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SEASONAL VARIATION IN SOURCES OF DISSOLVED ORGANIC CARBON IN A 
LACUSTRINE ENVIRONMENT REVEALED BY PAIRED ISOTOPIC 
MEASUREMENTS (∆14C AND δ13C)

Fumiko Nara1,2 • Akio Imai1 • Minoru Yoneda1,3 • Kazuo Matsushige1 • Kazuhiro Komatsu1 • 
Takashi Nagai4 • Yasuyuki Shibata1 • Takahiro Watanabe5

ABSTRACT. To investigate the sources and cycling of dissolved organic carbon (DOC) in a lacustrine environment, isotopic
measurements of 14C and 13C in DOC were carried out for Lake Kasumigaura—which is famous as a very eutrophic and
shallow (mean depth 4.0 m) lake in central Japan—and its tributary rivers. Lake and river samples were collected in the spring
and autumn (May and September) of 2003. The ∆14C measurements of DOC were performed using the accelerator mass
spectrometer at the National Institute for Environmental Studies (NIES-TERRA), Japan. In September, the 14C values of
DOC were light (around −200‰) and did not differ significantly between lake and river water samples, indicating that DOC
in Lake Kasumigaura and its tributary rivers yields older 14C ages than the age expected from the lake-water residence time
(average 200 days). This result suggests that terrestrial sources are important contributors to DOC in Lake Kasumigaura.
Nevertheless, δ13C values indicated that during spring, DOC in the lake is mainly autochthonous. Thus, sources and cycling
of DOC in Lake Kasumigaura may vary seasonally.

INTRODUCTION

Dissolved organic carbon (DOC) is defined as organic carbon in water that has been passed through
a membrane filter with a pore size of ~0.7 µm or a glass fiber filter. In seawater, the reservoir of
DOC is estimated to be 0.6 × 1018 g carbon (Hedges 1992). Thus, DOC may play an important role
in the global carbon cycle on Earth. To understand the sources and sinks of DOC in aquatic
environments such as estuaries, continental margins, and lakes, numerous studies have been carried
out (Doval et al. 1999; Hopkinson et al. 2002; Repeta et al. 2002; Brown et al. 2004; Simjouw et al.
2005). Nevertheless, DOC sources are still poorly understood because DOC is a heterogeneous
mixture of organic compounds and its physicochemical characteristics are very difficult to elucidate.
New analytical approaches in characterizing DOC are definitely needed.

Paired carbon isotopic measurements (∆14C and δ13C) of DOC (∆14CDOC and δ13CDOC) can be used
as an effective tool for investigating DOC sources in aquatic environments. Generally, the δ13C of
organic matter is used to estimate relative amounts of organic matter of either autochthonous or
allochthonous origin in the paleoenvironment (Meyers and Ishiwatari 1993). Since the use of
isotope mass spectrometers became more routine, studies measuring DOC δ13C in marine and
coastal water samples have become more common (Cifuentes and Eldridge 1998; Kelly et al. 1998).
However, there are few studies of δ13C of lake DOC. Furthermore, because δ13C values vary within
a narrow range (about −30‰ to −15‰; Kelly et al. 1998), considerable overlap exists in δ13C values
of organic matter in lacustrine environments (Yamada et al. 1996). On the other hand, ∆14C values
of natural samples have a greater dynamic range (about −1000‰ to 250‰). Therefore, ∆14C
measurements of DOC can provide additional and unique information, particularly regarding DOC
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age and residence time. Paired isotopic measurements of ∆14C and δ13C may thus allow a greater
degree of differentiation of DOC sources than measurements of either ∆14C or δ13C alone.

In this study, to evaluate potential sources of DOC in a lacustrine environment (Lake Kasumigaura,
Japan) from paired isotopic (∆14C and δ13C) measurements, we carried out a seasonal analysis of
∆14C and δ13C in lake and river DOC samples.

STUDY AREA AND SAMPLE COLLECTION

Lake Kasumigaura in central Japan (36°N, 140°E) is Japan’s second largest lake (Figure 1). Because
the lake basin is smooth and shallow (mean depth 4.0 m, maximum depth 7.3 m), vertical
stratification of the lake waters is easily destroyed by strong winds. Lake Kasumigaura has 4 large
tributary rivers, the Koise, Sakura, Hanamuro, and Ono rivers, and a single outlet river. The water
residence time in Lake Kasumigaura has been estimated to be about 200 days (World Lake
Database, http://www.ilec.or.jp/database/database.html). Lake Kasumigaura is known to be highly
eutrophic due to the high input of organic matter and nutrients to the lake. In August 2002, the
concentrations of chlorophyll-a, phosphorus, and nitrogen were 77, 152, and 0.83 µg/L,
respectively, at the center of the lake (Lake Kasumigaura database, http://www-cger2.nies.go.jp/
gems/database/kasumi/top.html).

