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Table 1. Frequency and precision of analyses that were made regularly. Coefficient of variation
(CV) values are the means of replicate samples from the mixed water column (therefore,
mostly reflecting analytical precision) and sets of sediment cores (mostly reflecting spatial
heterogeneity). Abbreviations: organic carbon (OC), infrared CO2 analysis (IR).

Variable Method Frequency MeanCV

chlorophyll a fluorometric weekly 3%
oxygen dynamics:

dieIO2 production titration biweekly 1%
benthic O2 uptake titration twice 1%

carbon dynamics:
14C_DIC acidification/ trapping weekly 2%
suspended particle 14C-OC combustion/trapping weekly 2%
suspended particle OC combustion/IR weekly 2%
sediment 14C-OC combustion/trapping 10 times 8%
sediment OC combustion/IR 10 times 5%

al., 1982). This suspended load and the depth of the water column are sufficient to
reduce light at the bottom to less than 1% of surface illumination (Oviatt et al., 1986a)
and thus maintain a heterotrophic benthic community.

Water was exchanged between Narragansett Bay and the tank four times daily
(120 1 per time, salinity of about 300;00)until January 6, 1981, when 14Cwas added to
the tank. There was no water exchange during the six month radiocarbon study. This
closed condition probably did not change the biological and chemical dynamics from
those normally found in MERL control tanks since no marked differences were
observed between tanks operated with or without water exchange during a previous
eight month experiment (Pilson et al., 1980; Pilson, 1985).

b. Radiocarbon addition and microcosm treatment. On January 6, 1.6 mCi of
aqueous 14C-sodium bicarbonate (New England Nuclear) was injected into the
microcosm at a depth of 1 m during a mixing period. During the next six months,
filtered bay water « 1 ~m) was occasionally added in order to replace water removed
by sampling. On June 19, the water column was drained and refilled.

c. Pelagic community structure. Phytoplankton biomass (chlorophyll a) and zoo-
plankton abundance were monitored during the study. Chlorophyll a was extracted
from suspended particles and measured tluorometrically (Holm-Hansen et al., 1965)
on a weekly basis (Table 1). These samples were taken by siphoning water from a
depth of 0.5 m while the entire water column was being mixed and filtering 0.1 to 1.0 1
through Gelman AlE glass fiber filters. Samples were stored frozen (-20°e) in the
dark with desiccant, for up to two weeks.

A vertical zooplankton tow of the 5 m water column was made weekly with a
0.150 mm mesh net (0.25 m2 opening). Organisms were identified and counted.
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Figure 2. Regression of benthic oxygen uptake as a function of temperature from MERL
control microcosms. All measurements were made January through July, 1978-1982. "X"
represents the radiocarbon tank. Other data are presented courtesy of Dr. S. W. Nixon.

d. Oxygen dynamics. The microcosm's metabolism was monitored by measuring
dissolved oxygen dynamics. Apparent daytime primary production was estimated
weekly by in situ diel changes in oxygen concentrations (Odum and Hoskins, 1958;
Oviatt et al.. 1986b). Dawn and dusk samples were measured by Winkler titrations
(Strickland and Parsons, 1972). The amount of oxygen used by the benthos (method
given below) during the daytime production interval was added to the observed change.
Oxygen production was also corrected for air-water exchange (Oviatt et al., 1986b).

Benthic oxygen uptake was measured twice during the study by measuring oxygen
concentration changes within a chamber which covered the entire sediment tray
(Oviatt, 1981). The chamber was gently stirred prior to the final sampling. Oxygen
concentrations did not fall below 80% of saturation. These measurements were then
compared to benthic oxygen uptake measurements which were made with identical
methods from January to July in MERL control microcosms since 1978. Since uptake
rates in the radiocarbon microcosm were close to the least squares regression of oxygen
uptake and temperature in other microcosms (Fig. 2), integrated oxygen uptake during
the radiocarbon study was calculated from this regression and the observed tempera-
ture regime.

e. Carbon dynamics. Measurements of both radiocarbon and total carbon in the water
column and sediment were made. Regular measurements were made of the 14C content
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of dissolved inorganic carbon (DIC), total organic carbon and 14Ccontent of suspended
particles, and total organic carbon and 14Ccontent of the sediments (Table I).

