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Diatom and silicoflagellate fossils from surface sedimentswere analyzed at 63 sites in the Bohai Sea. Their spatial
variations of the fossils were indicative of past environmental conditions, hydrodynamics, and the interaction of
the Yellow Sea intrusion and Yellow River discharge into the Bohai Sea. In total, 162 taxa were identified. Higher
species diversity and lower abundance occurred near themouth of the YellowRiver and LaizhouBay,while lower
species diversity and higher abundance occurred in the Central Bohai Sea and Bohai Strait. The spatial differences
between fossil diversity and abundance are strongly related to the freshwater and sediment inputs from the
Yellow River; lower salinity provides a diverse habitat for brackish andmarine species, while a higher deposition
rate can dilute the fossil concentrations.
Three distinct biofacies representing the Laizhou Bay, Central Bohai Sea and Bohai Strait were classified after
principal component analysis. The dominant species along the salinity gradient shifted from Paralia sulcata in
the Bohai Strait to Cyclotella stylorum and Dictyocha messanensis in the Laizhou Bay, while a mixing zone existed
in the Central Bohai Sea. The canonical correspondence analysis between major species and environmental
factors indicated a relationship between P. sulcata and the Yellow Sea intrusion, with significant positive
correlations being observed between salinity gradient, water depth and autumn temperature. In comparison,
C. stylorum and D. messanensis were related to the discharge of the Yellow River, having significant positive
correlations with the low-salinity and nutrient-rich environment.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Diatoms are the dominant phytoplankton in most aquatic habitats
and make a significant contribution to primary production (Dawes,
1998). In contrast, silicoflagellates are rarely dominant and make a
smaller contribution to primary production. However, both groups are
sensitive to variable environmental factors, and have siliceous struc-
tures that easily preserve in sediments and are widely used for
reconstructing the paleo- or modern-environmental conditions
(Battarbee et al., 2001; Smol and Stoermer, 2010). Many case studies
have demonstrated that diatom and silicoflagellate fossils are reliable
proxies for interpreting variations in paleo-temperature, salinity and
even eutrophication at a variety of latitudes in both hemispheres
(e.g., Sancetta, 1990; Whitehead and Bohaty, 2003; Jiang et al., 2004;
Berglund et al., 2005; Barron and Burky, 2007; Buffen et al., 2007). For
example, Berglund et al. (2005) traced the changes of coastal evolution
and sea level in Blekinge, Sweden, using the ratios of marine, brackish
and freshwater diatoms; Whitehead and Bohaty (2003) used the ratio
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between warm water Dictyocha and cold water Distephanus species to
reconstruct variations in the paleo-temperature of the Southern Ocean.

The Bohai Sea is a large and shallow inland sea with an average
water depth of 18 m and a total area of 77,000 km2 (Fig. 1a). It consists
of five parts: Liaodong Bay, Bohai Bay, Laizhou Bay, Central Bohai Sea
and Bohai Strait. The Bohai Strait is the only entrance connected to the
Yellow Sea. The topography of the Bohai Sea is characterized by a
basin shape, with water depths N20 m in the Central Bohai Sea and
Bohai Strait, but generally b20 m in the three coastal bays (Fig. 1a).
Two major hydrodynamic factors, the Yellow Sea intrusion and Yellow
River discharge, have profoundly influenced the thermohaline circula-
tion and sedimentary environment in the Bohai Sea. In winter, the
Yellow Sea Warm Current (YSWC) with a warm and salty character is
driven by the incursion of a branch of the Kuroshio subsurface water
onto the shelf, extends northward and can reach the Bohai Sea. The
current moves westward along the central part of the sea and splits
into two branches: one moving toward the northeast to form a clock-
wise gyre (Liaoxi Coastal Current) and another moving southward and
then turning eastward along the southern coast to form a counter-
clockwise gyre (Lubei Coastal Current; Fig. 2a) (Guan, 1994; Su, 1998).
In summer, the YSWC disappears in the Bohai Sea, and the eddies pro-
duced by the Bohai Sea itself are stronger than in winter. The positions
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Fig. 1. (a) Map of the Bohai Sea with water depth and sampling sites; (b) sampling sites in the Central Bohai Sea; and (c) sampling sites in the Laizhou Bay.
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and directions of the eddies, however, are slightly different; the central
eddy is missing, while the eddy in the Laizhou Bay is more pronounced,
and a coastal current along the southern and western coastlines of
the Bohai Sea is established (Fig. 2b) (Hainbucher et al., 2004). The
Laizhou Bay connects to the entrance of the Yellow River, which is one
of the largest rivers in the world. The Yellow River provides approxi-
mately 50% of the freshwater discharged into the Bohai Sea along with
109 t of suspended solids every year (Wang et al., 2006). Therefore, Yel-
low River discharge profoundly impacts the nutrient levels, thermoha-
line circulation and sedimentary environment in the Laizhou Bay and
adjacent areas, and the Yellow River plume can even flow northeast-
ward into the Central Bohai Sea and Bohai Strait (Lin et al., 2001;
Wang et al., 2006; Liu et al., 2011).

