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ABSTRACT: We used a multiple-proxy palaeoecological method to reconstruct a 100 yr time series
showing coastal eutrophic processes and phytoplankton responses. Total organic carbon, total
nitrogen, diatom frustules, dinoflagellate cysts,
brassicasterol and dinosterol were extracted from
chronologic sediment cores in Sishili Bay, a polluted area in China. The cores showed that
eutrophication occurred during about 1975 to
1985, which corresponds to increased human
activity associated with China’s economic development since 1978. During eutrophication, the biomass of diatoms and dinoflagellates increased, and
dominant species shifted abruptly. The small,
heavily silicified diatoms Cyclotella stylorum and
Paralia sulcata gradually took the place of the
large dominant diatom Coscinodiscus radiatus,
while dinoflagellates displayed a progressive increase since 1975. Compared to changes in temperature and rainfall during 1950 to 2010,
increased fertilizer use, marine aquaculture and
sewage discharge showed a better match to the
increasing trend in biomass, species shift and
nutrient concentration. Altered nutrient supply
ratios caused by increased nitrogen inputs play
an important role in the shifts in diatom and dinoflagellate assemblages.
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Paleoecological methods make it possible to reconstruct
anthropogenic effects such as coastal eutrophication over
periods of a century.
Photos: Dongyan Liu & Zhijun Dong

INTRODUCTION
Over recent decades, coastal waters have undergone significant deterioration, much of it due to
anthropogenic eutrophication (de Jonge et al. 2002)
and climate change (Harley et al. 2006). Setting a
target for nutrient reduction requires not only information on nutrient sources, distribution and recycling, but also requires knowledge of the trends and
baselines of nutrient concentrations in coastal waters
© Inter-Research 2013 · www.int-res.com
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(e.g. de Jonge & Essink 1991, Cooper 1995a, Billen &
Garnier 1997, Clarke et al. 2006, Parsons et al. 2006),
to determine the effects of anthropogenic activity.
Similarly, variations in marine ecosystems responding
to eutrophication can be identified objectively against
the background of long-term environmental changes.
For example, long-term marine observation data
(e.g. North Sea, Baltic Sea and Chesapeake Bay)
have shown that nutrient enrichment can increase
the incidence of phytoplankton blooms and induce
a major species shift from diatoms to flagellates at
decadal scales (Hickel et al. 1993, Wasmund 2002,
Marshall et al. 2009).
In China, a high human population density of
> 800 ind. km−2 living in coastal areas (Ge & Feng
2009) and rapid economic development since the
1978 economic reforms have produced remarkable
anthropogenic impacts along the coastline. Chinese
coastal eutrophication is characterized by a dramatic
nitrogen overload in the mouths of large rivers (e.g.
Yangtze and Pearl Rivers; Huang et al. 2003, Chai et
al. 2006) and in coastal waters (e.g. Bohai Sea, Yellow
Sea; B. Wang et al. 2003, X. Wang et al. 2009). Consequently, high-biomass algal blooms have increased
significantly in Chinese coastal waters since the
1980s and particularly during the late 1990s (Zhou et
al. 2001). However, it is difficult to track the eutrophication history and identify trends in phytoplankton
shifts in response to eutrophication processes over
recent decades, because long-term and continuous
observational data in Chinese coastal waters before
the 1990s are very limited.
The development of palaeoceanographical technology provides an effective pathway for understanding past changes in marine environments and the
responses of associated organisms. A chronology of
environmental and ecological information can be
established by extracting the geochemical and biological remains stored in sediments and using a
method of multi-proxy analysis (e.g. Cooper 1995a,b,
Cornwell et al. 1996, Clarke et al. 2006, Dale 2009).
Cooper (1995a) used several geochemical indicators
(e.g. organic carbon and biogenic silica) and diatoms
for reconstructing a 2000 yr history of sedimentation, eutrophication, anoxia and diatom community
structure in Chesapeake Bay, USA, and the results
indicated that eutrophication began at the time of
European settlement of the watershed and increased
with increasing land use. Ellegaard et al. (2006) used
geochemical and biological proxies in a sediment
core to track the eutrophication process in the Danish
estuary Mariager Fjord and found that the main
changes over the past 100 yr occurred between 1915

