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a b s t r a c t

Most of the ambient dissolved organic carbon (DOC) is refractory to microbial degradation; bacteria can
consume a minor but variable part of the DOC pool over periods of hours and days. It is important to
increase our knowledge of the dynamics of the biodegradable fraction of DOC (BDOC) to understand
the global carbon budget.

Several methods for determining BDOC have been developed; however, the problem of most of them is
the time (days/weeks) required for the colonization and/or determination.

In this paper, we describe the application to seawater of a plug-flow bioreactor to measure BDOC
within 3–4 h. The bioreactor was built following Søndergaard and Worm [Søndergaard, M., Worm, J.,
2001. Measurement of biodegradable dissolved organic carbon (BDOC) in lake water with a bioreactor.
Water Res. 35, 2505-2513.] protocols for the measurement of BDOC in lake water. We analyzed BDOC
on samples collected in the Gulf of Trieste during autumn–winter and summer 2003–2004. BDOC con-
centrations varied from 8 to 24 lM and represented from 10.3% to 25.5% of the total DOC. To evaluate
the effectiveness of this method, we compared bioreactor BDOC measurement with data obtained from
batch cultures. The results indicate that BDOC in coastal seawater can be measured rapidly and reliably
with this bioreactor.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The biodegradability of dissolved organic carbon (DOC) relies on
both its molecular and chemical composition and the enzymatic
activity of bacteria (e.g. Becquevort et al., 2002). The interactions
between bacteria and DOC play a major role in the global carbon
cycle (Amon et al., 2001). Numerous studies showed that bacterial
production is carbon limited, even though DOC concentrations are
high throughout the water column (Carlson and Ducklow, 1995;
Kirchman, 1990). DOC is currently divided into three pools defined
by biodegradability: labile (turnover time of days or less), semila-
bile (turnover time of seasonal time) and refractory (turnover time
of centuries or more) (see e.g. review of Kirchman et al., 1993). The
latter seems to be the result of microbial activity, particularly of
non-specific or promiscuous enzymatic activities that occasionally
produce fragments from macromolecules that escape recognition
by bacterial enzymes (Ogawa et al., 2001). Production of organic
carbon by phytoplankton is the most important source of DOC in
marine environments. The average amount of carbon fixed photo-
synthetically in the world’s oceans (excluding adjacent seas) has
been estimated at between 130 gC m2 y�1 and 500 gC m2 y�1 with

a steady-state input of DOC about 0.0067–0.25% of the photosyn-
thetically fixed carbon (e.g. Dafner and Wangersky, 2002).

Although bacterial nutrient limitation could lead to accumula-
tion of otherwise biodegradable DOC (BDOC), it is the resistance
to microbial attack, i.e. semilabile nature that controls the seasonal
and episodic accumulation of DOC in the marine system (Sønderg-
aard et al., 2000). The large reservoir of DOC that accumulates in
seawater is therefore believed to be largely unavailable to meet
bacterial carbon demand (Repeta and Aluwihare, 2006). Conse-
quently, in order to estimate the potentially accumulating DOC,
it is of great importance to achieve a rapid technique for the mea-
surement of BDOC and indirectly for the evaluation of refractory
DOC. Although numerous investigations have reported on the
quantity and composition of DOC in marine environment, fewer
studies have addressed the biodegradable fraction (Volk et al.,
1997). The problems with most of the several methods proposed
for BDOC determination is the length of time (from days to weeks)
required for the start up (colonization) and/or determination (Khan
et al., 2003). The majority of BDOC measurements have been car-
ried out in batch cultures with an incubation period of 10–30 days
(Malej et al., 2003; Ogawa et al., 2001; Puddu et al., 2003; Sønderg-
aard et al., 2000). Faster procedures have been developed by
Lucena et al. (1990) and Frías et al. (1992) with the introduction
of a bioreactor, which was further improved by Kaplan and
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Newbold (1995) who used a plug flow bioreactor for the measure-
ment of BDOC in stream water. Søndergaard and Worm (2001) re-
ported that BDOC in lakes and other fresh waters could be
measured quickly and reliably with a bioreactor. An innovative
procedure for BDOC determination was then proposed by Khan
et al. (2003), who used entrapped microbial cells in order to reduce
the time required for the colonization of the bioreactor.

Among the several proposed techniques for BDOC analysis, we
chose to set up a bioreactor similar to that of Søndergaard and
Worm (2001) usable with seawater samples. After colonization,
in fact, this kind of reactor is easy to maintain functional for contin-
uous monitoring of BDOC fluctuations.

The objective of our research was to apply, to seawater, a reli-
able and fast method to assess the BDOC.

