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FiGg. 2. Model of the vertical movement of carbon tracer with DIC,
DOC, and particulate carbon pooled into a single category (C;) (x; is
the amount of carbon tracer and D is a diffusion coefficient).

uous, it is convenient as an approximation to divide the process
into vertical segments which correspond to the slices used to
sample a core at the end of the experiment. The process can then
be described in terms of the movement of tracer between each
segment and its neighbor segments (Fig. 1). At this point it is
useful to make a simplification, which assumes that equilibra-
tion between microorganisms and dissolved carbon at any one
depth in the core is fast enough to allow separate consideration
of (a) the relatively rapid exchange between living organisms
and dissolved carbon (horizontal arrows in Fig. 1) and (b) the
relatively slow vertical diffusion process. This important
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assumption — a rapid equilibrium between microorganisms
and dissolved carbon at each depth in the sediment — was
verified by injecting broadly labelled DOC into a series of cores
and sampling the interstitial water at hourly intervals. Most of
the labelled DOC disappeared within an hour, and the tracer
approached equilibrium well within a few hours. When '*CO,
was injected into cores or placed into the water above the
sediment, the '“CO, approached equilibrium within 24 h.

The assumption of horizontal equilibrium allows us to sup-
pose that at the end of a 2- or 3-wk experiment the distribution
of carbon between microflora, DOC, and DIC within a vertical
layer is simply in proportion to the distribution of carbon tracer
in that sediment, even if the tracer has not yet reached vertical
equilibrium. We are then free to concentrate on the vertical
diffusion process, which may not reach equilibrium so quickly.
Each box in Fig. 2 combines microorganisms, DOC, and DIC
into a single category: the total mass of actively circulating
carbon (C;) in the ith vertical sediment. C; does not include
carbon in nonliving detritus and humic compounds, which are
not actively circulating.

The vertical diffusion process may then be described by the
following “diffusion equation”:

g [ﬂ LS 2_x]
dt Cir1i Cig C;

where x; = the total amount of carbon tracer in the ith vertical
layer and D = a diffusion coefficient which results from both
physical and biological processes (including the stirring effect
of small animal activity).

The first two terms of the equation represent the diffusion of
tracer into the ith layer from the two adjacent layers (Fig. 2), and
the last term represents a corresponding diffusion of tracer out
of the ith layer. The diffusion equation describes the vertical
movement of tracer through a sediment core, a key feature of the
process being that the movement of tracer through the core is
retarded when the tracer is taken up by microorganisms that
must again release it into solution before it can diffuse to an
adjacent vertical segment.

We want to ask, “What values of D and C; generate a solution
whose x; are closest to the observed vertical distribution of
carbon tracer?” The mathematical problem is to fit the system of
differential equations to the experimental data, in our case the
vertical distribution of tracer 2 or 3 wk after introducing the
tracer into the top and bottom of different sediment cores. The
diffusion equation was fitted by means of a computer program
for tracer kinetics described by Marten et al. (1975).

Once calculated, the C; provide relative estimates of the total
actively circulating carbon (DOC + DIC + living organisms) in
each vertical layer. Assuming horizontal equilibrium within
each layer, the carbon in each layer can be assigned in direct
proportion to the amount of tracer in the DOC, DIC, and
particulate fractions. Absolute values can be assigned on the
basis of direct measurements of DIC.

Results

The oxygen concentration of the water above the sediment
remained near saturation during the cores’ 2- or 3-wk incuba-
tion periods. The average DOC content of the top 5cm of
sediment interstitial water was 14 pg C/mL immediately after
removal from the lake bottom and 15 ug C/mL after 3 wk.
Average DIC remained at 7 pg C/mL.
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FiG. 3 Vertical distribution of carbon tracer (x;) 2 wk after introduction as ['*C]acetate or '*CO, to
the water above the sediment. “Particulate” reflects the amount of tracer in sediment organisms. “Total”
includes DIC and DOC fractions as well. The top point corresponds to water immediately above the
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Fic. 4. Vertical distribution of carbon tracer (x;) 3 wk after introduction as ['*C]glucose to the water
above the sediment (top) or injection at the bottom of a sediment core (4-cm depth). Other conventions

as in Fig. 3.

Vertical distribution of the living biomass — The vertical
distribution of tracer 2 or 3 wk after being introduced into the top
of the cores was the same whether the initial substrate was
acetate, CO,, or glucose (Fig. 3, 4), but the vertical distribution
of tracer introduced at the top was radically different from tracer
introduced at the bottom (Fig. 4). This meant that vertical
equilibrium could not be assumed, so the diffusion equation was
used to interpret the results in Fig. 4. The differences between
the vertical distribution of tracer introduced at the top and
bottom of cores appears to be in part a consequence of a very
slow rate of vertical tracer diffusion in solution, since the tracer
in formalin blanks did not distribute evenly through the cores in
a 3-wk period. However, if only slow diffusion were respons-
ible for the difference, the vertical distribution of tracer
introduced from the bottom would be the mirror image of tracer
introduced from the top. This was not so (Fig. 4), apparently
because the carbon tracer was also intercepted by the sediment’s
living biomass.
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Figure 5 shows the fit of the diffusion equation to the data
in Fig. 4. The fit was made simultaneously to the vertical
distribution of total carbon tracer (particulate plus DIC and
DOC) in cores to which ['*C]glucose was introduced at the top
and cores to which ['*C]glucose was introduced at the bottom.
The fit is so close that the estimated values for relative C;, shown
as total carbon in Fig. 5, generated expected values of vertical
tracer distribution (x;) that could not be plotted separately from
the observed values of x; in Fig. 4. The close fit suggests that
even though tracer movement is a consequence of complex and
spatially heterogeneous processes, the diffusion equation can
provide a satisfactory empirical description of tracer movement
through a sediment core, thereby providing a basis for measur-
ing the vertical distribution of total actively circulating carbon in
the core.

