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Total organic carbon (TOC), total nitrogen (TN), d13C and d15N were measured in sediment cores at three
sites in Sishili Bay, China, to track the impacts of anthropogenic activities on the coastal environment over
the last 100 years. The increased TOC and TN in the upper section of sediment cores indicated a eutrophic
process since 1975. In comparison, the TOC and TN in the sediment core near to a scallop aquaculture
area displayed a much slower increase, indicating the contribution of scallop aquaculture in mitigating
eutrophication. Combined information from d13C, d15N and TOC:TN indicated an increased terrestrial sig-
nal, although organic matter sources in Sishili Bay featured a mixture of terrestrial and marine sources,
with phytoplankton being dominant. Increased fertilizer use since 1970s contributed to the eutrophic
process in Sishili Bay since 1975, and increased sewage discharge from 1990s has added to this process.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Coastal eutrophication due to intensive anthropogenic activity
is a common environmental issue around the world (de Jonge
et al., 2002). In China, major environmental changes have occurred
over recent decades as a result of rapid economic development,
and many coastal waters have been characterized by considerable
nitrogen overloading (e.g., the Yangtze River, the Bohai Sea and
Jiaozhou Bay) (Liu et al., 2005; Chai et al., 2006). Sishili Bay is lo-
cated in the northern Yellow Sea, China (Fig. 1) and over the last
two decades has been developed as an important harbor and
coastal aquaculture base by the local government of Yantai city.
Consequently, eutrophication caused by the increased population,
large-scale marine aquaculture and sewage discharge along the coast
have significantly impacted the health of the marine ecosystem.
Harmful algal blooms and jellyfish blooms in the bay have
occurred almost annually over the last 10 years (Wu et al., 2001;
Dong et al., 2010; Hao et al., 2011). Thus, it is important to under-
stand the sources of different pollutants and eutrophic processes
ahead of the development of a policy for environmental protection
and restoration in Sishili Bay.

Organic matter preserved in coastal sediments can provide use-
ful information to interpret the processes of past environmental
change, the effects of human activities and even related climatic
signals (Meyers and Lallier-Verges, 1999; Bratton et al., 2003;
Cooper et al., 2004; Gonneea et al., 2004). Stable carbon and
nitrogen isotope (d13C and d15N) ratios and the ratio of total organic
carbon (TOC) to total nitrogen (TN) in sediments (TOC:TN) have
been widely used to elucidate the source and fate of organic matter
in the marine environment (Fry and Sherr, 1984; Mishima et al.,
1999; Ogrinc et al., 2004; Ramaswamy et al., 2008). The TOC:TN
ratio is an important indicator of the origin of organic matter, as
there are obvious differences between different organic matter
sources. For example, phytoplankton is usually approximately
6.7–10.1, bacteria ranges from 2.6 to 4.3, and high terrestrial
vegetation is generally greater than 15 (Meyers, 1994; Cifuentes
et al., 1996). However, organic matter breakdown (mineralization)
can reduce the carbon and nutrient concentrations in the sediment.
Oxidation in the water column or on the sediment surface can
significantly impact the TOC:TN ratios (Andrews et al., 1998;
Waterson, 2005; Kuwae et al., 2006).

In contrast to the TOC:TN ratio, d13C only changes slightly dur-
ing the sedimentation, degradation and transformation of organic
matter in marine environments; thus, d13C has become a powerful
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Fig. 1. Maps showing study area and sampling sites in Sishili Bay, China.
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tool in deciphering the origin of organic matter (Andrews et al.,
1998; Wu et al., 2002; Ramaswamy et al., 2008). In addition,
d15N in the sediments can reflect the deposition rate of terrestrial
organic matter, the nitrogen source types for phytoplankton and
decomposition processes (e.g., denitrification). However, the frac-
tionation of d15N during the absorption and assimilation of phyto-
plankton depends on the concentration and species of inorganic
nitrogen (Owens, 1985; Mishima et al., 1999; Cohen and Fong,
2005). Normally, d15N is used as a subsidiary factor for special
events; for example, an increase in organic matter d15N values
can record deliveries of isotopically heavy nitrate (d15N = 10–
25‰) from farm runoff and human sewage (Teranes and
Bernasconi, 2000; Ramaswamy et al., 2008; Sampaio et al., 2010).