In this paper we describe the performances of a bioreactor col-
onized and maintained with seawater and present a first account of
the BDOC measured in coastal seawater by a plug-flow bioreactor.
Comparison with three batch experiments was also carried out to
test the performances of the bioreactor.

2. Methods

2.1. Overview

The seawater used in all the experiments described was col-
lected at different times from a coastal station (C1 – 45�42’03’’N,
13�42’36’’E) in the Gulf of Trieste (Northern Adriatic Sea). The main
interest of the bioreactor method is its application to seawater
samples characterized by variable concentrations of DOC and
BDOC. Consequently, different sets of experiments were carried
out. The accuracy, precision and response of the bioreactor to dif-
ferent DOC and BDOC concentrations were evaluated measuring
replicate seawater samples during winter and summer. The inves-
tigated area, in fact, is characterized by a clear seasonality in DOC
concentration (ranging between 50 and 194 lM) even though
there are important fluctuations also on a short time scale (De Vit-
tor et al., 2008). DOC accumulated over spring - summer totally
disappeared from the water column in winter, suggesting that
the Gulf of Trieste as the rest of the Northern Adriatic is able to
bring back DOC concentrations at low levels despite the significant
external and internal organic matter loads (De Vittor et al., 2008).

The response of the bioreactor to a rapid increase in BDOC con-
centration was tested with the addition of glucose to inlet seawater
from station C1.

Other analyses were carried out on samples obtained from a
mesocosm experiment in which a phytoplankton bloom was in-
duced and high concentrations of labile DOC obtained.

In order to test the system-specificity and capacity of the reac-
tor, the results obtained by three batch cultures characterized by
different initial DOC concentrations were compared with the re-
sults from the bioreactor. In one of them, during each sampling
for DOC analysis, the BDOC from the bioreactor was contextually
measured with the aim to verify DOC versus BDOC relationship
during the incubation time.

2.2. Sample collection and preparation

Field water samples for bioreactor BDOC analyses were col-
lected at the surface from a coastal station (C1 – 45�42’03’’N,
13�42’36’’E) in the Gulf of Trieste (Northern Adriatic Sea) on
November 10th, 11th, 18th, 20th, December 5th (2003), January
20th, February 11th and 25th, June 14th and 16th, July 1st and
2nd (2004).

During July–August 2003, a mesocosm experiment was set up
to induce a phytoplankton bloom, with consequent labile DOC

release, in order to test bioreactor performance in the presence
of a high quantity of BDOC. Eighty litres of seawater were collected
at station C1 and pre-screened through a 200-lm mesh to remove
microplankton grazers. Pre-screened water of three 20 L traslucent
polycarbonate bottles (Nalgene) was amended with NaNO3 (final
concentration 50 lM), Na2SiO3 � 9H2O (50 lM), FeCl3 (9.5 lM),
NaH2PO4 � H2O, (4.5 lM) and vitamins (like in f/2 medium (Guil-
lard and Ryther, 1962)). Each replicate was enriched with phyto-
plankton organisms collected at 10 m depth at the same station.
The mesocosm bottles were incubated in field at the surface for
9 days, a phytoplankton bloom was observed and replicate sam-
ples were collected for bioreactor BDOC measurements.

2.3. BDOC analysis

2.3.1. Bioreactor method (setup, inoculation, and application)
The bioreactor was built following the recommendations of

Søndergaard and Worm (2001) for the measurement of BDOC in lake
water. The authors propose the use of chromatographic glass col-
umns of 140 and 210 mL with the purpose of reducing the volume
of the water sample needed for BDOC analysis. Previously, similar
bioreactors were used for BDOC investigation in drinking water
(Frías et al., 1995 Ribas et al., 1995) or in stream water (Kaplan and
Newbold, 1995; Volk et al., 1997), but as far as we know, there is
no data on the application of a plug-flow bioreactor for BDOC mea-
surements to seawater. These bioreactors were filled with sintered
porous glass beads (SIRAN Schott Glasswerke, Mainz, Germany), as
inert support, to allow for the rapid colonization of bacteria.

