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Abstract 

TWo experiments were conducted to determine the effect of 
the type of sediment organic matter and geochemical condi- 
tions during diagenesis on the stable carbon isotope ratio 

13C of the deposit-feeding polychaete worms Capitella spp. 
Laboratory experiments showed 813C values of -13 .5  to 
-13.9Too for worms grown on fresh and aged kelp, Macro- 
cystis pyrifera. Field experiments on worms in the Santa 
Barbara Channel, California (USA), in 1986 revealed more 
negative 6t3C values (to -19To~ ) when oil and kelp were 
added to sediments. The more negative values suggest the 
incorporation of oil carbon into worm tissues, supporting 
previous indications of the importance of hydrocarbons in 
food webs near oil seeps. 

Introduction 

Stable isotope ratios in marine animals have been used to 
interpret the predominant sources of carbon where such 
sources have differing 813C (McConnaughey and McRoy 
1979a, b, Fry et al. 1982, Fry 1984, Stephenson et al. 1986). 
Experiments with simple predator-prey systems have shown 
that only minor changes in stable carbon isotope ratios 
occur (613C<1) with each trophic transfer (DeNiro and 
Epstein 1978, Macko etal. 1982). However, as organic 
matter undergoes diagenetic changes in marine sediments, 
its ~13C may change due to the differing isotope ratios of 
more and less labile biochemical fractions (Benner et al. 
1987). Metabolism of diagenetic products by bacteria may 
also result in the production of some forms of carbon that 
may be isotopically lighter (e.g. methane, Martens et al. 
1986) or heavier (e.g. acetate, Blair et al. 1987) than the 
original carbon source. Differential utilization of sedimen- 
tary carbon by benthic organisms following fractionation 
might then alter the stable isotope signal from the original 
carbon source and hinder the use of such ratios in nearshore 

ecosystems where a substantial proportion of primary pro- 
duction may be cycled through sedimentary environments. 

In a previous study we compared the 513C values of two 
species of deep-feeding maldanid polychaetes from a natural 
petroleum seep and a nearby area without seepage (Spies 
and DesMarais 1983). The polychaetes from the seep had 
lower 813C values than expected if they were utilizin g petro- 
leum carbon with an average value of -24.1Too (value from 
Reed and Kaplan 1977). An alternative hypothesis to food 
chain utilization of petroleum hydrocarbon was that petro- 
leum processing of organic matter differed between the re- 
duced seep environment and the more oxidized non-seep 
sediments, altering the 61ac values of carbon available to 
polychaetes. In a field experiment, we examined the utiliza- 
tion of oil in the presence of varying concentrations of kelp 
as potential food carbon sources. In a second laboratory 
experiment, undegraded kelp detritus and detritus aged un- 
der oxic, suboxic and anoxic conditions were fed to Capitella 
sp. I to examine the possible 6a3C changes arising from 
differential microbial metabolism of organic substrates in 
sediments. 

Materials and methods 

Field experiment 

In the field growth experiment, clean fine sand was corn- 
busted in an oven at 500 ~ and amended with dried, ground 
kelp (Macrocystis pyrifera) and seep petroleum and placed 
in the field. Specimens of Capitella spp. which appeared in 
the samples were sampled after 32 d and analyzed. 

We employed a factorial experimental design using all of 
the combinations of 0, 0.1, 1 and 5% concentrations of kelp 
and oil, for a total of 16 treatments. Each treatment was 
placed in three replicate freezer storage containers (cups 
measuring 8.1 cm x 8.1 cm x 6 cm), which were covered with 
lids and frozen at - 1 5  ~ There were a total of 48 cups. 
This experiment was carried out at our comparison station 
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(no active petroleum seepage) at 16 m depth, near Campus 
Point, Goleta, Californa (see Spies and Davis 1979) in July 
1986. The kelp for this experiment and the laboratory exper- 
iment was all collected in January 1986. Fronds without 
obvious epiphytes or epizooites were collected and later 
oven-dried. The dried fronds were ground with a mortar and 
pestle and passed through a 1 mm sieve. 

