass liquid scintillation vials 
and solubilized in 0.5 m1 tissue solubilizer (NCS, 
Amersham) for 16 h at 45 'C. After adding 10 m1 
organic scintillant (OCS, Amersham), samples were 
counted on a Nuclear-Chcago Mark I1 liquid scintilla- 
tion counter, and counts were corrected to dpm using 
the external standard ratio method with quench stan- 
dards prepared with NCS-sediment quenching agent. 

Experiment 2: Effect of Varying Recovery Periods Fol- 
lowing 30 % NaCl Treatment on Microbial Uptake of 

I4C-mixed Amino Acids 

centrifuged and resuspended in l 0  m1 seawater or 
30 % NaC1, and then pre-incubated at experimental 
temperatures (2, 8, 23, 34, 60, and 75 "C) for 1 h before 
addition of 14C-formaldehyde. The stock solution of 
14C-formaldehyde was prepared by diluting 500 pCi 
(10 mCi mmol-l, 1-3 % aqueous solution, Amersham) 
in 100 m1 distilled water (stock concentration 5 X 

l O P 4  M). After preincubation, 0.2 m1 (1 yCi) 14C-for- 
maldehyde was added to each sample, which was then 
stoppered, shaken and incubated at the experimental 
temperatures for 44 h. After incubation, samples were 
centrifuged and resuspended in seawater or 30 % 
NaC1, according to treatment, to remove unincorpo- 
rated '4C-formaldehyde. This step was important 
because 14C-formaldehyde binds with filters when the 
suspension is filtered during sampling. Subsamples 
were then filtered onto glass fiber filters (Whatman, 
GF/A, 25 mm), rinsed with 5 m1 seawater or 30 % 
NaCl, and prepared for liquid scintillation counting as 
described above. 

Relationship Between Physical/Chemical Uptake of 
'4C-formaldehyde and Sedimentary Organic Matter 

Experiment 4: Effect of Sedimentary Organic Matter 
on '4C-formaldehyde 

Seven sediments ranging from highly organic mud 
to clean sand were rinsed in distilled water and dried 
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Table 1. Experiment 1: Effect of 30 % NaCl on I4C-mixed amino acid uptake by marine sediment 

Condition Pretreatment Treatment dpm % of I 
(1.75 h) (1 h) (X f s.d., n = 2) 

I seawater seawater 168,192 100 
t 27,370 

11 HgC1, HgC1, 2,145 1 3  
2 l 1  

I11 HgCI2 seawater 2,469 1.5 
+ 15 

IV 30 % NaCl HgC12 1,647 1 .O 
+ 199 

V 30 % NaCl 30 % NaCl 3,125 1.9 
f 383 

V1 30 % NaCl seawater 60,496 36.0 
f 3,618 

at 105 "C. Portions of each sediment were then ashed at 
500 "C for 2 d. Dried and ashed sediments (- 0.3 cm3) 
were then placed in 10 m1 30 % NaCl and allowed to 
rehydrate for 2 d. I4C-formaldehyde (0.5 pCi) was 
added, and samples were incubated at 25 "C for 45 h. 
Samples were then centrifuged and resuspended in 
30 % NaCl. Muddy sediments (1, 2, 3 ,4 )  were subsam- 
pled by filtering portions onto preweighed Nuclepore 
filters. Sandy sediments were sampled with small, pre- 
weighed aluminium planchets (Rublee and Dornseif, 
1978). After drying and weighing, subsamples were 
placed in scintillation vials, dampened with water, and 
then solubilized with tissue solubilizer and prepared 
for counting. Organic content of sediments was esti- 
mated by weight loss upon ashing. 

Experiment 5: Loss of I4C from Sediment Labelled with 
I4C-formaldehyde 

A fresh sediment suspension in 30 % NaCl was 
labelled for 44 h with I4C-formaldehyde, rinsed and 
transferred to seawater. Subsamples were then taken, 
beginning 5 h after transferring. Subsampling con- 
tinued for 4 d. Sampling and counting procedures were 
similar to those used in Experiment 4. 

