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are specific to major algal groups (Leavitt, 1993; Jeffrey
and Vesk, 1997). The carotenoid concentrations in sedi-
ment cores from many aquatic environments, including
lakes, estuaries and the ocean, have been used as indica-
tors of productivity and major algal groups (e.g., Griffiths
and Edmondson, 1975; Griffiths, 1978; Züllig, 1981;
Engstrom et al., 1985; Swain, 1985; Soma et al., 1995;
Itoh et al., 2003; Rabalais et al., 2004). However, it is
well known that the majority of pigments are degraded in
the water column and in the uppermost sediment before
being incorporated into the fossil record (Furlong and
Carpenter, 1988; Hurley and Armstrong, 1990; Leavitt,
1993; Bianchi et al., 2000; Reuss et al., 2005). More-
over, the degree of preservation of pigments differs among
carotenoids and is dependent on their stabilities; hence
the composition of residual carotenoids in sediment is, in
general, different from that in the water column (Repeta
and Gagosian, 1987; Millie et al., 1993; Leavitt and
Findlay, 1994; Itoh et al., 2003; Hobbs et al., 2010). Thus,
the historical trend of carotenoid concentrations in the
sediment cores should be interpreted with care on the basis
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The historical trend of the concentrations of carotenoids originating from phytoplankton in sediment cores collected at
two sites in Lake Shinji, a eutrophic oligohaline lake was investigated to clarify the changes in phytoplankton community
structures in the lake over the last 100 years. Eight kinds of carotenoids were detected in the sediments, i.e., astaxanthin
and lutein from chlorophytes, alloxanthin from cryptophytes, canthaxanthin, echinenone and zeaxanthin from cyanobacteria,
diatoxanthin from diatoms, and β-carotene from unspecified algal groups. On the basis of the stoichiometric relation
between total organic carbon (TOC) and total sulfur (TS), the historical changes in the TOC concentration of sediment
cores since circa 1970 have been attributable to the decomposition of organic matter by sulfate reduction, confirming the
importance of diagenetic processes in Lake Shinji sediments. It was found that labile chlorophyll a is transformed
diagenetically to more stable pheophytin a and pyropheophytin a within the upper 5 cm of the cores. Similarly, the con-
centrations (µg g–1 TOC) of carotenoids, other than diatoxanthin, in the cores decreased rapidly within this zone, and in
the cores lower than 5 cm below lake floor, their concentrations showed a decreasing or fixed trend with depth. This
suggests that these carotenoids have been degraded in sediments depending on their stabilities. Among the diatoxanthin,
lutein and zeaxanthin of which the stability is similar, the relative abundance of lutein (chlorophytes) has increased since
circa 1970, and, conversely, the relative abundance of diatoxanthin (diatoms) has decreased. Diatoms are likely a staple
food for the shellfish Corbicula japonica in Lake Shinji, because they are rich in lipids, which are needed for the growth
and survival of C. japonica. Hence, the relative decrease in the number of diatoms may have some effect on the decrease
in the population of C. japonica since the 1970s in the lake.
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INTRODUCTION

Phytoplankton is situated at the bottom of the food
chain. In most estuarine environments including coastal
lagoons, phytoplankton is abundant owing to a large sup-
ply of nutrients from the catchment area and plentiful solar
energy, and consequently, various organisms that feed on
phytoplankton live there. Thus, the estuarine environment
is the most productive aquatic ecosystem (Nixon, 1988).
In recent years, however, there have been increased eco-
logical concerns associated with human activities in those
productive and economically environments.

Dead phytoplankton is fed upon by other organisms
and decomposed by bacteria during its settling process,
and then is deposited at the bottom. Ultimately, the resi-
due after the decomposition of dead phytoplankton is
buried in the sediment. Phytoplankton has carotenoids that
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of the sediment conditions (e.g., redox conditions and pH
in pore water; Hobbs et al., 2010) at the study site.