and the 1940s, with major species shifts towards those
more tolerant to nutrient enrichment.
Among biological proxies (e.g. diatoms, dinoflagellate cysts, foraminifera, pigments, biomarkers) deposited in the sediment, diatom frustules and dinoflagellate cysts display the best representation of
anthropogenic activity in coastal lagoons (Andersen
et al. 2004), for several reasons: (1) they are the major
primary producers in most marine ecosystems and
are sensitive to various environmental changes (such
as temperature, salinity and nutrients; e.g. Cooper
1995a, Parsons et al. 1999); and (2) their key taxonomical features, viz. cell walls, are preserved in the
sediment distinctly enough to obtain both species
identification and enumeration, and thus to interpret the responses of phytoplankton to environmental change (e.g. Cooper 1995b, Parsons et al. 2002,
Feifel et al. 2012). However, factors which create
uncertainty in the application of diatom frustules and
dinoflagellate cysts have also been found: (1) small
colony-forming diatoms (< 20 μm), which occupy
many coastal waters in large proportions, are not
well preserved in the sediment, due to their fragile
frustules (e.g. Skeletonema costatum, Chaetoceros sp.);
thus, the accuracy of identification may be low and
enumeration may be underestimated (Battarbee et
al. 2001, Sabetta et al. 2005); (2) only ~15% of dinoflagellates (about 200 species) are known to produce
resting cysts during their dormancy phase (Matsuoka
& Fukuyo 2000), and this can result in a significant
underestimate of the dinoflagellate biomass in the
upper water column; (3) some diatom frustules and
cysts can be lost during sampling and isolating processes, depending on sample sizes, chemical concentrations, sieve materials and sizes, and sample treatment (Wood et al. 1996, Lignum et al. 2008). Thus, it
is important to establish other parameters related
to the abundance of diatoms and dinoflagellates to
verify the accuracy of biomass estimates.
Sterols are considered the best biomarkers for
diatoms and dinoflagellates, due to their biosynthetic
specificity and resistance to degradation in the sediment; in particular, dinosterol (4α, 23, 24-trimethyl5α-cholest-22(E)-en-3β-ol) is produced almost exclusively by dinoflagellates (Withers 1987, Leblond &
Chapman 2000), and brassicasterol (24-methylcholest-5, 22(E)-dien-3-ol) is a biomarker of diatoms
(Barrett et al. 1995, Volkman et al. 1998). Although
various chemical and physical conditions (e.g. sedimentation rate, temperature, dissolved oxygen, bacteria, and bioturbation; Canfield 1994, Sun & Wakeham 1998) can affect the sterol concentration in the
sediment, particularly in the surface sediment, these
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compounds can be preserved for up to 3 million yr
(Rousseau et al. 1995). Changes in the brassicasterol
concentration of marine sediments are related to
variations in diatoms and primary productivity (Schubert et al. 1998, Hinrichs et al. 1999, Schulte & Bard
2003). Leblond et al. (2010) reviewed approximately
100 dinoflagellates that can produce over 50 different sterols and found that about two-thirds of the
dinoflagellates contained dinosterol. A positive exponential correlation between dinoflagellate cyst concentration and dinosterols was observed in sediments of the Celtic and Irish Seas (Marret & Scourse
2003); moreover Mouradian & Panetta (2007) found
that the sum of all dinoflagellate-derived sterols
shows a better correlation with total dinocyst counts
than using only dinosterol.
For this study, we chose Sishili Bay, one of many
coastal bays heavily impacted by human activity,
located in the northern Yellow Sea, China (Fig. 1), as
our study area. The main goals were to track when
eutrophication first occurred and to assess how the
diatom and dinoflagellate assemblages varied during
the rapid phase of coastal eutrophication since 1978.
Geochemical parameters (total organic carbon and
total nitrogen) in the sediment cores were analyzed.
Biomass and species composition of diatom frustules
and dinoflagellate cysts in the sediment cores were
used as palaeoecological indicators to track the response of phytoplankton to eutrophication over the
last 100 yr, and brassicasterol and dinosterol to verify
the accuracy of the fossil record. Results were eva-
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luated in the context of increased nutrient loading,
changes in phytoplankton assemblages in the upper
water body, regional climate change and historic
knowledge of Yantai City’s development through
time.

