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Abstract

Measurements of microbial utilization of extracellular organic carbon (EOC) released by phytoplankton
commonly consider only EOC fractions subject to rapid uptake. Questions remain whether other EOC
fractions are metabolized, what portion is labile, and with what assimilation efficiency this carbon
substrate is utilized. '4 C-EOC was prepared by incubation of the natural mixed planktonic community
from an oligotrophic lake with H'4 CO3 in the light. 14C-EOC which was not rapidly removed by
heterotrophs remained in solution and was isolated by filtration. This residual EOC was inoculated with
lake microheterotrophs in laboratory microcosms, and utilization kinetics were determined through
long-term assays of cumulative 4CO2 production. Time-courses for 14CO2 production were consistent
for all assays and were well described by a deterministic mixed-order degradation model. On twelve
sampling occasions, from 29% to 76% of residual 14C-EOC was labile to further metabolism by lake
heterotrophs. First-order rate constants for EOC utilization showed a mode of 0.05 to 0.15 per day. From
33% to 78% of gross 4 C-EOC uptake was respired (mean 50%), indicating appreciable return of algal
EOC to the pelagic food web as microbial biomass.

Introduction

Release of extracellular organic carbon (EOC) by
phytoplankton can be an important source of
labile organic substrate for bacterioplankton
(Azam etal., 1983; Riemann & Sondergaard,
1984b). Extracellular products were estimated to
support 24-45 % of summer epilimnetic bacterial
production in an oligotrophic lake (Bell & Kupari-
nen, 1984), 50% in the Baltic Sea (Larsson &
Hagstrom, 1982) and 14% in eutrophic Lake
Mendota (Brock & Clyne, 1984). Bacterial utili-
zation of this material is commonly measured by

differential filtration (Coveney, 1982; Wolter,
1982; Riemann et al., 1982; Kato & Stabel, 1984;
Lovell & Konopka, 1985), where 4C in bacterial-
sized particles is assayed after incubation of lake
water with H 14 CO3 tracer. These size-fractiona-
tion techniques measure rapid bacterial uptake of
algal EOC which occurs during the labelling in-
cubation, but any slower metabolism of other
EOC fractions is neglected.

There is evidence, primarily from marine
studies, that EOC can accumulate during photo-
synthetic 14C labelling of natural mixed planktonic
communities and subsequently be utilized by bac-
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teria (Iturriaga & Hoppe, 1977; Chrost & Faust,
1983; Iturriaga & Zsolnay, 1983; Berman &
Kaplan, 1984). Gross uptake rates from 1% to
18% of residual EOC per hour were reported,
with respiration from 19% to 93 % of uptake. If
residual algal EOC is in fact labile, then size-
fractionation studies underestimate overall flux of
algal carbon to bacterioplankton.

We addressed the question of long-term
metabolism of algal EOC by measuring bacterial
utilization of residual 14C-labelled EOC after in-
cubation of the natural mixed community with
Hl4CO3 . Assays of EOC utilization were per-
formed at in situ temperature in laboratory micro-
cosms with inocula of lake heterotrophs. Time-
courses for mineralization of residual 14C-EOC

were determined, along with 14C assimilated at
the termination of each time-course. We applied
an empirical model for degradation of carbon
substrates to time-course data to estimate the rate
and efficiency of bacterial EOC utilization.

Materials and methods

1. Sampling
EOC utilization was assayed on 12 occasions
during April-November 1984 with planktonic
communities in Lawrence Lake, an oligotrophic
hardwater lake in southwestern Michigan (Wet-
zel, 1983). An integrated epilimnetic water sample
was taken at a central pelagic station with a 4-m
Van Dorn-type sampler and transported to the
laboratory.