Lake Shinji, which is located along the Japan Sea coast
of western Japan (Fig. 1), has an area of 79.2 km2, a vol-
ume of 3.66 × 108 m3 and a mean depth of 4.5 m
(Yamamuro, 2000). Lake Shinji is a eutrophic oligohaline
lake (Yamamuro and Kanai, 2005), and the value of the
lake as a fishing ground has been generally recognized
(Nakamura, 2000). For example, the lake has the largest
catch of the shellfish Corbicula japonica in Japan. C.
japonica feeds on phytoplankton and, conversely, is fed
on by gobies and birds. Thus, C. japonica plays an im-
portant role as a secondary producer in the ecosystem of
Lake Shinji. In the lake, however, the catches of C.
japonica as well as of some fishes feeding on it have de-
creased since the 1970s (Shimane Agricultural Adminis-
tration Office, 1953–2008). It is clear that the reduction
in the catch of C. japonica is caused by the reduction in
the population of this species (Nakamura, 1993). As a
reason behind this reduction, overfishing has been sug-
gested (Nakamura, 1993), but the catch of C. japonica
continued to decrease even after the regulation of fishing
in 1975. Moreover, the ecology of C. japonica, such as
temperature, salinity preference, and tolerance to low
oxygen concentration and sulfide, has been intensively
investigated (Nakamura, 2000). However, the cause of
the reduction in its population remains to be clarified. It
appears that a healthy ecosystem has not been maintained
in Lake Shinji for unknown reasons. The knowledge of

historical changes in phytoplankton community structures
in the lake may be beneficial to elucidate the alteration
of the ecosystem.

In this study, the historical trend of the concentrations
of carotenoids originating from phytoplankton in sedi-
ment cores collected at two sites in Lake Shinji was in-
vestigated to clarify the changes in phytoplankton com-
munity structures in the lake over the last 100 years. The
factors that control the observed historical changes in the
carotenoid concentrations were also examined with the
help of the historical changes in the concentrations of total
organic carbon (TOC), total nitrogen (TN), total sulfur
(TS) and chlorophyll a and its derivatives in the sedi-
ment cores.

MATERIALS AND METHODS

Sediment samples
The sediment cores were collected by a diver by in-

serting an acrylic plastic tube into the sediment at two
sites in the lake (Fig. 1) in August 2008: Site SJ-1 (35°27′
N, 132°57′ E; water depth, ~4.5 m) and Site SJ-2 (35°25′
N, 132°54′ E; water depth, ~4.5 m). According to Kanai
et al. (1997), the sedimentary strata at those sites are fairly
undisturbed. The cores (SJ-1: 48 cm; SJ-2: 49 cm) were
cut horizontally into 1 cm sections. The samples for caro-
tenoid analysis were kept frozen at –80°C until analysis,
whereas the samples for analyses of TOC, TN and TS
were dried at 80°C in an oven and then ground.

Age determination of sediment cores
The ages of the sediment cores at SJ-1 and SJ-2 were

obtained from the sedimentation rate, sediment water
content and densities of the solid and water phases. The
sedimentation rates at the study sites were assumed to
correspond to those measured by Kanai et al. (1997) by
the 210Pb method at sites adjacent (<1 km) to our study
sites (SJ-1: 0.13 g cm–2 yr–1; SJ-2: 0.20 g cm–2 yr–1), and
were also extrapolated to the recent layers after 1994 when
they collected the cores. This validity will be described
in the Discussion section. The water content was mea-
sured from the weight loss of a wet sample upon drying
at 80°C and normalized to dry-sample weight. The densi-
ties of the solid and water phases were assumed to be 2.5
and 1.0 g cm–3, respectively, which are used to calculate
the ages of the cores from the dry mass sedimentation
rates (g cm–2 yr–1).

Chemical analyses
For the determination of the concentrations of

carotenoids and chlorophyll a and its derivatives, i.e.,
pheophytin a and pyropheophytin a, in the sediments, the
thawed wet samples were dehydrated by centrifugation
at 3,000 rpm for 5 min and then subjected to extraction

Lake Shinji

Lake Nakaumi

Ohashi River

Hii River

Japan Sea
N

10 km
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Japan Sea

Pacific Ocean

Fig. 1.  Locations of sampling sites.
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three times using 3 ml of acetone as the extracting sol-
vent under ultrasonic irradiation at 0°C for 15 min. An
internal standard, mesoporphyrin IX dimethyl ester, was
added to the extract. Carotenoids and chlorophyll a and
its derivatives in this solution were analyzed by high-
performance liquid chromatography (HPLC) according
to Soma et al. (1996) and Tani et al. (2002). The HPLC
system consists of two programmable gradient pumps
(Shimadzu, LC-1-AD) and a diode array detector
(Shimadzu, SPD-M10AVP). A reversed-phase column
(Wako Pure Chemical Industries, Ltd., Japan, Navi C30-

5) was used for the separation of carotenoids and chloro-
phyll a and its derivatives, and the absorption spectrum
at 470 nm wavelength for carotenoids and at 660 nm for
chlorophyll a and its derivatives was monitored for the
determination. Their identifications were based on the
HPLC retention time and the absorption spectrum of
standard samples (DHI) or taken from literature data
(Jeffrey et al., 1997) when standards were not available.