Our bioreactor (Fig. 1) consists of: an Amersham Pharmacia
Biotech modular system, an inert support of open-pored sintered
glass spheres (SIRANTM microcarriers – Jaeger Biotech Engineering

Fig. 1. Scheme of the ‘‘mature” bioreactor for BDOC determination.
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Inc., 1–2 mm diameter, 60–300 lm pore dia.) which have a large sur-
face area to volume ratio (90 m2/L) and a programmable peristaltic
pump (Autoclude – VELP SCIENTIFICA –VTL model) with a variable
flow rate. The modular system is made up of a glass darkened chro-
matographic column (C26/40 – i.d. 26 mm, length 40 cm) and by a
flow adaptor (AC26), which allows optimal bed heights for each
application. With the adaptor, column volume can be changed from
122 to 202 mL. C-column inlet is set at the bottom and allows a
homogeneous flux on the entire column section. The column was
filled with acid-washed, muffled (4 h, 480 �C) glass spheres and con-
nected to the pump with Teflon tubing, and the pump operated with
a Tygon tube in the ‘‘push mode”. An auto sampler was set up to col-
lect samples of adequate volume (generally 10 mL) at the outlet.

The residence time of the bioreactor, with a flow rate of
1 ± 0.1 mL min�1, was determined measuring the variation of
conductivity in the outlet after having added to the inlet a solution
of NaCl. Conductivity was measured by a conductometer WTW
(model 191T).

Judging from the stabilisation of DOC utilization, microbial
colonization was carried out in 32 days at a flow rate of
1 ± 0.1 mL min�1 with seawater from the station C1 filtered across
1 lm (Millipore FA, FluoroporeTM PTFE) membrane.

As reported by Søndergaard and Worm (2001), the longitudinal
resource gradient and density of colonization was clearly visible
with dense brown colouration at the inlet approaching the original
Siran colour at the outlet. The maintenance of the bioreactor was
achieved with the same water collected weekly and stored in
acid-washed glass tanks (20 L) at sampling temperature (±2 �C).

For BDOC analyses, the bioreactor operated at room tempera-
ture, except during comparison with batch cultures, when the tem-
perature was kept close (±2 �C) to that of the batches.

BDOC measurements were carried out as reported by Sønderg-
aard and Worm (2001) obtaining the same level of detection. BDOC
concentrations were calculated as differences of DOC concentra-
tion at the inlet and the outlet (refractory DOC – RDOC) of the bio-
reactor. In all the measurements described, the DOC was analyzed
at the bioreactor inlet (four replicate samples) and in the water col-
lected (after 2 h) at the outlet every 10 min to obtain 10 mL sam-
ples (20 replicate samples) for a total of 24 samples for each
measurement.

To test the accuracy of BDOC bioreactor determination, repli-
cate samples were collected at station C1 at different times and
repeatedly analyzed (every 4 h) as described above.

Samples for DOC analyses were filtered through precombuste
(4 h at 480 �C) and acidified (1 N HCl) Whatman GF/F glass fibre fil-
ters (0.7 lm nominal pore size). Filtration was performed using a
glass syringe and a filter holder in order to prevent atmospheric
contamination. The filtered samples were analyzed immediately
after collection. Before the analysis, samples were acidified
(pH < 2) with 6 N HCl solution and purged for 8 min using high-
purity oxygen bubbling (150 mL min�1).

DOC analyses were made with the HTCO (High Temperature
Catalytic Oxidation) method using a commercial unit, the Shima-
dzu TOC 5000A with a quartz combustion column filled with
1.2% Pt on silica pillows with an approximate diameter of 3 mm
(Cauwet, 1994). One hundred microlitres of sample were injected
into the instrument port. Carbon concentrations were calculated
by subtracting the system blanks and dividing by the slope of the
calibration curve (Thomas et al., 1995). Standardization was car-
ried out every day using potassium hydrogen phthalate. Each value
was determined from a minimum of three injections, with a varia-
tion coefficient <2%.

2.3.2. Batch methods
The results of the three batch experiments were compared with

those of the bioreactor in order to verify the system-specificity and

capacity of the reactor with respect to different BDOC
concentrations.

In the first two experiments, the batch cultures were incubated
in the dark at 20 �C and samples for DOC analysis were regularly
taken until DOC values reached a plateau. In detail, the first exper-
iment was conducted from 5 August to 4 September 2003, the sec-
ond from 6 to 28 August 2003. The DOC measured on the last day is
considered as refractory and the differences between DOC at time
zero and refractory DOC gives an estimation of BDOC. The bioreac-
tor BDOC was measured only at time zero.

The third experiment was carried out from 20 January to 11
February 2004. An experimental culture was set up in a Nalgene
bottle of 20 L volume, previously washed with HCl (1 N) and rinsed
with ultrapure water (Millipore Milli-Q).

Bacterial cells were maintained in 10 L of f/2 medium (Guillard,
1975; Guillard and Ryther, 1962) prepared with artificial seawater
at a salinity of 32. The medium was modified from the original rec-
ipe by omitting the EDTA in order to avoid additional sources of
DOC. Labile organic carbon (glucose-final concentration 4 mg/L)
was added to DOC-free artificial seawater before the bacterial
enrichment.