The spatial variations of interactions between the Yellow Sea intru-
sion and the Yellow River discharge in the Bohai Sea, however, are not
clear. Based on sea surface temperature variations, Hickox et al. (2000)
found a clear coastal front near the Bohai Strait where water depths
are more than 50 m, indicating that the Yellow River plume can reach
the Central Bohai Sea. Mao et al. (2008) simulated the spatial variation
of salinity in the Bohai Sea and determined that the diluted water of
the Yellow River primarily affects the salinity in the Laizhou Bay, while
the Central Bohai Sea and Baohai Strait were influenced by the Yellow
Sea intrusion, showing little correlationwith the Yellow River discharge.
Consequently, the phytoplankton assemblages in the water column
reflected the spatial differences; they were grouped into coastal and
central patterns using the ratios of brackish species (e.g., Cyclotella
stylorum) to marine species (e.g., Paralia sulcata) (Sun et al., 2002; Sun
and Liu, 2005). However, Liu and Wang (2013) reported the decadal
variation of chlorophyll a concentrations in the Bohai Sea and found
that there are threewater depth-related patterns: a clear coastal pattern
(b20 m), a mixing pattern (20–40 m) and an offshore pattern (N40 m).
This indicates that a mixing zone exists in the Central Bohai Sea. Jiang
(1987) presented a similar three-layer pattern using diatom fossils in
surface sediments and suggested that salinity and water depth were
key factors determining this pattern. The above evidence indicates that
the Yellow River impact might reach the Central Bohai Sea.
In this sense, the present study attempts to use diatom and
silicoflagellate fossils in surface sediment as ecological indicators to
achieve two goals: 1) to map the geographical distributions of siliceous
microfossils and characterize their relationships with the Yellow Sea
intrusion and Yellow River discharge in the Bohai Sea; and 2) to explore
the key environmental factors to determine the spatial patterns of the
fossils. We chose 63 sites in the Bohai Sea including the Laizhou Bay,
which is significantly affected by the Yellow River discharge, and the
Central Bohai Sea and Bohai Strait, which are significantly affected by
the Yellow Sea intrusion (Fig. 1b, c). Species composition and the abun-
dance of siliceous microfossils in the surface sediments were analyzed,
and their assemblagesweremapped and classified based on the similar-
ity analysis. The correlation between siliceous microfossils and related
environmental factors, including water depth, sediment grain size,
deposition rate, temperature, salinity and nutrients, were discussed to
discern the roles of fossils as indicators of environmental conditions.
2. Materials and methods

2.1. Study area and sampling methods

The Bohai Sea is a typical temperate area (Fig. 1a). The annual aver-
age seawater temperature is approximately 12.3 °C, with amaximum in
August (22.5–27.7 °C) and a minimum in February (−0.5–2.5 °C) (Lin
et al., 2001). The annual average salinity is approximately 30.0, with
higher values near the Bohai Strait (N31.0) and lower values in the
Laizhou Bay (22–26.0) (Lin et al., 2001). The Laizhou Bay is located in
the south of the Bohai Sea and connects to the Yellow River mouth
(Fig. 1c). The total area is approximately 11, 603 km2, and the water
depths in most areas are less than 10 m.