The concentrations of TOC and TN in the sediments
were measured by using a CN analyzer (Sumika Chemi-
cal Analysis Service, SUMIGRAPH NC-1000) for dry
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samples treated with 1 M HCl to remove carbonates ac-
cording to Itoh et al. (2003). For the determination of TS
concentrations in the sediments, the powdered samples
were digested using HF–HNO3–HClO4. After evapora-
tion to dryness, the residue was dissolved in 0.2 M HNO3.
The sulfur concentration in this solution was measured
by inductively coupled plasma-atomic emission
spectroscopy (ICP-AES, VARIAN, 730-ES). The concen-
trations of TOC, TN and TS in the sediments were nor-
malized to dry-sample weight, whereas the concentrations
of carotenoids and chlorophyll a and its derivatives were
expressed by mass normalized to TOC. The quantifica-
tion limits of carotenoids and chlorophyll a and its de-
rivatives were approximately 1 µg g–1 TOC.

RESULTS

The vertical profiles of the water content (%, dry ba-
sis) and the TOC, TN and TS concentrations (mg g–1, dry
basis) in the sediment cores are shown in Fig. 2, along
with that of the TOC/TN atomic ratio. The depth in the
cores corresponding to 1950, 1970 and 2000, which was
estimated on the basis of 210Pb dating by Kanai et al.
(1997), is indicated in the figures (also shown in Figs. 3
and 4; Details are discussed in the discussion section).
The water content of the sediment cores at both sites de-
creased rapidly with depth within the upper 5 cm. There
were minimal differences in the TOC and TN concentra-
tions in those dates between SJ-1 and SJ-2. Moreover,
their concentrations in the cores have been increasing
since circa 1970. On the other hand, the TS concentra-
tion in the sediment cores at both sites was higher during
the 1980s–1990s, and then decreased toward the present.
The sulfate concentration in the sediments was only 1–
4% of the TS concentration even when the sulfate con-
centration of pore water was assumed to be equivalent to
that of lake water (approximately 3.5‰ of average salin-
ity; Kanai et al., 1997). Thus, sulfur in the sediments is
regarded to be primarily in the form of sulfides. The TOC/
TN atomic ratio (=8.8–15) in the sediment cores has been
continuously decreasing toward the top of the cores, and
was much closer to the ratio of marine phytoplankton (C/
N = 6.6; Redfield et al., 1963) than those of terrestrial
plants (C/N > 15; Kendall et al., 2001). This supports the
idea that organic matter in the sediments is primarily de-
rived from the sedimentation of dead phytoplankton.

Figure 3 indicates the vertical profiles of the concen-
trations (µg g–1 TOC) of carotenoids and total chlorophyll
a (=chlorophyll a + pheophytin a + pyropheophytin a) in
the sediment cores. The figure also includes the percent-
age of the primary chlorophyll a concentration relative
to the total chlorophyll a concentration. Eight types of
carotenoids, i.e., alloxanthin, astaxanthin, β-carotene,
canthaxanthin, diatoxanthin, echinenone, lutein and ze-

axanthin, were detected in the sediments. The concentra-
tions of carotenoids, other than diatoxanthin, and the to-
tal chlorophyll a concentration of sediment cores at both
sites decreased rapidly with depth within the upper 5 cm.
Moreover, the percentage of the primary chlorophyll a
concentration relative to the total chlorophyll a concen-
tration reduced markedly within this zone, suggesting that
labile chlorophyll a is transformed diagenetically to more
stable pheophytin a and pyropheophytin a in surface
sediments. In the cores lower than 5 cm below lake floor,
the carotenoid and total chlorophyll a concentrations
showed a decreasing or fixed trend with depth.