In comparison, the combined use of d13C, d15N and TOC:TN ra-
tios can help improve the discrimination of organic matter sources
from the confusion caused by various biogeochemical processes
(e.g., microbial activity, denitrification), particularly in estuaries
and coasts with a high mixture of terrestrial and marine matter
(Matson and Brinson, 1990; Thornton and McManus, 1994;
Andrews et al., 1998; Graham et al., 2001; Ogrinc et al., 2004;
Ramaswamy et al., 2008).

In this study, a chronology of organic matter inputs was studied
based on sediment cores collected from three sites in Sishili Bay,
with an aim to understand the impacts of increased human activity
and land-sourced input to the coastal environment over the last
100 years. The geochemical parameters of TOC, TN, d13C and d15N
were used to track the organic matter composition, changes and
the potential indication of eutrophication over the last 100 years.
The results were evaluated by comparing them with other ecolog-
ical information, available data on the upper water body, and the
socio-economic development of Yantai city.
2. Materials and methods

2.1. Study area

Sishili Bay is a semi-closed coastal bay surrounded by Zhifu
Island and Yangma Island, with northwest–southeast extent of
20 km, a width of 6–7 km and a total area approximately 130
km2 (Fig. 1). It is a typical temperate coastal area with a tempera-
ture of 23.3–27.4 �C in summer and 2.5–3.5 �C in winter. Four
small ephemeral rivers (Guangdang, Majia, Xin An and Xiao Yu-
niao) flow into Sishili Bay (Wu et al., 2001), where the salinity
ranges from 29.6 to 33.0 during the wet and dry seasons, respec-
tively. The hydrodynamic processes are mainly controlled by tidal
movement and wind-induced currents (Zhang and Dong, 1990).

Three sites (A, D and C) were chosen for sediment cores collec-
tion in Sishili Bay (Fig. 1). Site A is close to sewage outfalls; Site D is
relatively far from the shore and is an area with less effect of hu-
man activity; and site C is in a shellfish aquaculture area close to
the outlet of the Guangdang River. Four sediment cores were ob-
tained at each site in December 2008 using a gravity corer with a
10.5-cm internal diameter. The cores were sectioned at 1-cm inter-
vals within 24 h of collection, and then freeze-dried in the labora-
tory. One core was used for dating analysis, one was used for
geochemical analysis, one was used for ecological analysis and
the last was used as a back-up.

Suspended particulate organic matter (SPOM) samples were
determined to compare the geochemical information and differ-
ences of organic matter between the water column and the surface
sediment. Samples were collected from the surface, middle and bot-
tom layers of the water columns at each site in March 2010. The
sampling water depths at site A were 1 m, 12 m and 25 m, respec-
tively; the depths at site D were 1 m, 11 m and 22 m, respectively;
and the depths at site C were 1 m, 5 m and 10 m, respectively. Sam-
ples for TOC, TN, d13C and d15N analysis were collected by filtering
100 mL water using 13-mm precombusted (450 �C for 4 h) GF/F
glass-fiber filters (Whatman) immediately after sampling. The sam-
ples were freeze-dried and kept frozen until analysis.

2.2. Core age measurement

210Pb and 137Cs radiometric-dating techniques (Goldberg, 1963;
Oldfield and Appleby, 1984) were used to measure the chronology
of the sediment cores at the Institute of Geography and Limnology,
Chinese Academy of Sciences. Radiochemical measurements were
performed using well-type Ge detectors (Model Ortec HPGe
GWL). The 210Pb and 137Cs activities were given after correction
with standard samples provided by the Chinese Institute of Atomic



Fig. 2. 137Cs and 210Pb activities and median grain size (d50) versus depth of core A.

Fig. 3. 137Cs and 210Pb activities and median grain size (d50) versus depth of core D.
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Energy Research and the University of Liverpool. Sedimentation
rates were calculated using the Constant Rate of 210Pb Supply
(CRS) model (Joshi and Shukla, 1991).

