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Incubation experiments using filtered waters from Lake Kasumigaura were conducted to examine bacterial contribution to a
dissolved organic carbon (DOC) pool. Bacterial abundance, bacterial production, concentrations of DOC, total dissolved amino
acids (TDAA), and total dissolved neutral sugars (TDNS) were monitored during the experiments. Bacterial production during
the first few days was very high (20 to 35 �g C liter�1 day�1), accounting for 40 to 70% of primary production. The total bacterial
production accounted for 34 to 55% of the DOC loss during the experiment, indicating high bacterial activities in Lake Kasumi-
gaura. The DOC degradation was only 12 to 15%, whereas the degradation of TDAA and TDNS ranged from 30 to 50%, suggest-
ing the preferential usage of TDAA and TDNS. The contribution of bacterially derived carbon to a DOC pool in Lake Kasumi-
gaura was estimated using D-amino acids as bacterial biomarkers and accounted for 30 to 50% of the lake DOC. These values
were much higher than those estimated for the open ocean (20 to 30%). The ratio of bacterially derived carbon to bulk carbon
increased slightly with time, suggesting that the bacterially derived carbon is more resistant to microbial degradation than bulk
carbon. This is the first study to estimate the bacterial contribution to a DOC pool in freshwater environments. These results
indicate that bacteria play even more important roles in carbon cycles in freshwater environments than in open oceans and also
suggests that recent increases in recalcitrant DOC in various lakes could be attributed to bacterially derived carbon. The poten-
tial differences in bacterial contributions to dissolved organic matter (DOM) between freshwater and marine environments are
discussed.

Heterotrophic bacteria play critical roles in carbon and nitro-
gen cycles in aquatic environments. They are the integral

components of a microbial loop in which they assimilate dissolved
organic matter (DOM) and contribute to secondary production.
They are consumed by ciliates and protozoa, which eventually are
grazed by organisms at higher trophic levels. Their production has
been reported to account for about 10 to 30% of primary produc-
tion in open oceans (1, 2) and even higher in coastal and freshwa-
ter environments (2, 3). Heterotrophic bacteria are also consid-
ered to be major contributors to the DOM pool in the ocean (4).
Contributions of bacterially derived carbon to particulate organic
carbon (POC) and dissolved organic carbon (DOC) pools are in
the range of 20 to 40% in open oceans (5, 6). Thus, their contri-
bution to aquatic carbon cycles is significant and should be in-
cluded in carbon and energy flow models.

5-Bromo-2=-deoxyuridine (BrdU) has been known to be used
as a thymidine (Thy) analogue in immunochemical technical
fields (7). Since BrdU is not produced by any organism, BrdU
taken up by bacteria instead of Thy can be used and considered
bacterial activity (8). Hamasaki et al. (9) and Nelson and Carlson
(10) further improved the method so as to distinguish activities of
individual bacterial groups and to increase the sensitivity. How-
ever, BrdU labeled with a radioisotope is still required to convert
immunochemical fluorescence into concentrations. Thus, the
number of bacterial production measurements, especially in
freshwater environments, has remained severely limited.

Heterotrophic bacteria have several biomolecules that are
unique to bacteria. D-Amino acids (4) and muramic acids (11) in
peptidoglycan, specific bacterial membrane proteins, such as
porin P (12), and specific lipid components of membranes, lipo-
polysaccharides (13), have been found in marine DOM. These

studies demonstrate the ubiquitous nature of bacterially derived
DOM in aquatic environments. Recent studies used D-amino ac-
ids to estimate the bacterial contribution to organic carbon and
nitrogen pools (5, 6). These studies found that bacterially derived
organic matter accounted for 20 to 40% of dissolved and particu-
late organic carbon and �50% of dissolved and particulate or-
ganic nitrogen. Their results indicate that bacterially derived or-
ganic matter could be a major source of organic matter in marine
environments. However, similar studies have not been conducted
in freshwater environments.

In this study, we carried out incubation experiments to esti-
mate bacterial production and changes in the DOC concentration,
chemical composition of total dissolved amino acids (TDAA) and
neutral sugars (TDNS), and D-amino acids. From these results, the
total bacterial contribution to the carbon cycle of Lake Kasumi-
gaura was evaluated.