DISCUSSION

Chronology of sediment cores
The ages of the sediment cores were estimated on the

basis of 210Pb dating by Kanai et al. (1997) at sites adja-
cent (<1 km) to our study sites. There were no marked
differences (approximately <20%) in the sedimentation
rates between two sites, being 2–3 km from each other
on the basis of the measurement at 15 sites by Kanai et
al. (1997). Kanai et al. (1997) also measured the sedi-
mentation rate using the 137Cs dating methods for the same
cores and found that the values obtained by both meth-
ods are similar (r2 = 0.92). Except for the surface sedi-
ment layers, the vertical profiles of the water content in
our cores (Fig. 2) were similar to those in the cores mea-
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sured by Kanai et al. (1997) at sites adjacent to our study
sites. The water content in the surface layers depends
strongly on the degree of compaction, which is due to the
difference in the sampling methods between the two sets
of cores. Moreover, the dates (i.e., circa 1970) of the start
of the increase in the TOC and TN concentrations in our
sediment cores (Fig. 2) were similar to those in the 210Pb-
dated sediment cores reported by Yamamuro and Kanai
(2005). All the above-mentioned facts tend to support the
conclusion that the chronology of the cores obtained at
sites adjacent to our study sites is useful (Kusunoki et
al., 2012).

Analysis of historical trend of TOC and TN concentra-
tions in sediment cores

The following two factors are considered as possible
reasons why the TOC and TN concentrations in the cores
have increased: (1) increase in the primary production in
the lake and (2) decomposition of organic matter in
diagenetic processes within the sediment. Identifying
which factor primarily controls the observed historical
changes in the TOC and TN concentrations of sediment
cores is important for a better understanding of the his-
torical change in carotenoid concentrations. The concen-
tration of TS, which is primarily composed of sulfides,
has tended toward the opposite change (Fig. 2). These
sulfides were not those produced in the bottom water and
then deposited to the sediments, because bottom water is
oxygenated even in summer owing to the shallowness of
the lake (Sampei et al., 1994). The presence of sulfides
in the top 1 cm of the layer (Fig. 2) suggests anoxia near
the sediment-water interface. If the recent increase in the
TOC concentration is entirely owing to the decomposi-
tion of organic matter by sulfate reduction in the
sediments, a stoichiometric relation of TOC/TS = 2 is
expected to be realized between the amount of TOC de-
composed and the amount of TS produced in the sedi-
ment column according to this equation

2 CH O SO 2HCO HS H2 4
2

3[ ] + → + +− − − +

where [CH2O] denotes organic matter. Under the assump-
tion of a steady state, those amounts were estimated from
the vertical profiles of TOC and TS after 1970 in the sedi-
ment cores (Fig. 2), using

TOC mmol  cm TOC TOC1
−

=
( ) = −( )∑2

1
i i i

i

n

l ρ ,

TS mmol  cm TS−

=
( ) = ∑2

1
i i i

i

n

l ρ ,

where TOCi and TSi denote the TOC and TS concentra-
tions (mmol g–1) in layer i, and TOC1 is the TOC concen-
tration in the top 1 cm of the layer. Also, li and ρi are the
thickness (i.e., 1 cm) and dry density (g cm–3) of layer i.
Layer n corresponds to 1970. The calculated TOC/TS ra-
tio was 2.0 at SJ-1 and 2.4 at SJ-2. Thus, these values
were significantly close to the stoichiometric relation of
TOC/TS = 2, which is expected for the decomposition of
organic matter by sulfate reduction in the sediments. This
suggests that the historical changes in the TOC concen-
tration in the upper layers of the sediment cores are at-
tributable to the decomposition of organic matter rather
than the increase in the primary production.

As can be seen in Fig. 2, the TOC/TN ratio (=8.8–15)
of the sediment cores has decreased toward the present,
which may be explained by the fact that organic nitrogen
compounds (e.g., protein, peptides and amino acids) are
easily decomposed compared with bulk organic com-
pounds in diagenetic processes within sediments
(Rosenfield, 1981). Actually, Sampei et al. (1994) ob-
served a lower C/N ratio (=4.9–6.7) in the sediment trap
material (i.e., fresh organic matter originating from vari-
ous algae) collected from the lake for one or two months
from summer to winter. It has been reported that the an-
nual average concentrations of chemical oxygen demand
(COD) and chlorophyll a in Lake Shinji did not change
significantly in 1984–2009 (COD, 4.6 ± 0.4 mg L–1; chlo-
rophyll a, 17 ± 4 µg L–1), on the basis of monthly moni-
toring at 7 sites in the lake (Shimane Prefecture, 1985–
2010). This also supports the idea that the increase in the
TOC and TN concentrations in the cores since circa 1970
is not due to an increase in the primary production in the
lake.