Surface water samples were collected in May and September 2003 at 7 sampling sites (Figure 1).
The samples were immediately cooled by putting them in a cooler on ice and brought back to our
laboratory. The water samples were filtered through a precombusted (450 °C for 4 hr) Whatman

Figure 1 Map of Lake Kasumigaura showing sampling sites: surface sediment sam-
ples were collected at Station 9.
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GF/F filter (nominal pore size 0.7 µm), and the filtrate was freeze-dried for isotopic measurements.
Surface sediment samples were collected at Station 9 in January, May, September, and November
2003 just as for the water samples; the surface sediment samples were also freeze-dried for isotopic
measurements.

ANALYTICAL METHODS

The DOC and sediment samples for carbon isotopic analysis were treated with 6M HCl and 1.2M
HCl, respectively, to remove inorganic carbonate prior to the isotopic measurements. Before 14C
analysis by accelerator mass spectrometry (AMS), purified CO2 gases of DOC samples were
prepared with a system comprising an elemental analyzer connected to cryogenic traps (EA-CT).
The EA-CT system was described in detail in Yoneda et al. (2004). The purified CO2 was reduced
to graphite with H2 over Fe at 650 °C over 8 hr. 14C analysis of the graphite target was conducted at
the AMS facility of the National Institute for Environmental Studies (NIES-TERRA). 14C results are
expressed as the per mil difference (∆14C) relative to the international standard of oxalic acid. ∆14C
values were corrected for fractionation using the δ13C values of the samples in accordance with the
conventions of Stuiver and Polach (1977).

The δ13C values of DOC and sediment samples were measured using an elemental analyzer
(Thermo Flash 112 series) interfaced to an isotopic ratio mass spectrometer (Thermo Delta X
Advantage) via a Conflo III split interface. Carbon isotopic compositions were calibrated using a
laboratory organic carbon standard (L-alanine; Shohko-tsusho, δ13C = –19.03‰) and expressed as
per mil (‰) relative to Vienna Pee Dee belemnite (VPDB). Standard deviations of the δ13C
measurements for DOC and sediment samples in duplicate analyses were generally less than 0.1‰.

RESULTS AND DISCUSSION

∆14C Values in Lake Kasumigaura and Its Tributary Rivers

The ∆14C of DOC (∆14CDOC) values of the lake and river samples were light, ranging from −235‰
to −75‰ and from −355‰ from −221‰, respectively (Table 1). Although data on ∆14CDOC in
lacustrine environments are still limited, our ∆14CDOC results for Lake Kasumigaura and its tributary
rivers are clearly light compared with other reported data (Table 2). For example, Raymond and
Bauer (2001a) reported heavy ∆14CDOC values in the York River estuary, ranging from 42‰ to
257‰, for DOC from terrestrial sources that was photosynthetically fixed at least 15–20 yr ago. In
our study, the significant depletion of the river ∆14CDOC values suggests that it is likely that the
residence time of DOC in the watershed around Lake Kasumigaura is long, perhaps thousands of
years. Because DOC can be effectively retained by soil, a long time may pass before DOC is
exported from the watershed into the river system (Kaiser et al. 1996). Kaiser and Guggenberger
(2000) also reported that recalcitrant DOC, such as lignin, has a strong tendency to adsorb to mineral
surfaces. Furthermore, a certain fraction of DOC is considered biologically inert and undergoes
recycling in the ocean (Williams and Druffel 1987). Therefore, the depleted ∆14CDOC values of the
river samples suggest that the recalcitrant DOC fraction accounts for a large proportion of the river
DOC.

The most highly 14C-enriched values, ranging from 0 to 10‰, were found in the lake surface
sediment samples rather than in the lake and river DOC samples. Sedimentary organic matter is
generally a mixture of autochthonous and allochthonous organic matter (Meyers 1997).
Nevertheless, it seems the organic carbon in the lake surface sediments contributes relatively little
to the DOC in the lake and river waters. This indicates that the residence times of DOC and
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sedimentary organic matter in Lake Kasumigaura are different. Furthermore, the ∆14CDOC values in
Lake Kasumigaura suggest apparently older ages than the age expected from the water residence
time in the lake (200 days on average). Thus, it is likely that the highly 14C-depleted river DOC
reduced the lake ∆14CDOC values, and that DOC in Lake Kasumigaura waters is composed of both
old allochthonous DOC and young autochthonous DOC. Consequently, terrestrial sources are
important contributors to DOC in Lake Kasumigaura.

Elucidation of DOC Source from Paired Isotope Analysis

The δ13CDOC values of the lake and river water samples ranged from −25.9‰ to −24.2‰. These
values are consistent with those of contemporary DOC (Schiff et al. 1990; Raymond and Bauer

Table 1 ∆14C and δ13C values for DOC from Lake Kasumigaura and its tributary rivers,
and for surface sediment (nd = not determined).