The 14Ccontent of DIC was extracted from duplicate 500 ml water samples as in
Hinga et al. (1980); samples in stoppered extraction bottles were acidified and CO2

was trapped on phenethylamine soaked filter paper that was suspended above the
water in plastic wells. Both paper and wells were placed in vials with Aquasol II
cocktail (New England Nuclear) for scintillation counting. Total DIC was estimated
at the beginning of the study by measuring alkalinity and pH (Strickland and Parsons,
1972). The DIC concentration was assumed to be constant for the remaining time.
During the winter and spring, the mean coefficient of variation of biweekly DIC
concentrations in three MERL control microcosms was only 3.4% (SD = 0.5%) and
the mean net change was only 2.6% (SO = 1.7%).

The 14Cand total organic carbon content of suspended particles was measured by
combusting samples and measuring the evolution of CO2, trapping this CO2, and
counting the 14Cin it. An inventory of label in the particles, as well as the particles'
specific activity (DPM/ ~gC) was thus directly measured. Net primary production on
the walls was also estimated from these samples by the difference between particulate
14Ccounts in the water before and after wall cleaning.

Samples of suspended particles were collected as for chlorophyll a samples, but glass
fiber filters had been precombusted at 425°C. Samples were stored frozen in
precombusted aluminum foil. For analysis, samples were dried at 60°C, fumed with
HCL, and combusted.

The high temperature, dry combustion system (Rudnick, 1984) was modified from
Burnison and Perez (1974), Salonen (1979a) and O'Reilly (1984). Samples were
combusted at 950°C (Salonen, 1979b) in a stream (II/min) of CO2 free 02' CO2

evolution was measured on an Horiba PIR-2000 infrared analyzer (200 mm cell) with
a d-glucose standard curve. Good precision was achieved for replicate standards (mean
coefficient of variation = 3.2% for 160 sets). An intercalibration with 2 elemental
analyzers (a Carlo Erba model 706 and a Perkin Elmer model 240B), using a sediment
sample, yielded mean values which differed by less than 3% (G. Douglas, personal
communication).

After passing through the infrared analyzer, CO2 was trapped in a vigreaux column
(2 cm diameter) with 5 ml phenethylamine, rinsed with scintillation cocktail (toluene
with 37% methanol, 8.2 gil PPO, 100 mg/l pOPOP as in Woeller (1961), and
counted. Label recovery from 14C-glucoseand 14C-methylmethacrylate (New England
Nuclear) was 96.9% (SO = 4.2%, n = 33) and independent of O2 flow rate from
150 ml/min to 1000 ml/min.

The sediment's total organic carbon content and the 14Ccontent of this organic
carbon was also measured with the combustion system. Sediments were sampled from
random locations ten times using two corers (5 cm2 and 20 cm2

) with an unrestricted
flow-through design (Frithsen et al.. 1983). The smaller cores (6 cores per sampling)
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were used solely for sediment carbon analysis. The larger cores (6 per sampling) were
used for faunal analysis (Rudnick, 1984), but also subsampled for carbon analysis.

The cores were sliced in depth layers of ~.5, 0.5-1, 1-2 and 2-6 cm layers. Only
the surface layer was taken during the initial two months of the study and layers below
6 cm were taken during the final months. Below the top 0.5 cm, a subcore of each
horizon was taken to eliminate contamination by peripheral smearing. Wet weight and
dry weight (11 DoC) were then measured so the concentration of organic carbon per
unit dry weight could be corrected for the dry weight of dissolved salts in pore water
and water overlying the surface layer.