2. Assay for utilization of residual EOC
EOC was labelled by incubation of lake water
with 2.0 to 2.4 pCi/ml (75-88 kBq/ml) for 6 to
8.5 h at in situ temperature and 160 pEinsteins
m-2 s- photosynthetically active radiation.
Long incubation periods were chosen to decrease
14C/12C disequilibrium effects on EOC labelling
(Storch & Saunders, 1978; Jensen etal., 1985).
After incubation the water was filtered (0.2-tim
pore-size cellulose acetate, 33 kPa pressure dif-
ferential), and the filtrate was acidified to pH
3.0-3.5 and sparged with air 90 min, including

5 min with pure CO2. This procedure was shown
to remove all inorganic 14C. The residual
'4C-EOC substrate was prepared by addition of
5 mM morpholinopropane sulfonic acid (MOPS)
buffer to the filtrate, followed by pH adjustment
to 7.0 (necessary for radiorespirometric assay)
and final sterile filtration.

The assay for long-term utilization of EOC was
initiated 24-48 h after preparation of 4C-EOC
substrate. We prepared an inoculum of lake mi-
croheterotrophs by gentle filtration of lake water
through a 3-pm pore-size Nuclepore membrane
and centrifugation of the filtrate (15 min, 104 g) to
concentrate cells 8x-10x. Cumulative, non-
destructive measurements of 1'

4CO2 release were
made in replicate (n = 3 to 8) double-vial micro-
cosms, the assembly of which has been described
in detail (Type C in Coveney & Wetzel, 1984).
5.00 ml 14C-EOC substrate and 0.50 ml inoculum
were placed in a sterile glass liquid scintillation
vial and were purged continuously with CO2-free
air. A sterile inner vial containing a Whatman
GF/C glass fiber wick impregnated with NaOH
and scintillation fluors was added, and the outer
vial was sealed using sterile teflon over buna
rubber cap liners. Initial bacterial cell counts after
inoculation (0.5 to 2.2 x 106 cells per ml) ranged
from 16 to 51 % of lakewater densities. Blank
vials received substrate and either no inoculum or
inoculum plus 0.2 mM HgCI2. Respiratory 14CO2

diffused into the gas phase and was trapped on
the inner wick. This 4C was assayed at intervals
in a liquid scintillation counter at 40-50%
efficiency, which was determined by injection of
a Na 2

14CO3 standard into replicate vials. All vials
were incubated with rotary shaking
(100-150 rpm) in the dark at lake temperature
between assay occasions.

Respirometric measurements were terminated
when 14CO2 evolution slowed. Vials were opened,
and the lake water was filtered (0.2-um pore-size)
for determination of assimilated (particulate) 14C
by liquid scintillation counting. Significant wall
growth occurred, and this attached portion of
assimilated 14C was measured by addition of
tissue solubilizer (Soluene 350, Packard Instru-
ment Co.) to the empty vials, digestion at 40 ° C,
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and addition of fluor solution. Neither sterile
blank vials nor HgC12-poisoned vials showed evo-
lution of 14CO2. Slight particulate "4C and signifi-
cant attached 4C blank values were common,
and these were subtracted from assay values.

3. Mineralization models
We analyzed time-course data for respiration of
"4C-EOC using mineralization models developed
by Brunner & Focht (1984) for carbon substrates
added to soil systems. These models are based on
a first-order degradation reaction plus zero-order
endogenous respiration. Microbial growth, if it
occurs, can be either linear or exponential.

For the case with linear growth, which Brunner
& Focht (1984) found to best fit available soil
data, the cumulative production of a metabolic
product P (i.e. CO2) is expressed by

P = S(1 - e- k't (k2t 2)/2) + kot (1)

where t represents incubation time, So is the
amount of substrate mineralized to CO2, kl is the
first-order rate constant for degradation, k2 (units
reciprocal time squared) describes the linear
increase in degradation rate constant through
growth, and ko is a zero-order rate constant de-
scribing endogenous mineralization (Brunner &
Focht, 1984; equation 12). In graphical terms,
product concentration P rises rapidly in the first-
order degradation reaction (rate constant k1
augmented linearly by k2 ) to an inflection at
approximately So. Any further increase in product
concentration occurs through continued endo-
genous respiration (ko).