MATERIALS AND METHODS
Sample collection and experimental setup. Water samples were collected
in pre-acid-washed 20-liter carboys at the lake center sampling station in
Lake Kasumigaura on 25 August 2009 (experiment I [Exp I]) and 14 April
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2010 (experiment II [Exp II]). Lake Kasumigaura, on the eastern Kanto
Plain in Japan, has a surface area of 171 km2 and a watershed of about
2,200 km2. Its mean and maximum depths are 4 m and 7.4 m, respectively.
About 1 million people live in the Lake Kasumigaura watershed, and
about 50% of the land area is used for agriculture, such as paddy fields and
upland fields (14).

After collection, samples were immediately brought back to the Na-
tional Institute for Environmental Studies (NIES) Lake Kasumigaura Wa-
ter Research Station. The sample water was filtered through a 0.65-�m
cartridge filter (TCS-G065-S1FS; Advantec) using an extrusion pump
(Nez-500 Valve-T; Meito Kakoki Co., Ltd.) directly into a 10-liter pre-
acid-washed polycarbonate bottle (Nalgene) for the incubation experi-
ment. Right after filtration, day 0 samples for bacterial abundance (BA)
and bacterial production (BP) were collected, and day 0 samples for dis-
solved organic carbon (DOC), D and L enantiomers of total dissolved
amino acids (TDAA), and total dissolved neutral sugars (TDNS) were
collected after being filtered through GF/F filters. The filtered water was
further filtered by the GF/F filter to remove aggregates, because the aggre-
gation of DOM sometimes occurs after the water samples from Lake Ka-
sumigaura are filtered. The incubation bottle was placed on a rotator at 70
rpm in dark at a constant temperature (20°C). Each incubation experi-
ment was run in duplicate.

On days 1, 2, 3, 5, 9, 14, 28, and 60 for Exp I and days 0.125 (3 h), 1,
3, 5, 9, and 36 for Exp II, subsamples for BA, BP, DOC, TDAA, and
TDNS were collected. The subsample for BA was collected directly
from the sampling bottle, and 20% paraformaldehyde (final concen-
tration, 2%) was added. It was kept at 4°C until measurement. The
subsample for BP was collected in a 60-ml Nalgene PC bottle and
incubated at room temperature for 1 h after the addition of BrdU (final
concentration, 1 �mol liter�1). After 1 h, thymidine (Thy) (final con-
centration, 1 mmol liter�1) was added for termination of BrdU uptake,
and the sample was stored in a freezer (�30°C) until analysis. The
subsamples for DOC, TDAA, and TDNS were collected after being
filtered through precombusted (450°C for 4 h) GF/F filters and stored
in a freezer (�30°C) until analysis.

Sample analyses. Bacterial abundance (BA) was determined by epi-
fluorescence microscopy using the 4=-6-diamidino-2-phenylidole (DAPI)
method (15). Bacterial samples were stained with DAPI and then filtered
through 0.2-�m-pore-size black Millipore polycarbonate filters mounted
on prewetted 0.45-�m-pore-size MF Millipore filters with a low vacuum
pressure (�25 kPa). After 5 min, the samples were filtered with gentle
vacuum (�25 kPa). At least 300 bacteria per sample were counted. For the
bacterial production (BP) measurements, BrdU incorporation and fol-
lowing bacterial production were calculated using the method of Hama-
saki (16). BP was measured only in Exp I.

DOC was measured using a Shimadzu TOC-V analyzer, using the
method of Benner and Strom (17). D and L enantiomers of total dissolved
amino acids (TDAA) were determined using reverse-phase high-perfor-
mance liquid chromatography (HPLC) and precolumn derivatization
with o-phthaldialdehyde (OPA) and N-isobutyryl L-cysteine (18). Ascor-
bic acid (0.12 �mol liter�1) was added to all samples before hydrolysis.
Racemization of enantiomers during hydrolysis was corrected as de-
scribed by Kaiser and Benner (18). Total dissolved neutral sugars (TDNS)
were determined using a Dionex 500 high-performance anion exchange
chromatography (HPAEC) system with pulsed amperometric detection
(PAD), following the procedure described by Shinohara et al. (19).

Calculations. The percentage of individual D-amino acids (D-AA),
such as D-Ala, was calculated as follows: % D-Ala � ([D-Ala]/[D-Ala �
L-Ala]) � 100, where [D-Ala] is the concentration of D-Ala, and [D-Ala �
L-Ala] is the sum of the D- and L-Ala concentrations.

The degradation index (DI) of organic matter using mol% amino acid
composition was calculated by the following formula proposed by Dauwe
et al. (20): DI � �i[(vari � AVG vari)/STD vari] � fac.coeff.i, where vari

is the mol% of the individual amino acid, AVG vari and STD vari are the
mean mol% and standard deviation for each amino acid, respectively, and

fac.coeff.i is the factor coefficient from Table 1 in the work of Dauwe et al.
(20). Kaiser and Benner (21) also presented their own DI parameters. The
DI values from both studies were presented.