For carbon analysis, each slice was ground to a fine homogeneous powder with a
mortar and pestle. Subsamples were placed in carbon free combustion crucibles,
weighed, soaked in 6N phosphoric acid, dried at 60°C, and then combusted in the same
crucible so that no dissolved organics were lost. Losses through volatilization were also
insignificant; label recovery from labelled Mytilus edulis tissue was identical with and
without this treatment.

f Bioturbation modelling. The mixing rate of sediment particles was estimated using
a numerical model, modified from Peng et al. (1979), to fit the observed depth
distribution of labelled carbon. This simple model assumed that mixing was a diffusive
process and that no loss of labelled organic carbon occurred below the surface layer; a
minimum estimate of the mixing rate was thus derived. The model included 18 depth
layers, each 1 cm thick (z = 1 cm), a constant mixing rate between layers (R cm/d,
equal to Dm/z for the mixing coefficient Dm), and a constant daily input (J) of labelled
carbon to the surface layer. This input was estimated from the net observed increase of
labelled organic carbon in the sediment for each of three sequential time intervals
(76 d, 61 d, 40 d). For the daily timestep (t) of an interval, the change in the
concentration of labelled carbon (Ci) was calculated for each sediment layer (i) with
the following equations:

~Cl = [(C2 - C()R/z + I]~t
~C2 = [(C( + C3 - 2C2)R/z ]~t

~Cl7 = [C16 + CI8 - 2Cl7)R/z]M

~C18 = [(Cl7 - CI8)R/z]~t
The model was iterated, varying values of R to yield the best fit between the modelled
and observed depth distributions, based on the minimum chi square.

3. Results
a. Pelagic structure and dynamics. Radiocarbon was added to the tank on January 6,
at the end of a large diatom bloom by Chaetoceros sp. and Thalassiosira sp. (Fig. 3).
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Figure 3. Chlorophyll a concentrations prior to and during the radiocarbon study. The arrow
indicated the date of the radiocarbon addition. While no samples were taken between
November 10 and December 22, visual observations of the water column were made daily and
no phytoplankton blooms were seen during this time.

The bloom began during the third week of December and ended by the second week of
January. Chlorophyll a concentrations reached 26 ~g/l on December 30. While
diatoms were common during the spring, a large dinoflagellate, Phaeocystis sp. was
dominant in late January and February.

Primary production was low after the bloom, with an average daytime O2 production
of 0.046 M m-2d-1 (Table 2). Total production was 8.18 moles O2 from January 6 to
July 3.

Zooplankton were sparse during the study. The maximum abundance of the
dominant species, Acartia hudsonica, occurred in January with only 99 individuals per
m3

• By April, no macrozooplankton, other than Neomysis americana were found.
Smayda (1973) has noted a negative correlation between A. hudsonica and Phaeocys-
tis poucheti in Narragansett Bay and mysids are known to be predators of zooplankton
(Cooper and Goldman, 1980).

b. Benthic structure and dynamics. Benthic community structure in the microcosm
was typical of the soft-bottom of mid-Narragansett Bay and the MERL control
microcosms. The dominant macrofauna species were subsurface deposit feeders. The
bivalve Nucula annulata and the capitellid polychaete, Mediomastus ambiseta were
numerically dominant and N. annulata and the maldanid polychaete, Aesychis
elongata had the highest biomass (Rudnick, 1984).

Benthic oxygen uptake in the MERL microcosms is a consistent function of
temperature (Fig. 2). Based on this regression and temperature measurements, we
estimate that benthic oxygen demand in the radiocarbon tank totalled 2.63 moles
02/m2 between January and July (Table 2).

c. Radiocarbon dynamics. The initial quantity of 14C(1605 ~Ci) that was in the form
of dissolved inorganic carbon (DIC) on January 6 decreased to 926 ~Ci by June 19
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Figure 4. (a) Inventory of label in the water column and in the entire sediment tray. (b) The
cumulative distribution of the sediment's label with depth. ± 1 standard error.

(Fig. 4). The exponential rate ofloss oflabelled DIC was 0.28% per day (R2 = 0.914).
Labelled DIC was lost from the water column via atmospheric exchange of CO2 and
the photosynthetic fixation of labelled organic carbon (LOC).

Label found in suspended particulate organic carbon increased rapidly (to 20 J,LCi)
during the first six days and maintained a level between 16 and 55IJ.Ci for the duration
of the study (Fig. 4). The specific activity of these particles was lower than that of the
DIC during January since nonlabelled detritus from the late December diatom bloom
remained suspended in the water column (Table 2). Subsequently, the specific activity
of particulate organics was similar to estimated DIC values.

