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Concentrations of stable and radioactive carbon isotopes of organic matter were determined for suspended solids
in surface water from the shallow and semi-closed Lake Kiba, Japan during June 2014 — March 2016. Particulate
organic carbon (POC) concentrations were 0.44-5.01 mg L', and 8"*C and A"C values were, respectively, —30.3 to
—22.8 %o and —156 to —33 %o. The organic matter in suspended solid samples consistently showed depleted "“C,
with an average A"C value of —81 £ 37%o. The carbon isotopes showed seasonal variation, being higher in sum-
mer, and with a positive correlation to POC contents. These results suggest that the POC characteristics are con-
trolled by a mixture of two endmembers, organic matter produced by phytoplankton activity within the lake and

the watershed organic matter, under a shallow and semi-closed environment.

1. Introduction

Radiocarbon abundance increased in the natural environ-
ment after nuclear weapons testing in the 1950s and 1960s
injected large quantities of *C into the atmosphere [1,2]. The
A™C values of organic matter in river suspended particles are
—980 to +75%o, but plankton and particulate organic carbon in
marine environments have enriched "“C values of —45 to
+110%o [1-3]. Radiocarbon is useful as a tracer of the dynam-
ics of organic matter in river systems and lake environments
because of differences in the contribution of each source with
a wide range of A"C values [4-6]. The paired A"C versus §"°C
distributions vary among river systems. The distributions are
categorized into three groups based on watershed conditions
such as land-use type of wetlands, forest-paddy fields, and
permafrost watersheds [7-9]. Riverine particulate organic
matter (POM) from wetlands has lower 8"°C and higher A™C
than those of rivers in forests and fluvial plains, which indi-
cates a greater contribution of apparently younger organic
matter in wetland river systems. In lake environments, carbon
isotopes have been applied to elucidate biogeochemical cycles
and freshwater reservoir effect ranges and variations over time
[6,10,11]. The phytoplankton AC reflects the A*C of dis-
solved CO,, which might be a mixture of aged and modern
carbon [12-14]. Particulate organic carbon (POC) has a wide
range of A"C extending from —443 to +68%o in these lakes.
Such A"™C values have been useful in assessing the age, reac-
tivity, and sources of carbon in lake systems. Oguri ef al. [15]
and Ueda et al. [16] have demonstrated that radiocarbon
behavior in the Lake Obuchi and Lake Hamana ecosystems is
influenced strongly by environmental factors.

Lakes play important roles in the carbon cycle through car-
bon sequestration in sediments and efflux of CO,to the atmo-
sphere [17-20]. Some lake environments in economically
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developing countries have sustained significant organic pollu-
tion during the last decade because of rapid economic develop-
ment and increased human populations around watersheds.
Organic pollution also has been observed in lake environments
at past and present in developed countries. In Japan, water
quality survey results for lakes and reservoirs in 2014 indi-
cated that the compliance rate of environmental quality stan-
dards for living environmental items is 55.5% for chemical
oxygen demand (COD) concentrations [21]. Another water
quality problem is the slight increase of COD concentrations
in lakes, although total nitrogen, phosphorus, and biochemical
oxygen (BOD) concentrations are constant or decreasing with
time [22-24]. The increasing annual measurements of COD
appear to result from accumulation of refractory organic mat-
ter in the lakes. Therefore, the characterization of organic
matter is important to elucidate organic matter dynamics, geo-
chemical roles and organic pollution mechanisms in lake sys-
tems.

Lake Kiba (Kiba-gata) is located in Komatsu City, Ishikawa
Prefecture, Japan (Figure 1) and is classified as a lagoon. The
lake has a mean water depth of 1.7 m, area of 1.14 km?, and
water volume of 1.7 x 10 m®. Its watershed area is 38 km*. In
1932, a sluicegate was constructed at the conjunction of the
Kakehashi River to protect against inflow of water from the
river during flood events (Figure 1). Lake Kiba was affected
by changes in the drainage system and land consolidation
around the lagoon during 1954-1969 [25]. One example in
that period was construction of the Maekawa sluicegate and
drainage pump station at the Mae River to control the Lake
Kiba water level. The organic matter flux recorded in the sed-
iment core increased from 1.1 to 2.3 and from 3.9 to 7.5 mg C
cm? y!', respectively, during 1903-1974 and 1989-2012,
although these values were similar to the flux recorded for
1974-1989 following reclamation [26]. The COD concentra-
tion was at a maximum, 11 mg L™ in 1990, corresponding to
the second worst value seen in Japan at that time. It has
remained about double the national standard of this lake class
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Figure 1. Sampling sites KB1 to KB6. Water sampling was done at KB3. All six sites were used for surface sediment sampling. Numerical
map data are based on Fundamental Geospatial Data provided by the Geospatial Information Authority of Japan, and the National Land
Numerical Information provided by the Ministry of Land, Infrastructure, Transport and Tourism, Japan.