2.3. TOC, TN, d13C and d15N analysis of sediment cores and SPOM

The sediment samples were homogenized by grinding after
freeze-drying and were then acidified to remove inorganic carbon
by adding 1 mL of 0.5 M HCl to every 100 mg of sample. The sam-
ples were blow-dried under 60 �C, and Milli-Q water was then
added to wash out the extra acid. The samples were then freeze-
dried and placed in 5 � 8-mm tin capsules. Stable isotope mea-
surements were made using a continuous-flow isotope-ratio mass
spectrometer (Delta V Advantage, Thermo Scientific, Germany)
coupled to an elemental analyzer (Flash EA1112 Thermo Scientific,
Italy). Reference gases were calibrated against International Refer-
ence Materials (IAEA-N1, IAEA-N2 and IAEA-600 for nitrogen;
USGS-24, IAEA-CH6 and IAEA-600 for carbon). The results are ex-
pressed relative to Vienna PeeDee Belemnite and atmospheric N2

for d13C and d15N, respectively. Replicate measurements of a labo-
ratory standard (acetanilide, Thermo Scientific) analyzed with the
samples indicated that the analytical errors were <0.1‰ for both
d13C and d15N. The TOC:TN ratios were determined from the
%TOC and %TN data obtained as part of the stable isotope analyses.

The SPOM samples were acidified using HCl fumes for 4 h after
freeze-drying and were then placed in 5 � 8-mm tin capsules. TOC,
TN and stable isotopes of C and N were analyzed and calculated in
the same way as for the sediment samples.

2.4. Sediment grain size analysis

The grain sizes of the sediment samples were measured using a
Mastersizer 2000 Laser Particle Sizer. The grain sizes were classi-
fied into 4 groups: less than 4 lm for clay, 4–64 lm for silt, and
larger than 64 lm for sand. Before the grain-size measurements,
the samples were oxidized using 10% H2O2 to remove organic mat-
ter and were dispersed in a 0.05% sodium hexametaphosphate
solution to separate discrete particles.

2.5. Data analysis

Correlation analyses among the parameters were analyzed
according to a 2-tailed test using the SPSS 11.5 (Statistical Product
and Service Solutions) software. Fig. 1 was prepared using MapGIS
7.0, and other figures were produced using Grapher 8.0.
3. Results

3.1. Sediment chronology and grain size analysis

The excess 210Pb (210Pbex) activities of the three sediment cores
showed an approximately exponential recession, with some sub-
fluctuations (Figs. 2–4). The variability in the 210Pbex activity, par-
ticularly over the surface 20 cm, supports the application of the
CRS model to estimate the sedimentation rate of the core (Appleby
et al., 1986). The calculated average sedimentation rate indicated a
time span of ca. 1865–2008 for core A (=0.70 cm/year), ca. 1876–
2008 for core D (=0.91 cm/year), and ca. 1858–2008 for core C
(=0.78 cm/year).

The 137Cs activities were first found at a depth of approximately
26 cm, and two peaks appeared at depths of 14.5 and 5.5 cm in
core A, corresponding to the worldwide atomic bomb testing in
approximately 1975 and the Chernobyl nuclear station release
accident in 1986. For core D, the 137Cs activity peaks at depths of
40.5, 16.5 and 8.5 cm corresponded to the worldwide atomic bomb
testing in 1963 and in 1975 and the Chernobyl nuclear station acci-
dent in1986, respectively. Similar to core A, the 137Cs activities for
core C were also first found at 26 cm, corresponding to the world-
wide atomic bomb testing in approximately 1975. The good match
of the 210Pb and 137Cs profiles indicated that age measurements are
available in this study.

The grain size distribution was analyzed in our study (Figs. 2–4)
because of its close relationship with organic matter and the sedi-
mentation rate (Keil et al., 1994). The mean grain size profiles indi-
cated that silt dominated in the studied area. Core A displayed the
finest sediment quality, with the median grain size (d50) ranging
from 10 to 30 lm, and the median grain size (d50) displayed slight
variability from 0 to 60 cm except the increased values found from
35 to 50 cm. Core D is coarser than core A, with a range of 20–
40 lm. Similar to core A, the median grain sizes (d50) of core D also
showed slight variability, indicating a relatively stable sedimentary
environment and good conditions for organic matter preservation
in both cores A and D. In comparison, core C was characterized
by the coarsest sediment quality in the upper section (0–20 cm),
with a range of 40–60 lm, but with fine sediment in the lower sec-
tion, indicating a potential increased impact since the 1980s.



Fig. 4. 137Cs and 210Pb activities and median grain size (d50) versus depth of core C.
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3.2. The profile of geochemical parameters in core A

The variations of geochemical parameters (TOC, TN, TOC:TN,
d13C and d15N) in sediment core A are shown in Fig. 5. The ranges
of TOC and TN were 0.36–0.76% and 0.04–0.09%, respectively
(Fig. 5a and b). The pattern of TOC and TN trends in core A dis-
played a gradual increase in the 0–25 cm section (=ca. 1975–
2008) and a sudden increase in the 35–50 cm section, with
TOC > 0.6% and TN > 0.06% (Fig. 5a and b). The gradual increase at
0–25 cm indicated possible nutrient enrichment in the water col-
umn that occurred since 1975.

