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INTRODUCTION

The majority of organic molecules occurring in the sur-
face ocean are of algal origin (Meon & Kirchmann 2001).
Phytoplankton blooms substantially contribute to the
release of dissolved organic carbon (DOC) in seawater
(Myklestad 1995). However, the rate of release of photo-
synthetically fixed carbon is highly variable, ranging be-

tween 1 and 70% (Baines & Pace 1991). This extreme
variability may point to methodological problems, such
as enzymatic hydrolysis, the uptake of exudates by
heterotrophic bacteria, or the disruption of cells during
filtration. Nevertheless, large fluctuations in primary
production and algal biomass during the development of
algal blooms do cause distinct changes in amount and
quality of aquatic dissolved organic matter (DOM).
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ABSTRACT: We monitored the dynamics of extracellular organic matter in 3 mesocosms: one domi-
nated by a heterotrophic (microbial) community with negligible autotrophic activity (net hetero-
trophic system), a second where a small Phaeocystis bloom developed (production and loss almost
balanced), and a third harboring a large diatom bloom (net autotrophic system). In all mesocosms,
meso- and macroscopic heterotrophic organisms were excluded to primarily study extracellular
organic matter production and turnover by specific algae and microbial loop organisms, respectively.
Concentration and composition of dissolved organic matter (DOM), i.e. dissolved organic carbon
(DOC), monosaccharides and total carbohydrates (MCHO and TCHO), free and combined neutral
carbohydrates (DFCHO and DCCHO), as well as free and combined amino acids (DFAA and DCAA)
were measured. In addition, net and gross community production rates were determined to calculate
C-budgets. Whereas concentrations and composition of MCHO differed very little among the 3 meso-
cosms, dynamics of TCHO, DFCHO, and DCCHO differed significantly. Concentrations of DFAA
were higher in both algal mesocosms compared to the heterotrophic system, and composition of
DFAA was significantly different in the Phaeocystis and Diatom tanks. The composition and concen-
tration of DCAA, however, were similar in all 3 mesocosms. Total dissolved carbohydrates and amino
acids comprised a substantial fraction of the DOC pool. Dynamics of these DOC fractions, however,
could only partly explain those of DOC, implying either that other dissolved compounds were impor-
tant for overall C-cycling, or that microbial degradation of DOM affects the detection of carbo-
hydrates and protein components.
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Generally, carbohydrates account for 20 to 30% of
the DOC pool in oceanic surface waters (Benner et al.
1992, Pakulski & Benner 1994), with polysaccharides
quantitatively dominating its phytoplankton-produced
portion (Lancelot & Billen 1985). Simple carbohydrates
and amino acids comprise a lesser portion of the DOC
because they are either produced in lesser quantities
or rapidly consumed by bacteria (Lancelot & Billen
1985). Polysaccharides, however, can contribute up to
80% of the total extracellular release of the marine
diatom Chaetoceros affinis in batch culture (Myklestad
et al. 1989). This is in accordance with results from
several mesocosms (Søndergaard et al. 2000) and field
studies in the North Sea (Lancelot 1984), with diatoms
and Phaeocystis sp. being the most dominant algal
members.

Instances of massive production of extracellular
polysaccharides are known from various marine envi-
ronments and are often favored by nutrient depletion,
as the synthesis and exudation of polysaccharides
increase under these conditions (e.g. Obernosterer &
Herndl 1995, Biddanda & Benner 1997, Søndergaard et
al. 2000, Engel et al. 2004). However, high polysaccha-
ride exudation has been also observed in nutrient-
enriched coastal regions, such as the southern North
Sea and the English Channel, where Phaeocystis
blooms frequently occur. Quantity and quality of the
exuded organic matter is often characteristic for the
algae releasing it (Myklestad 1974). Polysaccharidic
mucilage comprises between 55 and 90% of the
Phaeocystis carbon and is readily exuded (Lancelot
1995). Marine diatoms such as Skeletonema costatum
typically exude high amounts of DOM, which is rich in
carbohydrates, whereas coccolithophores such as
Emiliana huxleyi release DOM with a lower portion of
carbohydrates (Biersmith & Benner 1998). Hence, con-
centration and composition of dissolved polysaccha-
rides, as well as proteins exuded, vary with the devel-
opment of different phytoplankton blooms.

Despite the high variability in composition of algal-
derived organic matter, a major fraction of the high-
molecular-weight DOM recovered by ultrafiltration or
dialysis shows a similar chemical composition with a
relatively constant carbohydrate/acetate/lipid carbon
ratio (Aluwihare et al. 1997, Borch & Kirchman 1999).
This finding indicates the rather recalcitrant nature of
that DOC fraction which seems to resist rapid reminer-
alization. When DOC accumulates over the growing
season in the photic zone (e.g. Børsheim & Myklestad
1997, Carlson et al. 1998, Williams 1998) production
must outpace decomposition. The usual explanation
for DOC accumulation is that the newly produced
DOC is partly resistant to degradation and becomes
more recalcitrant over time due to biotic and/or abiotic
transformations (Søndergaard et al. 2000). Observa-

tions of accumulation of biodegradable DOC, however,
suggest that the breakdown and assimilation of car-
bon-rich DOM can also be limited by the availability of
nitrogen (Williams 1995). In addition, trophic interac-
tions, especially in the microbial food web, could keep
the capacity for bacterial DOC decomposition low
when specific environmental conditions, e.g. depletion
of inorganic nutrients, prevail (Thingstad & Lignell
1997, Thingstad et al. 1997).