Analysis of historical trend in algal composition inferred
from carotenoid concentrations in sediment cores

It has been clarified that among the eight types of
carotenoids detected in the sediments in Lake Shinji,
alloxanthin, canthaxanthin, diatoxanthin, echinenone and
zeaxanthin originate specifically from the following ma-
jor algal groups (Leavitt, 1993; Soma et al., 2007):
alloxanthin—cryptophytes; canthaxanthin—
cyanobacteria;  diatoxanthin—diatoms and
dinoflagellates; echinenone—cyanobacteria; zeaxan-
thin—cyanobacteria. In Lake Shinji, a red tide of
dinoflagellates is occasionally observed when the water
salinity increases (Akiyama, 1996), but chlorophytes,
cyanobacteria and diatoms are usually the dominant al-
gal groups (Nakamura, 1998). Thus, diatoxanthin in the
sediments is considered to originate primarily from dia-
toms, but not from dinoflagellates.

On the other hand, it is known that lutein and
astaxanthin are specific to chlorophytes, and β-carotene
is found in many major algal groups (Leavitt, 1993; Soma
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et al., 2007). However, those carotenoids may not neces-
sarily be specific to the respective algal groups in the lake,
because they also exist in the higher terrestrial plants
growing around the lake. As described in the Results sec-
tion, however, the TOC/TN ratio in the sediments (Fig.
2) was much closer to the ratio of marine phytoplankton
than those of terrestrial plants. Moreover, it is likely that
the bulk of carotenoids contained in the detritus of the
higher terrestrial plants is decomposed by various fac-
tors, including wetting and drying by the atmosphere, a
wide temperature variation, oxidization, and feeding by
creatures, before burial into the sediment (Sanger, 1988).
Hence, lutein, astaxanthin and β-carotene in the sediments
are considered to originate primarily from phytoplankton
in the lake. Table 1 summarizes the correspondence be-
tween the carotenoids detected in the sediments from Lake
Shinji and the major algal groups from which those
carotenoids originate.

As described in the preceding section, it is likely that
the historical changes in the TOC and TN concentrations
of sediment cores since circa 1970 have been attribut-
able to the decomposition of organic matter by sulfate
reduction, confirming the importance of diagenetic proc-
esses in Lake Shinji sediments. It was found that labile
chlorophyll a is transformed diagenetically to more sta-
ble pheophytin a and pyropheophytin a within the upper
5 cm of the cores (Fig. 3). Similarly, the concentrations
of carotenoids, other than diatoxanthin, in the cores de-
creased rapidly within this zone, and in the cores lower
than 5 cm below lake floor, their concentrations showed
a decreasing or fixed trend with depth. This suggests that
these carotenoids have been degraded in sediments de-
pending on their stability (Repeta and Gagosian, 1987;
Millie et al., 1993; Leavitt and Findlay, 1994; Itoh et al.,
2003; Hobbs et al., 2010).

It is known that carotenoids, such as diatoxanthin,
lutein and zeaxanthin, without the 5,6-epoxide structure,
are fairly well preserved in sediments (Itoh et al., 2003;
Hobbs et al., 2010). This allowed us to presume that the
composition of these carotenoids essentially reflects the
composition of the major algal groups from which they
originate, i.e., chlorophytes for lutein, cyanobacteria for
zeaxanthin, and diatoms for diatoxanthin, as the chemi-
cal structures of the three carotenoids are similar. Its ef-
fectiveness may be supported by the following reports.
Itoh et al. (2003) observed a decrease in zeaxanthin level
relative to lutein and diatoxanthin levels since circa 1960
in sediment cores from Lake Hamana, Japan. In this lake,
the average salinity increased between 1950 and 1970
owing to the construction of training walls introducing
direct tidal currents into the lake, and to the expansion
and deepening of the shipping channel in the shallow
southern part by dredging (Mazda, 1983). Thus, it is likely
that the number of cyanobacteria (zeaxanthin) has de-

clined since circa 1960 in response to the increase in sa-
linity. Conversely, an increase in the number of
cyanobacteria (zeaxanthin) relative to those of
chlorophytes (lutein) and diatoms (diatoxanthin) caused
by a decrease in salinity was also observed for a sedi-
ment core from Lake Kasumigaura, Japan (Soma et al.,
1995).