The calculated TOC:TN ratios in the core were narrow, with a
range of 8.7–9.9 (Fig. 5c). The d13C values ranged from �23.0‰

to �21.1‰ and the d15N values ranged from 3.9‰ to 8.0‰

(Figs. 5d and e). A few high and variable values of d13C and d15N oc-
curred in the upper section of the core (at a depth of 0–40 cm),
which indicated the increased terrestrial impact, and it matched
the rising trend of TOC and TN in the upper section of the core.
The values and ranges of the TOC:TN ratios and d13C all tend to
Fig. 5. The variations of TOC, TN, TO
indicate that phytoplankton biomass dominated in the organic
matter of the sediment.

3.3. The profile of geochemical parameters in core D

The ranges of TOC and TN in core D were 0.31–0.68% and 0.04–
0.07%, respectively (Fig. 6a and b). Compared with the results in
core A, most of the TOC and TN values in core D were much lower.
For example, TOC values of >0.6% only occurred at the 0–5 cm
depth, and TN values >0.06% were only found at the 0–15 cm depth
(Fig. 6a and b). The trends of the TOC and TN values in core D dis-
played a similarity to those observed in core A with gradually
increasing TOC and TN values occurred in the upper section of
the core (0–20 cm = ca. 1983–2008), however no high values were
found from 35 to 50 cm as in core A (Fig. 6a and b). Compared with
core A, core D showed a more stable sedimentary environment and
a slower process of nutrient enrichment.

In a general, the TOC:TN ratios and d13C and d15N displayed low-
er values than those in core A (Figs. 6c–e). The TOC:TN ratios ran-
ged from 7.9 to 10.8, with higher values at a depth of 60–120 cm
and lower values at a depth 15–50 cm. A brief period of decline
in TOC:TN ratios occurred at a depth of 0–15 cm (Fig. 6c). The
opposite trend of TOC:TN indicated that the TOC might not in-
crease as fast as the TN in core A. Compared with the results in core
A, the d13C values were narrower, with a range of �23.1‰ to
�22.0‰, particularly in the upper section of the core, indicating
that the source of organic matter is relatively simple (Fig. 6d).
The d15N values ranged from 5.0‰ to 6.0‰, with a slight increase
at a depth of 0–65 cm, indicating a less terrestrial impact than in
core A (Fig. 6e). Similar to core A, the values and ranges of TOC:TN
and d13C suggested that phytoplankton biomass dominated in the
organic matter of the sediment in core D.

3.4. The profile of geochemical parameters in core C

In comparison, lower and less variable TOC and TN values oc-
curred in core C, with the TOC ranging from 0.38% to 0.58% and
TN from 0.04% to 0.06%, respectively, although a very slight in-
crease occurred in the upper section of the core (Fig. 7a and b).
The variations of TOC and TN values in core C suggested a low-
impact from eutrophication. However, the TOC:TN ratios in core
C were close to those in core A and higher than those in core D,
C:TN, d13C and d15N in core A.



Fig. 6. The variations of TOC, TN, TOC:TN, d13C and d15N in core D.

Fig. 7. The variations of TOC, TN, TOC:TN, d13C and d15N in core C.
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with a range of 9.1–11.0 (Fig. 7c). Moreover, compared with cores
A and D, d13C displayed the highest and most variable values, with
a range of �22.8‰ to �21.3‰, particularly in the upper section of
the core (Fig. 7d). The d15N values ranged from 4.5‰ to 6.7‰, lower
than in core A but slightly higher than in core D, and most of the
high d15N values (>6.0‰) in core C occurred at a depth of 0–
20 cm (=ca. 1983–2008) (Fig. 7e). The results of TOC:TN, d13C and
d15N indicated that core C was impacted by terrestrial inputs,
although no significant evidence was found for the variation of
TOC and TN.