(Class A, COD concentration < 3 mg L™ [27]) during the last
decade [28], although treatments for water quality improve-
ment have been conducted since 1991.

The objectives of this study were to elucidate the character-
istics of POM for the shallow and semi-closed Lake Kiba
throughout a year based on monthly observations obtained
using data for carbon isotopes, 8"°C and AC. The simultane-
ous use of A"C and §"C values adds a second dimension to
observations of carbon cycling in surface aquatic environ-
ments [1, 8, 19]. During the sampling period, the fundamental
physicochemical parameters, POC concentrations, and carbon
isotope concentrations were ascertained. Results of this study
are expected to provide basic and useful information to clarify
organic pollutants affecting shallow lakes and lagoons.

2. Materials and methods

Figure 1 shows sampling sites KB1 to KB6 in Lake Kiba.
Water sampling was done at KB3 and all six sites were used

for surface sediment sampling.

Water sampling was conducted monthly during June 2014 —
March 2016 at KB3, in the central part of the lake. Collection
of the surface water samples was done from a boat using a
bucket. During 18 November — 16 December 2016, sampling
was also conducted weekly to elucidate changes in water qual-
ity during water quality improvement experiments using the
Macekawa sluicegate and drainage pump station, as presented
in Figure 1 [29]. Detailed results of those experiments will be
reported elsewhere.

Water characteristics such as water temperature (WT), pH,
conductivity, and turbidity in the surface water were measured
using a portable water quality meter (WQC-24; DKK-TOA
Corp.). Chlorophyll-a concentration was photometrically
quantified using the trichromatic absorption method after
extraction of particles using a 0.45 um membrane filter
(Advantec MFS Inc.) with 90% acetone [30]. Samples of chlo-
rophyll-a were collected at a site close to KB3 during monthly
research conducted by the Komatsu City Government.
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About 60 L of water was taken into polyethylene containers
and these were then transferred to the laboratory. Suspended
particles in lake water samples were concentrated with a sin-
gle-bowl continuous-flow centrifuge with a flow rate of 15 L
h'[7]. The inside temperature was maintained at 10-20°C to
avoid transformation of solids. Solid samples were dried at
room temperature or freeze-dried. The suspended solids (SS)
concentration was measured using the weight of the suspended
solids.

Surface sediments were collected at the six stations (Figure
1) using an Ekman—Birge grab sampler in 2012 and 2013. The
sediment samples were freeze-dried and ground in an agate
mortar after sieving with a 2-mm mesh size sieve.

Organic carbon contents in suspended solids and sediment
samples were determined using an elemental analyzer
(NA2500, CE Instrument or Flash EA1112; Thermo Fisher
Scientific Inc.). Before analysis of the suspended solids, car-
bonates were removed by adding 1 M HCI solution. The
respective levels of precision of TOC and TN analyses were
+ 0.009% and £ 0.003%. The POC concentration is calculated
by POC content divided by lake water volume at continuous
flow centrifugation. Stable carbon isotopes were assessed for
sub-samples of the CO, gas generated during graphite produc-
tion for radiocarbon analysis using a mass spectrometer (Delta
V Plus; Thermo Fisher Scientific Inc.), or were measured using
an EA-IRMS analyzer (Delta V coupled to Flash EA1112;
Thermo Fisher Scientific Inc.). The §"C value is expressed as
follows.

§°C = [("C/C) sampie (7 C/C) standara 11 % 1000. 1

Here, (*C/"*C) qumpi is the abundance ratio of °C to "*C of the
sample. (*C/"C) yunaara 18 the ratio of VPDB: ANU-Sucrose
(88C =-10.80%0) and L-Alanine (5"*C = —19.6%o).