In this study, 33 sites in the Laizhou Bay and 31 sites in the Central
Bohai Sea were chosen for the analysis of siliceous microfossils. The
surface sediments were collected using a box corer (0.1 m2) at each
site during summer cruises in 2011, and the top 2 cm were taken and
kept in a freezer on the ship. They were then transferred to a laboratory
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for the analysis of siliceous microfossils and the measurement of grain
sizes.

2.2. Slide preparation

The sediment samples were processed according to themethods de-
scribed by Renberg (1990) and Battarbee et al. (2001). All sampleswere
dried at 105 °C and treatedwith 10%HCl overnight to remove carbonate
alongwith somemetal salts and oxides. The sampleswere thenwashed
using distilled water and settled to remove organic matter. The samples
were treated with 30% H2O2, and the reaction was allowed to continue
until all organic matters were removed. After the removal of remnant
H2O2 using distilled water, the samples were treated with ammonium
hydroxide solution to partially reduce the impact of clay. After rinsing
several times to remove chemical residues, zinc bromide (specific
gravity 2.4) was added to the samples to separate siliceousmicrofossils.
The samples were centrifuged at 2000 rotations/minute for 10 min to
suspend the siliceous microfossils. The suspended fossils were diluted
to certain volumes, and aliquots were placed onto cover slips. After
the materials had completely dried, the cover slips were transferred to
labeled permanent mounts with Naphrax.

2.3. Identification and enumeration of diatom and silicoflagellate fossils

Slides were examined under an Olympus CX-31 light microscope.
Taxonomy and nomenclature followed those of Chin et al. (1992),
Cheng et al. (1996), Hasle et al. (1996), Guo and Qian (2003) and
algaebase (www.algaebase.org). Pleurosigma and spores of the
genus Chaetoceros were not identified to species level due to unclear
features under the light microscope. Only two silicoflagellate species
Fig. 2. Winter (a) and summer (b) circulation features in the Bohai Sea, redrawn from
Guan (1994).
(Dictyocha messanensis and Distephanus speculum) were identified on
the slides. D. messanensis showed high abundance at most sites, while
D. speculumwas only observed at three sites with very low abundance,
and thus is not discussed here in further detail.

A total of at least 300 siliceous microfossils (diatoms and
silicoflagellates) were counted in up to three slides prepared from each
sample. The absolute abundances are expressed as numbers of individ-
uals per gram of dry sediment (valves/g DW for diatom fossils and
Fig. 3. The spatial distribution of total abundance in diatoms (a), silicoflagellates (b) and
Shannon–Wiener index (H') (c).

http://www.algaebase.org


49D. Liu et al. / Marine Micropaleontology 114 (2015) 46–54
skeletons/gDWfor silicoflagellate fossils; DW is dryweight) and calculat-
ed as follows:

D abs½ � ¼
nv
v1w

whereDabs is the absolute abundance,n is the total number of individuals
countedon the slides, v is the volume towhich the suspended fossilswere
diluted, v1 is the volumeof the aliquots dropped on the slides, andw is the
dried weight of the samples.

2.4. Measurements of sediment grain size

The sediment sampleswere oxidized by 10%H2O2 to remove organic
matter and dispersed in a 0.05% (NaPO3)6 solution to isolate discrete
particles. The samples were then measured by a Mastersize 2000
Laser Particle Sizer. Grain sizes were classified into clay (b4 μm), silt
(4–63 μm) and sand (N63 μm) according to Folk's triangle classification
and nomenclature (Folk et al., 1970).