Labelled organic carbon accumulated in the sediment. By July, we found 149 J,LCi, or
9.3% of the tank's original label, in the sediment. This LOC was mixed to a depth of
about 10 cm by the benthic community (Fig. 4). 60.4% of the sediment's LOC was
found below the 2 cm horizon at the end of the study.

The atmospheric loss of labelled CO2 can be calculated as the difference between the
loss of labelled DIC from the water column and accumulation of LOC in the tank
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Table 3. Inventory of label on June 19 and an estimate of the loss of label to the atmosphere.

Dissolved inorganic C (DIe)
Suspended particulate organic C
Organic C on walls
Sediment organic C*
Total
Atmospheric loss (initial-total)**

/lCi/tank

926
29

7
179

1141
464

SE
74
<I

3

*Label in the sediment's organics on July 3 (149 ± 14/lCi) plus labelled DIC flux from the
sediment between June 19 and July 3.

**Assumes a negligible amount of label as dissolved organic C. Labelled DOC samples were
taken but blanks were high and variable. On May 19, the maximum (including DIC
contamination) amount of labell~ DOC was 50 /lCi (SE = 7.4).

(Table 3). We estimate that 464 J!Ci were lost to the atmosphere, with a rate of 0.23%
per day (R2 = 0.984 with an exponential model).

d. Sedimentation. Estimates of sedimentation can be derived from measurements of
total organic carbon and LOC in the sediments. The net sedimentation of organic
carbon from January to July can be estimated directly from LOC accumulation and
the specific activity of this LOC. For each time interval in Table 2, the change in the
sediment's inventory of label was multiplied by that period's DIC specific activity. By
July, 14.5 gCjm2 of LOC had accumulated in the sediment.

The gross amount of LOC sedimentation that was derived from primary production
on the tank's wall is also calculated in Table 2. Total inputs to the sediment from this
source were 5.6 gCjm2• Most of this carbon was probably from the production of
pennate diatoms (Caron and Sieburth, 1981).

An estimate of gross sedimentation from the nonlabelled diatom bloom of late
December (Fig. 3) can be made from changes in the standing stock of organic carbon
in the sediment's surface layer. The observed standing stock was a function of the
balance of inputs (sedimentation and upward sediment mixing) and outputs (mineral-
ization and burial). The concentration of organic carbon in the top 0.5 cm layer was
1.45% of salt free dry weight (SE = 0.06%) on September 17 (3 months before the
radiocarbon addition). By January 9 (3 days after the radiocarbon addition), the
concentration had increased to 2.66% in this layer (Fig. 5). This increase occurred
because of deposition from the diatom bloom and mixing with deeper, more carbon rich
sediments (about 2%, Fig. 5). If sediment mixing is ignored, the net increase in the
organic carbon standing stock is a maximum estimate of the excess of deposition over
mineralization. This estimate, 31 gCjm2

, is thus also a maximum estimate of
deposition from the bloom at the end of this period.

The minimum amount of carbon that was deposited from this bloom was equivalent
to the change in the standing stock of nonlabelled organic carbon in the surface layer



826 Journal of Marine Research

z 3.0
0
III
II:
CI 2.5
0

0
z 2.0
CI
Cl
II:
0 1.5

~
J F M A M

[44,4

Figure 5. Change in organic carbon concentrations of the sediment. Ranges in cm represent
depth layers. Error bars are ± I standard error. The salt-free dry weight of sediment in the
surface layer was constant through the entire study (mean of 0.26 g per 0.5 cm3, standard
error of 0.02, and a slope of -0.00002 for a regression with time in days).

between January 9 and March 23. Since the loss of total organic carbon in the top
0.5 cm was 17.2 gCjm2 and the gain of LOC totalled 1.0 gCjm2

, 18.2 gCjm2 of
nonlabelled carbon was mineralized and buried (by mixing with less carbon rich,
deeper sediments; Fig. 5). This is an accurate estimate of bloom sedimentation if
carbon concentrations immediately before the bloom were equivalent to subsurface
concentrations, or about 2%. If surface concentrations were less than 2%, bloom
sedimentation was greater. It is unlikely that surface concentrations exceeded subsur-
face concentrations before the bloom because phytoplankton biomass was low in the
fall (Fig. 3) and therefore it is unlikely that bloom deposition was less than
18.2 gCjm2