In the present study, we used mesocosms to follow
concentration and composition of DOM during 3 dis-
tinctly different algal growing conditions. Since we set
our focus primarily on microbial processes, we ex-
cluded meso- and macroscopic heterotrophic organ-
isms by pre-filtration. The main objective of our study
was to test whether C-partitioning and cycling of
extracellular organic matter are different in net
autotrophic versus net heterotrophic systems and for
different phytoplankton communities. We further
sought to determine whether these differences are
reflected in the amount and composition of the major
DOM fractions (dissolved amino acids and carbo-
hydrates).

MATERIALS AND METHODS

Mesocosms and sampling. Three 1000 l mesocosms
were filled with North Sea water that was sampled
ca. 1 km off Helgoland island, Germany, at 2 m depth
on 15 March 2002 and was stored in the dark at 4°C
until the mesocosms were simultaneously filled on
17 March. Half of the water was filtered through
50 kDa cartridges and the rest through a 1.2 µm car-
tridge. Storage and pre-filtration reduced the amount
of labile DOM, particulate organic matter (POM), and
bacteria and fully excluded meso- and macroscopic
heterotrophic organisms. All mesocosms were mixed
overnight prior to inoculation with phytoplankton. No
phytoplankton was added to the No Addition tank. The
Phaeocystis tank was inoculated with 1.5 l of a non-
axenic culture of P. globosa, and the Diatom tank with
3 l each of axenic Chaetoceros decipiens and Thalas-
siosira pseudonana cultures. The Diatom tank was also
supplemented with an additional 15 µmol l–1 silicic
acid to stimulate diatom growth. The addition of phyto-
plankton slightly increased the concentration of inor-
ganic nutrients, e.g. at 0.7 d after algal addition the
concentration of phosphate was 0.8 µM in the No Addi-
tion tank, 0.9 µM in the Phaeocystis tank, and 1.0 µM
in the Diatom tank (Passow et al. 2007, this issue).
All mesocosms were kept at 12 to 14°C on a 16:8 h
light:dark cycle and were mixed using an air lift. Water
samples were collected approximately every other day
for 20 d to follow carbon dynamics in all 3 mesocosms.
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We started sampling 0.7 d after nutri-
ent additions to the algal mesocosms.
For simplification, the times in decimal
dates have been rounded up to the
nearest full day in the text, e.g. 0.7 d
equals Day 1. For further details see
Passow et al. (2007).

Dissolved organic carbon. For
analysis of DOC, 10 ml water samples
were filtered through rinsed 0.2 µm
polycarbonate membranes (Nucle-
pore). The samples were then acidi-
fied with 100 µl of 85% H3PO4, flame
sealed in combusted glass ampoules,
and stored in the dark at 4°C until
measurement. DOC analysis was per-
formed using high-temperature cat-
alytic combustion (Shimadzu TOC-
5000). A 5-point calibration curve was
constructed for calibration using
potassium phthalate standards prepared freshly in UV-
treated Milli-Q water. The standards covered a range
of 0 to 250 µmol C l–1 and were run for every sixth sam-
ple. All DOC concentrations are averages of at least 3
injections from each sample. The standard deviation
between these injections was usually <1%. When a
higher deviation occurred, the sample was run again.
The instrument blank (8 to 12 µmol l–1) was measured
using UV-treated Milli-Q water and was subtracted
from each sample. Extreme care was taken to avoid
carbon contamination. All glassware was combusted
for 2 h at 550°C, and Nuclepore filters were rinsed 3
times with ultra-pure UV-oxidized Milli-Q water.

Particulate organic carbon and nitrogen. Particu-
late organic carbon (POC) and nitrogen (PON) were
measured in replicates from 100 ml of water filtered
onto pre-combusted GF/F filters (Whatman). Filters
were rinsed with 2 ml of UV-treated Milli-Q water after
filtration to remove salt and were then kept frozen at
–20°C until analysis. POC and PON were measured by
CHN-analysis (FlashEA 1112, Thermo Finnigan). The
C:N ratio of POM was calculated from the POC and
PON measurements.

Determination of carbohydrates and amino acids
was done by different methods, resulting in partly
overlapping DOC fractions. To avoid confusion, we
have listed the abbreviations of all analyzed DOC
fractions in Table 1.

Dissolved carbohydrates. Colorimetric determina-
tion of dissolved monosaccharides (MCHO) and total
dissolved carbohydrates (TCHO) in seawater were
performed according to Myklestad et al. (1997) after
condensation with the chromogen 2,4,6-tripyridyl-s-
triazine (TPTZ). Then, 10 ml aliquots of sample were
filtered through combusted GF/F filters into com-

busted glass vials and stored at –20°C until analysis.
Combined polysaccharides were hydrolyzed in 0.1 mol
l–1 HCl at 100°C for 20 h and analyzed as above. The
concentration of dissolved combined carbohydrates
(DCHO) was calculated by subtracting MCHO from
TCHO. Each sample was measured in triplicate. The
detection limit for glucose was 0.4 mg l–1, with a preci-
sion of 0.03 mg l–1. The carbon content of mono- and
polysaccharides was calculated assuming a conversion
of 30 µg hexose µmol–1 C.

Neutral carbohydrates and amino acid. For the
determination of dissolved neutral carbohydrates and
amino acids, 10 ml samples were filtered through
rinsed 0.2 µm pore size polycarbonate filters (Nucle-
pore) and stored at –20°C until analysis. All measure-
ments were performed in triplicate.

Prior to analysis, samples were desalted by ion-
exchange chromatography (Borch & Kirchman 1999).
Concentrations of dissolved free neutral carbohydrates
(DFCHO) were analyzed according to Mopper et al.
(1992), by HPLC (high-performance liquid chromatog-
raphy) using a Carbopac PA 10 column (Dionex) and
pulsed amperometric detection (PAD); 20 mmol l–1

NaOH was used as eluent. Dissolved combined neutral
carbohydrates (DCCHO) were analyzed by HPLC as
DFCHO after 20 h of hydrolysis in 0.09 mol l–1 HCl at
100°C. Recovery of carbohydrate was checked by
adding an external standard composed of 10 carbo-
hydrates (fucose, desoxy-ribose, rhamnose, arabinose,
galactose, glucose, xylose, fructose, ribose, saccharose)
after every fifth sample.