RESULTS 

Experiment l 

Samples pre-incubated and incubated in seawater 
exhibited highest I4C-amino acid uptake of any of the 
treatments (Table 1). Samples subjected to HgC1, dur- 
ing pre-incubation or incubation displayed only 1 to 
1.5 % of the activity of the seawater control. Incubation 

Table 2. Experiment 2: Effect of varying recovery periods following 30 % NaCl incubation on microbial uptake of I4C-mixed 
amino acids 

Condition Pretreatment Treatment dpm % of I 
1.5 h (X + s.d., n = 2) 

1 seawater seawater 292,923 100 
18 h f 10,330 

I1 30 % NaCl 30 % NaCl 11,118 3.8 
18 h + 2,085 

I11 30 % NaCl seawater 322,104 110 
18 h + 9,105 

% of IV 

IV seawater seawater 175,757 100 
48 h f 10.607 

V 30 % NaCl 30 % NaCl - 
48 h 

VI 30 % NaCl seawater 180,363 102 
48 h 2 5,759 
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in 30 % NaCl resulted in essentially the same low 
activity as HgC1, treatment, indicating that 30 % NaCl 
effectively stopped microbial activity. However, when 
the sediment was allowed to recover for 15 min in 
seawater after 30 % NaCl pre-incubation, activity 
increased to 36 % of the seawater control. Preliminary 
experiments indicated that 1 to 2 h rest periods also 
resulted in 30 to 40 % recovery of the 14c-amino acid 
uptake activity (G. Lopez, unpubl.). 

Experiment 2 

DPM x 103 

16! 

Sediment pre-incubated in 30 % NaCl for 1.5 h, then ORGANIC 

2 L 6 8 ' ,',, ms MATTER 

transferred to seawater for 18 or 48 h, exhibited 
approximately the same 14C-amino acid uptake activ- Fig. 2. Experiment 4 :  Effect of sedimentary organic matter on 
ity as samples kept throughout in seawater (Table 2). '4~-formaldehyde uptake. Each point represents individual 
sediment kept throughout in 30 ~ ~ c - 1  exhibited subsamples from the 7 dried sediments. Organic content was 

very low uptake. estimated by multiplying dry weight by % organic matter. 
Least squares linear regression: y = 1,590 X + 757 (rZ = ,821) 

(n = 14) 
Experiment 3 

there should be an inverse relationship between 
Sediment incubated in seawater took up more 14C- uptake X mg organic matter-' vs. amount of organic 

formaldehyde than sediment incubated in 30 % NaCl, matter. There was no such relationship. 
at  incubation temperatures of 35 "C or lower (Fig. 1). At Uptake by ashed sediment accounted for 1.4 to 5.1 % 
higher temperatures, however, there was no difference of the uptake by dried sediment (Table 3). That is, 
between seawater and 30 % NaCl samples. The differ- removal of the organic fraction of sediment by ashing 
ence between seawater and 30 % NaCl treatments was destroys most of the formaldehyde uptake capacity of 
greatest at intermediate temperatures. sediment. 

DPM I Experiment 5 

Sediment labelled for 44 h with 14C-formaldehyde, 
then transferred to seawater, lost I4C at - 0.2 % X h-' 
over a 101 h period (Fig. 3). 

DISCUSSION 

Experiment 4 

Three lines of evidence suggest that most uptake of 
'4C-formaldehyde by sediment incubated in 30 % 

1 o 

There was a significant positive relationship S 2 0  1 

20 L0 60 
TEMP ['C) 100- 

> 
Fig. 1. Experiment 3: Effect of incubation temperature and 5 80-  

30 % NaCl on 14C-formaldehyde uptake - I- 
U 
Q 6 0 -  

between 14C-formaldehyde uptake and organic con- 
tent of the sediment samples (Fig. 2). This relationship 20 L o 60 80 loo 
could be complicated by saturated uptake by highly E L A P S E D  T IME ( h )  

I 

organic samples but nOn-saturated low- Fig. 3. Experiment 5: Loss of 14C-formaldehyde. Loss rate of 
organic samples. If this was an important effect, then I4C can be expressed by: Activity (,, = 98.6 e-.002' 
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NaCl is due to chemical reactions with sedimentary 
organic matter: (1) Positive correlation between 14C- 
formaldehyde uptake and organic content of sediment; 
(2) positive effect of temperature on uptake under 
NaCl incubation; (3) minimal uptake by ashed sedi- 
ment. When microbes are not killed or de-activated, 
they account for most of the 14C-formaldehyde uptake 
under normal environmental temperatures. At temper- 
atures of 60 "C and higher microbes are presumably 
killed, so chemical uptake predominates. 