; nonlabelled bloom deposition was probably between 18.2 gCjm2 and
31 gCjm2

•

4. Discussion
a. Lags in organic carbon mineralization. The results of this study directly demon-
strate seasonal lags in the mineralization of organic matter in shallow marine
sediments. During the winter and spring, 14.5 gCjm2 of labelled organic carbon
accumulated in the sediment. If a significant lag between the time of deposition and
mineralization did not exist for a substantial fraction of the phytoplankton detritus,
little accumulation would have been observed. We reject an alternative explanation for
the accumulation of a pool of labelled carbon-that this pool is labile and rapidly
cycling. The observed pattern, with the pool size increasing over the six months period
(Fig. 4b), rather than rapidly (days to weeks) reaching a steady state value (of more
than 10 gCjm2

) and fluctuating about this value, is inconsistent with this explanation.
It is more likely that only a portion of detrital deposits were rapidly cycled at the
sediment surface and the residual organics accumulated in the subsurface sediments;
later, we will calculate that the observed accumulation represented roughly half of the
gross amount of labelled organic carbon that was deposited on the sediment from
January through June.



1986] Rudnick & Oviatt: Lags in organic carbon mineralization 827

The accumulation of such a large proportion of detrital deposits is contrary to the
general concept that detritus derived from phytoplankton is of high quality compared
to vascular plant detritus (Lyons and Gaudette, 1979; Tenore et al., 1982). While the
latter detritus contains a large fraction of structural materials (e.g. lignin), and thus
requires "aging" before much of the material can be incorporated in the food web,
phytoplankton detritus should be readily assimilated by microbes and detritivores
(Tenore and Hanson, 1980; Tenore et al.. 1984). Indeed, recent models of primary
production and decomposition in pelagic food webs indicate that mineral cycling is
highly efficient and rapid (Eppley and Peterson, 1979; Goldman, 1984). The finding of
carbon accumulation is also inconsistent with the conclusions of Graf et al. (1982,
1983). These studies of benthic metabolism concluded that deposits from winter j
spring diatom blooms (11 gCjm2 to 70 gCjm2

) were completely mineralized within 3
to 6 weeks with temperatures near 4°C; decomposition lags were short.

In our study, why did the mineralization of a large fraction of phytoplankton detritus
lag for months after the time of deposition? Detrital preservation may be a function of
detrital composition or conditions within the sediment, including temperature, avail-
ability of molecular oxygen, or the presence of metabolic inhibitors.

Laboratory studies of phytoplankton decomposition have usually found that decay
conforms to a first-order kinetic model, or the sum of several first order functions for
different organic pools within the detritus (Westrich and Berner, 1984). After an
initial period of rapid leaching and mineralization, with rates on the order of 1% to 10%
per day (at about 20°C), these studies have found that decomposition slows to 0.1% to
1% per day for much of the remaining detritus (typically 20% to 50% of the initial
amount: for example, Westrich and Berner, 1984; Garber, 1984). The relatively
refractory portion of phytoplankton detritus may be composed of humic compounds.
Cronin and Morris (1983) and Poutanen and Morris (1983) have found that humic
compounds can be formed from diatom detritus within 4 weeks both in the laboratory
and in sediment traps. The formation of a refractory fraction may therefore be
maximized in those communities where faunal grazing rates and microbial activity are
too slow to mineralize phytoplankton and phytoplankton detritus within a few weeks of
its production.

Conditions may have been ideal for the preservation of detritus during the winter
and spring months in our microcosm. First, temperatures were low (Table 2). Studies
that have been done in the laboratory and the field have found that decomposition is a
temperature-dependent process, with QIO values exceeding 2 (Jorgensen, 1977; Adbol-
lahi and Nedwell, 1979; Iturriaga, 1979; Garber, 1984; Hobbie and Cole, 1984).
Second, there was little grazing on the phytoplankton because of the scarcity of
zooplankton and suspension feeding benthos. Third, detritus was rapidly buried in the
sediment by the bioturbation of the subsurface feeding benthos (Rudnick, 1984).
Estimated bioturbation rates (Fig. 6) were relatively high (Luedtke and Bender, 1979;
Aller, 1982; Matisoff, 1982) but similar to estimates for Long Island Sound (Aller and
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Figure 6. Results of the sediment mixing model for: (A) January 6 to March 23, (B) March 23
to May 23, (C) May 23 to July 3. Details of the model are presented in the methods section.