To install the experiment, divers removed sediment from 
the sea bed to a depth equal to the height of the cups, which 
were carefully placed so that their tops were flush with the 
sediment surface. After all the cups had been set, the gaps 
between the cups and the cavity dug for installation of the 
experiment were filled with azoic sand to the level of the 
surrounding sediment. Divers visited the site several times 
during the 32 d experimental period. Small particles of kelp 
and oil-discolored sediment were evident on the surface of 
many of the treatments, indicating that the separate treat- 
ments were not obscured by burial under sediments trans- 
ported into the experimental area. At the end of the experi- 
ment, several Capitelia spp. were removed from each treat- 
ment that contained them and were frozen at - 1 5  ~ The 
Capitella spp. settling in disturbed sediments in this and 
other shallow coastal areas of California include at least one 
undescribed variety with a planktotrophic larva (J. Grassle 
personal communication). 

Laboratory experiments 
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Fig. 1. Experimental apparatus for degradation of kelp (Macro- 
cystis pyrifera) in sediment under different biogeochemical condi- 
tions 

Kelp debris was aged by mixing dried, ground Macrocystis 
pyrifera with combusted sand and allowing degradation to 
occur in three chambers maintained under different oxygen 
supply and water flow conditions (Fig. 1). We supposed that 
this approach to producing detritus, in sediments rather 
than suspended in water, was a closer approximation to the 
actual complex biogeochemical conditions in sediments 
than those methods previously used (Hanson and Tenore 
1981). One kilogram of a 1% kelp-in-fme-sand mixture was 
placed in each of the three Plexiglas chambers (8.1 cm 
i.d. x 23 cm), a 1 cm 3 inoculum of marine mud was placed in 
each, and the chambers were sealed and a supply of seawater 
provided to each. Chamber I was supplied with a relatively 
rapid flow of water that had been actively aerated, Cham- 
ber II with a slower flow of water that had not been actively 
aerated, and Chamber III  with a moderate flow of water 
than had been actively bubbled with N z to remove 0 2. 

Influent and effluent oxygen concentrations in seawater 
were determined with a polarographic electrode (Yellow 
Springs Instruments). Hydrogen sulfide was also determined 
in effluent and in the beadspace sea water of each column by 
the method of Cline (1969). Dissolved organic carbon in the 
effluent from each chamber, sampled 23 d after the start of 
the experiment, was determined after sparging the samples 
with oxygen and then analyzing them in a Dohrman COz 
analyzer. The experiment was maintained at a temperature 
of 20 ~ + 2 C ~ and was run for 34 d. The sediment was 
removed and sliced into several sections - Chamber I: 0 to 
3, 3 to 6 and 6 to 10 cm; Chamber II: 0 to 0.5, 0.5 to 2 and 

3 to 10 cm; Chamber Ill: 3 to 6 and 6 to 10 cm. Depth 
sections within each chamber were compared to determine 
the possible effect of changing geochemical conditions on 
the isotope ratios of carbon available to deposit feeders. For 
example, the 0.5 to 2 cm layer in Chamber II contained the 
visual redox potential discontinuity and different geo- 
chemical conditions might be expected between the three 
layers sampled within that chamber. 

Following the kelp aging experiment, Capitella sp. I were 
grown on fresh and aged kelp. (Capitella sp. I were from 
cultures maintained by Dr. D. Reish, California State Uni- 
versity, Long Beach, identified by the criteria of Grassle and 
Grassle 1976.) Five Capitella sp. I were maintained in each 
of nine Petri dishes in 42 d experiments. Every week, sedi- 
ment was exchanged using freshly thawed subsamples of 
each of the eight frozen sections along with undegraded kelp 
debris in sand. Several worms were set aside and dried at the 
start of the experiment to determine initial dry weight 
(mean=28_+ 15 mg) and 813C (-11.1%o). The dishes were 
maintained at a temperature of 13 ~ + 1 C ~ After 42 d, the 
worms were transferred several times to changes of fresh sea 
water without sediment to allow their guts to evacuate. They 
were then dried, weighed and analyzed for 813C. 

Stable isotope analyses 

Replicate samples of Capitella spp. were prepared for analy- 
sis by oven-drying at 60 ~ Only the anterior end of each 
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worm from the field experiment was used, to avoid material 
in the intestine. Sediment samples containing organic matter 
were treated with 0.1 M HC1 to dissolve carbonate material 
and also dried at 60 ~ Analyses were carried out at Kruger 
Laboratories, Cambridge, Massachusetts, USA, by corn- 
busting at least 8 mg of  organic material in the presence of  
oxygen. Combustions were carried out in closed tubes in the 
presence of  CuO. Carbon isotope ratios were determined 
in a VG Isogas Model 903 triple-collector, stable-isotope 
ratio mass spectrometer. Shifts were calculated as 6 R =  
[R, ok . . . .  :R,t~a,ra--1] . I000,  where R=13C:12C, and the 
standard was PeeDee Belemnite. Precision for replicate sam- 
ples in this system is +0.1 to 0.2}/o0. 