Sampling
site

Sampling
date

δ13C
(‰)

∆14C
(‰)

14C age
(yr BP)

Lake Kasumigaura
Station 1 May 2003 –24.2 –75 625

Sep 2003 –25.9 nd nd
Station 2 May 2003 –24.2 nd nd

Sep 2003 –25.6 –164 1441
Station 7 May 2003 –25.3 –109 924

Sep 2003 –25.9 –235 2147
Station 9 May 2003 –25.1 –114 976

Sep 2003 –25.9 –211 1908

Rivers
Koise May 2003 –25.6 nd nd

Sep 2003 –25.7 –287 2718
Sakura May 2003 –25.8 –243 2233

Sep 2003 –25.8 –221 2010
Hanamuro May 2003 –25.9 –352 3488

Sep 2003 –25.4 –355 3525

Lake surface sediment
Station 9 Jan 03 –25.4 10 modern

May 03 –26.0 10 modern
Sep 03 –25.5 10 modern
Nov 03 –25.4 0 modern

Table 2  ∆14C of DOC data in lake and rivers from published results.

Source
∆14C
(‰)

14C age
(yr BP) References

Lake
Harp Lake 116–158 Modern Schiff et al. 1990
Rivers
Amazon 28 Modern Raymond and Bauer 2001b
York 159–257 Modern Raymond and Bauer 2001b
Hudson –158 to 31 1384 Raymond and Bauer 2001b
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2001a). δ13C analyses of particulate and sedimentary organic matter in natural environments are
generally used to distinguish between autochthonous and allochthonous origins (Meyers 1997;
Watanabe et al. 2004), but the differences in the δ13CDOC values of the lake and river samples
between spring (May) and autumn (September) were less than 1‰, except those of samples from
Station 1 (Table 1). Because of this small difference, elucidation of DOC sources in Lake
Kasumigaura by stable carbon isotope analyses alone is difficult.

On the other hand, the paired isotopic values of ∆14CDOC and δ13CDOC (Figure 2) show a markedly
different pattern between spring and autumn values. The ∆14CDOC and δ13CDOC values of the lake
samples during spring were heavier than those during autumn for all sampling sites. In contrast,
∆14CDOC values of the river samples did not show this trend, and their δ13CDOC values did not differ
markedly between spring and autumn (Figure 2). As noted above, the 14C dating results indicate that
DOC of terrestrial origin accounted for a large proportion of the lake DOC. Thus, our paired isotopic
measurements of DOC suggest a different proportion of allochthonous to autochthonous DOC in
Lake Kasumigaura between spring and autumn.

This suggestion is supported by the relationships between the carbon isotope ratios and DOC
concentrations (Figure 3a,b). Although the DOC concentration varied widely, from 3.3 to 1.7 mg/L
in the riverine DOC samples, their ∆14CDOC and δ13CDOC values did not vary significantly. On the
other hand, ∆14CDOC and δ13CDOC values of the lake DOC samples became heavier as the DOC
concentration increased. Lake-water chlorophyll-a concentrations, which are an indicator of
primary productivity by phytoplankton, were much higher in spring than in autumn (Figure 3c,d). It
is reported that as primary productivity in the lake increased in spring, 13C might have become
enriched as a result of decreasing C isotope fractionation (Yoshioka et al. 1994; Lehmann et al.

Figure 2 ∆14C and δ13C values for DOC in Lake Kasumigaura and its flowing rivers in Lake
Kasumigaura. Circles and triangles symbols indicate lake and river samples, respectively.
Open and filled symbols indicate May and September samples, respectively.
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2004). The increase of δ13CDOC values during spring periods accompanied with the increase of
chlorophyll-a concentrations could arise from C isotopic fractionation. Thus, the DOC composition
in Lake Kasumigaura during spring might be strongly influenced by DOC of autochthonous origin.
Moreover, both ∆14CDOC and δ13CDOC values of the lake samples obtained in autumn were similar to
those of the river samples (Figure 2), indicating that riverine DOC contributed substantially to the
lake DOC during autumn. Therefore, a seasonal change in the proportion of allochthonous to
autochthonous DOC apparently occurred sometime between May and September.

CONCLUSION

14C dating of DOC in Lake Kasumigaura and its tributary rivers showed that the residence time of
terrestrial organic matter is longer by thousands of years than that of the lake organic matter in sed-
iments. Through the use of paired 14C and 13C measurements of DOC, we concluded that a seasonal
change of DOC sources occurred in Lake Kasumigaura. Further isotopic analyses of DOC in lake
environments should be conducted to determine the sources of lake DOC.

Figure 3 Relationships between isotopic measurements (∆14C, δ13C), chlorophyll-a, and DOC: a) ∆14C vs. DOC;
b) δ13C vs. DOC; c) ∆14C vs. chlorophyll-a; d) δ13C vs. chlorophyll-a. Circles and triangles symbols indicate lake
and river samples, respectively, and open and filled symbols indicate May and September samples, respectively.
DOC were measured using a Shimadzu TOC-5000 total-organic-carbon analyzer. Chlorophyll-a concentrations
were estimated by a spectrophotometer after extraction with 100% methanol.
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