Cochran, 1976; Aller et al., 1980). Mineralization may hilVebeen slowed by burial of
particles beneath the oxic environment of the top few millimeters into an anoxic
environment, with higher concentrations of potential metabolic inhibitors (e.g.,
sulfides and ammonium) (Howarth and Hobbie, 1982) and lower faunal densities
(Rudnick et al., 1985).

Detritus may be completely mineralized more rapidly in Kie1Bight sediments than
Narragansett Bay sediments during the winter and spring for several reasons. (We will
assume that assessments of both systems are accurate, but it should be recognized that
deposition estimates in open, turbulent systems are uncertain and estimates of annual
benthic metabolism in Kie1 Bight range from 30 gCjm2 (Balzer, 1984) to 405 gCjm2

(Graf et al., 1983).) First, the benthos of boreal systems, such as the Baltic, may have a
greater metabolic potential at low temperatures than the benthos of temperate
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systems, such as Narragansett Bay. Second, a greater proportion of detrital deposits
may be buried beneath the sediment-water interface and therefore preserved in our
microcosm than in Kiel Bight. Higher burial rates are likely in Narragansett Bay
sediments because of the dominance of subsurface deposit feeders (Grassle et al., 1985;
Rudnick et al., 1985), while Kiel Bight is dominated by surface and suspension feeders
(Arntz and Brunswig, 1976; Arntz and Rumohr, 1982). Higher subsurface preserva-
tion rates may occur either directly or indirectly because conditions in Narragansett
Bay's organic rich sediments (organic carbon ~ 2% of dry weight compared to 0.5% in
Kiel Bight; Balzer, 1984) are more reducing (with negative eH values beneath the 2 cm
horizon in Narragansett Bay and values frequently exceeding +300 mv in the 3 to 4 cm
horizon of Kiel Bight sediments; Graf et al., 1983). Organic enrichment may foster
conditions within the sediment which retard detrital mineralization.

b. Seasonal organic carbon storage. We observed an accumulation of LOC in the
sediment, but a net accumulation, or storage of total organic carbon did not necessarily
occur. Under steady state conditions, LOC could accumulate while nonlabelled
organic carbon was mineralized and no net change of total organic carbon would have
occurred. Therefore the dynamics of labelled and nonlabelled carbon must be known in
order to assess whether storage occurred. In order to qualitatively make this
assessment, we have calculated the flux of both of these carbon pools into and out of the
sediment based on measurements of carbon, radiocarbon and oxygen dynamics.

These calculations (Table 4) were based on two major assumptions. First, it was
assumed that oxygen fluxes (primary production and benthic uptake) could be
converted to carbon fluxes on a one to one molar basis. While deviations from this
stoichiometry certainly occur over days to weeks, severe deviations over a period of six
months do not occur (Nixon et al., 1980; Oviatt et al., 1986b). The second assumption
was that primary production and respiration within the entire tank were equal after the
December diatom bloom (i.e., after the radiocarbon addition) and therefore no net
carbon sedimentation occurred after the bloom. This assumption is likely to be
approximately correct since nutrients are removed from the water column during the
winter/spring diatom bloom in Narragansett Bay and the MERL tanks, and the
radiocarbon tank was a closed system. Inorganic nitrogen concentrations consistently
remain at their annual minimum after the bloom and through the spring (Pilson,
1985). In the closed microcosm, productivity was probably nutrient limited and
sedimentation could only occur at the expense of nutrients that had been regenerated
by the benthos; net sedimentation after the winter bloom was probably negligible. This
steady state assumption was supported by the finding of near saturation concentrations
of oxygen in the water column of the tank after the winter bloom. Oxygen concentra-
tions in MERL water columns deviate considerably from saturation when production
differs greatly from respiration, such as during the winter bloom (Oviatt et al.,
1986a).
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Table 4. Budget of organic carbon dynamics from January to July. All values are gCjm2•

Nonlabelled carbon mineralization is assumed to be solely from detritus of the December
diatom bloom (~I8 gC j m2). Primary production refers to net daytime production in the water
column and on the walls.