MATERIALS AND METHODS
Study area and sampling
Sishili Bay has an area of about 130 km2 (Fig. 1). It
is characterized by a temperate climatic regime, with
a sea surface temperature of 23.3 to 27.4°C in summer and 2.5 to 5.0°C in winter (Jiang et al. 2011).
Only 4 small ephemeral rivers (Guangdang, Majia,
Xin An and Xiao Yuniao Rivers) flow into the bay,
and salinity varies between the wet and dry season
from 29.6 to 33.0 (Jiang et al. 2011). The water depth
is generally less than 15 m, and hydrodynamic processes are controlled by tide- and wind-induced
currents (Zhang & Dong 1990).
We collected 4 ca. 1 m long sediment cores off
Zhifu Island at Stn A (37°38’20.37’’N, 121°21’31.03’’ E;
water depth ~12 m) in December 2008 (Fig. 1), using
a gravity corer with a 10.5 cm internal diameter.
Visual inspection of the cores after longitudinal cutting displayed fine black sediment and no evidence
of macrofauna. The cores were sectioned into 1 cm
intervals within 24 h of collection and then stored in
a freezer at −20°C. Sub-samples were freeze-dried

Fig. 1. Study area, showing core sampling site in Sishili Bay, China
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(Christ ALPHA 1-4 LD plus) in the laboratory for
biological and geochemical measurements. Core A-1
was used for age measurements; Core A-2 for total
organic carbon (TOC), total nitrogen (TN) and grain
size analysis; Core A-3 for biomarker extraction; and
Core A-4 for diatom frustule and dinoflagellate cyst
identification.

Core dating
210

Pb and 137Cs radiometric-dating techniques
(Appleby & Oldfield 1978, Appleby et al. 1986) were
used to measure the chronology of Core A-1 at the
Institute of Geography and Limnology, Chinese
Academy of Sciences. Radiochemical measurements
were performed using well-type Ge detectors (Model
Ortec HPGe GWL). 210Pb and 137Cs activities were
estimated after correction with standard samples
provided by the Institute of Chinese Atomic Energy
Research and the University of Liverpool.

Grain size, TOC and TN analysis
Grain sizes were measured using a Mastersize
2000 Laser Particle Sizer. The grains were classified
into 4 size classes (< 4, 4−16, 16−64 and > 64 μm) representing clay, fine silt, coarse silt and sand. Before
grain-size measurements, samples were oxidized
using 10% H2O2 to remove the organic matter, and
dispersed in 0.05% (NaPO3)6 solution to isolate discrete particles.
Freeze-dried sediments were homogenized by
grinding, and carbonate carbon was removed by
adding 1 ml 0.5 M HCl to every 100 mg sample, and
then rinsed with Milli-Q and freeze-dried for TOC
and TN measurements. TOC (%) and TN (%) were
determined with a Thermo Scientific Flash EA CHNS
elemental analyser.

Extraction of biomarkers
About 5 g of well-ground, freeze-dried sediment
powder was extracted with CH3OH/CH2Cl2 (1:3, v/v)
4 times after the addition of internal standard (n-C19OH). The extracts were dried under nitrogen flow
and then saponified overnight using 3 ml of KOH/
CH3OH (6%, w/v). The neutral fraction was extracted with CH2Cl2 (with 5% CH3OH) 4 times using
a silica column to separate the polar fractions. The
polar fractions which included the sterol group were

derived by N,O-bis (trimethylsilyl)-trifluoroacetamide at 70°C for 2 h before gas chromatography
(GC) analysis.
The lipids in the fractions were quantified using
an HP6890 GC fitted with an HP-1 column (50 m ×
0.32 mm × 0.17 μm, J&W) and a flame ionization
detector with splitless injection. Both the injector
and detector were set at 300°C. The carrier gas was
hydrogen with a flow rate of 1.3 ml min−1. The fractions were detected with the oven programmed
from 80°C (held for 1 min) to 200°C at 25°C min−1,
followed by 4°C min−1 to 250°C, then 1.8°C min−1 to
300°C (held for 8 min), 5°C min−1 to 310°C (held for
5 min).