3.5. Geochemical parameters of SPOM from the water column

The TOC, TN, TOC:TN ratios, d13C and d15N of SPOM from the
water column at the three sites at the three water depths were
measured to verify the results from the surface sediment (Table 1).
The highest values of TOC and TN in SPOM occurred at site C, show-
ing a result opposite that observed in the surface sediment. The
variations of TOC:TN in SPOM were narrow, with a trend of site
D (7.44–7.63) > site A (6.13–7.33) > site C (5.89–7.14), indicating
that the organic carbon source composition at site C was more
complex, although it did not occur in the surface sediment
(Table 1). The d13C values in SPOM were higher at site C
(�23.8‰ to �22.8‰) compared with sites A (�23.4‰ to
�23.0‰) and D (�23.1‰ to �23.5‰) (Table 1). These results were
consistent with the results for the surface sediment, and both
indicated that the terrestrial impact at site C was more significant.
The d15N values in SPOM displayed significant differences among
the three sites, with a trend of site A (3.0–4.0‰) > site D
(2.9–4.2‰) > site C (1.7–3.2‰) (Table 1).

Upon combining these parameters in SPOM and sediment, two
significant points are observed: (1) at sites A and D, the organic
matter source composition was simple, with phytoplankton dom-
inant and (2) at site C, terrestrial organic matter displayed a more
obvious signal than at sites A and D, and the high TOC and TN sig-
nal in SPOM did not reflect the results for the surface sediment.



Table 1
Comparison of TOC, TN, TOC:TN, d13C and d15N between surface sediments and the SPOM at the three sites.

Material Site Depth (m) TOC (%) TN (%) TOC:TN d13C (‰) d15N (‰)

SPOM A 1 49.15 6.71 7.3 �23.3 4.0
12 43.39 6.66 6.5 �23.0 3.5
25 55.03 8.98 6.1 �23.4 3.0

D 1 47.13 6.18 7.6 �23.4 2.9
11 49.93 6.71 7.4 �23.1 3.3
22 52.70 6.92 7.6 �23.5 4.2

C 1 63.88 10.85 5.9 �22.8 1.7
5 90.31 12.65 7.1 �23.8 3.2
10 67.10 10.43 6.4 �23.1 2.8

Surface sediment A – 0.69 0.07 9.6 �22.8 5.5
D – 0.66 0.07 9.4 �22.7 5.9
C – 0.52 0.05 9.8 �22.5 5.5
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4. Discussion

In this study, significant rising trends of TOC and TN were found
in the upper sections of cores A and D (Figs. 5 and 6), which cov-
ered a time span of approximately 1975–2008 and, supported
our hypothesis that eutrophication could have occurred in Sishili
Bay since the Chinese economic reform in 1978. The result of dia-
tom frustules and dinoflagellate cysts at site A also increased at
1975 and dominant species shifted abruptly. However, this signal
was not significant in core C, although TOC and TN displayed a very
slight increase in the upper section of the core (Fig. 7). The results
from the TOC:TN ratios and d13C and d15N in the three cores were
characterized by the dominance of marine organic matter, with a
less or more increased terrestrial signal displayed in the upper sec-
tion of the cores. Based on these results, human activities related to
eutrophication, the differences among the three sites and the vari-
ations of the organic matter sources in the sediment are discussed
below.
4.1. Indication of eutrophication from the cores in Sishili Bay

Since China’s economic development in 1978, various human
activities have developed quickly around Sishili Bay, including a ra-
pid increase in population, fertilizer use, sewage discharge, ship-
ment, and marine aquaculture, etc. (Fig. 8a–e). Sun et al. (2012)
found that metals (e.g., Cr, Zn, As, Pb, Cu) in sediment cores also
showed an obvious increase since the 1980s, indicating the impact
from the increased human activities. Eutrophic signal was also ob-
served in previous studies. For example, recent survey data from
the water column showed that the delivery of nitrate and phos-
phate derived from these activities has increased nutrient levels
and caused substantial eutrophication in Sishili Bay (Zhou et al.,
2006; Yu et al., 2009; Wang et al., 2012). Meanwhile, increased
harmful algal blooms and phytoplankton biomass in Sishili Bay
since the 1990s further demonstrated the impact of increased
nutrients (Yu et al., 2009; Hao et al., 2011; Jiang et al., 2011). This
increase was recorded in cores A and D and was reflected in the
upper sections of the cores by the increased TOC and TN.