For determination of amino acids by HPLC, 10 ml
samples were filtered through 0.22 µm pore size
acrodisc syringe filters with low protein binding affin-
ity (Pall Corporation) and stored at –20°C. Concen-
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Abbreviation Fraction Method

All sugars (charged + neutral)
MCHO Dissolved monosaccharides TPTZ method
TCHO Total dissolved carbohydrates TPTZ method

Neutral sugars
DFCHO Dissolved free (mono-, disaccharides) HPLC-PAD
DCCHO Dissolved combined (polymers) HPLC-PAD

Non-neutral sugars
Other DCHO TCHO – (DCCHO + DFCHO) TPTZ method, 

HPLC-PAD
Amino acids
DFAA Dissolved free (mono-, oligomers) HPLC-OPA
DCAA Dissolved combined (polymers) HPLC-OPA
PCAA Particulate combined (polymers) HPLC-OPA

Table 1. Abbreviations of all carbohydrate and amino acid fractions measured
by different analytical methods. For further details see ‘Materials and methods;
Particulate organic carbon and nitrogen’. TPTZ: 2,4,6-tripyridyl-s-triazine;
HPLC: high-performance liquid chromatography; PAD: pulsed amperometric

detection; OPA: ortho-phthaldialdehyde derivatization
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trations of dissolved free amino acids (DFAA) were
analyzed by HPLC after ortho-phthaldialdehyde
derivatization (OPA) (Lindroth & Mopper 1979). Dis-
solved combined amino acids (DCAA) were hydro-
lyzed with 6 mol l–1 HCl at 155°C for 1 h and analyzed
as DFAA. Samples for particulate combined amino
acids (PCAA) were unfiltered and analyzed after acid
hydrolysis in the same manner as for DCAA.

Net and gross community production. Net and gross
community production rates were approximated from
oxygen evolution in bottle incubations. Dissolved
oxygen was determined based on the method by
Winkler using automated titration (Titrino, Metrohm)
and potentiometric endpoint detection. Water was sam-
pled from the mesocosms through a Tygon tube directly
into 300 ml glass bottles (BOD) and incubated imme-
diately. Two dark and 2 light bottle incubations were
performed for 6 h. Initial oxygen concentration was de-
termined immediately from 2 additional bottles. Both
daily gross production (GP) and daily net community
production (NPP) were calculated according to Engel et
al. (2002); GP (µmol C l–1 d–1) is defined as gross
production within the 16 h of illumination, and NPP
(µmol C l–1 d–1) stands for the gross production sub-
tracted by respiration (including light and dark respira-
tion during the 16 h of illumination and the remaining
8 h of darkness). Daily oxygen production was cor-
rected by the oxygen produced during NO3

– uptake,
because reduction of NO3 to NH4 within the cell gener-
ates 2 mol O2. The NO3

– uptake per day was assumed to
be equal to the decrease of NO3

– concentration in the
mesocosm on that day. The molar ratio of oxygen pro-
duction to carbon assimilation was assumed to be 1.08
after Laws (1991). Mesocosms were defined as net het-
erotrophic when net respiration surpassed net photo-
synthetic production and autotrophic when net photo-
synthetic production exceeded net respiration.

Carbon budgets. Carbon budgets were calculated
for the period between Day 4 and the end of the exper-
iment (Day 20). The missing carbon was calculated for
each mesocosm as the residual missing carbon taking
into account loss and gain in NPP, DOC, and POC. This
fraction may include loss of carbon by sedimentation,
accumulation of buoyant organic matter at the surface,
or other unknown processes. Each variable was plotted
against time to calculate a regression and its slope. If
the regression was significant (p < 0.1), the slope was
multiplied by the time of the experimental period. Net
changes of POC and NPP, however, were calculated
cumulatively.

Statistical analyses. Statistical analyses were done
by ‘post hoc’ standard least square contrast analyses
after ANCOVA, with time as the covariate and meso-
cosm as the nominal predictor. All statistical analyses
were performed with the software JMP 4.02 using

average values since no parallel mesocosms were run.
Significance was given at values p < 0.05. We also sep-
arately performed the same statistical analyses for the
lag (Days 1 to 8) and the exponential/stationary phase
(Days 10 to 20) of the algal bloom. At that time both
organic matter and bacterial community composition
(Murray et al. 2007, this issue) in the algal mesocosms
shifted significantly. Since we only had 4 time points
for the pre-bloom but 6 time points for the later phases
of the bloom, the resulting significance levels for all
measurements in the pre-bloom phase are rather
uncertain. However, in the pre-bloom phase, levels of
significance were significantly different only for algal-
related parameters such as chlorophyll a (chl a), POC,
and NPP and, hence, are not given separately.

For qualitative comparison of DOC pools, all
DFCHO, DCCHO, DFAA, and DCAA data were clus-
tered in 2 dimensions. Clustering was done using the
freeware ‘Cluster’ v. 2.11 by using a Pearson’s correla-
tion matrix of all data given in percent of DOC. The
respective tree was constructed in Tree View v. 1.60
(http://rana.lbl.gov).

RESULTS

General bloom dynamics

Whereas phytoplankton concentrations in the No
Addition tank remained negligible during the investi-
gation, a small bloom developed in the Phaeocystis
tank, with peak chl a concentrations of 2 µg l–1 on Days
12 and 14. A large bloom developed in the Diatom
tank, with chl a concentrations reaching 55 µg l–1 by
the end of the investigation (Passow et al. 2007).
Throughout the incubation, concentrations of chl a
were significantly higher in the Diatom tank (p < 0.001,
n = 10), but were not significantly different between
the No Addition and Phaeocystis tanks, even when
excluding the pre-bloom phase (Days 1 to 8).