Equation was fit to the "4C-EOC radio-
respirometric data using the multivariant secant
method in the least-squares Nonlinear Regression
procedure (NLIN) by SAS Institute Inc., Cary,
NC, USA. Time lags found in "4C-EOC evolution
were considered artifacts of sample preparation
(see Discussion) and were subtracted from in-
cubation time values before curve-fitting. For
each microcosm, total "4C-EOC utilization was
calculated as 14C respired plus 14C assimilated at
the end of incubation. Calculation of percent
respiration of EOC was based on the amount of

substrate mineralized in the first-order degrada-
tion reaction (So) expressed as a percentage of
total utilization. This percentage was frequently
less than final respiration because of the contribu-
tion of a zero-order respiration component (ko) to
the latter.

Results

On each sampling occasion, "14C-EOC remaining
after incubation of the mixed planktonic com-
munity with H 14CO3 was labile to further metabo-
lism by lake microheterotrophs. The time-course
of 4C-EOC mineralization was remarkably con-
sistent for all respirometric assays (Fig. 1). After
a lag period (0.75 to 3.5 days) with no 4CO2
evolution, 14C-EOC mineralization proceeded
with approximately first-order kinetics. The linear
growth model (equation 1) provided an excellent
fit for these 14CO 2 time-course data, with an
average of 99% of total sum of squares attributed
to the regression (range 96.5% to 99.9%). An
exponential growth model (Brunner & Focht,
1984; equation 13), which required the fitting of
five parameters, was also evaluated. The residual
sum of squares was lowered in most cases by this
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Fig. . Time-courses for cumulative mineralization of 4C-
labelled residual algal products in vial microcosms following
inoculation with lake heterotrophs. Three replicate vials from
one assay occasion are shown. Lines represent non-linear

least-squares fits of equation 1 for each vial.
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alternate model, but the reduction was modest,
and the error in fitted parameter values was
greatly increased. Of a total of 49 14CO2 time-
courses, 35 could be fit by the linear growth model
with a requirement for non-negative values as the
only constraint on parameters. The remaining 14
data sets required further constraints; in most of
these cases an upper limit was necessary for k2 to
give biologically reasonable parameter estimates.

Reproducibility of parameter estimates from
replicate vial microcosms was good. In 12 sets of
replicate vials, average coefficients of variation
were 23 % for the mineralization rate constant (k1)
and 18% and 7% for 14C-EOC respiration (So)
and respiration plus assimilation, respectively.
For 20 vials from 4 different occasions, 14C
remaining in the liquid phase at termination was
measured to allow calculation of "4C mass
balance. Overall recovery of 14C averaged 96 % of
that added initially as 14C-EOC substrate.

Total 14C utilization (respiration + assimila-
tion) amounted to 50% to 80% of added residual
14C-EOC on most occasions, although some
lower values were found (Fig. 2A). This utilized
EOC represented the portion of residual EOC
which was labile to natural microheterotrophs
over a long-term incubation. The rate constant for
EOC mineralization showed a mode at 0.05 to
0.15 d - (rate of approximately 5 % to 15 % of the
labile portion per day) with two higher and one
lower value (Fig. 2B). A single value of 0.55 per
day was recorded. Percent respiration of residual
14C-EOC ranged from 33% to 78% of gross
uptake (Fig. 2C).
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Discussion