Labelled Nonlabelled Total
organic C organic C organic C

Primary production 98.2**
Gross sedimentation 3I.5t ~I8.0* ~49.5tt
Benthic mineralization 17.0tt I4.5t 31.5**
Net accumulation 14.5* d.5ttt d8.0tt

*Direct measurement.
**Conversion from the oxygen budget with an OdC02 molar ratio of 1.
t Assumed steady state after the December bloom such that post-bloom gross sedimentation

equals total benthic mineralization and non-labelled carbon mineralization equals net labelled
carbon accumulation.

ttSum or difference between elements in rows.
tttDifference between gross sedimentation and benthic mineralization of nonlabelled

carbon.

While quantitative conclusions derived from Table 4 are uncertain, given these
assumptions, clear qualitative patterns can be discerned. First, the benthic community
utilized roughly equal amounts of labelled and nonlabelled carbon. This conclusion is
consistent with the specific activities of the benthic meiofauna and macrofauna, which
were measured throughout the study (Rudnick, 1984). Fauna that fed at the
sediment-water interface had high specific activities which were similar to the labelled
phytoplankton, while subsurface (below the top few millimeters) feeding fauna had
much lower specific activities. Thus, it appears that nonlabelled detritus, primarily
from the December bloom, was the main food source of subsurface feeders for the
entire study period.

The second major conclusion of this budgeting of carbon flow is that there was a
large net sedimentary storage of organic carbon during the winter and spring. A total
storage of at least 18 gC/m2 (labelled plus nonlabelled) is estimated in Table 4. We
know from direct measurements of labelled carbon that 14.5 gC/m2 of LOC
accumulated. Additionally, we estimate that at least 3.5 gC/m2 of the nonlabelled
deposit from the December bloom remained in the sediment at the end of the study.

It is likely that this is an underestimate of the amount of nonlabelled carbon
remaining from this bloom, and thus also an underestimate of the total amount of
storage that occurred during the study. This underestimation is likely for two reasons.
First, we have used the minimum estimate (18 gC/m2) for gross amount of deposition
from the nonlabelled bloom. Second, we have assumed in our budget that the detrital
source of all nonlabelled benthic mineralization was the December bloom; the benthos
probably also mineralized some detritus that was older than this bloom detritus.
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Qualitatively, it is clear that net sedimentary storage (labelled plus nonlabelled
carbon) occurred because the estimated total output of carbon from the sediment
(benthic mineralization of 31.5 gC/m2

) must have been less than the total inputs to the
sediment; these inputs were the sum of gross deposition from the nonlabelled bloom
(~18 gC/m2) plus gross deposition of labelled carbon, an unmeasured quantity which
certainly was much greater than the measured net deposition of 14.5 gC/m2

•

c. Seasonality of carbon cycling in MERL microcosms and Narragansett Bay. The
conclusion that a large amount of detritus is stored in MERL sediments during the
winter and spring is consistent with results of a subsequent study of radiocarbon
cycling in the MERL tanks during the summer (Doering et al., 1986). Using direct
measures of benthic CO2 and 14C02 production and the accumulation of labelled
organic carbon in the sedime"nt, they found benthic carbon mineralization exceeded
gross sedimentation by 30 gC/m2

• The similar magnitude of our estimated surplus
sedimentary carbon in the winter and spring and the deficit of sedimentary carbon in
the summer suggests that little net ecosystem production (Woodwell and Whittaker,
1968) occurs over an annual cycle. However, positive net ecosystem production during
the winter and spring, in the form of stored sedimentary carbon, may be a crucial
portion of the benthic food supply during the summer (Rudnick et al., 1985).