Net primary production

NPP rate (Fig. 1) was negative throughout the study
in the No Addition tank, indicating that this mesocosm
was a highly heterotrophic system. In the Phaeocystis
tank, NPP was negative initially and increased to only
2 µmol C l–1 d–1 by the end of the experiment. Over the
course of the experiment no total net production was
obtained in this mesocosm. In contrast, the NPP rate
increased significantly during the bloom in the Diatom
tank, reaching 58.8 µmol C l–1 d–1. This mesocosm had
a total net production of 186.4 µmol C l–1 by the end of
the study.
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Community respiration

Oxygen consumption in the dark was highly variable
over time in all mesocosms, with values of 0.1 to
1.2 µmol O2 l–1 d–1. However, average oxygen con-
sumption was remarkably similar in all mesocosms,
yielding 0.4 ± 0.2 , 0.3 ± 0.3, and 0.4 ± 0.4 µmol O2 l–1

d–1 for the No Addition, Phaeocystis, and Diatom tanks,
respectively.

Dissolved organic carbon

The initial concentration of DOC of the sampled
seawater was high (250 µmol C l–1), since stormy
weather had pushed the plume of the Elbe River to
the sampling site near Helgoland (see Passow et al.
2007). After 1 d of incubation, the DOC concentration
had only decreased a little in the No Addition tank
(236 µmol C l–1), but much more in both algal meso-
cosms (187 µmol C l–1 in the Phaeocystis tank and

136 µmol C l–1 in the Diatom tank). This result indi-
cates that the addition of algal cultures greatly
affected DOC dynamics at the beginning of the
experiment. DOC concentrations in the No Addition
tank showed an overall decreasing trend until the
end of the experiment (from 236 to 90 µmol C l–1;
Fig. 2A). In the Phaeocystis and Diatom tanks, how-
ever, it declined until Day 14 of the experiment, to
76 and 66 µmol C l–1, respectively, but thereafter
increased to 105 and 110 µmol C l–1, respectively
(Fig. 2A). Although the temporal dynamics of DOC
concentrations differed between mesocosms, they
were not significantly different (Table 2).

Particulate organic carbon

Concentrations of POC in the No Addition tank
remained negligible over the duration of the experi-
ment (Fig. 2B). In the Phaeocystis tank, POC showed
a peak of 20 µmol C l–1 on Days 14 to 16, 2 d after
the peak in chl a concentrations. POC increased
steadily in the Diatom tank, as did chl a, reaching
118 µmol C l–1 by the end of the experiment. POC
concentrations were significantly different between
the Diatom tank and the No Addition or Phaeocystis
tanks (Table 1), indicating that POC in the Diatom
tank was mainly of algal origin.
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Dissolved monosaccharides and total dissolved
carbohydrates 

In all mesocosms — even in the No Addition tank —
MCHO were highly variable and did not show any
trend over time (Fig. 3A). Concentrations of MCHO in
the Phaeocystis and Diatom tanks were higher than in
the No Addition tank, reaching maxima of 2.94 and
2.48 µmol hexose l–1, respectively. Concentrations of
MCHO in the Phaeocystis tank were positively corre-
lated with chl a concentrations (r2 = 0.79; p < 0.001)
and slightly negatively correlated with heterotrophic
nanoflagellate abundances (r2 = 0.57, p < 0.05). MCHO
in the Diatom tank were not correlated with any of the
above-mentioned parameters. Over the whole incuba-
tion, neither MCHO nor TCHO values were signifi-
cantly different among the mesocosms (Table 2).

TCHO values were significantly higher in the Phaeo-
cystis tank than in the No Addition (p < 0.001, n = 6) or
Diatom tanks (p = 0.0191, n = 6) when the pre-bloom
phase was excluded (also see Fig. 3B). In the No Addi-
tion tank, concentrations of TCHO ranged from 2.8 to
4.3 µmol hexose l–1 throughout the experiment, with-
out any clear temporal trend. TCHO in the Phaeocystis
tank reached a notable maximum of 6.4 µmol hexose
l–1 on Day 10, just before the peak in chl a. Concentra-
tions of TCHO in the Diatom tank increased without
interruption from Day 10, reaching 4.8 µmol hexose l–1

by the end of the experiment.

Neutral carbohydrates

Concentrations of DFCHO were significantly higher
in the No Addition tank than in the Phaeocystis or
Diatom tanks (Table 2) and continuously increased in
all mesocosms over time (Fig. 4A). This suggests differ-
ences in production and microbial utilization of
DFCHO among the different mesocosms.

Concentrations of DCCHO in the No Addition tank
varied between 0.49 and 1.17 µmol l–1 and in the Phaeo-

cystis tank between 0.5 and 1.73 µmol l–1. In the Diatom
tank they remained rather constant at ca. 1 µmol l–1

throughout the whole experiment. DCCHO did not sig-
nificantly differ among the mesocosms (Fig. 4B, Table 2).