Our primary objectives in investigating bacterial
utilization of residual algal EOC were to deter-
mine 1) whether this organic carbon is metabo-
lized by lake heterotrophs, 2) what portion is
labile, and 3) with what conversion efficiency this
carbon is utilized. The results of these assays,
which spanned most of one ice-free season, are
significant for quantitative study of organic car-
bon flux from phytoplankton to bacterioplankton.
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Fig. 2. Distribution of parameter values for utilization of
residual algal EOC substrate by lake heterotrophs on 12
occasions, April to November.
A. Percent of residual EOC which was labile to hetero-

trophic utilization (respiration + assimilation).
B. First-order rate constant for EOC utilization (kl). A

single high value (0.55) is shown off scale.
C. Percent respiration of residual algal EOC. Model values

are based on mineralization in the first-order degradation
reaction (SO). Final values represent cumulative respi-
ration through the entire incubation and include a zero-
order respiration component (ko).
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Residual labelled algal EOC after incubation of
the mixed planktonic community with H'4 CO3
was susceptible to further long-term metabolism
by lake heterotrophs. A seasonal average of 55 %
(range 29% to 76%) of residual EOC was labile,
and this slow carbon flux would be ignored by
size-fractionation methodology commonly used
to assay bacterial utilization of algal EOC. The
algal EOC which is only slowly metabolized by
bacterioplankton would tend to buffer the labile
dissolved organic carbon pool and temporally
uncouple bacterial and algal production dynam-
ics. For example, peak summer bacterial produc-
tion in Lake Michigan was postulated to be partly
supported by EOC released during spring (Scavia
and Laird, 1987). Slow turnover of a portion of
algal EOC would dampen diel oscillations in bac-
terial productivity, which may contribute to the
unpredictability reported for diel patterns
(Riemann & Sondergaard, 1984a; Fuhrman et al.,
1985).

Depending on measurement occasion, between
33% and 78% (mean 50%) of gross residual
14C-EOC uptake was respired (Fig. 2c). This
range extends higher than most values reported
for individual 4C-labelled organic compounds
and short incubation periods (Hoppe, 1978) but
is similar to the few comparable measurements
performed with algal EOC substrates (e.g. Chrost
& Faust 1983; Jensen, 1983; Bell, 1984).

The yield of bacterial biomass carbon in utili-
zation of algal EOC is an important variable in
assessing the potential food-web significance of
bacterial production (Williams, 1984; Ducklow
et al., 1986). A carbon growth efficiency of 50%
is frequently used in models of pelagic microbial
food webs (Azam etal., 1983). Payne (1970)
reviewed extensive data for bacterial cultures
grown on defined carbon substrates and found
40% respiration to be the rule. Bjornsen (1986)
measured growth of marine bacteria cultured with
natural seawater and found higher respiration
with an average of about 80%. His assays were
based on direct carbon measurements, and he
suggested that isotope tracer determinations
underestimate respiration because of isotopic
dilution in short incubations (e.g. King & Berman,

1984). However, our data were obtained in ex-
tended incubations and demonstrate that lower
respiration values are appropriate for hetero-
geneous algal EOC substrate and natural bac-
terial assemblages.

Percent respiration was calculated from the
model parameter S,, which represented the
amount of added 14 C-EOC substrate mineralized
in the first-order degradation reaction. This
mineralization reflected the initial balance
between assimilation and respiration during
microbial utilization of EOC. In contrast, final
14CO 2 levels in each microcosm were determined
by the first-order mineralization component plus
a zero-order respiration rate ko (equation 1). In
accordance with studies in soil systems (Brunner
& Focht, 1984) we frequently found significant ko
values in the microcosm time-courses (for ex-
ample, two vials in Fig. 1). We interpreted this
constant rate to represent endogenous respiration
by bacteria or bacterivorous components of the
microcosm biota. As such, it reflected the long-
term respiratory loss of a heterotrophic com-
munity and not the initial balance between assimi-
lation and respiration during EOC utilization.