Once the total actively circulating carbon (i.e. living organ-
isms, DIC, and DOC) at each depth in the sediment had been
estimated, it was then necessary to estimate the amount of that
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FiG. 5. Estimated biomass of sediment organisms. Also shown is C;, the estimated vertical distribu-

tion of total actively circulating carbon (i.e. sediment organisms plus DIC and DOC). The top point
corresponds to water immediately above the sediment.

carbon which could be attributed to living organisms. Drawing
on the assumption of tracer equilibrium between particulate and
solution fractions at any particular depth within the sediment,
the total carbon at each depth was assigned to living biomass in
simple proportion to the average percentage of tracer observed
in the particulate fraction at that depth in the core. Figure 5
shows that most of the living biomass was concentrated in the
top 2cm of sediment, though smaller quantities persisted to
greater depths. The biomass in the water above the sediment
was considerably less than in the sediment below. Like the
living biomass, actively circulating DOC was concentrated near
the sediment surface, but DIC was more uniformly distributed
throughout the sediment with a slight peak near the surface.
There was less carbon tracer in DOC than in DIC, particularly at
greater depths. However, infrared carbon analysis measured
overall DOC concentrations to be greater than DIC, suggesting
that some of the DOC, particularly at greater depths, was not
circulating and therefore not labelled with tracer.

The absolute values in Fig. 5 were assigned so the estimated
overall amount of DIC was the same as the overall amount
measured directly by carbon analysis of interstitial water from
the cores (i.e. 7pg C/mL). The biomass in the top 5cm of
sediment was estimated to be 250 pg C/cm?, nearly all of it
(200 pg C/cm?) in the top 2 cm. Subtracting 17 wg C/em? for
meiofauna (based on direct counts by Hoebel 1978), the esti-
mated biomass of microorganisms in the top 2cm is 183 g
C/cm?. Virtually all the microorganism biomass should be
bacteria and algae, since the estimated protozoan biomass
(based on direct counts by Kool 1975) was only 0.1 wg C/cm?.

Discussion
The radiotracer estimates of living biomass in Fig. 5 can be
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compared with estimates obtained by other methods on sedi-
ment samples from the same location. The vertical distribution
of biomass in Fig. 5 is similar to that of microbial activity in Fig.
6, and it is also similar to the vertical pattern of bacterial counts
reported by Hall and Hyatt (1974). The biomass estimate of 183
pg C/cm? for microorganisms in the top 2 cm of sediment is
close to an estimate of 150 wg C/cm? based on ATP (Perry
1974). It is somewhat higher than an estimate of 119 pg C/cm?
based on direct count estimates of 79 wg C/cm? for bacteria
(Perry 1974) and 40 g C/cm? for algae (Greundling 1971).

Although the general agreement among these methods is
reassuring, it does not prove that any one of them is measuring
the biomass of sediment microorganisms with a high degree of
precision. The radiotracer method will require considerably
more validation, and possibly substantial modification, before it
can be used with confidence.

There are a number of ways that radiotracer estimation of
microbial biomass might be improved. First, even though the
vertical diffusion equation seems to work, it would be best to get
along without it. In other words, it would be best to use only
tracer measurements that reflect full tracer equilibrium, making
the diffusion equation unnecessary. One way to hasten vertical
equilibrium could be to distribute the tracer vertically through-
out the sediment by introducing the tracer through a vertical
series of injection portals in the plastic cylinder that holds a
sediment core.

Second, it might be possible to bypass the issue of vertical
equilibrium by directly measuring the amount of DIC in each
vertical segment. The precedure would be as follows: (1)
introduce carbon tracer into the sediment core through injection
portals at regular vertical intervals; (2) allow several days for the
tracer to equilibrate between DIC and particulate fractions; (3)
terminate the experiment by freezing and slicing into segments;
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Fig. 6. Vertical distribution of microbial activity, as measured by the
uptake of '*CO, and ['*C]glucose by sediment microorganisms.

(4) measure the amount of carbon tracer in the DIC and
particulate fractions of each segment; (5) directly measure the
amount of DIC in each segment by means of infrared gas
analysis; (6) estimate the amount of carbon in the living
particulate fraction of each vertical segment by using the simple
proportion described under Methods. Because of the direct DIC
calibration in each vertical segment, estimates of particulate
carbon should be valid reflections of the living biomass even if
complete vertical equilibrium has not been attained.
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