Amino acids

DFAA concentrations were lowest in the No Addi-
tion tank, varying between 0.01 and 0.05 µmol l–1
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Tank DOC POC C:N MCHO TCHO DFCHO DCCHO DFAA DCAA PCAA NPP

Variables
NA vs. P ns ns ns ns ns 0.0063 ns 0.0147 ns ns ns
NA vs. D ns <0.0002 ns ns ns 0.0013 ns ns ns 0.00124 <0.0001
P vs. D ns <0.0025 ns ns ns ns ns ns ns 0.00539 0.0002
Whole model of variance

ns 0.0005 ns ns ns 0.0029 ns 0.048 ns 0.0024 <0.0001

Table 2. Statistical analyses using ‘post hoc’ analyses after ANCOVA with time as the covariate and mesocosm as the nominal
predictor. All statistical analyses were performed with the software JMP 4.02. NA, P, and D: No Addition, Phaeocystis, and Di-
atom tanks, respectively. ns: not significant; DOC: dissolved organic carbon; POC: particulate organic carbon; NPP: net primary

production; other abbreviations as in Table 1
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(Fig. 5A). In the Phaeocystis tank they were signifi-
cantly higher and increased from 0.02 µmol l–1 on Day
10 to 0.22 µmol l–1 on Day 18 (Table 2). Concentrations
of DFAA in the Diatom tank peaked at 0.23 µmol l–1

(Day 14), but this peak is anomalously high against a
range of Diatom tank DFAA values of only 0.04 ±
0.02 µmol l–1. If this anomalous value is excluded,
DFAA concentrations in the Diatom tank were also sig-
nificantly lower than in the Phaeocystis tank (p =
0.0057, n = 9).

Concentrations of DCAA, close to 3.5 µmol l–1 in all
mesocosms, were much higher than DFAA. Neither
consistent temporal trends, nor significant differences
in DCAA concentrations were observed among the
mesocosms (Fig. 5B, Table 2).

Concentrations of PCAA in the No Addition tank
were low (0.06 to 0.09 µmol l–1) and did not change
greatly over time (Fig. 5C). They were slightly, but not
significantly, higher in the Phaeocystis tank (0.07 to
0.30 µmol l–1), whereas PCAA concentrations were
highest in the Diatom tank, where they attained a
maximum of 1.93 µmol l–1 by the end of the experiment
(Fig. 5C, Table 2). PCAA concentrations in all meso-
cosms paralleled those of POC (Fig. 2B).

Carbon budgets

Carbon budgets calculated for the period between
Days 4 and 20 (Fig. 6) were negative for almost all

parameters (NPP, DOC, and missing carbon) in the No
Addition tank, where the carbon loss due to the
decrease in DOC was higher than the missing carbon,
which includes DOC losses due to sedimentation
and/or accumulation at the surface. A similar pattern
occurred in the Phaeocystis tank, except that NPP was
much higher, although still negative. However, a slight
net accumulation of POC occurred, possibly supported
by the transformation of DOC into POC through micro-
bial uptake or abiotic particle formation. In the Diatom
tank there was a high level of carbon production
through autotrophic processes, i.e. NPP, which re-
sulted in high accumulation of POC. In this mesocosm,
the missing fraction of carbon exceeded that of DOC
drawdown and was significantly higher than that in
the other 2 mesocosms. The silica budget in the Diatom
tank indicates that the high amount of missing carbon
was mainly due to sedimentation (Passow et al. 2007).

The increase in DFCHO in all mesocosms was not
reflected by changes in the DOC pool. No net changes
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were evident in concentration of DCCHO, non-neutral
carbohydrates [other DCHO = TCHO – (DCCHO +
DFCHO)], or DFAA in the No Addition tank, whereas
DCAA greatly increased (Fig. 7). In contrast, DCCHO
in the Phaeocystis tank greatly decreased during the

observation period, whereas other DCHO, DFAA, and
also DCAA increased. In the Diatom tank DCAA and,
in particular, other DCHO increased.

TCHO, DFCHO, and DCCHO, and amino acids as
percent of DOC or POC

In all mesocosms, dissolved TCHO accounted for the
highest percentages of DOC, followed by amino acids
and DCCHO (Fig. 8). TCHO increased from 10 to
almost 25% by the end of the experiment in the No
Addition tank, while dissolved amino acids increased
from 9 to 21% and DCCHO (a fraction of TCHO) from
2 to 6% of DOC. In the Phaeocystis tank, percentages
of TCHO between Days 10 and 16 were appreciably
higher (37%) than in the No Addition tank and the per-
centage of DCAA increased almost continuously from
10 to 21% of DOC. Between Days 8 and 14, percent-
ages of DFCHO and DCCHO in the Phaeocystis tank
were higher than in the No Addition tank, reaching
8% at maximum. In the Diatom tank, percentages of
TCHO, DFCHO and DCCHO, and amino acids peaked
on Day 14 at 35, 10, and 32% of DOC, respectively. In
general, percentages of both TCHO and amino acids
were highly variable in time. Particulate amino acids
contributed only to 5–8% of POC and did not greatly
differ among the mesocosms (Fig. 8).

Comparison of treatments by qualitative changes of
specific DOC fractions

Cluster analysis based on individual DFCHO,
DCCHO, DFAA, and DCCA values given as percent-
ages of DOC revealed significant differences between
the No Addition and algal tanks after the strong draw-
down of the initial DOC pool (Fig. 9). Except for Day
16, all samples of the No Addition tank after Day 6 (the
drawdown of the initial DOC pool) formed a uniform
cluster distinct from that of the Phaeocystis and Diatom
tanks. Whereas differences of Diatom samples
between Days 4 and 18 were rather small, those of
Phaeocystis samples between Days 6 and 20 were
more pronounced, indicating a higher temporal vari-
ability in DOC composition.

Glucose and rhamnose together accounted for a sig-
nificant portion of the total DOC pool in almost all sam-
ples after Day 4 (Fig. 9); they were also the major con-
stituents of DFCHO monomers. Solely in Diatom
samples, dissolved free glucose contributed to a signif-
icantly lower portion of DOC compared to the No
Addition and Phaeocystis tanks. Galactose, glucose,
and mannose were the major DCCHOs in all meso-
cosms. Whereas the proportion of glucose remained
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similar in all treatments over time, the proportion of
mannose was much lower in Phaeocystis samples
between Days 10 and 14. In contrast, the proportion of
galactose was highly variable and did not show any
consistent pattern either with time or with treatment.