“C measurements were done using an accelerator mass
spectrometer at the Beta Analytic Radiocarbon Dating
Laboratory. For this study, §"C is defined as the deviation in
parts per thousand from the modern standard (NBS oxalic
acid: SRM-4990C):

614C = [(14C/12C) sample /(14C/12C) standard _1] x1000. (2)
The A™C value is expressed as follows [31]:
AMC =8"C - 2(8"C + 25) (1 + 8"C/1000). 3

The A™C values are normalized to the base value of §"°C —25%o
of standard carbonate (VPDB) to correct for isotopic fraction-
ation of C and “C. A positive A"™C value reflects the pres-
ence of “C released from nuclear weapon tests in the 1950s
and 1960s.

3. Results and discussion

Water quality

Water quality data during the sampling period (June 2014 —
March 2016) are shown in Figure 2. Water temperature (WT)
and pH show seasonal variation. They are higher in summer.
Increased pH results from utilization of CO, for phytoplankton
activity [32]. Suspended solids (SS) and particulate organic
carbon (POC) concentrations are higher in summer (July—
August) and lower in winter (December-February). The chlo-
rophyll-a concentration has two peaks in April and August
2015. The POC concentration in the unit of mg L™ is corre-
lated with water temperature and pH (r = 0.67-0.70, p < 0.05),
but the POC content in unit of %, as portrayed in Figure 3,
shows a stronger positive correlation with water temperature
and pH (r = 0.87, p < 0.0001). This result suggests that the
increase in POC concentration is related to phytoplankton
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activity within the lake.
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Figure 2. Variation of water temperature (WT), pH, suspended sol-
ids (SS), particulate organic carbon (POC) concentration and chloro-
phyll-a concentration in surface water from Lake Kiba.
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Figure 3. Variation of POC content, particulate organic carbon/
nitrogen (C/N), §"°C and A™C values of POC in surface water from
Lake Kiba. Error bars correspond to 16 uncertainty on A*C mea-
surements.
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Carbon isotopes of particulate organic matter

To understand organic matter dynamics through a year,
focus was placed on POC content and its characteristics. The
POC contents were 4.9-27%, showing a maximum in July—
September (Figure 3). The maximum value in 2014 is higher
than that of 2015. The C/N ratio varies from 5.0 to 9.8, except
for the sample on 2 December 2015. The highest value indi-
cates a larger contribution of soil organic matter and land plant
in the watershed [33]. The §"C value of organic matter in the
suspended solids was —30.3 to —22.8%o. The maximum value
in 2014 was higher than that of 2015. These values show simi-
lar variation as the POC contents (» = 0.80, p < 0.0001) do.
The 8"C values also correlate with pH of the lake water (r =
0.75, p < 0.0005). Similar results have been reported for a
shallow lake environment [32,34]. The §'"°C values of phyto-
plankton increase because of the reduced isotope fractionation
of '?C and "C during photosynthesis, when the phytoplankton
biomass increases or the supply of dissolved inorganic carbon
is limited [32,35].

The A™C value of POC in the Lake Kiba water is more
depleted than in the present atmospheric CO,, ca. 30%o in
2012 [36], exhibiting an average value of —81 + 37%o, although
the maximum A"™C value is observed in summer with higher
pH, POC, and chlorophyll-a concentration. The lake water
POC has lower A™C than inorganic carbon, plankton, and
present biota in the river and lake watershed [16,37]. Increases
in §"C and A™C values of dissolved organic carbon have been
observed in the water of Lake Kasumigaura during spring
because of the primary production of phytoplankton, although
A"™C-DOC was more depleted than atmospheric CO, [38].
Lake Kasumigaura is classified as a shallow water lake and it
shows depleted '“C of organic matter, similar to the situation
for Lake Kiba. The bulk POC in a large lake, Lake Superior,
had a mean A™C value of +10 + 29%o ranging from —55 to
+39%o. The A™C of dissolved inorganic carbon (DIC) was +36
+ 62%o [39]. However, some lake water was reported to have
low A™C values (-443 to —80%o) of POC together with low
DIC (=718 to =20 %o) [13,14]. The results suggest that A"C of
organic matter in dissolved and particulate phases depends on
that of DIC in lake water. Therefore, the depleted A"*C value
of POC in Lake Kiba might be caused by lower A"C inorganic
compounds in lake water.