Statistical treatment of  the data 

In the field experiment there were 16 treatments, and the 
analysis was by multiple regression using the equation: 

813C of Capitella s p p . = a + b  ln(1 + x l )  
+ c  hi(1 +x2),  (1) 

where a is the y intercept, b and c are coefficients of  the 
regression, and xl  and x 2 are the percentages of  kelp and oil 
in the treatment sediments, respectively. 

In the laboratory experiment there were three chambers 
that were treated differently, and the layers of  the sediment- 
kelp mixture tested did not correspond between the cham- 
bers. Therefore, a nested analysis of  variance (ANOVA) 
model was employed (SAS Institute, Inc. 1985): 

613C of Capitella sp. I = chamber ,  chamber (layer). (2) 

This was followed by a one-way ANOVA when it was shown 
that the nested model did not account for a significant 
amount  of  the variance unless the variance was pooled with- 
in chambers. 
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Fig. 2. Capitella spp. Effect of different concentrations of kelp 
(Macrocystis pyrifera) and oil (low = 0. t %, medium = t %, high = 
5% kelp) on 613C of worms colonizing experimental sediments. 
Vertical bars (shown on one side of mean only) indicate standard 
deviations; means without standard deviations had two or less mea- 
surements. Asterisk indicates treatment high-kelp/no-off sample 
eaten by a seastar and may be anomalous 

- 19}/oo occurred in those specimens in lower concentrations 
of  kelp and then converged towards -15}/~o in those in 
higher concentrations of  kelp. We interpret the increasingly 
negative values of  Capitella spp. with progressively less kelp 
in the sediment as reflecting the utilization of  petroleum 
rather than phytoplankton. This is supported by the fact 
that worms in the no-oil treatments with 0 and 1.0% kelp 
were isotopically heavier than oil treatments in this range. 

To determine if the 813C of Capitella spp. was signifi- 
cantly related to the amounts of  kelp and oil, and to quanti- 
fy the possible relationship, we carried out a multiple regres- 
sion using the data from Fig. 2. The data were first trans- 
formed as [ln ( l+x ) ] .  The regression was s ignif icant  
(P=0.0046) and the relationship can be expressed as: 

513C = - 1 8 . 4 + 0 . 4 9  l n ( l + x l ) + l . 4  h i ( l + x 2 ) ,  (3) 

where x 1 = % oil in sediment, and x 2 = % kelp in sediment. 
The amount  of  kelp in sediment had a much more signif- 

icant effect on the 613C (partial F =  7.36) than did oil (partial 
F =  0.66) with this linear regression model, although most of  
the variance remained unexplained (r z =0.39). 

There were clear differences in the 5I~C of  Capitella spp. 
colonizing the different Macrocystis pyrifera oil treatments 
(Fig. 2). Although this species was not found in all treat- 
ments, we were able to analyze specimens from nine treat- 
merits. The data are plotted as a function of  the amount  of  
kelp in each treatment so that the effect of  petroleum (which 
has a 513C of  -24.1}/oo; Reed and Kaplan 1977) can most 
easily be seen. In the treatments without oil, Capitella spp. 
had 813C values < -15.00%0, very close to that of  the kelp. 
The value for worms in the high-kelp/no-oil treatment may 
have been anomalous. A large amount  of  the sediment in 
this treatment was consumed by the seastar Pisaster brevi- 
spinus, and the nearly empty cup may have acted as a sedi- 
ment trap for sedimenting organic material (e.g. phyto- 
plankton, 513 C _ 19 to -20}/00). In the treatments with low 
and moderate amounts of  petroleum, 51aC values of  - 18 to 

Laboratory 

The conditions for kelp degradation within each chamber 
at the end of  the experiment are summarized in Table 1. 
Chamber I (oxic) had an inflow of  water with an oxygen 
content of  6.1 ppm and an outflow with an oxygen content 
of  2.1 ppm. Chamber II  (suboxic) had a similar oxygen 
concentration in the inflow, but less than 0.75 ppm in the 
outflow. In addition, a strongly developed visual redox po- 
tential discontinuity appeared in Chamber II  5 d after the 
experiment began, and remained for the course of  the exper- 
iment. Chamber III  (anoxic) had <0.1 ppm oxygen in the 
bottle supplying the inflow and in the effluent. At  the end of  
the experiment, the concentration of  H2S was four times 
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Table l. Experimental conditions for degradation of Macrocystis pyrifera in flow-through chambers. DOC: dissolved organic carbon, 
measured 23 d after start of experiment; values are means of three replicates and standard deviations were less than 10% of mean in each 
ease. bd: below detection (<0.005 ppm) 