The total amount of BP during the experiment was calculated using
the equation BPtotal � �i[AvgBPi,i � 1 � (Dayi � 1 � Dayi)], where BPtotal

is the total amount of BP during the 60-day experiment, AvgBPi,i � 1 is the
average BP between a time point (i) and the next time point (i � 1), and
“Day

i � 1
� Dayi” is a length of time between two time points.

The contribution of bacterially derived DOM in Lake Kasumigaura
was calculated using the following formula, described by Kaiser and
Benner (21): bacterially derived carbon (%) � (Biomarker

DOM
/

BiomarkerBacterial DOM) � 100, where BiomarkerDOM and Bio-
markerBacterial DOM are the carbon-normalized yields of specific
D-amino acids in sample DOM and freshly produced bacterial DOM,
respectively. BiomarkerBacterial DOM values were obtained from data by
Kaiser and Benner (5) and Kawasaki et al. (6).

RESULTS
Initial conditions of sample waters collected from Lake Kasumi-
gaura. Initial conditions of DOM for two incubation experiments
are shown in Table 1. Bacterial abundances (BA) were 19.4 � 105

and 17.0 � 105 ml�1 in Exp I and II, respectively. Concentrations
of DOC, TDAA, and TDNS were 316 �mol liter�1, 5.71 �mol
liter�1, and 3.71 �mol liter�1 for Exp I and 245 �mol liter�1, 3.77
�mol liter�1, and 3.38 �mol liter�1 for Exp II, respectively. The
carbon-normalized yields of TDAA (TDAA %DOC) and TDNS
(TDNS %DOC) were relatively high, ranging between 5.6 and
7.8%. The degradation index (DI) was �0.44 and 0.23 in Exp I and
II, respectively, by Dauwe’s calculation and 3.78 and 4.47 in Exp I
and II, respectively, by Kaiser and Benner’s calculation. Most of
the initial values except DI and TDNS %DOC were higher in Exp
I than in Exp II.

Changes in BA and BP during incubation experiments. BA
increased during the first 3 days in both experiments (Fig. 1). The
average BA in Exp I rapidly increased from 1.9 � 106 ml�1 to 7.9 �
106 ml�1 on day 3, while the average BA in Exp II increased a little,
from 1.7 � 106 ml�1 to 2.2 � 106 ml�1 on day 3. After day 3, BA
decreased slowly between day 3 and day 9 and became constant at
�3 � 106 ml�1 for Exp I and �1 � 106 ml�1 for Exp II after day
10. Bacterial production (BP) was measured only in Exp I (Fig. 2).
BP in the bottle 1 was � 35 �g C liter�1 day�1 during the first 2
days, while BP in bottle 2 was �20 �g C liter�1 day�1. After day 2,
BP sharply decreased in both bottles, becoming less than 5 �g C
liter�1 day�1 after day 9. The total bacterial production (BPtotal) in
bottle 1 and bottle 2 was 0.31 mg C liter�1 and 0.17 mg C liter�1,
respectively. These values accounted for 51% and 34% of the total
decreased DOC in bottles 1 and 2, respectively.

TABLE 1 Initial conditions of sample waters used in incubation
experiments

Parameter [reference]

Value for expt

Exp I Exp II

No. of bacteria (�105 ml�1) 19.4 17.0
DOC (�mol liter�1) 316 245
TDAA (�mol liter�1) 5.71 3.77
TDAA %DOC 6.8 5.6
Degradation index [20] �0.44 0.23
Degradation index [21] 3.78 4.47
TDNS (�mol liter�1) 3.71 3.38
TDNS %DOC 6.8 7.8
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Changes in DOC and TDAA and TDNS concentrations dur-
ing incubation experiments. Concentrations of DOC, TDAA,
and TDNS slowly decreased during incubation experiments. In
Exp I, the concentrations of DOC, TDAA, and TDNS decreased
from 316 to 269 �mol liter�1, 5.71 to 2.73 �mol liter�1, and 3.71
to 2.00 �mol liter�1, respectively, during the 60-day incubation
(Fig. 3). In Exp II, the concentrations of DOC, TDAA, and TDNS
decreased from 245 to 216 �mol liter�1, 3.77 to 2.67 �mol liter�1,
and 3.38 to 2.23 �mol liter�1, respectively, during the 36-day in-
cubation experiment (Fig. 3). The remaining DOC, TDAA, and
TDNS proportions were 85.2, 47.8, and 53.9%, respectively, in
Exp I and 87.9, 70.3, and 66.1%, respectively, in Exp II (Fig. 3).