Microbes may account for much 14C-formaldehyde 
uptake because they actively take up formaldehyde, or 
because formaldehyde has a higher chemical affinity 
for microbes than for sedimentary organic matter. The 
results of the NaCl experiments demonstrate that the 

chemical uptake can proceed undisturbed, its charac- 
teristics make it an effective tool in radiolabelling 
methodology. Microbial activity is very effectively 
inhibited, but the inhibition appears to be largely 
reversible. Preliminary experiments indicate that mic- 
robes, after being subjected to 40 h of NaCl incubation 
followed by 24 h recovery in seawater, incorporated 
3H-thymidine (see Hollibaugh et al., 1979). Because 
30 % NaCl does not appear to kill microbes, it prob- 
ably also does not greatly alter the structure of the 
sedimentary organics, though its high ionic strength 
may affect sorption of dissolved and colloidal organics. 
This aspect has not been studied. NaCl is easily 
diluted from the labelled sediment, leaving no residue 
that might interfere with animals in feeding experi- 

Table 3. Experiment 4: Effect of sedimentary organic matter on 14C-formaldehyde uptake (n = 2, + s.d.) 

Sediment % organic dpm mg-' dpm mg-' dpm mg-' ash wt % uptake. 
dry wt organic matter (ashed sediments) ashed/dry 

1 18.77 256.1 1,364 5.6 2.2 
+ 1.05 t 11.5 f 62 f 0.1 

2 16.95 429.5 2,535 9.7 2.2 
f 0.49 + 3.7 f 21 f 6.7 

3 5.38 147.1 2.735 5.6 3.8 
f 1.05 f 115 + 2.2 

4 5.04 70.1 1,383 4.5 6.4 
f 0.53 + 9.9 + 62 + 0.2 

5 0.46 5.3 1,140 0.3 5.1 
+ 0.01 f 1.1 + 244 f 0.1 

6 0.39 7.1 1,832 0.2 3.4 
+ 0.06 f 2.4 + 633 

7 0.09 2.6 2,808 0.1 3.8 
f 0.01 f 0.1 + 71  + 0.1 

correct interpretation must be metabolic uptake. Mic- 
robes are effectively but reversibly inhibited by 30 % 
NaC1; uptake of both I4C-mixed amino acids and 14C- 
formaldehyde under 30 % NaCl incubation was very 
similar to uptake by killed samples. NaCl incubation 
also inhibits 14C-bicarbonate uptake in the light as 
effectively as HgC1, poisoning (G. Lopez and F. Car- 
rasco, unpubl.). Reversibility of inhibition demon- 
strates that few microbes are killed by 30 % NaCl 
treatment. Moreover, postincubation of 14C-amino acid 
labelled microbes in 30 % NaCl did not result in great- 
er loss of 14C than seawater postincubation (G. Lopez, 
unpubl.). Therefore, if inactive but live cells take up 
14C-formaldehyde at the same rate as killed cells, 
higher uptake by active cells must be due to the 
metabolism of the cells, rather than their organic struc- 
ture. 

NaCl incubation is not only necessary for chemically 
labelling sedimentary organics with 14C-formaldehyde 
because it effectively inhibits mocrobial activity so 

ments. Of course, the 14C-formaldehyde itself may 
affect animals, but given the low concentrations 
needed to sufficiently label sediment (- 1 0 - ~  M in this 
study), chemical bonding, and rinsings, it is unlikely 
that free formaldehyde concentrations in labelled sedi- 
ments exceed 1 0 - ~  M. Many methods could be used to 
stop microbial activity and still allow chemical activ- 
ity; few methods other than NaCl (or other inert sol- 
utes) incubation have reversible action on microbes, 
little effect on sedimentary organics, and can be com- 
pletely rinsed from the labelled material. 