Chamber Treatment Av water flow Conditions at end of experiment DOC 
(ml rain- 1) (ram 1-1) 

0 2 (ppm) HzS (ppm) 

inlet outlet out 

I aerated seawater 12.0 6.1 2.1 bd 0.97 

II seawater 1.5 6.0 < 0.75 0.04 2.38 

III Nz-purged seawater 3.1 < 0.1 < 0.1 0.01 0.36 
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Fig. 3. Macrocystispyrifera and Capitella sp. I. Mean 51~C (• SD) 
of kelp at start of the experiment and after 35 d diagenesis under 
aerobic, mixed, or anaerobic conditions, and of worms at start of 
experiment and after feeding for 42 d on sediments from the three 
treatments and control (no degradation). Numbers of samples con- 
stituting each mean are in parentheses 

background in the effluent of  Chamber II and about twice 
background in the effluent of  Chamber III. The concentra- 
tion of  total dissolved organic carbon was highest in the 
effluent of  Chamber II, intermediate in Chamber I, and 
lowest in Chamber III.  

The 813C of the sediment organic matter and worms at 
the start of  the experiment and for each treatment at the end 
of  the experiment is shown in Fig. 3. Worms feeding on 
the undegraded kelp debris converged from their starting 
values of  - 11.1 to - 14.8%o, approximately that of  kelp 
(-14.2%0), indicating complete turnover of  worm carbon 
during the experiment. 

The 513C of  worms feeding on kelp debris undergoing 
diagenesis under different geochemical conditions was 

remarkably similar (mean = - 1 3 . 7 ~ ) .  The only significant 
difference occurred between worms in Chambers I 
( - 1 3 . 5 ~ )  and II (-13.9%o) (one-way ANOVA; F =  11.04, 
P=0.027) .  There was no significant effect due to worms 
feeding on material derived from different layers within 
chambers (nested ANOVA, / 7 7 , 2 9 = 0 . 7 5 ,  P=0.63) .  The 
worm values were thus fairly constant (within 0.5%0) across 
treatments, despite an approximate 2%o variation in fresh 
and aged kelp (Fig. 3). 

The nutritional value of  kelp differed, as worms fed 
undegraded kelp declined in weight from a mean value of  
28 4-15 mg (dry wt) at the beginning of  the experiment to 
8 • 2 mg at the end of  the experiment. Worms fed sediments 
containing degraded kelp had a final mean weight of 
36.6 + 22 rag. There were no significant differences in Capi- 
tella sp. I weight between chambers or any relationship be- 
tween 813C and weight. 

Discussion 

The results of  the colonization experiment indicate that kelp 
(e.g. Macrocystis pyrifera) and petroleum in sediments can 
be utilized by deposit-feeding polychaetes (e.g. Capitella 
spp.). Our previous studies showed that 813C values shift in 
infaunal organisms, mostly polychaetes, towards petroleum 
in seep sediments. One species, Praxillella affmis, shifted in 
613C by -2.7%o, and was also depleted in 14C by about 15 % 
relative to the same species from an adjacent non-seep area 
(Spies and DesMarais 1983). This was consistent with the 
use of  petroleum carbon in this detritus-based food web and 
provided an explanation for the elevated abundances of  
infaunal organisms in areas of  moderate seepage (Spies and 
Davis 1979). Recently, invertebrates from a deep-water pe- 
troleum seep in the Gulf  of  Mexico were found to be greatly 
depleted in 14C, indicating the use in these organisms of  
carbon derived ultimately from petroleum (Brooks et al. 
1987). In neither case is it clear to what extent the fossil 
carbon in the worm diet originates from oil-degrading he- 
terotrophic bacteria or from chemoautotrophs that rEX CO 2 
dissolved in seep-formation waters. The data from the pres- 
ent field experiment indicate that heterotrophic bacteria are 
likely to be involved, since only oil was added to the sedi- 
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ments and the experiment was not subject to the effect of 
new seepage. 