Analysis of diatom frustules and dinoflagellate cysts
Standard methods were followed for the analysis of
diatoms (Battarbee et al. 2001). Sediment samples
were dried at 105°C, and then treated with 10% HCl
and 30% H2O2 to remove carbonate and organic
matter, respectively. After rinsing, zinc bromide (specific gravity 2.4) was added to the samples to suspend
the siliceous frustules, and then the samples were
centrifuged at 760 × g (10 min). An aliquot of suspended frustules was placed onto a cover slip and
then dried. Permanent slides for enumeration were
made by mounting the coverslips in Naphrax™.
Frustules were examined under an Olympus CX-31
light microscope. At least 300 valves were counted
in each sample, and abundance was calculated as
the number of valves per gram of dry sediment
(valves g−1 DW).
Standard methods were used for the analysis of
dinoflagellate cysts (Matsuoka & Fukuyo 2000). Sediment samples were treated with 10% HCl to remove
carbonates, while 40% HF solution was used to remove silicates. After the chemical treatment, samples
were sonicated for 30 s and sieved through 125 and
15 μm mesh to remove larger particles (e.g. sand and
mud). The residue on the 15 μm mesh was collected
and suspended in 3 ml of distilled water for cyst
identification and enumeration. Dinoflagellate cysts
were counted under an inverted microscope (Olympus IX81) at 400× magnification in a 5 ml tubular
plankton chamber (HYDRO-BIOS) after settling for
24 h. For the samples from 0 to 50 cm sediment
depth, at least 300 dinoflagellate cysts were counted
in each sample, but for the samples from 50 to 100 cm,
only ca. 200 to 300 cysts were counted in each sample
due to low abundance. Cyst abundance was calculated as the number of cysts g−1 DW.
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the change and allows identifying the year when the
diatom and dinoflagellate shift started (see Fig. 7).

Data analysis
Linear regression was used to analyse the correlations between diatom and dinoflagellate fossils and
their biomarkers. Trends of brassicasterol and dinosterol concentration were analysed using a MannKendall test (Partal & Kahya 2006) to quantify the
turning points of diatom and dinoflagellate assemblages over the last 100 yr.
The procedures are:
(1) The lag-1 serial correlation coefficient (R) is
computed.
The significance of R is tested, and if R is not significant at the 5% level, then the Mann-Kendall test
is applied to original values of the time series. If
the calculated R is significant, a ‘pre-whitened’ time
series obtained is: X0 = (X2 − RX1, X3 − RX2,…, Xn −
RXn-1), and then iterations are reprocessed until the R
value is not significant at the 5% level. The new nocorrelation X data series is then used for the MannKendall test.
(2) The Mann-Kendall test is applied.
Under the hypothesis that the time series data Xi (i
= 1, 2…, n) are a sample of n independent and identically distributed random variables, the test statistic
Sk is calculated by their ranks arranged in increasing
order:
Sk =

5

RESULTS
Geochemical proxies
Chronology
Unsupported 210Pb concentrations were variable in
the section from 0 to 15 cm and then declined to a
close constant level at 15 to 50 cm and a slight fluctuation at 50 to 100 cm (Fig. 2). The variability in 210Pb
activity, particularly over the top 15 cm, supports the
application of a Constant Rate of Supply model to
estimate the sedimentation rate (Appleby et al. 1986).
The average sedimentation rate was calculated as
0.70 cm yr−1, and the result indicates a time span
from ca. 1850 to 2008 (Fig. 2). 137Cs activity began
around 1963 (25 to 30 cm), and a peak in 137Cs activity
between 14.5 and 16.5 cm is attributed to Chernobyl
fallout in 1986, which is in reasonable agreement
with the 210Pb date for these depths (1985 to 1988).

k

∑ ri (k = 2, 3,…n)

(1)

i =1

ri =

{

+1,
0,

Xi > Xj
( j = 1, 2,…i )
else

(2)

and then the sequential values of the statistic UF(k)
are calculated as:
UF (k ) =

Sk − E (Sk )
Var (Sk )

(3)

E(Sk) and Var(Sk) are the mean and variance of the
test statistic, respectively. They can be calculated by
the following equations:
E (Sk ) =

k(k − 1)
,
4

Var (Sk ) =

k(k − 1)(2k + 5)
72

(4)