The kinetics of degradation of carbon sub-
strates by bacterial assemblages have been de-
scribed in a variety of models in which degrada-
tion rate is a function of substrate concentration
and microbial density (e.g. Simkins & Alexander,
1984; Scow etal., 1986). Models differ in the
explicit relationships used to relate substrate con-
centration to degradation rate (e.g. first-order,
Michaelis-Menten, zero-order), and in assump-
tions about the occurrence of microbial growth
and whether this growth takes place at the ex-
pense of the target substrate alone (Simkins &
Alexander, 1984; Scow et al., 1986).

A deterministic mixed-order model for miner-
alization of carbon substrates (Brunner & Focht,
1984) provided an excellent empirical tool for
analysis of mineralization of algal EOC by lake
microheterotrophs and was chosen because of
several favorable characteristics. This model in-
cluded a zero-order term for endogenous respira-
tion (ko), which was frequently seen as a linear
14CO2 increase at the end of our time-courses (e.g.
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Fig. 1). Microbial growth was permitted in this
model but was independent of target substrate
depletion. This was a desirable condition since
labelled residual EOC was present at low concen-
trations and was not necessarily the sole substrate
for bacterial growth. Simpler model formulations
(first-order, no growth; no endogenous minerali-
zation) fit the time-course data much more poorly
(not shown).

The assumption most likely to be violated in
application of the mixed-order model to 4C-EOC
mineralization is that of first-order uptake kinetics
which requires that substrate concentration be
much less than the half-saturation constant. In
dealing with a heterogeneous mixture of
compounds in the residual "4C-EOC substrate,
analogies with single-substrate enzyme kinetics
are only approximate (Bell, 1980). Bell (1984)
estimated upper bounds of half-saturation con-
stants for uptake of 19 to 125 Sg C 1- when
natural bacteria were exposed to algal EOC sub-
strates. In the present study, initial residual
' 4C-EOC concentrations were approximately 2 to
10 Mg C 1- . We conclude that first-order uptake
kinetics were probable but not certain.

Determination of rates of bacterial utilization
of residual EOC was a secondary objective in this
work, and the mineralization rate constant (kl)
was the parameter most likely to be affected by
sample and inoculum manipulations or contain-
ment in the microcosm assay procedure. We con-
centrated microheterotrophs for inocula to ap-
proximate natural densities of bacteria so that
initial EOC utilization rates in microcosms would
reflect rates in situ. Utilization rates of residual
EOC in the microcosms were 5 % to 15 % of the
labile portion per day on most occasions (Fig. 2).
No seasonal pattern was evident, and qualitative
changes in EOC released by different algal com-
munities is the probable explanation for the dif-
ferences found (cf. Wolter, 1982). Residual EOC
utilization rates in our assays were lower than
most of the few values reported from similar
measurements (Iturriaga & Zsolnay, 1983;
Chrost & Faust, 1983). This may be due to the
extended labelling period (6.0 to 8.5 h) which we
used to contrast EOC components subject to

rapid versus slower heterotrophic turnover.
Slowly metabolized 4C-EOC fractions would be
enriched during longer labelling incubations.
Additionally, molecular size distribution of
14C-EOC has been found to increase with label-
ling time (Sondergaard & Schierup, 1982;
Lancelot, 1984). Slower heterotrophic turnover of
larger molecular size 14C-EOC (Jensen, 1983;
Chrost & Faust, 1983; Lancelot, 1984) would
contribute to the low utilization rates which we
observed.

Both initial mineralization rate constants, respi-
ration and total utilization were independent of
inoculum density in the range used for micro-
cosms (Table ). Other experiments showed that
use of an inoculum concentrated on filters instead
of by centrifugation or the addition of unlabeled
organic substrates did not affect time-courses for
14C-EOC mineralization (not shown). These tests
demonstrated that utilization kinetics for residual
EOC were robust and reproducible and were not
simple artifacts of experimental procedure. How-
ever, the possible consequences for minerali-
zation kinetics of incubation in small-volume
microcosms were not evaluated. The apparent
insensitivity of residual 14 C-EOC utilization to
manipulations in bacterial density and, presuma-
bly, activity indicated the importance of other
controlling factors. One such factor could have
been a requirement for extracellular hydrolysis of
EOC polymers before bacterial uptake (Lancelot,
1984), where this hydrolysis was the limiting step
in utilization.