The results of Experiment 4 show that there is a 
positive relation between chemical uptake of 14C-for- 
maldehyde and amount of sedimentary organic matter 
(Fig. 2). This is slightly surprising, for one might 
reasonably expect that the diversity of organic groups 
dominating in different sediment types would pre- 
clude such a simple relationship. For ingestion experi- 
ments, this relationship is not even necessary; as long 
as the label is associated with the organic matter, and 
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the activity does not change greatly during the time 
course of the experiment, then for a given sediment the 
ratio of 14C:mg organic matter can be calculated from 
measured values. This ratio can then be  used to esti- 
mate ingestion of organic matter. The more general 
relationship demonstrated in Fig. 2 suggest that either 
organic matter associated with diverse sediments is 
dominated by a few classes of compounds, or that 
formaldehyde has a broad reactivity with many func- 
tional groups. 

Ashed sediments displayed much lower uptake of 
I4C-formaldehyde than did dried sediments, support- 
ing the idea that uptake was due primarily to reactions 
with organics. These results, however, should be view- 
ed  with some caution. High temperature ashing cer- 
tainly altered the physical state of the clay minerals, so 
that dried sampled may have displayed much higher 
uptake by undisturbed mineral grains. Experiments 
should be  conducted using other methods of organic 
removal (peroxide treatment, low temperature ashing) 
to separate the organic and inorganic components of 
I4C-formaldehyde uptake. Certainly, inorganic 
adsorption of 14C-formaldehyde occurred, and it was 
easy to measure. Formaldehyde sticks to most every- 
thing, including baked glass fiber filters, and the 
methodological problems caused by adsorption were 
significant. Nevertheless, the experimental results are 
best explained by the conclusion that organic uptake 
was more important than inorganic uptake, and that 
high temperature ashing probably did not greatly 
reduce inorganic adsorption by sediments. High temp- 
erature alteration will affect clay minerals more than 
massive siliceous grains. In fact, our results indicate 
that ashing reduced 14C-formaldehyde uptake to 2.2 to 
6.4 % of dried uptake, regardless of sediment type 
(Table 3). If ashing had caused a serious artifact, it 
should have had a different effect on the high organic, 
muddy sediments (1-4) than on the low organic sands 
(5-7). That was not the case. 

It is possible that formaldehyde does not react with 
sedimentary organics, but only adsorbs to it when the 
organics are themselves adsorbed to inorganics. For 
ingestion experiments, this distinction is academic; a s  
long as the label is associated with the organic matter, 
and there is little change in activity during the course 
of a feeding experiment, the method can be used. The 
results of this study suggest that these conditions are 
met. 

The purpose of this study was to develop methods 
suitable for feeding experiments on deposit-feeders. 
Using these methods, we are able to estimate ingestion 
rate and ingestion selectivity of sedimentary organic 
matter (Lopez and Cheng, 1982). There will be  a temp- 
tation to use this method to examine other aspects of 
feeding, such as digestion and assimilation. We plea 

that such experiments not be conducted until the 
nature of the formaldehyde-organic association is 
elucidated. 

CONCLUSION 

This study demonstrates that sedimentary organic 
matter is labelled when incubated with I4C-formal- 
dehyde in 30 % NaC1. The strong solute is a n  effective 
but reversible inhibitor of microbial activity. Microbial 
inhibition is necessary to allow chemical labelling 
because active microbes take up  I4C-formaldehyde 
much more quickly than does chemical reaction with 
sedimentary organics. Chemical labelling of sedimen- 
tary organic matter meets the requirements necessary 
to conduct experiments on ingestion of this potential 
food source by deposit-feeders, such as studies on 
ingestion rate and ingestion selectivity (Lopez and 
Cheng, 1982). Adsorption of I4C-formaldehyde to par- 
ticle surfaces appeared to account for only a small 
fraction of uptake by sediments, although this problem 
deserves further attention. The relationship between 
uptake and organic content suggests that certain clas- 
ses of sedimentary organics dominate in sediments, or 
that formaldehyde has broad reactivity. Further study 
should include chemical fractionation of the labelled 
material. 
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