This seasonal pattern of carbon cycling, observed in the MERL microcosms, is
consistent with and helps us understand seasonal patterns that have been observed in
Narragansett Bay. Pilson (1985) has found that nutrient concentrations in the water
column of Narragansett Bay follow clear annual cycles with little interannual
variability, especially during April and May. These cycles could not be explained by
pelagic processes or advective exchanges. We suggest that the observed cycles are
largely a reflection of the storage and decay of detritus in the sediments, i.e. the fate of
seasonal net ecosystem production in the bay. This is particularly clear for the
phosphorus cycle (despite the large pool of inorganic phosphorus in the sediment;
Nixon et al., 1980). Phosphate concentrations in the water column are minimal (about
0.5 ~M) in February or March and rise to a maximum value of about 2 ~M by August.
Assuming an average water depth of 9 m (Pilson, 1985) and a C:P ratio of 106:1 in
phytoplankton detritus, the observed net change in concentration yields a net increase
of 13.5 millimoles P04 per m2which could have been derived from the decomposition of
17.2 gC/m2 in the sediments.

A pattern of positive net ecosystem production (net organic carbon storage) during
the winter and spring and negative net ecosystem production (net organic carbon
mineralization) during the summer is also consistent with our knowledge of the
seasonal dynamics of pelagic and benthic communities in Narragansett Bay (Rudnick
et al., 1985; Oviatt et al.. 1986a). Planktonic production is dominated by diatoms
during the winter and spring (Pratt, 1959; Durbin et al., 1975). With low tempera-
tures, zooplankton grazing and microbial activity are minimal (Durbin and Durbin,
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1981; Hobbie and Cole, 1984). Therefore, a large proportion of the organic matter that
is produced during the winter and spring sinks to the sediment and enters the benthic
food web as "primary detritus" (Pomeroy, 1979; Smetacek, 1984). In contrast, most
organic matter produced during the summer is mineralized in the water column since
slowly sinking microflagellates dominate the phytoplankton and heterotrophic activity
is high (Pratt, 1959; Durbin et al.. 1975; Durbin and Durbin, 1981; Hobbie and Cole,
1984). Similar seasonal patterns of planktonic size structure and sedimentation have
been observed in other coastal waters (Malone, 1980; Smetacek, 1980).

Given this seasonal pattern of sedimentation, it is not surprising that the benthic
community also exhibits marked seasonal changes. Meiofaunal and macrofauna I
abundances consistently reach peak values during May and June, and drop dramati-
cally by early autumn (Grassle et al., 1985; Rudnick et al., 1985). Furthermore, for a
given temperature, benthic oxygen uptake is lower during the late summer and fall
than during the spring and early summer (Nixon et al., 1976; unpublished MERL
data). These seasonal patterns are consistent with the scenario of a food surplus during
the spring and impoverishment by late summer.

5. Conclusions
1. The accumulation of 14.5 gCjm2 of labelled organic carbon in the microcosm's

sediment between January and July demonstrated that a large fraction of the
phytoplankton detritus was not immediately mineralized after deposition; lags on the
order of months existed. This finding is consistent with predictions from diagenetic
studies in batch, "beaker" models. These predictions had not been previously tested in
more realistic, complex model systems and cannot be readily tested in the field.

2. We attribute the occurrence of long lags in detrital mineralization to several
factors. First, temperatures were low through most of the study period and heterotro-
phic activity was therefore minimized. Second, there was little pelagic and benthic
grazing. Third, bioturbation rates were high (>20 cm2jyr) because of the dominance
of subsurface feeding benthos, resulting in the burial of a large portion of detrital
deposits. Conditions within the anoxic sediments may have retarded mineralization.
Finally, since a large portion of the detritus was not immediately mineralized, there
may have been sufficient time for the formation of relatively refractory humic
compounds.

3. We estimate that the accumulated labelled organic carbon (14.5 gCjm2
) was

about 15%of net daytime primary production in the water column and roughly half of
the organic carbon that was deposited on the sediment during the six month period.

4. We estimate that a large portion (roughly half) of the organic carbon that was
mineralized by the benthos during the study period was nonlabelled, i.e., was fixed
prior to January 6. Most of this nonlabelled carbon was probably derived from a large
diatom bloom in late December.
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5. A net accumulation of total organic carbon in the sediments occurred from late
December to July and probably exceeded 18 gCjm2

• We estimate that in addition to
the accumulation of labelled organic carbon, some nonlabelled carbon from the
December bloom also remained in the sediment at the end of the study. Evidence from
Narragansett Bay indicates that the sedimentary accumulation of detritus during the
winter and spring also occurs in the field and may be a crucial portion of the benthic
food supply during the summer.
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