Table 1. Mean values for parameters of residual 1
4 C-EOC

utilization after inoculation of vial microcosms at two bac-
terial densities (n = 3). Initial densities were 17% and 51%
of in situ values for 1X and 3X treatments, respectively.
Means for each parameter are not significantly different
(t-test, p > 0.05).

Inoculum Mineralization Percent Labile 14C'
density rate constant k respiration (dpm)

(d- ) (%)

1X 0.082 43 2697
3X 0.097 37 2683

Respiration plus assimilation.
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The second exponential term k2 was a measure
of microbial growth in the model used to evaluate
EOC mineralization kinetics (eq. 1). We did not
monitor microbial growth in the vial microcosms,
but a 3X increase in the initial inoculum density
did not change the kinetics of ' 4C-EOC utilization
(Table 1). Thus, while often significant in improv-
ing model fits, k2 terms for our microcosm time-
courses did not originate from simple microbial
growth as proposed for soil systems (Brunner &
Focht, 1984). Because of the long incubations
which were necessary to describe these minerali-
zation time-courses and the possibility of contain-
ment artifacts, we considered only the initial first-
order mineralization rate constant kj. Growth or
other effects on mineralization kinetics over time
as described by the k2 parameter were not con-
sidered because microbial growth in microcosms
would not be expected to parallel that in the
natural system.

A lag in initiation of 14CO2 production (Fig. 1)
was always observed in the microcosm assays for
'4C-EOC utilization. The lag period did not result
from damage to bacterial cells during inoculum
preparation, since it was also present when test
vials were inoculated with whole lake water. A lag
was not characteristic for EOC substrate alone;
similar patterns were found when 14C-glucose

was added to vial systems on several occasions.
This lag in 14 CO2 production is in sharp contrast
to the immediate respiration usually seen when
"4C-labelled substrates are added to natural
waters (Hobbie & Crawford, 1969; Bell, 1984).

We conclude that the lag observed in 14CO 2

evolution was an artifact which resulted from
rigorous removal of CO2 from the substrate, the
inoculum and the vial atmosphere as the micro-
cosms were assembled. It has been shown that
numerous aerobic heteterotrophic bacteria re-
quire a threshold environmental CO2 level for
growth (Valley & Rettger, 1927; Walker, 1932)
and can be held in a lag phase if respiratory CO2
is continuously removed. The significant inverse
relationship found between lag time and incuba-
tion temperature (Fig. 3) supports this explana-
tion, because increased respiratory activity at
higher temperature would reestablish external

CO2 levels more quickly. CO2 was removed to
avoid possible lowering of counting efficiency by
adsorption of extraneous CO2 on the inner vial
wick (Coveney & Wetzel, 1984). However, our
experience suggested that CO2 at air equilibrium
should be left in the substrate to avoid one cause
of metabolic lag. The problem has not been de-
scribed in other applications of double-vial radio-
respirometry (Buddemeyer et al., 1978; McKinley
et al., 1983), probably because CO2 was not
rigorously removed and overall microbial respira-
tory activity was higher.

Seasonal patterns of EOC release and utili-
zation by bacterioplankton in Lawrence Lake will
be discussed in detail elsewhere. EOC release
averaged about 20% of gross photosynthetic 4C
assimilation during the period considered here,
which indicates a potentially important source of
reduced carbon substrate to bacterioplankton.
Over the ice-free season, long-term bacterial turn-
over of EOC was approximately equal in magni-
tude to that occurring by rapid uptake and
assayed with size fractionation (data not shown).
Consideration of long-term utilization of algal
EOC in this system will double the estimated
direct carbon flux from phytoplankton to bac-
terioplankton.
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