Similarly, a retrograde time series is computed as
the sequential values of the statistic UB (Sk). Two
curves from the results of UF (k) and UB (Sk) are
illustrated for trend analysis (see Fig. 7). The values
between ±1.96 are given at the confidence level α =
0.05, representing an increasing or decreasing trend,
respectively. The values of |UF | < 1.96 represent
a significant trend at the 95% significance level.
The intersection of the 2 curves UF and UB localizes

Fig. 2. Depth and age profiles of activity of
in Core A-1

210

Pb and

137

Cs

Mar Ecol Prog Ser 475: 1–14, 2013

6

Grain size
The median sediment grain size was fine silt with a
range of 7.8 to 26.1 μm (Fig. 3A). The variations in
grain size components in the core can be divided into
2 main periods (Fig. 3B−E): (1) grain sizes from 0 to

60 cm depth displayed slight variability, indicating a
stable sedimentation, although increased median values occurred along the 35 to 45 cm section (Fig. 3A).
A sudden increase at 35 to 45 cm was mainly due to
the coarse silt (16−64 μm) proportion (Fig. 3D) and
indicates a possible impact from land-based sources;
(2) in the 60 to 100 cm section, proportions of clay and
silt in the sediments displayed a regular fluctuation,
indicating an unstable sedimentation (Fig. 3B,D).

TOC and TN
TOC and TN showed a gradual increase at 0 to
25 cm (ca. 1975−2008) and a sudden increase at 35
to 50 cm (Fig. 3F,G). The increase at 0 to 25 cm corresponds to a stable sediment grain size, indicating a
period of nutrient enrichment in the water column
(Fig. 3A,F,G); the increase at 35 to 50 cm corresponds
to a sudden increase in coarse silt (Fig. 3D) and was
more likely caused by a disturbance from a flood or
other land source.
TOC/TN (C:N) ratios in the core ranged from 8.6 to
9.9 (Fig. 3H). Organic matter dominated by marine
phytoplankton generally has C:N ratios from 6.7 to
~10.1 (Meyers 1994, Stein 1991), so that the organic
matter in Sishili Bay is dominated by marine sources,
i.e. phytoplankton biomass.

Fig. 3. Depth and age profiles of geochemical parameters in Core A-2 (A−E) sediment grain size; (F) total organic carbon
(TOC); (G) total nitrogen (TN); (H) C:N ratio. Slanted arrows indicate sections of the core with an obvious increasing trend in
the variable, and horizontal arrows indicate the part of the core where an obvious change in the data pattern occurs. Dashed
line: midrange value (mean of the minimum and maximum values) to illustrate data variation
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Fig. 4. Depth and age profiles of diatom parameters in the sediment cores: (A) brassicasterol concentrations; (B) diatom frustules; (C−E) dominant species. Slanted arrows indicate sections of the core with an obvious increasing trend in the variable.
Dashed lines delimit periods of obvious change in the variable

Diatom and dinoflagellate proxies
Diatom frustules and brassicasterol
The variations in brassicasterol concentration in
Core A-3 (Fig. 4A) and diatom frustules in Core A-4
(Fig. 4B) displayed similar patterns: (1) a significant
increase at 0 to 25 cm (ca. 1975−2008), which includes a rapid increase at 0 to 10 cm (ca. 1994−2008)
and a relative slower but significant increase at 10 to
25 cm (ca. 1975−1994); (2) a relatively low biomass at
25 to 100 cm.
Moreover, dominant diatoms displayed a significant shift at 25 cm (Fig. 4C−E). Cyclotella stylorum
and Coscinodiscus radiatus dominated in the whole
core, but C. stylorum displayed a significant increase
in the 0 to 25 cm section (Fig. 4C,D). Paralia sulcata
occurred suddenly at 25 cm and then increased
markedly, becoming dominant. It was particularly
abundant at 0 to 10 cm (Fig. 4E).