Core A was collected at a site near the shore and the outlet of
the Taozi sewage treatment plant (Fig. 1). Based on historical sta-
tistical data, the population increased since 1950 (Fig. 8a), resulted
in the increasing organic matters and nitrogen loadings from ter-
restrial. The high values of TOC, TN in 0–25 cm (1975–2008) and
the high variations of d13C and d15N between 0 and 40 cm both
showed this. Since the 1970s, the rapid increase in population
has led to an increase of economic development in Yantai. Effects
from human activities mainly included two periods:one was the
effects from the increase of fertilizer use as results of agriculture
reform in the early stages of the national economic reform.
Fertilizer use showed a significant increase of in 1975 and quickly
reached a peak of 10.5 � 105 tons in 1980 (Fig. 8e). The other was
effects from the increase of marine dumping and sewage discharge
during 1990s and 2000s (Liu et al., 2013). The increase of growth
domestic production mainly happened after 1990s (Fig. 8b), of
sewage discharge mainly happened after 1995 (Fig. 8f), and the in-
crease of cargo throughput even happened since 2000 (Fig. 8c and
d). Moreover, a significant correlation between TOC and TN
(P < 0.01) (Table 2), high and variable d15N values in the upper sec-
tion of core A (Fig. 5e) and SPOM (Table 1) indicated the impact of
nitrogen pollution at site A on TOC. This impact was also found in
the nutrient analysis of water in Yantai coast, which showed much
higher nitrogen concentrations at site A (Wang et al., 2012). Com-
bine the variations of TOC, TN and effects from human activities,
increase of fertilizer use matched the increase of TOC and TN since
1970s, and other factors such as the sewage discharge speed up the
increase after 1990s. The sudden increase in the 35–50 cm section
corresponded to the increase of grain size related to a sudden in-
crease in coarse silt (Fig. 2), and might being caused by a distur-
bance from a flood or other land source (Liu et al., 2013).

Core D was collected at a relatively offshore area (Fig. 1) with
less human activity. However, increased TOC and TN, indicating
eutrophication, was observed in the upper section of core D (= 0–
20 cm), although the values of TOC and TN were obviously lower
than those in core A (Fig. 6). Two factors may help explain these re-
sults. First, coastal currents can bring pollution from site A to site D
over time. Second is the impact from marine dumping since 1988
near site D. Ji et al. (2003) found environmental deterioration
around this region since marine dumping began, and high diatom
frustules and cysts were observed in the surface sediment of site D
(Liu et al., 2012; Di et al., 2013). This information matched the vari-
ations of TOC and TN in core D. Meanwhile, the slight variations of
d15N values in core D (Fig. 6e) and the lower values in SPOM at site
D (Table 1) also suggested a lower eutrophication rate compared
with site A.

In comparison, no distinct increase in TOC and TN was found in
core C (Fig. 7), although high TOC and TN occurred in the SPOM
measurements at site C (Table 1). Core C was collected from a site
near scallop aquaculture (Fig. 1). Previous studies have shown that
filter-feeding bivalves have a potential use in mitigating the eutro-
phication pressures in coastal waters (Rice, 2000; Nelson et al.,
2004). For example, oyster farming was used to improve the envi-
ronmental quality of the Chesapeake Bay (Ulanowicz and Tuttle,
1992; Gottlieb and Schweighofer, 1996); mussel farming was used
to improve the marine water quality in Sweden (Lindahl et al.,
2005); additionally, in Sanggou Bay, a change from a kelp culture
to a mixed culture of kelp and bivalves reduced TOC in the sedi-
ment from 1.88% to 0.48% (Song et al., 2012). These examples
may explain why no obvious eutrophic signal occurred at site C.
Marine aquaculture began in Sishili Bay in the 1960s, but



Fig. 8. Variations of human activity factors in Yantai, China (Shandong statistical yearbooks, 2011; Yantai statistical year books, 2011).

Table 2
Pearson correlations between TOC, TN, TOC:TN, d13C, d15N and BSi of samples in the
three sediment cores.