Seawater for the bacterial inoculum was collected at the surface
at the coastal station C1 and immediately pre-screened through a
200-lm mesh. Twelve litres of natural seawater were filtered
through a 1 lm Teflon filter (Millipore) to remove grazers. The fil-
trate was then passed through several 0.2 Teflon filters (Millipore)
to retain bacterial cells. Subsequently, filters were washed in a
400 mL medium and then resuspended in the medium to obtain
the final bacteria concentration of 1.4 � 106 cell/mL.

The bottle was incubated in the dark at 14 �C for 21 days and
sampled initially (d0), on January 21st (d1), on January 23rd (d3)
and on February 3rd (d15) and on February 10th (d21) at the same
time (between 12:00 and 13:00) for DOC and BDOC analyses.

2.4. Investigation of method limitations

D(+)-Glucose was assumed as labile compound to verify the bio-
reactor efficiency. Three different experiments were carried out to
evaluate the role of inorganic nutrients in bacterial degradative
process in the bioreactor.

In the first experiment, a 37‰ NaCl solution was introduced at
the inlet of the bioreactor; in the second one, glucose was added to
NaCl solution (final DOC concentration 167 lM). In the third, the
same quantity of glucose was added to filtered (Whatman GF/F
0.7 lm) seawater from the Gulf of Trieste (filtered seawater DOC
(98 ± 1 lM) + glucose = final DOC concentration 272 lM). In all
experiments, replicate DOC analyses were carried out as described.

In order to verify that the decrease in DOC concentration in the
bioreactor was predominantly due to microbiological activities
rather than absorption, several measurements were carried out be-
fore the bioreactor colonization (in abiotic conditions). Moreover,
water containing sodium azide (N3Na), a bacteriostatic agent, at
concentration of 400 mg L�1, was added to the mature bioreactor
(Ribas et al., 1995) and, the DOC of the outflow was measured in
triplicate (one sample every 10 min) after 2, 3, 5 and 7 h from
the beginning of the experiment until the differences between in-
flow and outflow DOC were equal to or lower than 0 lM (Ribas
et al., 1995).

3. Results

3.1. Bioreactor performance

With a 1 mL min�1 flow rate, the bioreactor hydraulic residence
time was of 2 h as revealed by the conductivity values measured at
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the outlet of the bioreactor. The conductivity reached a constant
value after 2.05 h, which indicates that the hydraulic characteris-
tics of the packed-bed bioreactor are consistent with a plug flow
reactor.

The measurements before the bioreactor colonization showed
the absence of abiotic DOC removal: no significant differences
were detected between inlet and outlet DOC concentrations
(CV < 3%).

The results of the addition of sodium azide to the bioreactor are
shown in Fig. 2 and are similar to Kaplan and Newbold (1995) find-
ings. DOC concentration at the inlet was 110 ± 0.3 lM and BDOC
concentrations before the sodium azide addition reached the value
of 30 ± 1.7 lM. Triplicate samples (one every 10 min) collected
after 2, 3, 5 and 7 h from the introduction of sodium azide showed
a gradual decrease in BDOC concentrations. After 7 h, the reactor
did not measure any BDOC, in fact, the DOC at the outlet was
slightly higher than at the inlet.

The maintenance of the bioreactor is a function of the character-
istics of the water that flows through. Microbial community in the
bioreactor cannot maintain itself (even for short periods) without a

suitable supply of nutrients essential for its metabolism. For exam-
ple, the introduction of synthetic seawater without a nutrient sup-
ply, leads to an immediate DOC release. This was verified by adding
a 35‰ NaCl solution at the inlet of the reactor and continuously
monitoring the DOC variations at the outlet until all the solution
had passed through and for a further 2 days (every hour) after
the reintroduction of filtered (0.1 lm) seawater. After 2 h (first
samples) from NaCl solution introduction, DOC concentrations at
the bioreactor outlet were higher than at the inlet and constantly
increased until all the solution had passed through. The reintro-
duction of filtered seawater brought about the re-establishment
of the original condition after about 1 day.

A further experiment, conducted adding D(+)glucose to the NaCl
solution (final concentration 152 lM C), yielded analogous results
with comparable DOC increment at the outlet (Fig. 3).

The degradative efficiency of the mature bioreactor, tested by
adding glucose to filtered (GF/F 0.7 lm) seawater (and therefore
in presence of inorganic nutrients) was elevated. The added glu-
cose (final DOC concentration 272 lM) was almost entirely metab-
olized in the order of 96.6% showing that the reactor is capable of
reacting immediately to an increase in BDOC.