Dinoflagellate cysts and dinosterol
A common pattern of dinosterol concentration
(Fig. 5A) and cyst numbers (Fig. 5B) was observed
in the core, with higher values at 0 to 25 cm and

lower values at 25 to 100 cm. However, they did not
show a synchronous increase and as close a match as
the diatoms and brassicasterol. Dinosterol concentration displayed an abrupt increase at 20 to 25 cm
(ca. 1975−1980) and then remained at a stable high
level at 0 to 20 cm. In contrast, the variation in cysts
was more variable than dinosterol concentration, including an abrupt increase at 10 to 25 cm (ca.
1975−1994) and a decrease at 0 to 10 cm (ca. 1994−
2008). These changes are related to variations in
dominant species (Fig. 5C−G). For example, the
dominant cysts Alexandrium sp., Protoceratium reticulatum and Protoperidinium sp. displayed a significant increase at 25 cm and then declined at 0 to
10 cm (Fig. 5C,F,G).

Correlations among biomarkers, diatom frustules
and dinoflagellate cysts
Brassicasterol concentration matched well with
that of diatom frustules (Fig. 6A). Correlation between dinoflagellate cysts and dinosterol concentration was also significant (Fig. 6B). This could be
related to 2 main factors: (1) some dinoflagellates
may not produce dinosterol (Mouradian & Panetta
2007, Leblond et al. 2010); (2) the numbers of dinofla-
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gellates in upper waters that can form cysts are also
very important, particularly for dominant species.
High-biomass algal blooms were recorded in Sishili
Bay after 1998 (0 to 10 cm in the core; Table 1).
Among the blooming dinoflagellates, Akashiwo sanguinea can produce dinosterol (Leblond et al. 2010),
although we did not find related resting cysts in
the sediment. These factors weaken the correlation
between number of cysts and dinosterol concentration. Dinosterol concentration was thus assumed to
better represent dinoflagellate biomass in the upper
water column than the abundance of cysts. For the
above reasons, we used biomarkers for the MannKendall test.

Trend analysis of diatoms and dinoflagellates during
1865 to 2008
Following the Mann-Kendall test, the lag-1 serial
correlation coefficient was computed, based on the
time series of biomarker concentration, for trend analysis. The intersection between the sequential values

Fig. 5. Depth and age profiles of dinoflagellate parameters in the sediment core: (A) dinosterol concentrations; (B) dinoflagellate cysts; (C−G) dominant species. Slanted arrows indicate sections of the core with an obvious increasing trend in the
variable. Dashed lines delimit periods of obvious change in the variable
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Fig. 6. Correlations (A) between diatoms and brassicasterol concentrations and (B) between dinoflagellate cysts and
dinosterol concentrations

of the statistic UF and the retrograde sequential values of the statistic UB curves localized the period
when abundance of diatoms and dinoflagellates
started to shift (Fig. 7). The result shows that the shift
occurred between 1975 and 1985 (at ca. 15 to 25 cm)
and was accompanied by a significant increase in
biomass.