Factors Cores TOC TN TOC:TN d15N

TOC A – 0.959** – –
D – 0.870** – –
C – 0.708** – –

d13C A – – �0.340* 0.507**

D – – �0.866** 0.477**

C – – �0.364* 0.479**

BSi A 0.475** 0.475** – –
D 0.819** 0.802** – –
C 0.359* 0.352* – –

(The BSi data was provided by Li Xin).
** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).
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large-scale scallop aquaculture was developed in the 1990s,
accounting for ca. 70% of the bay area (Zhao and Wang, 2004). In
Sishili Bay, the mitigation of eutrophication by the collection of
cultured scallops also reported by Zhou et al. (2006). The high graz-
ing pressure of scallops on phytoplankton and the harvest of scal-
lops significantly reduced the levels of TOC and TON in the
seawater. As a result, the TOC and TN contents in the sediment
can decline, although the variable TOC:TN ratios and d13C and
d15N indicated the impact on the composition of organic matter.
In addition, the scallop aquaculture in Sishili Bay usually operates
between May and October. Our SPOM samples in this study were
collected in March 2010 before scallop aquaculture started, which
may explain the inconsistent results between SPOM and the sur-
face sediment samples at site C.

A comparison of the TOC and TN of the three sediment cores in
Sishili Bay with results from other coastal and estuarine areas
showed that although the three sites were characterized by im-
pacts from different anthropogenic activities, the organic matter
contents were all relatively close to the offshore areas of the Pearl
River (Zhang, 2006) and the Yangtze River (Feng et al., 2008), but
much lower than other bays with distinct human activity effects,
such as Daya Bay (Du et al., 2008) and the estuary areas of the
Yangtze (Gao et al., 2007) and Pearl (Zhang, 2006) rivers. The
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comparison indicated that the sedimentary environment of Sishili
Bay showed less eutrophication pressure and is close to the envi-
ronment of the offshore areas.

4.2. Discrimination of organic matter sources from the cores in Sishili
Bay

In this study, combined information from TOC:TN ratios and
d13C and d15N in the cores and SPOM was used to elucidate the ori-
gin of organic matter in Sishili Bay. First, the TOC:TN ratios of cores
A, D and C were narrow, with ranges of 8.7–9.9, 7.9–10.8, and 9.1–
11.0 (Figs. 5–7), respectively, and significant correlations between
TOC and TN were found in the three cores (P < 0.01) (Table 2).
Based on previous studies (Meyers, 1994; Cifuentes et al., 1996),
the organic matter sources of the three sites in our study seemed
to be a mixture of marine and terrestrial sources with phytoplank-
ton as the dominant component. However, considering the effects
of oxidation and denitrification during sedimentation (Andrews
et al., 1998; Waterson, 2005; Kuwae et al., 2006), the organic
sources based on the TOC:TN values must be considered with cau-
tion, and there is a need to refer the ranges of d13C.

If the TOC:TN ratios clearly indicated the organic matter source,
a good relationship between the TOC:TN ratio and d13C should ex-
ist (Owens, 1985). In this study, significant correlations between
the TOC:TN ratio and d13C were found in the three sediment cores
(P < 0.05 for core A and core C; P < 0.01 for core D) (Table 2), indi-
cating that the TOC:TN ratios and d13C both could be used to assess
the organic matter sources.

The d13C values in the three sediment cores all displayed narrow
ranges of �21.1‰ to �23.0‰ (core A), �22.0‰ to �23.1‰ (core D)
and �22.8‰ to �21.3‰ (core C), respectively. The corresponding
d13C values of the SPOM water column at the three sites were
�23.4‰ to �23.0‰ (core A), �23.5‰ to �23.1‰ (core D) and
�22.8‰ to �21.3‰ (core C), respectively. According to Chen
et al. (2012), the C3 plants around our study area had d13C values
of �26‰ to �27‰. The d13C values for the three cores in our study
were slightly lower than those of phytoplankton and higher than
those of the C3 plants. Because the d13C values of the C4 plants
range from �9‰ to �16‰, with a mean value of �13‰ (Pancost
and Boot, 2004), a mixture of C3 and C4 plants could also result
in a d13C value of �23‰. Corn is the dominant C4 plant in our study
area. The TOC:TN ratios of corn are 60–200, much higher than
those of our sediment samples, indicating that the terrestrial input
of C4 plants could most likely be neglected and that the high d13C
value is most likely related to aquatic biomass. Because phyto-
plankton are dominant in Sishili Bay and are the most important
source of BSi in the sediment (Hao et al., 2011; Jiang et al., 2011),
positive correlation between BSi and TOC should be found in our
study if the estimation of organic matter sources in Sishili Bay is
valid. Correlations between TOC and BSi were thus analyzed in
our study. Significant positive correlations between TOC and BSi
for the three sediment cores (P < 0.01 for core A and D; P < 0.05
for core C) were found (Table 2), indicating the major contribution
of diatoms on TOC. All the above information enhanced the dis-
crimination of organic matter sources in the cores from Sishili
Bay, which appeared to be dominated by marine sources related
to phytoplankton.