The bioreactor residence time (2 h) gives stable BDOC values in
about 3–4 h from the introduction of the sample being analyzed
(with known initial DOC concentration) at the inlet. Between six
and ten DOC samples need to be collected at the outlet to achieve
a good BDOC estimation. By analyzing 20 outlet samples (10 mL
each = 10 min each) in all BDOC measurements carried out during
the present study, we established that after three samples, DOC
concentration kept stable (CV < 3%).

The replicate samples of DOC and BDOC showed a dispersion
between 1.5% and 3% allowing us to determine differences among
samples of 8–12 lM with a confidence level of 95%.

Data obtained from replicate samples, repeatedly analyzed
every 3 h, are reported in Table 1 and confirm the repeatability
of BDOC bioreactor measurements.

3.2. BDOC variability in coastal seawater samples

Analyses on samples collected in the Gulf of Trieste (station C1)
in November and December 2003 and January, February, June and
July 2004, showed a significant variation both in BDOC concentra-
tions and in the degradation percentage even when comparable
DOC values were measured (Figs. 4 and 5). In detail: between
November 10th and 11th DOC concentrations changed from
103 ± 0.2 lM to 106 ± 1 lM, BDOC varied from 11 ± 0.6 lM to
20 ± 2 lM showing a degradation of 10.9% and 19.0%, respectively.
DOC concentrations progressively decreased from 98 ± 0.9 lM to
81 ± 1 lM in November 18th and 20th, respectively; in these sam-
ples the percentage was comparable (14.9–13.8%) therefore the
BDOC proportionally decreased.

In December and January, in spite of the similar DOC concentra-
tion (84 ± 0.7 lM and 90 ± 1.7 lM, respectively), BDOC increased,
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Fig. 2. Evolution of BDOC in the bioreactor after the introduction of sodium azide
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Table 1
Data obtained from replicate samples, repeatedly analyzed every 3 h. Average and standard deviation among five successive measurements of outlet DOC concentrations for every
replicate, and average and CV% among all analyzed outlet DOC samples, for each experimentation, are shown.

Date DOC in DOC out DOC out DOC out DOC out

Replicate 1 Replicate 2 Replicate 3 All data average and CV%

05 December 2003 Average 84 61 60 61 61
Standard dev. 0.7 1.8 2.1 2.2 2.7%

20 January 2004 Average 90 72 71 73 72
Standard dev. 2.5 3.0 1.8 0.9 2.9%

16 June 2004 Average 120 82 82 83 82
Standard dev. 0.1 5.1 4.2 5.1 4.1%

02 July 2004 Average 127 85 87 88 87
Standard dev. 0.4 0.6 1.8 0.4 0.02
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reaching a value of 18 ± 2 lM (with DOC degradability percentage
of 22.0% and 20.0%, respectively). In February 11th BDOC concen-
tration reached a value of 24 ± 1.6 lM (DOC 93 ± 0.9 lM) with a
degradation percentage of 25.5%, while in February 25th the lowest
DOC concentration (72 ± 0.5 lM) which corresponds to the mini-
mum BDOC value measured (8 ± 1.3 lM) was detected.

During June and July 2004, BDOC values increased reaching con-
centrations varying between 29 ± 1.5 lM (DOC 118 ± 0.2 lM) and
45 ± 2.2 lM (124 ± 0.7 lM) with degradation percentage from
24.3% to 36.1%.

Summing up, DOC concentration varied from 72 ± 0.5 lM to
127 ± 0.4 lM, BDOC from 8 ± 1.3 lM to 45 ± 2.2 lM and the per-
centage of degradation from 10.3% to 36.1%. Significant relation-
ship among concentrations of DOC at the inlet and outlet of the
bioreactor (DOC vs RDOC; r = 0.77, p < 0.01) and between DOC
and BDOC values (DOC vs BDOC; r = 0.86, p < 0.01) were observed.

3.2.1. Mesocosm experiments
From the mesocosm experiment conducted in July–August

2003, a final average DOC concentration of 211 ± 6 lM (initial
DOC concentration was 123 ± 2 lM with a BDOC value of
20 ± 1 lM) was obtained. The value of BDOC was of 72 ± 4 lM with
a degradation percentage of 33.94%. As a consequence, the esti-
mated refractory DOC (RDOC = DOC � BDOC) was 140 ± 2 lM,
therefore higher than the initial DOC concentration. Reintroduction
of resulting sample (RDOC) in the bioreactor showed no further
degradation.