Factors controlling characteristics of particulate organic mat-
ter

Radiocarbon of POC in lake water is derived from primary
production within the lake system, resuspension of sedimen-
tary particulate matter, and inputs from the watershed. To elu-
cidate the contribution of radiocarbon in Lake Kiba,
relationships between radiocarbon and characteristics of
organic matter must be discussed. Figure 4 presents the rela-
tionship between A"C values of organic matter and its con-
tents in suspended solids in Lake Kiba. With the increase of
POC contents in the suspended solids, A"™C values increase (-
=0.82, p <0.005). Similar variation of chlorophyll-a concen-
tration represents the contribution of phytoplankton activity
within the lake.

Figure 5 presents A"C values of organic matter in the lake
suspended solids, shown as a function of the C/N ratio and
8"3C values together with relationship between C/N and §"C of
POC. They have been used as a simple tracer to distinguish
inputs of aquatic phytoplankton from soil organic matter. The
sedimentary C/N ratio has values of 6 to 9 for freshly depos-
ited organic matter derived from phytoplankton and 20 higher
for terrestrial vascular plants [40]. The §"C of organic matter
in lake sediments reveal dynamics of suspended particle
organic matter derived from phytoplankton and soil organic
matter with land plants [41,42]. As shown in Figure 5(a), "°C
of POC shows a negative correlation with C/N ratio of sus-
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Figure 4. A™C values of POC as a function of POC content in the
Lake Kiba surface water. Error bars correspond to 1o uncertainty on
A"™C measurements.
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pended solids, indicating the mixture of two endmembers,
phytoplankton within the lake and soil organic matter around
the lake watershed [43]. A negative correlation is found
between the C/N ratio and A™C of POC (correlation coeffi-
cient of 0.82, p < 0.005). Apparently, the higher A™*C value
results from the larger contribution of a newly produced
organic matter from phytoplankton activity. The A"C of POC
shows a positive correlation with §°C (= 0.73, p < 0.01). The
5"C and C/N in winter are within the range of soil organic
matter in Ishikawa Prefecture, Japan (C/N ratio of 10.9 to 23.6;
8"C of —28.4 to —25.9%o; S. Nagao, unpublished data). The
higher AC of POC and the lower C/N ratio suggest an
increase in signals of phytoplankton activity in the POC con-
tent variation, as presented in Figure 2.

The contribution of surface sedimentary organic matter by
resuspension is discussed from C/N and §"C. Table 1 summa-
rizes carbon isotope data for organic carbon in surface sedi-
ments at Lake Kiba. The §"C values are —26.1 to —27.0%o,
with an average and standard deviation of —26.6 + 0.3%o, and is
narrower and higher than the average of surface water POC
(8"C of —27.5 + 2.1%0). The C/N ratios in surface sediment
samples also have higher values (10.6—11.8) than the sus-
pended POC in the lake water, as depicted in Figure 3. A dis-
crepancy exists in §'°C and C/N ratio of organic matter
between the suspended solids and surface sediments.
Therefore, resuspension of sediment particles from the surface
sediment exerts a weak effect on the increase in §*C and C/N
ratio of POC during spring—summer. The §"°C of —26.6 +
0.3%o and C/N ratio of 11.5 + 0.5 on average from surface sedi-
ments might be controlled by selective degradation of newly
produced particulate organic matter within the lake [43, 44]
and/or a mixture with organic matter transported from the
watershed forests and paddy fields.

4. Summary

Simultaneous use of A"C and §"°C values adds a second
dimension to results of isotopic studies of carbon cycling in
surface aquatic environments. This study applied the analysis
of carbon isotopes to the lake environment of a shallow and
semi-closed lake, Lake Kiba located in Komatsu City,
Ishikawa Prefecture, Japan. The field research was conducted
during June 2014 to March 2016. Surface water sampling was
done at a monitoring station in the central area of Lake Kiba.
Suspended solids were collected from these water samples
using continuous flow centrifugation. Particulate organic car-
bon (POC) concentration and its contents were, respectively,
0.44-5.01 mg L and 4.9-27%. Strong positive correlations of
POC content were found with its AC (~157 to —33%o) and §"*C
(-30.3 to —22.8%o0), and a negative correlation was found with
the C/N ratio (5.0—14.7). These results indicated that organic
matter in the surface water suspended solids consisted mainly
of a mixture of organic matter produced by phytoplankton
within the lake and watershed organic matter, although the
AMC of POC was depleted to a greater degree than present
atmospheric CO,.
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