Chlorophytes, cyanobacteria and diatoms are usually
the dominant algal groups in Lake Shinji (Nakamura,
1998). Hence, we analyzed the historical changes in their
composition on the basis of the vertical profiles of the
relative abundances of diatoxanthin, lutein and zeaxan-
thin in the sediment cores. The vertical profiles of the
relative abundances of diatoxanthin, lutein and zeaxan-
thin in the sediment cores from Lake Shinji are indicated
in Fig. 4. The relative abundances of diatoxanthin and
zeaxanthin at both sites have decreased since circa 1970
and 2000, respectively. Conversely, the relative abundance
of lutein has increased since circa 1970. This suggests an
increase in the number of chlorophytes (lutein) relative
to those of cyanobacteria (zeaxanthin) and diatoms
(diatoxanthin) in recent Lake Shinji. The annual average
concentrations (±SD) of chemical constituents in the en-
tire lake in 1984–2009 were 2100 ± 700 mg L–1 for Cl–,
4.6 ± 0.4 mg L–1 for COD, 17 ± 4 µg L–1 for chlorophyll
a, 500 ± 50 µg L–1 for total N, 45 ± 8 µg L–1 for total P,
and 4.4 ± 0.7 mg L–1 for dissolved Si (Shimane Prefec-
ture, 1985–2010). Thus, their levels did not change sig-
nificantly in 1984–2009. Hence, the historical changes
in algal composition are not caused by the changes in
water quality, such as salinity change, progress in
eutrophication and silica deficiency (Humborg et al.,
1997).

CONCLUSIONS

The results presented here suggested a relative increase

Table 1.  Correspondence between
carotenoids detected in sediments
from Lake Shinji and major algal
groups from which those
carotenoids originate

Carotenoids Major algal groups

Alloxanthin Cryptophytes
Astaxanthin Chlorophytes
β-carotene Unspecified

Canthaxanthin Cyanobacteria
Diatoxanthin Diatoms
Echinenone Cyanobacteria
Lutein Chlorophytes
Zeaxanthin Cyanobacteria
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in the number of chlorophytes and a relative decrease in
the number of diatoms since circa 1970 in Lake Shinji on
the basis of the relative abundances of the corresponding
carotenoids in sediment cores. The catch of C. japonica
in the lake has decreased since the 1970s (Shimane Agri-
cultural Administration Office, 1953–2008). C. japonica
feeds through filtration by holding its inhalant siphon
above sediment surface. Hence, changes in food sources
directly affect the growth and survival rates of C.
japonica. Diatoms and chlorophytes are rich in neutral
lipids, accounting for nearly 70% of their total lipids
(Borowitzka, 1988), but only a small percentage of
chlorophytes exhibit a high total lipid content (Chen,
2012). Thus, diatoms are a staple food for many organ-
isms, including zooplankton, shellfish and shrimp larvae,
owing to their high lipid content (Chen, 2012). In par-
ticular, long-chain polyunsaturated fatty acids, such as
eicosapentaenoic acid (EPA, C20:5 n  – 3) and
docosahexaenoic acid (DHA, C22:6 n – 3), are needed
for good growth and survival because of a limited capac-
ity for synthesizing their fatty acids (Beninger and
Stephan, 1985; Wenne and Polak, 1989; Hayashi and
Kishimura, 1991; Pazos et al., 1996; Galap et al., 1999).
These suggest that the relative decrease in the number of
diatoms in Lake Shinji may have some effect on the de-
crease in the population of C. japonica since the 1970s.
The feeding habit of C. japonica in Lake Shinji remains
to be clarified. It is likely that feeding experiments using
cultured algae from the lake (e.g., Yamaguchi et al., 2008)
are useful to obtain knowledge on the nutrition and growth
of C. japonica. This will enable us to clarify the relation-
ship of the observed changes in the algal composition to
the reduction in the catch of C. japonica in Lake Shinji.
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