Of the two sedimentary carbon sources, kelp was utilized 
to a much greater extent than petroleum by worms settling 
in the field treatments. This was evident both in the greater 
contribution of the kelp to the slope of the multiple regres- 
sion and the observations that oil additions had little effect 
when kelp concentrations were high (Fig. 2: 5% kelp). 

Redox conditions may be important in explaining the 
varying degree of oil utilization. Rates of hydrocarbon deg- 
radation may have been high in the lower oil treatments, as 
increasing oil content in sediments from this experiment was 
associated with decreasing redox potential at 1 cm depth 
(own unpublished data), and hydrocarbons do not degrade 
appreciably under anaerobic conditions (Hambrick et al. 
1980, Bauer and Capone 1985). Algal material is, however, 
vigorously degraded under both aerobic and anaerobic con- 
ditions (Hanson and Tenore 1981). The single datum on the 
high-kelp/no-oil treatment may have been anomalous, as 
this treatment was half eaten by seastars (Pisaster brevi- 
spinus) and appeared to be acting as a sediment trap for 
passing plankton. Southern California plankton have 6~3C 
values between -19 .3  and -21.27oo (Mullin et al. 1984) and 
these worms had a value of - 17.87oo. If  this datum is anom- 
alous, then one could interpret the data in Fig. 2 as indicat- 
ing that, at lower concentrations of kelp, petroleum carbon 
is incorporated into deposit feeders, but as the proportion of 
kelp increases kelp carbon becomes increasingly important. 
This interpretation of the experimental results is consistent 
with earlier comparisons of stable isotope abundances of 
organisms collected in seep and comparison areas (Spies and 
DesMarais 1983) and measurements of 14C-labeled hydro- 
carbon metabolism and fixation in sediments which indicate 
that petroleum is incorporated into the food web 
(Montagna et al. 1986). 

It is almost certain that the Capitella spp. which ap- 
peared in the field experiments were derived from settling 
larvae or eggs of previously settled adults, as this species is 
not a normal member of the community at the comparison 
station (Davis and Spies 1980), but occurs there only when 
the sediment is disturbed. 

The interpretation of the results of the laboratory exper- 
iment depends on the extent to which carbon turned over in 
the worms during the 42 d feeding experiment. The conver- 
gence of the group fed undegraded kelp on the 6a3C of the 
kelp (-14.1T~), despite the weight loss experienced by this 
group (from 28_ 15 to 8 +2  mg), indicates that carbon 
turned over completely during this period. Therefore, in the 
other experimental groups, which grew substantially, it ap- 
pears that even less of the original carbon (-11.1%~) re- 
mained. 

In general, the laboratory experimental results indicate 
that degradation of kelp debris in sediment leads to isotopi- 
caliy heavier carbon in the worms feeding on it and, at the 
same time, total carbon in the sediments became isotopically 
lighter. We interpret the more negative ~13C of organic 
matter from Chamber I as a result of the higher flow rate 
and higher potential rate of organic matter oxidation. 

It is apparent that bacterial degradation and subsequent 
leaching of kelp debris results in divergent 613C in sediment 
organic matter and worms compared to small differences 
using undegraded kelp as food. Although this experiment 
was not designed to determine the mechanisms involved, 
several factors might be expected to account for such di- 
vergence. 

First, our results would be consistent with the loss of an 
isotopically heavy fraction from the kelp as it degrades and 
use of this fraction by the polychaetes. During decay of kelp 
it has been shown that various fractions (D-mannitols, other 
sugars, alginates) are released and utilized at different rates 
by bacteria (Lueas et al. 1981, Newell and Lueas 1981). 
Isotopic differences between these carbohydrates and re- 
sidual carbon could contribute to isotopic changes found in 
the present experiment. Past work on detrital utilization by 
Capitella spp. indicates that bacterial metabolism of plant 
material plays a key role in making carbon biologically 
available (Tenore 1977a, b, 1981), so it might be expected 
that this was also the case here. Second, the occurrence of 
slightly isotopically lighter carbon with each trophic step is 
thought to result from preferential respiration of the lighter 
isotope (DeNiro and Epstein 1978). The extent to which the 
bacteria utilized an isotopically heavy fraction of the kelp 
and the extent to which bacteria and the worms may have 
preferentially respired the lighter carbon isotope cannot be 
resolved without further experimentation. Previous work by 
Haines and Montague (1979) has, however, shown that 
Capitella spp. is usually enriched in 13C by 1 to 2700 relative 
to its diet, so that metabolic effects in these worms can 
contribute to observed 13C discrepancies. 
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