3.3. Site-specificity of bioreactor (bioreactor versus batch cultures)

In the first batch experiment (6 August–4 September 2003),
DOC values ranged from 91 ± 3 lM to 72 ± 2 lM (data from four
replicate samples) with a BDOC value of 18 lM. This value corre-
sponds to a degradation percentage of 20.1%. BDOC concentration,
evaluated by the bioreactor at time zero, was of 33 lM, which cor-
responded to a degradation percentage of 35.9%, i.e. 15.8% higher
than BDOC estimated from batch.

In the experiment conducted from 6 August to 28 August 2003,
DOC concentrations varied from 229 ± 2 lM to 129 ± 1 lM with a
BDOC value of 100 lM which corresponded to a degradation per-
centage of 43.9%. BDOC from the bioreactor was of 136 lM, with
a degradation percentage of 59.2%, i.e. 15.4% higher than BDOC
from the batch.

In the 21 day incubation experiment (winter 2004), in which we
analyzed BDOC by bioreactor during each sampling for DOC, DOC
concentrations, in the batch, varied from 280 ± 1 lM to
115 ± 1 lM. The time courses of DOC mineralization in the batch
culture are exemplified by samples collected on days 0, 1, 3, 15
and 21. From day 0 to day 1, no DOC decomposition was detected;
after this time, which was probably necessary for bacteria adapta-
tion, DOC degradation was very high until the third day of experi-
mentation. Definitively low DOC consumptions were successively
detected (Fig. 6). At the end of the experiment, 58.87% of initial
DOC was consumed.

Looking at the cumulative DOC mineralization (BDOC con-
sumed), it appears that the greatest quantity of DOC (137 lM,
equivalent to 83% of total mineralized DOC) was consumed within
the first 3 days. This fraction probably corresponded to the more
labile BDOC fraction, constituted by glucose, while the subsequent
decrement, from 3rd to 15th days, was due to mineralization of the
less bioavailable semilabile fraction (Søndergaard et al., 2000).
However, BDOC pool was dominated by labile fraction as expected
as a consequence of glucose addition. A further DOC decrease on
the 21st day suggests that perhaps during the incubation time it
the plateau had not been reached, that is to say, the BDOC was
not quantitatively degraded.

BDOC concentrations, estimated by the bioreactor, were extre-
mely high during the first 2 days of experimentation, with values
of 217 ± 3 lM and 212 ± 3 lM at t0 and after 24 h, respectively.
The concentrations drastically decreased from the third day reach-
ing a minimum at the end of the experiment when, however, a
BDOC concentration of 30 ± 4 lM was still detected.

Refractory DOC (RDOC), measured at the outlet of the bioreac-
tor, remained almost constant up to day 15 (68 ± 5 lM) then in-
creased by 25.9% at day 21 reaching the value of 85 ± 3 lM.

DOC and BDOC concentrations were positively correlated dur-
ing the time course of the experiments (r = 0.996, p < 0.001).

DOC degradability measured in the bioreactor was similar at t0
and day 1 (77.7% and 76.3%, respectively) and it was 18.8% higher
than that estimated by batch. This value is slightly higher than that
found in the other two experiments and support the hypothesis
that perhaps DOC had not reached a plateau during the time course
of the experiment. Nevertheless, the difference is really slight and
allows us to suppose that the last measured DOC concentration
was fairly close to the plateau.
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Percentage of degradation decreased to 48% during the two suc-
cessive samplings and reached the minimum (26%) at day 21, con-
firming that the most labile DOC fraction was quickly consumed,
while semilabile DOC needed some weeks.

As already mentioned, we are not sure whether during the last
incubation experiment DOC had reached a plateau, nevertheless
the comparison between BDOC measured in the bioreactor and
in batch incubations showed a highly significant positive relation-
ship (Fig. 6, BioreactorBDOC = 1.2608 batchBDOC + 9.6194, r = 1)
even if we have only three experiments to go by.

4. Discussion and conclusion

Our results showed that plug-flow bioreactors can be used as a
rapid alternative method to assess the ambient concentrations of
DOC available for biological decomposition in marine ecosystems
as previously found for lake waters (Søndergaard and Worm,
2001). One major advantage is that measurement of one sample
can be performed in about 3–4 h instead of the 20–30 days needed
for batch experiments. This can be achieved because of the high
density of indigenous microorganisms colonizing the bioreactor
(enhanced by the SIRAN support which allows for high concentra-
tions of cells of microorganisms due to the large surface area to
volume ratio of the porous glass carrier), which are exposed to a
relatively low flow of organic matter.