The concentrations of D and L enantiomers of aspartic acid
(Asp), glutamic acid (Glu), serine (Ser), and alanine (Ala) were
measured. The data on concentrations of D-amino acids (D-AA)
showed that only D-Ala concentrations increased during the ex-
ponential growth of bacteria (Fig. 4A and B). The D-Ala concen-
trations in Exp I and II increased from 40.8 to 107.1 nmol liter�1

and from 47.0 to 66.2 nmol liter�1, respectively. After the expo-
nential growth of bacteria, D-Ala concentrations declined to the
initial values. The other D-AA concentrations remained constant
or decreased slightly during the experiment. D-Asp, D-Glu, and
D-Ser percentages increased slightly with time, while the D-Ala
percentage increased rapidly during exponential growth. After the
rapid decrease, it gradually increased again (Fig. 4C and D).

The mole percentages of the individual TDAA and TDNS are

shown in Table S1 in the supplemental material. For TDAA, Gly
was the dominant amino acid, and followed by Ala. The concen-
trations of all amino acids gradually decreased with time during
the incubation experiments. The mole percentage of amino acids
showed that there were amino acid groups of increasing, decreas-
ing, and almost unchanged mole percentages through the experi-
ments. The amino acids which showed a notable increase in mole
percentage during the two incubation experiments were Gly and
the nonprotein amino acid beta-alanine (	-Ala). The amino acids
with decreasing mole percentages included leucine (Leu), tyrosine
(Tyr), and phenylalanine (Phe) in both experiments. The other
amino acids showed inconsistent increases or decreases between
the two experiments. For the initial conditions for TDNS, rham-
nose (Rha) and glucose were dominant in Exp I, and glucose and
mannose (Man) were dominant in Exp II. The chemical compo-
sitions of TNDS were quite different between the two incubation
experiments. The concentrations of all TDNS decreased with
time. However, the decreasing rates were different among individ-
ual neutral sugars, resulting in the change in mole percentages of
neutral sugars. The mole percentages of glucose and Man de-
creased during the two incubation experiments, while those of
arabinose (Ara) and xylose (Xyl) increased steadily. The mole per-
centages of the other neutral sugars showed inconsistent changes
during the incubation experiments.

The carbon-normalized yields of TDAA and TDNS (TDAA
%DOC and TDNS %DOC) also decreased with time. The TDAA
%DOC in Exp I and II decreased from 6.8 to 3.4% and from 5.6 to
4.2%, respectively (Fig. 5A). The TDNS %DOC in Exp I and II
decreased from 6.8 to 4.2% and 7.8 to 5.1%, respectively (Fig. 5B).
The DI in Exp I and II decreased from �0.44 to �1.54 and from
0.23 to �0.86, respectively, in Dauwe’s calculation and from 3.78
to 1.67 and from 4.47 to 2.96, respectively, in Kaiser and Benner’s
calculation (Fig. 5C and D). Both calculations showed the similar
trend, but the DI determined by the method of Kaiser and Benner
(21) showed wider changes and captured a small change com-
pared to the DI determined by the method of Dauwe et al. (20),
possibly suggesting the more sensitive formula for observing di-
agenetic alternations.

Bacterial contribution to DOM at Lake Kasumigaura. To es-
timate the bacterial contribution to DOM, it is necessary to obtain
the carbon-normalized yields of D-amino acids from the freshly
produced bacterial DOM (BiomarkerBacterial DOM). Since the Bio-

FIG 1 Bacterial abundance during incubation experiment I (A) or II (B).

FIG 2 Bacterial production during incubation experiment in Exp I.
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markerBacterial DOM in Lake Kasumigaura was not estimated in this
study, the carbon-normalized yields of D-Asp, Glu, and Ala from
the study by Kaiser and Benner (5), as well as unpublished data of
an estuary measured on the South Carolina coast, were used (Ta-
ble 2). The average BiomarkerBacterial DOM values of D-Asp, D-Glu,
and D-Ala were 25.2, 16.3, and 29.7 nmol mg C�1, respectively
(Table 2). D-Ser is another measurable D-amino acid, but the value
was excluded from the calculation because the D-Ser concentra-
tions were much lower than the others. The carbon-normalized
yields of D-Asp, D-Glu, and D-Ala during the two incubation ex-
periments were also calculated (Table 3). Using these values, the
contributions of bacterially derived carbon in Lake Kasumigaura
was estimated. The average bacterial contributions to initial Lake
Kasumigaura DOM in Exp I and II were 33.8 and 47.4%, respec-
tively. The bacterial contribution using D-Ala values increased

rapidly due to the increase in the D-Ala concentration during bac-
terial growth, but the values dropped quickly after the growth. The
average bacterial contributions to final Lake Kasumigaura DOM
in Exp I and II were 42.3 and 53.0%, respectively.