Glutamate and serine were the most prominent
DFAAs (Fig. 9), contributing to substantial fractions
of the total DOC pool. The overall contribution of
dissolved free alanine was lower, but it was high in
all Phaeocystis samples after Day 8. Dissolved free
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aspartate was of minor importance and contributed
to significantly higher proportions of the DOC pool in
all samples until Day 4 and most of the No Addition
samples. Glutamine/glutamate, asparagine/aspartate,
and serine dominated the DCAAs and contributed to
a significant proportion of total DOC (Fig. 9). None of
these amino acids showed any significant change
over time or differences between treatments.

DISCUSSION

Carbon budgets

Our mesocosm set up differs from pre-
vious laboratory pure culture experi-
ments by the rather large water volume,
which allows minimization of so-called
‘bottle effects’. The mesocosms of this
study represented 3 situations in which
pronounced differences in DOM dynam-
ics were likely to occur. The prevalence
of respiration over net community pro-
duction in the No Addition tank demon-
strates that this mesocosm was a net
heterotrophic system (Fig. 6). The Phae-
ocystis tank was a more balanced sys-
tem, showing slight gains in NPP and
POC, but slightly greater losses in DOC
and carbon most likely due to sedimen-
tation. Lastly, the Diatom tank was a
strongly productive system, with a
notable bloom and levels of NPP and
POC production that far surpassed C-
losses by respiration and other processes
(e.g. sedimentation, spontaneous coagu-
lation, and particle formation [Engel et
al. 2004], as well as accumulation of
buoyant carbon at the surface; Fig. 6).
Our measurements may have been
biased by the fact that some microparti-
cles and microorganisms pass through
GF/F filters, but not through the 0.2 µm
polycarbonate membranes. Thus, some
fractions of microparticles and microor-
ganisms (<0.7 to 0.2 µm) do not appear in
our calculations. Assuming an average
bacterial carbon content of 20 fg C cell–1,
bacteria (also including those >0.7 µm)
may contribute to a maximum of 1 µmol
C l–1, which equals, on average, 20% of
the POC pool in the No Addition tank,
but only 7.7 and 2.5% of the POC in the
Phaeocystis and Diatom tanks, respec-
tively. Taking these rough estimations
and our data on microparticles into
account, we believe that — at least for

the algal mesocosms — our carbon budgets are real-
istic.

Although all 3 mesocosms showed a net decline in
DOC concentrations, as measured by high-tempera-
ture catalytic combustion, the composition of DOC, as
elucidated by HPLC, occurred in a substantially differ-
ent fashion in each of the 3 mesocosms. While all 3
mesocosms showed significant gains in DFAA and
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Fig. 9. Qualitative comparison of DOC fractions (DFCHO, DCCHO, DFAA, and
DCAA) by 2-dimensional cluster analysis using a Pearson’s correlation matrix
of all data given in percent of DOC. Relative concentration of DOC fractions
(low to high) is shown as a white to black gradient. Cluster dendrogram at the
top shows the relatedness between mesocosm samples labeled with the meso-
cosm followed by sample date. DF: dissolved free; DC: dissolved combined
carbohydrates (fucose, rhamnose, arabinose, galactose, glucose, mannose,
fructose) or amino acids (Asp: aspartate; Asn: asparagine; Glu: glutamate; Gln:
glutamine; His: histidine; Ser: serine; Cit: citrulline; Gly/Thre: glycine/
threonine; Arg: arginine; Ala: alanine; β-Ala: β-alanine; Tyr: tyrosine; Met: 
methionine; Val: valine; Phe: phenylalanine; Ile: isoleucine; Leu: leucine)
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DCAA and minor gains in DFCHO, only the algal
mesocosms showed gains in non-neutral dissolved
carbohydrates, and only the Phaeocystis tank showed
losses of DCCHO. In the No Addition and Diatom
tanks, the net decrease in DOC measured by high-
temperature catalytic combustion occurred in dis-
solved materials that were not tracked by the HPLC-
based methods utilized here (Lindroth & Mopper 1979,
Mopper et al. 1992). In the Phaeocystis tank, however,
it was DCCHO that substantially decreased.

Even though the budgets differed between meso-
cosms, DOC dynamics in all mesocosms could only be
explained to a minor degree by dissolved carbohy-
drates and amino acid measurements. It may be that
our methods did not fully detect all carbohydrates and
amino acids present. The TPTZ method, for example,
does not have uniform sensitivity for different carbohy-
drates. L-rhamnose, L-fucose, D-galacturonic acid, and
D-mannuronic acid are known to be difficult to detect
by this method (Myklestad et al. 1997). However,
TCHO, as measured by this method, amounts to a con-
siderable DOC fraction (up to 38%, see below), which
suggests that most of the carbohydrates were detected
by our analytical techniques. Other organic molecules,
such as fatty acids (Canuel & Zimmerman 1999) and
complex organic molecules, which were not detected
by any of the methods used, may have also contributed
major fractions to the DOC pool and been responsible
for the observed drop in total DOC.

In none of the experiments was there a distinct accu-
mulation of DOC that could be attributed unequivo-
cally to phytoplankton release. Nonetheless, there are
indications that phytoplankton input to the DOC was
occurring. The increase of TCHO in the Phaeocystis
tank between Days 8 and 16 and the relative increase
of TCHO as percent of DOC at that time in both algal
mesocosms were all likely due to release by phyto-
plankton. Additionally, DOC concentrations in both
algal mesocosms either increased during bloom devel-
opment (Diatom tank) or during its break down
(Phaeocystis tank). The clearly different composition of
DOC and the shift in bacterial community composition
(Murray et al. 2007) in all mesocosms between Days 6
and 10 indicate that changes in DOC quality were
linked to algal and also microbial dynamics.