The hypothesis that the decrease in the organic matter concen-
tration while the water passes through the bioreactor column is
due to microbiological activity rather than to the adsorption, is
shown by the comparison with abiotic conditions. Measurements
carried out before the bioreactor colonization, suggested the ab-
sence of any abiotic removal: DOC values at the inlet and outlet
were statistically indistinguishable (among all samples measured
CV < 4%). These results are in good agreement Ribas et al. (1995),
who, in their experiments, reported that during the first days of cir-
culation, before the bacterial colonization of the support, there
were no significant differences between the DOC of the inflow
and the outflow water.

Moreover, the role of microbiological processes in DOC removal
is confirmed by the fact that during the first days of colonisations
no differences were detected among inlet and outlet DOC concen-
trations. This conclusion is also supported by sodium azide data.

To consider the colonization effective, the bioreactor, in which
at the beginning a sterile inert support is present, is continuously
fluxed with filtered water as long as BDOC values are similar to
those obtained by means of incubation experiments (Ribas et al.,
1991).

Our colonized bioreactor developed a ‘‘mature” microbiological
community able to metabolize fluctuating and elevated concentra-
tions of BDOC, as shown in the experiments of glucose metabolism
(ffi170 lM) and during analysis of samples with concentrations
ranging from 8 to 47 lM. The continuous once-through flowing
of the sample in the bioreactor guarantees a unidirectional supply
of carbon, inorganic nutrients and energy to the microbial commu-
nity colonizing the inert support. As reported for BDOC analysis in
streamwater (Volk et al., 1997), presumably the most labile mole-
cules would be consumed firstly, and more recalcitrant molecules
(semilabile DOC) would be metabolized over progressively longer
residence times (distance) within the reactor. The resulting longi-
tudinal gradients of diminishing DOC quantity and quality within
the reactor, which, as described also by Søndergaard and Worm
(2001), was clearly visible by the different colouration of the inert
support, generate multiple niches and select diverse communities
of bacteria capable of metabolizing DOC of different quality (labile
and semilabile) (Volk et al., 1997). This specificity makes the direct
analysis of BDOC possible and avoids the problems associated with

indirect estimation of DOC uptake by means of parameters with
large variability such as respiration (O2 consumption or CO2 pro-
duction) or bacteria biomass and production which requires car-
bon conversion factors. Moreover, time needed for BDOC
measurement is drastically reduced compared with batch cultures.
Even though the use of bacterial abundance and biovolume and the
conversion to biomass is widely applied, it is, in fact a difficult and
uncertain procedure (Søndergaard and Middelboe, 1995). In addi-
tion, the two approaches of determination are conceptually differ-
ent. While the BDOC can be considered the portion of DOC that can
be mineralized by heterotrophic microorganisms, the conversion
to biomass represents the measurement of only that portion of
DOC, which can be converted to biomass, i.e. the assimilable organ-
ic carbon (AOC) (Frías et al., 1995).

The bioreactor assembled in the present study, follows the de-
sign proposed by Kaplan and Newbold (1995) and by Søndergaard
and Worm (2001).

Even if there are several studies on BDOC distribution in seawa-
ter, the majority used batch culture experimentation to estimate
BDOC (Malej et al., 2003; Ogawa et al., 2001; Puddu et al., 2003;
Søndergaard et al., 2000; Søndergaard and Middelboe, 1995; Zwei-
fel et al., 1993). Nowadays, a strict, worldwide accepted definition
of BDOC has not yet been achieved; anyway the majority of decom-
position experiments take from 5 to 30 days and the BDOC value
corresponds to the difference between the initial DOC concentra-
tion and the asymptotic DOC value achieved during incubation
time. The long time needed to obtain a BDOC value means that a
great number of analyses cannot be carried out. Moreover, experi-
mental conditions reproduced in culture could prevent the devel-
opment of complex bacterial communities, with different
decompositions capabilities and, therefore, prejudice BDOC esti-
mation (Søndergaard and Worm, 2001).

The efficacy of the bioreactor utilization in ‘‘instantaneous”
BDOC measurement has been demonstrated for drinking waters,
lake, streamwaters (Frías et al., 1995; Kaplan and Newbold,
1995; Lucena et al., 1990; Ribas et al., 1991; Ribas et al. 1995;
Søndergaard and Worm, 2001; Volk et al., 1997) and in water treat-
ment in the semiconductor industry (Shibata et al., 1987);
whereas, to the best of our knowledge, no similar application for
seawaters has been reported in literature.