DISCUSSION
Chemical and biological properties of DOM in Lake Kasumi-
gaura. Dissolved organic matter (DOM) in Lake Kasumigaura
was relatively rich in amino acids and neutral sugars, indicating
that it contained freshly derived bioavailable components. Imai
and Matsushige (22) reported that the origin of recalcitrant DOM,
which was comprised of 
80% DOM in Lake Kasumigaura, came
from riverine input (�40%), pore water (�25%), sewage treat-
ment plant effluent (STPE) (�20%), and water column produc-
tion (�15%) at the center of the lake, although the contribution of

FIG 3 Concentrations of DOC (Exp I [A] or II [D]) and TDAA and TDNS in DOC (Exp I [B] or II [E]) and the percentages of remaining DOC, TDAA, and
TDNS (Exp I [C] or II [F]) during incubation experiments.
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the DOM sources varied depending on sampling sites. For exam-
ple, the contribution of the STPE was drastically increased at the
site near the point of effluent discharge. Planktonic organisms,
sediment pore water, riverine input, and human activities contrib-
ute to the DOM reservoir in most freshwater environments.

Changes in bacterial abundance and production during in-
cubation experiments. Bacterial production (BP) at Lake Kasu-
migaura (20 to 35 �g C liter�1 day�1) was found to be relatively
high compared to that in other aquatic environments, such as
open oceans (�5 �g C liter�1 day�1) and coastal oceans (�10 �g
C liter�1 day�1), and similar to that in estuary regions (�50 �g C
liter�1 day�1) (see reference 23 and references therein). This result
suggests that bacterial activities appear to be high in Lake Kasu-
migaura.

Bacterial activities were compared with primary production
(PP). A few observations of PP from Lake Kasumigaura were
made in the 1980s (24, 25), but a recent study using a fast-repeti-
tion-rate fluorometry (FRRF) method showed the PP at a lake
center sampling point from the GEMS/Water Trend Monitoring
Project at Lake Kasumigaura in 2012 and was used in this study. It
ranged between 39.9 and 208.5 g C m�2 year�1, with the average of
126 g C m�2 year�1 (K. Komatsu, unpublished data). BP esti-
mated in this study ranged between 48.1 and 80.3 mg C m�2

year�1, accounting for 38 to 64% of PP. T. Tsuchiya, K. Kamatsu,
N. Kawasaki, T. Toda, and A. Imai (unpublished data) measured
in situ BP in Lake Kasumigaura in 2011, and their values ranged

between 75.5 and 133.3 g C m�2 year�1, with the average of 105.5
gC m�2 year�1, slightly higher than the values estimated in this
study. Our BP values could be underestimated because some of
bacteria were removed during the filtration and many grazers
were removed by filtration before the experiments. Obernosterer
et al. (26) conducted a bacterial production study and found that
BP was reduced significantly when bacteria were separated from
their grazers. Therefore, BP measurements in this study showed
reasonable values, and our results showed that bacteria play criti-
cal roles in carbon and nitrogen cycles in Lake Kasumigaura.

The total amount of BP during the incubation experiment ac-
counted for 51% and 34% of the total decreased DOC in bottles 1
and 2, respectively. Bacterial growth efficiency (BGE) is derived
from the ratio of BP to the sum of BP and bacterial respiration
(BR). Supposing that BGE in Lake Kasumigaura were assumed to
range from 20 to 30% (3), the BR values would become 3 to 4
times more than the BP values, resulting in total bacterial activity
(BP plus BR) ranging from 180% to 360% of the total decreased
DOC. This result indicates that bacteria utilized about at least
twice to 3.5 times more carbon than the decreased DOC, and thus
DOM must be recycled in order to maintain the high bacterial
activity. As del Giorgio and Cole (3) pointed out, it is very difficult
to measure BGE; these values should contain various factors of
errors and uncertainties. However, these values indicate that bac-
teria could efficiently recycle a small part of available DOM.