2.5. Data analysis

The species diversity and richness indices were calculated according
to the Shannon–Wiener index (H') (Shannon and Weaver, 1949):

H0 ¼ −
Xs

i¼1

Pi � log2Pi

whereH′ is the Shannon–Wiener index and Pi is the ratio of the individ-
uals of species i to the total individuals of all species.

Diatom and silicoflagellate assemblages were grouped by similarity
analysis using the multivariate statistical program in CANOCO Version
4.5 (Ter Braak and Smilauer, 2002). First, a linear principal component
analysis (PCA)was performed on amatrix of species abundance propor-
tions to identify the statistical significance of variation within samples
(Buffen et al., 2007). As data varied in a narrow range (gradient length
2.65), the scores of the PC axis that can explain more than 65% of the
variationwere used as input variables to implement hierarchical cluster
analysis (HCA). The HCA was performed using the average Euclidean
distance linkage clustering method. Diatom and silicoflagellate assem-
blages were grouped based on the similarity results.
Fig. 4. The spatial distribution of dominant diatom and silicoflagellate foss
The correlations between the three major species and environmen-
tal factors (temperature, salinity and nutrients) were analyzed using
canonical correspondence analysis (CCA) in the statistical program
CANOCO Version 4.5 (Ter Braak and Smilauer, 2002). Environmental
datawere obtained from the averages of spring (May) and autumn (No-
vember) surveys in the Bohai Sea during 2010, 2011 and 2012. The cor-
relations between the fossil parameters (absolute abundance, species
diversity index) and the grain size proportion of sediments (clay, silt
and sand)were analyzed using the software SPSS 20 (Statistical Product
and Service Solutions) to evaluate the impacts of grain size on the pres-
ervation of fossil flora.

3. Results

3.1. Spatial distribution of siliceous microfossils

In total, 162 taxa were identified at 63 sites, including 74 centric
diatoms, 82 pennate diatoms, and two silicoflagellate species
(D. messanensis and D. speculum; Appendix I). The species composition
in the Liaozhou Bay displays a significant combination of freshwater
species (e.g.,Melosira islandica, Hantzschia amphioxys), brackish species
(e.g., C. stylorum, Thalassionema nitzschioides) and marine species
(e.g., P. sulcata, Thalassiosira eccentrica), indicating the impact of fresh-
water input.

The abundances of diatom fossils range from 0.25 × 104 valves/g DW
to 24.7 × 104 valves/g DW, with higher values in the Central Bohai Sea
and Bohai Strait and lower values in the sea area adjacent to the
mouth of the Yellow River (Fig. 3a). The abundance of the silicoflagellate
D. messanensis varies from 7 skeletons/g DW to 1.18 × 104 skeletons/g
DW, with higher values in the coastal area and lower values near the
Bohai Strait. D. speculum only occurred at three sites (L5, L7 and B5)
near the mouth of the Yellow River with very low abundances (5, 19
and 75 skeletons/g DW, respectively).

The Shannon–Wiener index (H') varies from 1.71 to 4.64, showing
an opposite spatial pattern with abundance, with higher values in the
sea areas adjacent to the mouth of the Yellow River and lower values
near the Bohai Strait (Fig. 3b). The dominant species with abundance
proportions over 10% at each site are mapped in Fig. 4. A clear spatial
pattern shows that P. sulcata displayed very high proportions at the
sites close to the Bohai Strait. The dominant species gradually become
ils (proportion of abundance N10% at each site) at the sampling sites.
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diverse from the Central Bohai Sea to the Laizhou Bay,withD.messanensis
and C. stylorum distributed widely in high abundances.