izer use, marine aquaculture area, domestic sewage
discharge and population increase, to evaluate
the links to nutrient enrichment in coastal waters
(Fig. 8A−F). Two periods of economic development
were identified during the 1970s to 2000s, which could
have led to significantly increased nutrient levels:
(1) 1970s to 1980s: agricultural period. A significant
increase of fertilizer use started around 1975, reaching a peak of 10.5 × 105 t in 1980, and high usage was
maintained (Fig. 8A); this was related to agricultural
DISCUSSION
reform in the early stages of Chinese economic reA significant biomass increase and dominant speforms during 1975 to 1985. Increased use of fertilizers
cies shift in diatom and dinoflagellate assemblages
can lead to increased nutrient levels in rivers and
occurred during 1975 to 1985, which corresponded to
cause high nutrient flux from rivers to coastal waters.
an increase in TOC and TN.
(2) 1990s to 2000s: aquaculture, and sewage discharge. Limited marine aquaculture activity began in
the 1970s and was expanded along the coastline in
Development of eutrophication in Sishili Bay
the 1990s (Fig. 8B), when economic conditions had
improved significantly. Suspended scallop aquaculYantai City, around Sishili Bay, is well known in
ture in the bay carries a standing stock of 30 000 t
China for its agricultural products and seafood from
(Zhou et al. 2006). Meanwhile, increased population
marine aquaculture. Thus, we tracked historical fertil(Fig. 8C) and industrial activity during the development of urbanization accelerated
Table 1. Records of red tides in Sishili Bay during 1998 to 2009
the need for sewage treatment. In
1997, the Taozi Bay sewage treatDate
Bloom area
Species
Cell density
Source
ment plant near Sishili Bay began
(km2)
(ind. l−1)
operating and discharged about
Aug 1998
100
Akashiwo sanguinea
1.56 × 106 Wu et al. (2001)
2.5 × 105 t d−1 of waste water into
May 2004
26
Noctiluca scintillans
2.44 × 106 Ye et al. (2006)
coastal waters (Fig. 8D) (Wang & Li
Sep 2004
64
A. sanguinea
1.03 × 107 Ye et al. (2006)
1997). These activities have signifAug 2005
50
Prorocentrum micans
8.1 × 105 SPOFD (2005)
Sep 2005
45
A. sanguinea
4.09 × 106 SPOFD (2005)
icantly increased nitrogen loading
Aug 2007
9
A. sanguinea
3.29 × 106 Yu & Hao (2009)
in Sishili Bay. A comparison of sea7
Aug 2008
1.65
Heterosigma akashiwo 1.3 × 10
SPOFD (2008)
water quality in Sishili Bay beAug 2009
42
Chattonella marina
6.7 × 105 Jiang et al. (2011)
tween 1997−1998 and 2009−2010
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showed rapid increases in nitrogen concentrations
in the bay (Table 2). Moreover, high-biomass algal
blooms increased after 1998 (Table 1).
Although many studies have shown that nutrient
enrichment is the dominant factor for phytoplankton
change in coastal waters, climate signals driving
phytoplankton change cannot be ignored (Morán et
al. 2010). Increase in temperature and river flow
associated with climate change combined with nutrient enrichment can accelerate changes in phytoplankton assemblages (e.g. North Sea; Smetacek &
Cloern 2008). The annual average air temperature in
Yantai fluctuated within 2°C during the 1950s
to 2000s, and a significant increase (up to 1°C) has
occurred since the 1990s (Fig. 8E; Yantai Statistics
Bureau 2009). A slight variation in temperature can
have a dramatic effect on phytoplankton organisms
because of their low temperature compensation ability (Werne et al. 2000). Comparing the timelines, the
temperature increase in Yantai lagged behind the
first shift in diatom and dinoflagellate abundance

(1975) by about 15 yr. However, increased temperature since the 1990s may have contributed to the
significant increase in biomass.
Annual rainfall in Yantai generally fluctuates from
400 to 800 mm. Data from 1950 to 2009 showed a
clear, albeit small, decrease in rainfall during 1980 to
1990 (Fig. 8F). This did not coincide with the shift in
phytoplankton abundance and increased TOC and
TN. Thus, eutrophication masked any effects of climate change in Sishili Bay. However, increased temperature since the 1990s could have enhanced the
changes in phytoplankton assemblages.

Implications of the diatom and dinoflagellate
species shift
Excessive nitrogen or phosphate inputs shift the
nutrient ratio (N:P:Si) and cause silicate limitation for
diatom growth (Egge & Aksnes 1992). Based on the
observed data in Sishili Bay, dissolved inorganic nitro-

Fig. 7. Trend analysis of (A) brassicasterol and (B) dinosterol concentrations in the sediment core based on a Mann-Kendall test
(τ). The sequential values of the statistic UF and the retrograde sequential values of the statistic UB are shown. Grey boxes:
period of regime shift (1975 to 1985)
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Fig. 8. Historical data of human activities and climatic factors around Yantai City: (A) fertilizer use; (B) marine aquaculture; (C)
population; (D) sewage discharge; (E) air temperature; (F) rainfall. Slanted arrows indicate periods with an obvious increasing
trend in the variable. Dashed line: midrange value to illustrate data variation
Table 2. Nutrient ranges and ratios in surface seawater between 1997−1998 and 2009−2010 in Sishili Bay at 12 sampling sites
(1997−1998 survey from Zhao et al. 2000; 2009−2010 survey from Jiang et al. 2011). DIN: dissolved inorganic nitrogen,
DIP: dissolved inorganic phosphorus, DSi: dissolved silicate
Survey date

DIN
(μM)

DIP
(μM)

DSi
(μM)