Bacterial abundance and growth were significantly different

FIG 4 Concentrations of D-amino acids of D-aspartic acid (D-Asp), D-glutamic acid (D-Glu), D-serine (D-Ser), and D-alanine (D-Ala) (Exp I [A] or II [C]) and
a percentage of each respective D-amino acid in relation to total amino acids (D � L) for D-Asp, D-Glu, D-Ser, and D-Ala (Exp I [B] or II [D]) during incubation
experiments.
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between the two experiments, and bacterial production was also
very different between the two bottles. The growth difference
could be due to the different amounts of available DOM, grazing
activities, or viral lysis. In Exp I, bacterial abundance rapidly in-
creased, but bacterial abundance increased a little in Exp II. Phys-
ical conditions such as rainfall may cause the temporal changes in
the chemical composition of DOM. However, the total of 15 mm
rain was observed about 36 h before the sampling in Exp I, while
the total of 35 mm rain was observed in the previous 2 days in Exp
II, suggesting that the physical conditions may not be the major
issue in the growth difference. Although not examined in this
study, grazing and viral lysis activities could be high in both ex-
periments, especially high enough to suppress bacterial growth in

FIG 5 Carbon-normalized yields of TDAA and TDNS (TDAA %DOC or TDNS %DOC) (Exp I [A] or II [C]) and degradation index using a formula by Dauwe
et al. (20) [DI(Dauwe)] and Kaiser and Benner (21) [DI(Kaiser)] during incubation experiments (Exp I [B] or II [D]).

TABLE 2 Carbon-normalized yields of D-amino acids in freshly
produced bacterially derived DOC

Site

Carbon-normalized yield of
D-amino acid (nmol mg
C�1) in freshly produced
bacterial DOC

ReferenceD-Asp D-Glu D-Ala

Estuary 27.9 15.9 13.9 Unpublished data
Atlantic coast 21.1 17.6 27.0 Kaiser and Benner (5)
North Pacific I 24.9 8.9 38.0 Kaiser and Benner (5)
North Pacific II 26.9 23.0 40.1 Kaiser and Benner (5)

Avg 23.3 14.2 25.6

TABLE 3 Carbon-normalized yields of D-amino acids in DOC during
incubation experiments in this study and percentages of bacterial
contribution to DOC

Expt and day

Carbon-normalized
yield of D-amino acid
(nmol mg C�1) in this
expt % bacterial contribution

D-Asp D-Glu D-Ala D-Asp D-Glu D-Ala Avg

Exp I
0 10.2 4.0 10.8 40.6 24.7 36.2 33.8
1 9.6 4.2 27.2 38.2 25.6 91.3 51.7
2 10.2 4.2 28.0 40.6 25.9 94.0 53.5
3 10.3 4.1 25.5 40.7 25.4 85.8 50.7
6 10.8 4.2 18.7 43.0 25.4 62.9 43.8
10 11.0 4.1 14.8 43.7 24.9 49.9 39.5
14 10.2 4.6 14.7 40.4 28.1 49.6 39.4
24 10.2 4.9 13.6 40.4 30.2 45.7 38.8
60 11.1 5.3 15.1 43.9 32.3 50.6 42.3

Exp II
0 12.4 6.4 15.9 49.4 39.2 53.6 47.4
0.125 13.5 6.9 17.6 53.5 42.2 59.1 51.6
1 13.4 6.7 20.4 53.1 40.9 68.5 54.2
2 14.3 6.5 21.7 56.6 39.6 73.0 56.4
5 14.0 6.6 17.1 55.7 40.2 57.3 51.1
9 14.1 6.3 14.9 55.9 38.6 50.0 48.2
36 15.2 7.3 16.1 60.2 44.7 54.2 53.0
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Exp II. Grazing pressure could be different between the two ex-
periments, although the grazers were not examined in this study.
As for viral infection, since the infection rate of viruses for phyto-
plankton and bacteria is likely to be constant (27), their contribu-
tion to the differences in bacterial abundance and growth could be
minor.

Degradation of DOM by bacteria. The concentration of DOM
decreased by about 12 to 15% during the 36- or 60-day incubation
experiment. Imai and Matsushige (22) reported that the average
degradation rate of DOC during 100-day incubation experiments
conducted monthly for Lake Kasumigaura samples between 1997
and 2001 was about 11%. Our results were slightly higher than
theirs. However, since their data showed that the degraded DOM
fractions during spring and summer were relatively higher than
those in the other seasons, our values were considered very com-
parable to theirs. Søndergaard and Middelboe (28) compiled
studies of the labile fraction of DOC and found that the average
labile fraction of DOC in 27 lakes studied was about 14%. Our
results were also similar to their average. Weiss and Simon (29)
also described degradation experiments with lake DOM and
found that the degradation rate of DOM varied between 8 and
57%. However, the high rate was observed only during the phyto-
plankton bloom. The average DOM degradation rate excluding
this exceptionally high rate for their study was �15%.