Although the proportion of terrestrial inputs was low in the
sediment of Sishili Bay, the rising trend in recent decades and
the significant difference between the three sites caused by differ-
ent human activities and river input were still evident. Site A is
close to the sewage discharge outlet, with higher nutrient loadings
compared with the other two sites, especially for nitrogen loadings
(Wang et al., 2012). The correlations between TOC and TN and be-
tween d13C and d15N in core A were more significant than in the
other two cores (Table 2). The relatively higher and more variable
d15N values occurred in the section of 0–40 cm in core A also indi-
cated the high terrestrial nitrogen loadings. The results showed the
significant linear impact of increased TN on the content of TOC.
However, the correlations between TOC:TN ratios and d13C and be-
tween TOC and BSi in core A were weaker than in core D (Table 2),
and the TOC:TN ratios were higher (Fig. 5), indicating that the ter-
restrial organic matter loadings contributed to the TOC contents in
core A more than in core D.

Site C is located in the bay with a few nearby small rivers
(Fig. 1). Compared with the other two cores, the TOC:TN ratio
ranges were wider and the d13C values were more variable in core
C, indicating diverse organic matter sources and the likely impact
from rivers (Fig. 7). However, the feeding behavior of the cultured
scallops in this area consumed part of the TOC and TN and weak-
ened the rising trends in core C. Meanwhile, the correlations be-
tween BSi and TOC and TN, between d13C and d15N, and between
TOC and TN were weaker than the other two cores, further indicat-
ing the more impact from terrestrial organic matter sources and
aquaculture.

In comparison, site D is located in a relatively offshore area with
less terrestrial loadings (Fig. 1). The values and ranges of TOC:TN
ratios, d13C and d15N and the significant correlation between
TOC:TN ratios and d13C indicated a simpler organic matter source
composition, and the effects from terrestrial loadings are lighter.
Moreover, the highest correlation coefficient of TOC and BSi indi-
cated the significant contribution of phytoplankton to the total
TOC in core D (Table 2).

The ranges of TOC:TN ratios in Sishili Bay were close to the sam-
ples from relatively offshore areas, such as the adjacent Pearl River
shelf (Zhang, 2006), but narrower than the sediments from estuary
areas, including Jiaozhou Bay (Dai et al., 2007; Li et al., 2008) and
the Pearl River estuary (Zhang, 2006). The d13C values were also
close to the adjacent Pearl River shelf (Zhang, 2006) and the off-
shore area of the Yangtze River (Feng et al., 2008). These values
were lower than those of areas with obvious anthropogenic load-
ings, such as Gokasho Bay (Yokoyama et al., 2006) and the Gulf
of Mexico (GoñI et al., 1998). The ranges of d13C values were wider
than those of offshore areas such as the adjacent Pearl River shelf
(Zhang, 2006) and the offshore area of the Yangtze River (Feng
et al., 2008) and were much narrower than those of the estuary
areas, such as the Yangtze River estuary (Gao et al., 2007) and
the Pearl River estuary (Zhang, 2006). Based on all the compari-
sons, the organic matter sources in Sishili Bay were relatively sim-
ple, with less terrestrial loadings compared with other estuaries,
and they showed the characteristics of offshore marine carbon bio-
mass as the dominant source.
5. Conclusions

Three sediment cores covering a 100-year span in Sishili Bay
displayed variations in total carbon and nitrogen and their isotope
composition. There were indications of a eutrophic trend starting
in the 1975 in Sishili Bay. The organic matter composition indi-
cated an increased terrestrial loading related to human activity
(e.g., fertilizer use, sewage discharge, marine dumping) and river
input, although marine organic matter sources still dominated in
Sishili Bay. Among the human activities analyzed, fertilizer use
matched the increase of TOC and TN from 1975, and sewage dis-
charge, marine dumping and cargo throughput speed up the in-
crease from 1990s to 2000s. In addition, the feeding behavior of
cultured scallops contributed to a significant mitigation of eutro-
phication pressures in Sishili Bay. Compared with other coastal
areas, the sedimentary environment of Sishili Bay showed less
anthropogenic impacts, with relatively low terrestrial loadings,
and it is close to the environment of offshore areas.
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