Accumulation of DOC with the development and
degradation of phytoplankton blooms has been previ-
ously observed (e.g. Carlson et al. 1998, Børsheim et al.
1999, Meon & Kirchman 2001). There are several indi-
cations that a similar accumulation of phytoplankton-
produced DOC in our experiment was prevented by
high bacterial growth that can be attributed to the high
initial concentrations of DOC and nutrients (Murray et
al. 2007). In addition, none of the mesocosms was fully
depleted in nutrients (Passow et al. 2007); hence, exu-

dation rates of algal DOC would have most likely been
small relative to rates observed in studies made under
conditions of nutrient limitation (Obernosterer &
Herndl 1995, Biddanda & Benner 1997, Søndergaard et
al. 2000). Small changes in DOC concentration due to
the release of labile DOC would have been invisible
against the high background concentrations of initial
DOC (<150 µmol l–1). In addition, DOC released by
phytoplankton may have been quickly degraded by
bacterial activities. The drawdown of DOC concentra-
tions at the beginning of the experiment indicates that
rapid bacterial degradation of labile DOC (Smith et al.
1992, Myklestad 1995) was occurring in all 3 meso-
cosms. This drop in DOC was followed by a marked
increase in bacterial numbers and hydrolytic activities
(Murray et al. 2007).

Interestingly, the fraction of dissolved free glucose
increased from Days 1 to 20 in all experiments, whereas
that of dissolved combined glucose decreased. This
notion may point to the fact that the observed increase
in bacterial abundance led to high hydrolytic activities
that were partly decoupled from bacterial uptake of
carbohydrate monomers. This has been previously ob-
served for macroscopic organic aggregates (Smith et
al. 1992, Grossart & Simon 1998) and for bacteria at-
tached to diatoms (Grossart et al. 2006).

Composition of DOC

Total carbohydrates and amino acids formed a major
part of the DOC, accounting for 25 and 20% of the
DOC, respectively, in the No Addition tank, and as
much as 38 and 33% in the algal mesocosms. In all
mesocosms, the fraction of DOC that was TCHO and
amino acids increased throughout the experiment and
their fractional contributions to total DOC were closely
related to each other (r2 = 0.75, n = 10), indicating the
same source of biomolecules. The increased fractions
of carbohydrates and amino acids may point to an indi-
rect effect due to phytoplankton production since total
DOC declined.

The results from the mesocosm experiments mirror
observations made on marine DOM. Previous findings
from oceanic surface waters showed that dissolved
carbohydrates account for 20 to 30% of the dissolved
material (Benner et al. 1992, Pakulski & Benner 1994),
whereas dissolved proteins are in general much lower
(<10%). In ultra-filtered dissolved organic matter
(UDOM), McCarthy et al. (1996) found that dissolved
carbohydrates and amino acids together comprised up
to 23–33% of DOC and that carbohydrates were more
refractory compared to proteins. However, in meso-
trophic Lake Constance, both dissolved neutral carbo-
hydrates and proteins accounted for 47 to 100% of the
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labile DOC pool, which was preferentially degraded
by heterotrophic bacteria (Weiss & Simon 1999). In our
study, glucose was the most prominent DFCHO (Fig. 9)
to be taken up efficiently by bacteria (Weiss & Simon
1999). The mol% composition of DCCHO, however,
differed between mesocosms and often was variable in
time. Glucose in the polymeric DCCHO fraction of the
Phaeocystis tank, for example, was reduced during the
breakdown of the algae on Days 16 and 18, and was
lowest during the early stage of the diatom bloom. In
both algal mesocosms, the mol% of glucose in the
DCCHO fraction significantly increased towards the
end of the experiment, presumably as a result of
increased algal release.

Dissolved carbohydrates

The concentration and composition of dissolved car-
bohydrates in this experiment were controlled by the
activities of both phytoplankton and bacteria, and also
varied with the type of phytoplankton present in the
system (Fig. 9). Neutral carbohydrates accounted for
less than a third of total carbohydrates in the 3 meso-
cosms. This finding is consistent with those of Skoog &
Benner (1997), which show that neutral carbohydrates
only comprise 1 to 4% of DOC and 10 to 20% of total
carbohydrates. The results, however, contrast with
those of Biersmith & Benner (1998), who found that
neutral carbohydrates accounted for a much greater
fraction of total carbohydrates in the >1 kDa fraction of
marine DOC and of fresh algal POC (53 and 54%,
respectively). Meon & Kirchman (2001) demonstrated
that neutral carbohydrates of phytoplankton origin can
be divided into 2 pools: a large, labile fraction (ca.
90%) and a smaller, more refractory one (ca. 10%). A
high degree of degradability has been shown for poly-
saccharides released from a Phaeocystis bloom (Janse
et al. 1999) and by a culture of Thalassiosira weissflogii
(Aluwihare & Repeta 1999). A decreasing contribution
of neutral carbohydrates to TCHO in parallel to an
actual DCCHO removal can only be seen in the Phaeo-
cystis tank, indicating a high microbial degradability.
In the No Addition and the Diatom tanks, however, the
decreasing fraction of DCCHO of TCHO was mainly
due to a build up of TCHO and not due to removal of
DCCHO. Neutral carbohydrates, thus, should not nec-
essarily be treated as a homogenous group, as demon-
strated by the fact that potential hydrolysis rates of 2
soluble glucose-containing polysaccharides (pullulan
and laminarin) differed by more than an order of mag-
nitude in our mesocosms (Murray et al. 2007).