The observed bioavailable fraction of DOC was relatively low
despite the high concentrations and yields of TDAA and TDNS.
Even at the end of the experiments, TDAA %DOC and TDNS
%DOC ranged from 3.4% to 5.2%. These values were higher than
those found in the surface and deep oceans (21). Typical ranges of
TDAA %DOC and TDNS %DOC in the ocean were 1 to 2% and 2
to 4%, respectively (30). This might be due to a short incubation
period, different microbial community, or difference in proper-
ties of DOM in Lake Kasumigaura compared to oceanic environ-
ments. According to Imai, the DOM degradation percentages
were similar for an even longer incubation period (data not
shown), suggesting that the incubation period may not be a major
issue.

Bacterial composition between freshwater and marine envi-
ronments is known to be quite different. While the betaproteo-
bacteria are dominant in freshwater environments (31, 32), the
alphaproteobacteria are a main bacterial group in marine envi-
ronments (33). According to Watanabe et al. (34), 84% of bacteria
at Lake Kasumigaura were composed of betaproteobacteria. Hob-
bie (35) reported that most bacterial activities are similar between
freshwater and marine bacteria, although some physiological dif-
ferences can be found, such as requiring sodium and adapting to
high pressure. However, Watanabe et al. (34) further reported that
most of the betaproteobacteria assimilated only a few types of
amino acids or carbohydrates and preferred to assimilate organic
acids. This result indicates that freshwater bacteria may not con-
sume amino acids and carbohydrates as intensively as marine bac-
teria, resulting in the higher fractions of TDAA and TDNS in
freshwater recalcitrant DOM. This may also suggest that the
chemical compositions of recalcitrant DOM could be different
between freshwater and marine environments, although no stud-
ies have been conducted to address this yet. Baldock et al. (36)
reported that decomposition-induced changes in DOM molecu-
lar composition were very different in freshwater and marine sys-
tems, based on 13C nuclear magnetic resonance (NMR) analyses
of major classes of compounds. Therefore, the chemical compo-

sitions of recalcitrant DOM could be different between oceans and
lakes, such as Lake Kasumigaura, resulting in relatively low bio-
degradation despite high yields of TDAA and TDNS.

Most DOM in the ocean is of phytoplankton origin, but vari-
ous DOC sources contributed to DOM in Lake Kasumigaura. The
major difference in DOC sources between the open and freshwa-
ter environments may be terrestrial humic substances. The humic
substances are derived from decaying plant debris and are major
components of organic matter in soil and freshwater environ-
ments. Imai et al. (37) reported that about 32% of DOC consisted
of humic substances in Lake Kasumigaura. In the open ocean, the
fraction of humic substances in DOC appears to be much lower
(�10%) (38). According to Opsahl and Benner (39), terrigenous
DOM only accounts for 0.7 to 2.4% of total DOM in the ocean.
Bacterial processes could also contribute to the production of hu-
mic substances (40, 41), but their contribution could also be mi-
nor. The source difference could also result in a different chemical
composition of recalcitrant DOM at Lake Kasumigaura compared
to that in oceans.

D-Amino acid concentrations and estimation of bacterially
derived DOM at Lake Kasumigaura. Four D-amino acids, D-Asp,
D-Glu, D-Ser, and D-Ala, were measured, and only D-Ala concen-
trations increased during bacterial growth. Kawasaki and Benner
(42) conducted similar incubation experiments and also found an
increase in D-Ala during exponential growth of bacteria. They sug-
gested the possible release of D-Ala during cell growth and divi-
sion. The increased D-Ala was quickly removed after exponential
growth, suggesting that it was taken up by bacteria promptly.
Therefore, the increased D-Ala during exponential growth is labile
and rapidly utilized.