N:P

Si:N

Si:P

May

1997−1998
2009−2010

0.8−1.5
0.8−17.3

0.12−0.18
0.02−0.33

0−3.0
0.9−1.7

7.2
36.7

0.87
0.27

6.3
10.3

August

1997−1998
2009−2010

0.7−5.1
2.5−11.8

0.11−0.26
0−0.49

0−1.1
1.2−5.3

8.9
83.6

0.33
0.40

2.9
33.2

November

1997−1998
2009−2010

3.1−13.2
5.0−25.0

0.60−1.06
0.11−0.58

8.8−21.4
2.0−7.6

8.5
44.8

1.93
0.30

16.4
13.6

March

1997−1998
2009−2010

7.0−32.1
4.8−50.1

0.47−1.06
0.01−1.17

3.5−12.0
10.2−16.8

17.5
116.3

0.69
0.68

11.9
79.1
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Fig. 9. Seasonal patterns of phytoplankton assemblages in
Sishili Bay during 2009 to 2011

gen (DIN) concentrations increased much faster than
those of dissolved inorganic phosphorus (DIP) and
dissolved silicate (DSi), leading to seasonal P and Si
limitations (Table 2). In autumn and spring, the probability of P limitation in Sishili Bay reached to 70%;
the probability of Si limitation in Sishili Bay increased
to 94% from spring to summer (Y. Wang et al. 2012).
P- or Si-limitation shift phytoplankton assemblages
from diatom dominance to non-siliceous opportunistic species (e.g. coccolithophores, dinoflagellates)
(e.g. North Sea and Chesapeake Bay; Dortch et al.
2001, Marshall et al. 2009), as diatoms are poor competitors at low phosphate concentrations (Egge

1998). In our study, the small diatoms Cyclotella stylorum (30−66 μm) and Paralia sulcata (15−36 μm)
with heavily silicified frustules became dominant
over the large diatom Coscinodiscus radiatus (89−
115 μm), and dinoflagellate biomass also increased
since 1975. Shifts in phytoplankton communities from
diatom species in favour of nanoplankton and flagellates lead to increased non-diatom blooms (Anderson
et al. 2002), as observed in Sishili Bay (Table 1, Fig. 9).
When diatom abundance increases quickly during
eutrophication, silicate limitation may affect diatom
valve synthesis, resulting in specimens of reduced
size or with light frustules (Conley et al. 1993). However, small and heavily silicified diatoms may
become abundant during eutrophication (e.g. Huang
et al. 1996, McQuoid & Nordberg 2003, Liu et al.
2008, Olli et al. 2008). For example, Paralia sulcata
has become the most abundant species in many
eutrophic water bodies, especially in waters with
high concentrations of dissolved nitrogen (McQuoid
& Nordberg 2003). Di et al. (2013) studied diatom
frustules in the surface sediment of Sishili Bay and
found that P. sulcata dominated at most stations.
Beucher et al. (2004) found that biosilica production and dissolution rates vary among species. Thick
frustules could slow down the rate of biosilica dissolution and increase the residence time of biosilica in
the sediment; this can decrease the amount of DSi in
sediment –water fluxes and drive the water system to
extreme DSi limitation. For example, Olli et al. (2008)
found a long delay in Si recycling in the Gulf of Riga
after the spring bloom of the thick frustule diatom
Thalassiosira baltica exhausted DSi availability; and
assumed this to be an important reason for dinoflagellate dominance in summer. Jiang et al. (2011)
showed that diatoms were dominant in Sishili Bay
during most of the year except in summer (e.g.
August 2009 and June 2010; Fig. 9). In particular, the
small and heavily silicified diatom Paralia sulcata
dominated greatly in winter and spring (Fig. 9), and
this corresponds to its dominance in the sediment
core. In a result similar to results reported from the
Gulf of Riga (Olli et al. 2008), dinoflagellates became
dominant and frequently caused blooms in summer
after the spring bloom of P. sulcata in Sishili Bay.
Thus, the diatom and dinoflagellate shifts may coincide in the sedimentary record. The regime shift was
triggered by altered nutrient supply ratios after
eutrophication, and may also have been favored by
slow biosilica recycling due to the shift in the dominant diatom species, which can promote favourable
conditions for dinoflagellates to out-compete diatoms
in summer.
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