BDOC concentrations, in the samples collected from November
2003 to February 2004, ranged from 8 ± 1.3 lM to 24 ± 1.6 lM
with degradation varying between 10.3% and 25.5%. Winter data
are comparable to the values reported by Søndergaard and Mid-
delboe (1995) which estimated that labile DOC, in marine environ-
ment, represents on average the 19 ± 12% of DOC with a median
value of 14%. This data is slightly higher than the values (9%) mea-
sured by Becquevort et al. (2002) in an area of the Black sea influ-
enced by the Danube.

In the samples collected during summer 2004 and in those ob-
tained by the mesocosm experiment carried out during August
2003 (DOC production), the degradation percentage was generally
higher reaching, in July, the value of 36.12%. The increased degra-
dation percentage in field samples could be related to the higher
summer DOC production characterizing the Gulf of Trieste, while
in the mesocosm it is probably due to the higher quantity of labile
DOC produced by phytoplanktonic bloom induced by the addition
of phosphorous and other nutrients. Even if these values are higher
with respect to the data reported by Søndergaard and Middelboe
(1995), they are lower than the values obtained by Puddu et al.
(2003) in similar mesocosm experiments, where from 48% to 65%
of DOC accumulated during bloom was biodegradable. The differ-
ences in DOC utilization can be mostly ascribed to the variability
of its composition (Chróst and Faust, 1983).

The lower percentages of degradation, observed in the seawater
samples collected from November 2003 to February 2004, how-
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ever, are probably due also to the lower DOC concentration, typical
of the winter period (De Vittor et al. 2008). In our field samples, we
found a positive relationship between DOC and BDOC values, de-
spite the complexity of the marine ecosystem of the Gulf of Trieste,
where the dynamics of the organic matter reflect the variety of the
physical, chemical and biological processes, mainly due to the sea-
sonal variations of the Isonzo River inputs (De Vittor et al. 2008).

This is in accordance with Middelboe et al. (1992) and with
Søndergaard and Borch (1992), who reported that biodegradable
DOC was positively related to total DOC, in coastal waters and
lakes, respectively.

A positive relationship between the measurements of BDOC in
the bioreactors and in batch cultures was pointed out. Comparing
the results, it appears that the bioreactor consumes about 15%
more DOC than the batch cultures (up to 19% in the mesocosm
experiment of winter 2004). The calculated regression line showed
a positive intercept, supporting the argument that the batch meth-
od underestimates the BDOC.

These results are in agreement with Søndergaard and Worm
(2001) findings, which reported a positive relationship between
measurements of BDOC in the bioreactors and in batch cultures
incubated for 28 days and that, the reactor used about 20% more
DOC than the batch cultures.

In agreement with Kaplan et al. (1996), they suggest that this
could be explained by a broad metabolic capability in the reactors
resulted from the development of less competitive but more spe-
cialized bacteria species along the bioreactor gradient.

Samples collected from batch culture during the time course of
the experiment and analyzed simultaneously for DOC and for
BDOC (by the bioreactor), showed the progressive decrease in the
degradation percentage coupled with an increase in refractory
DOC (RDOC) which shifted from 63 to 85 lM, that is from 22% to
74%. This suggests a progressive transformation of BDOC into RDOC
in the batch during the incubation time. The concentration of
BDOC, measured on day 21 (26% of DOC), suggests that the cumu-
lative degradation of DOC during the 21 days of experimentation
perhaps did not consume all BDOC present, but also supports the
argument that the batch method underestimates the BDOC.

In this study, all analyses were carried out on seawater samples
collected at the same location from which the seawater, used for
colonization and maintenance of the bioreactor, was collected. To
analyze water from different sources, the acclimation of the reactor
to a specific organic source and site could be necessary (Kaplan
et al., 1996). Nevertheless, Søndergaard and Worm (2001) analyz-
ing BDOC in natural water from three locations not used for colo-
nization and maintenance reported that acclimation period was
not generally necessary.

The aim of this work, however, was to set up a functional sys-
tem for the monitoring of BDOC in a specific environment (e.g. Gulf
of Trieste) and after the initial colonization and acclimation phase,
the bioreactor was operative and was used continuously during the
time course of experimentation. It is a good precaution to change
the filtered water for the maintenance periodically in order to al-
low the gradual acclimation of the reactor to the natural seasonal
variation of quality and quantity of DOC characterizing the studied
ecosystem.

To conclude, the bioreactor set up in the present study can
monitor BDOC concentrations in the marine environment with
measurements that can be accomplished within few hours instead
of 20–30 days required in the incubation experiments. Results re-
ported here constitute the first data of BDOC in the Gulf of Trieste
obtained by a plug-flow bioreactor.

The determination of BDOC in seawater by a dynamic method
giving results in few hours is of particular concern to better under-
stand the complexity of phenomena affecting DOC dynamics.
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