3.2. Spatial biofacies of siliceous microfossils

The PCA and HCA results show that except for site B12, the siliceous
microfossils at the sampling sites could be classified into three biofacies
(Groups I, II and III; Fig. 5a). The biofacies distribution was mapped
Fig. 5. (a) The scatter diagramof PCA classification on biofacies of diatom and silicoflagellate fos
●; and Group III: ▲).
according to the sampling sites, showing a clear spatial geographic
variation (Fig. 5b). Most sites near the Bohai Strait and the entrance of
the Liaodong Bay belonged to Group I. The Central Bohai Sea was
dominated by Group II, with a few mixed sites from Groups I and III.
Group III mainly occurred in the Laizhou Bay and the sites close to the
Luan River, indicating freshwater input.

Fossil abundance along with species richness and dominance in the
three biofacies are shown in Table 1. Among the three groups, Group I
sils at the sampling sites; and (b) the spatial distributions of biofacies (Group I:■; Group II:



Fig. 6. The spatial distribution of sediment grain sizes in the studied area.

Table 1
The characteristics of diatom and silicoflagellate assemblages in three groups (abundance, species richness, Shannon–Wiener index (H'), C:P (ratio of centric diatoms to pennate diatoms)
and dominant species composition).

Group I Group II Group III

Site numbers 10 16 36

Diatom fossils
(×104 valves/g DW)

Range 2.38–24.7 0.25–10.7 0.46–3.16
Average 10.2 ± 7.23 2.72 ± 2.86 0.93 ± 0.82

Silicoflagellate fossils
(×104 skeletons/g DW)

Range 0.15–0.99 0.0009–1.18 0.0007–0.58
Average 0.41 ± 0.28 0.28 ± 0.33 0.13 ± 0.15

Species richness Range 37–55 20–105 22–137
Average 47 ± 4 48 ± 10 47 ± 14

H' Range 1.71–3.19 3.19–4.02 2.28–4.64
Average 2.64 ± 0.38 4 ± 0.2 4 ± 0.22

C:P Range 8–21 3–24 1–20
Average 12 ± 3.4 12 ± 5.7 6 ± 3.7

Dominant species
(percentage of abundance)

Paralia sulcata (62%) Paralia sulcata (29%) Paralia sulcata (6%)
Thalassiosira eccentrica (5%) Thalassiosira eccentrica (14%) Thalassiosira eccentrica (5%)
Cyclotella stylorum (5%) Cyclotella stylorum (12%) Cyclotella stylorum (21%)
Dictyocha messanensis (4%) Dictyocha messanensis (9%) Dictyocha messanensis (11%)
Actinoptychus undulatus (3%) Actinoptychus undulatus (4%) Actinoptychus undulatus (3%)
Actinocyclus ehrenbergii (2%) Actinocyclus ehrenbergii (3%) Actinocyclus ehrenbergii (4%)
Podosira stelliger (2%) Podosira stelliger (4%) Coscinodiscus marginatus (3%)

Planktoniella blanda (4%)
Cymatotheca weissflogii (4%)
Diploneis bombus (4%)
Pleurosigma sp. (7%)
Thalassionema nitzschioides (6%)
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exhibited the highest abundance and the lowest species diversity.
The average diatom abundance was 10.2 × 104 valves/g DW, with a
maximum at site B17 (24.7 × 104 valves/g DW) and a minimum at
site B13 (2.38 × 104 valves/g DW). In total, 55 species were identified,
with H' values ranging from 1.71 to 3.19 (average = 2.64). The ratios
of centric and pennate diatom fossils (C:P) range from 8 to 21, with an
average of 12, indicating the dominance of Group I planktonic species
(Table 1). The dominant species are P. sulcata (62%), T. eccentrica (5%),
C. stylorum (5%), and Actinoptychus undulatus (3%). The average propor-
tion of D. messanensis reached 4% of the total microfossil count, with a
range of 0.15 × 104 skeletons/g DW–0.99 × 104 skeletons/g DW in
abundance.