Since concentrations of dissolved neutral carbohy-
drates were positively correlated with chl a in the
Diatom tank (r2 = 0.72, p < 0.01, n = 10), we assume that

production of DCCHO was tightly linked to diatom
growth. This is in agreement with previous results (e.g.
Biersmith & Benner 1998, Meon & Kirchman 2001) that
showed an increased release of DCCHO during the
development of various algal blooms. Concentrations
of TCHO increased during the growth of Phaeocystis
and diatoms. In both algal mesocosms, however,
TCHO also rapidly decreased towards the end of the
experiment, indicating a delicate balance between
production by algae and degradation by bacteria (e.g.
Meon & Kirchman 2001 and references therein). A cal-
culation of hypothetical turnover times of the TCHO
pool can be made by dividing TCHO concentration at
each time point by the summed extracellular enzyme
activities (see Murray et al. 2007). Such a calculation
suggests that the theoretical turnover times of TCHO
are quite rapid, varying from ca. 3 to 9 d through the
course of the experiment. As with DOC concentrations
and composition in general, it appears that also bacte-
rial activities have modified the abundance and com-
position of dissolved carbohydrates in all 3 mesocosms.

Dissolved amino acids

The activities of heterotrophic bacteria also left their
mark on the dissolved amino acid pool in all 3 meso-
cosms. Dissolved amino acids in all mesocosms consti-
tuted between 10 and 30% of DOC (Fig. 8), with a def-
inite contribution to accumulation from the microbial
population, and possibly from large phytoplankton as
well. A previous mesocosm experiment observed the
accumulation of refractory, bloom-derived DCAA
pushing their contribution to the DOC pool up to the
similarly high level of 19% by the end of the experi-
ment (Meon & Kirchman 2001). The refractory nature
of the DCAA pool in our experiment is indicated by
increased concentrations of the non-protein amino
acid β-alanine (from initially <3 to >8%) and the rela-
tively constant mol% composition of DCAA in all
mesocosms.

Accumulation of DFAA in the Phaeocystis tank was
highest, especially during the breakdown of the algal
cells due to high flagellate grazing, suggesting hydrol-
ysis of proteins and subsequent release of DFAA into
the surrounding water (Smith et al. 1992, Rosenstock &
Simon 2001). Massive lysis of algal cells is indicated by
a dramatic increase in mol% of alanine, which com-
prised >80% of all DFAA at the end of the experiment
in the Phaeocsytis tank (Appendix 1, available as
Supplementary Material online at www.int-res.com/
articles/suppl/a049p143_app.pdf) and its high propor-
tion of total DOC in the same mesocosm (Fig. 9). In
contrast, mol% composition of DFAA in the Diatom
tank was greatly dominated by the acidic amino acid
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glutamate (25 to 65 mol%), which even accounted for a
substantial fraction of total DOC (Fig. 9). Except for the
anomalous Day 14, however, there was no net increase
of DFAA in the Diatom tank. This may indicate a rela-
tively low release of DFAA by protein hydrolysis
where flagellate grazing of the diatoms was insignifi-
cant. The simultaneous absence of a net increase,
changes in quality, and the high contribution of DFAA
to total DOC in this mesocosm may point to phyto-
plankton release and to modification by bacterial activ-
ity at the same time (Murray et al. 2007).

Particulate amino acids

Although gains in POC concentrations were greatest
in the Diatom tank and lowest in the No Addition tank,
the fractional contribution of PCAA to total POC was
broadly similar in all 3 mesocosms and increased in a
consistent manner across all 3 mesocosms (Fig. 8). In
all 3 mesocosms, PCAA accounted for only 5 to 10% of
POC, a level that is significantly lower than that of sed-
iment trap materials (17 to 38%), but similar to those in
sediments (3 to 14%; Cowie & Hedges 1992). Since our
particles, especially in the algal mesocosms, were pri-
marily composed of fresh phytoplankton, there is a
chance that our measurements underestimate the real
protein content. It has been suggested that filtration of
POM onto GF/F filters may result in a significant loss of
PCAA (M. Lunau unpubl. data). High mol percentages
of aspartate and glutamate have been also found in
axenic algal cultures, implying that they are indicative
of algal proteins (Brown 1991, Mannino & Harvey
2000, Grossart et al. 2006). The significant increase in
PCAA with phytoplankton and bacterial biomass and
its rise in conjunction with that of POC suggest that
our measurements are representative of total PCAA
concentrations.

Exopolymer particles included in PCAA (e.g. CSP)
can be also produced by heterotrophic bacteria
(Stoderegger & Herndl 1999). In our experiments, het-
erotrophic bacteria increased substantially in both
algal mesocosms (Murray et al. 2007) and may have
contributed not only to degradation but also to for-
mation of CSP and similar particles, some of which can
be highly resistant to further bacterial degradation
(Søndergaard et al. 2000).

CONCLUSIONS

Concentration and composition of DOM in the meso-
cosms were controlled by both the activities of phyto-
plankton and bacteria. Our carbon budgets show that
budgets of DFAA and especially of non-neutral carbo-

hydrates (‘other DCHO’) were positive in the 2 phyto-
plankton mesocosms, indicating that their dynamics
were tightly linked to those of the phytoplankton. Only
the Phaeocystis tank showed a negative budget for
DCCHO, which may have been linked to its specific
bacterial community composition (Murray et al. 2007).
Changes in concentration and quality of dissolved car-
bohydrates in both algal mesocosms suggest a signifi-
cant turnover of these materials by bacteria. DCAA
showed a positive carbon budget for all mesocosms,
indicating that DCAA production either by exoenzy-
matic hydrolysis or algal exudation surpassed bacterial
consumption. Total dissolved carbohydrates and pro-
teins comprised a substantial fraction of the DOC pool
in all 3 mesocosms. Turnover of dissolved carbo-
hydrates and proteins, however, could only partly
explain that of total DOC, implying that other dis-
solved organic matter, e.g. fatty acids and other poly-
meric organic matter, were also important for overall
C- and nutrient cycling.
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