The high bacterial contribution to Lake Kasumigaura DOM
could be due to differences in DOM sources, different microbial
composition, or both. The riverine input, pore water, and sewage
treatment plant effluent are the main DOM sources of Lake Kasu-
migaura. DOM from these sources should have been extensively
altered by bacteria before coming into the lake, resulting in a high
bacterial contribution to Lake Kasumigaura DOM. As stated ear-
lier, the dominant betaproteobacteria prefer to assimilate organic
acids (34) and could leave more amino acids in recalcitrant DOM,
indicating that the carbon-normalized yields of D-amino acids in
the bacterial DOM (BiomarkerBacterial DOM) could be different be-
tween freshwater and marine bacteria. If so, it is necessary to use
different BiomarkerBacterial DOM values in freshwater environ-
ments. This needs to be further addressed. Another possibility,
suggested by Kaiser and Benner (5), is that biomarker approaches
could result in underestimation of bacterial contribution because
structures of biomarkers could be altered by diagenesis and no
longer recognized. Watanabe et al. (43) reported that the average
DOM radiocarbon age of Lake Kasumigaura ranged between 200
and 700 years old, much younger than oceanic DOM (4,000 to
6,000 years old) (44). If this is true, the bacterial contribution to
marine DOM could be higher than those estimated and could be
matched to the values estimated in this study. These age differ-
ences could also contribute to higher bacterial contribution at
Lake Kasumigaura than for oceanic DOM.

The contribution of bacterial DOM increased with time during
the incubation experiments. Bacterial contribution using D-Ala
increased or even exceeded 100% during cell growth due to the
specific release of D-Ala during cell growth (42), but the values
quickly decreased after growth. The final bacterial contribution
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was slightly increased from that at the beginning, indicating that
bacterially derived carbon is less reactive than bulk carbon, result-
ing in the accumulation of bacterially derived carbon. The degra-
dation index, as well as the increase in the mole percentage of
glycine (Gly), also supported that the DOM was becoming more
diagenetically altered and more recalcitrant during the incubation
experiments. The mole percentage of Gly is also known to be a
good indicator of the early stages of DOM degradation (45). Kai-
ser and Benner (5) reported the opposite result. However, their
conclusion was based on the data from deepwater samples from
the Hawaii Ocean Time-Series (HOT), where the fraction of bac-
terially derived carbon was lower in deep water than in surface
water. Since DOM from deep water at HOT is the oldest DOM in
the ocean, intensive degradation of bacterial biomarkers could
occur, resulting in lower bacterial contribution to a DOM pool. If
this is true, bacterially derived carbon is more resistant to micro-
bial degradation than bulk carbon, and the accumulation of recal-
citrant DOM could be due to the accumulation of bacterially de-
rived DOM.

Implication for carbon cycling in Lake Kasumigaura. High
bacterial production and bacterial contribution to DOM found
in this study suggest that bacteria are the major sources of
organic matter and the microbial loop is an important carbon
and energy transfer mechanism for higher trophic levels in
Lake Kasumigaura. Recently, increasing trends of chemical ox-
ygen demands (COD) have been reported for many lakes in
Japan, whereas biological oxygen demands (BOD), standing
for easily biodegradable organic matter, have been decreasing
(22), indicating that recalcitrant DOM is accumulating in lake
waters.

Due to long-term regulation of DOM source origins in a drain-
age basin, the loading of DOM from the drainage basin appears to
have gradually decreased recently. Therefore, DOM from a drain-
age basin may not be a main cause of increasing recalcitrant DOM.
In Lake Kasumigaura, a major shift of cyanobacteria from Micro-
cystis to Planktothrix has been observed, although a dominant
phytoplankton group consists of diatoms in Lake Kasumigaura
(46, 47). This shift could cause changes in the quality of DOM
released from phytoplankton and a subsequent increase in recal-
citrant DOM. However, Imai and Matsushige (46) conducted the
degradation experiments using exudates from both Microcystis
and Planktothrix. They found that the degradation rate of DOC
from Microcystis was much lower than that for Planktothrix (50%
versus 90%), indicating that it is unlikely that the shift of cyano-
bacterial species could result in the increase in recalcitrant DOM.
On the other hand, bacteria have been reported to produce recal-
citrant DOM (48, 49). Imai et al. (50) suggested that the increase
in recalcitrant DOM in Lake Kasumigaura could be due to an
increase in the discharge of sewage treatment plant effluent
(STPE). The STPE is discharged directly into Lake Kasumigaura,
with a flow rate of 76,323 m3 per day (Tsuchiura city home page
[http://www.city.tsuchiura.lg.jp/index.php?code�523]), and the
discharge has been increasing due to an increase in population.
Since the STPE is water intensively treated by bacteria, DOM from
STPE is expected to be highly degraded and thus recalcitrant. The
major contribution of DOM from bacteria suggests that the in-
crease in recalcitrant DOM in Japanese lakes could result from
increasing contributions of bacterially derived DOM.
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