The average abundance of diatom fossils in Group II was 2.72 × 104

valves/g DW, which is much lower than that of Group I (Table 1).
Species diversity, however, was higher than in Group I; the range of
H' increases to 3.19–4.02, with an average of 4.0. In total, 105 species
were identified. The values of C:P varied with a wide range of 3–24.
Lower C:P values occurred at the sites close to coastal waters, indicating
an increase in benthic species. P. sulcatawas still dominant in Group II,
although it showed a much lower abundance proportion (26%) than in
Group I. In comparison to Group I, the proportions of dominant
T. eccentrica (11%) and C. stylorum (10%) are significantly higher in
Group II. The average proportion of D. messanensis increased to 8%,
with an average abundance of 0.28 × 104 skeletons/g DW (Table 1).

Group III was characterized by the lowest abundance and the
highest species diversity (Table 1). The average diatom abundance
was only 0.91 × 104 valves/g DW, with a maximum of 3.16 ×
104 valves/g DW at site L19 and a minimum of 0.05 × 104 valves/g
DW at site L9. In total, 137 species were identified, and the range of H'
increased to 2.28–4.64, with an average of 4.0. Compared with Groups
I and II, the C:P decreased sharply in Group III, indicating a significant
increase in benthic species (Table 1). The proportion of C. stylorum
abundance increased to 20%, while P. sulcata decreased to only 8%.
Moreover, brackish and benthic species displayed a significant increase,
e.g., Pleurosigma sp. (6%), T. nitzschioides (5%), A. ehrenbergii (4%),
Diploneis bombus (3%), Cymatotheca weissflogii (3%), Trachyneis aspera
(2%), and Surirella fastuosa (2%), indicating the impact of freshwater
input. The role of D. messanensis increased significantly in the microfos-
sil assemblage with an average proportion of 11%, although an average
abundance declined to 0.13 × 104 skeletons/g DW (Table 1).
3.3. The grain size of sediments in the studied area

Sediment grain sizes were analyzed at the sampling sites to
understand its effect on the preservation of siliceous microfossils; the
result is consistent with a previous study (Qiao et al., 2010). The fine-
grained sediments (mud, sandy mud and silt) dominated in the
southern Central Bohai Sea, Laizhou Bay and the sea area close to the
Luan River, indicating the contribution and impact of river inputs on
sediments. Coarse-grained sediments (silt sand and sand) only occurred
in the sea area near the Bohai Strait (Fig. 6), which is characterized by
the lack of river input and a fast tidal current that does not deposit
fine sediment (Qiao et al., 2010).

4. Discussion

The siliceous microfossils in the surface sediment displayed a clear
spatial pattern with distinct biofacies, with an abundance gradient of
Group I N Group II N Group III and a species diversity gradient of



Table 2
The Pearson correlations between the diatom and silicoflagellate fossils (abundance and Shannon–Weaver index) and sediment grain sizes in the studied area.

Items Sand Silt Clay

Pearson correlation Sig. (2-tailed) Pearson correlation Sig. (2-tailed) Pearson correlation Sig. (2-tailed)

Total sites Dabs 0.036 0.778 −0.039 0.764 −0.020 0.876
H' −0.161 0.207 0.191 0.133 0.045 0.728

Group I Dabs −0.338 0.340 0.397 0.256 0.090 0.805
H' −0.495 0.146 0.462 0.179 0.504 0.137

Group II Dabs 0.483* 0.058* −0.451* 0.080* −0.444* 0.085*
H' 0.231 0.389 −0.274 0.304 −0.046 0.866

Group III Dabs −0.044 0.800 0.055 0.749 0.009 0.959
H' −0.119 0.489 0.147 0.391 0.030 0.861
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Group III N Group II N Group I (Fig. 3a, b). The spatial pattern of siliceous
microfossils can be related to a series of biological, chemical and physi-
cal factors. The environmental impact of sedimentation, water depth,
nutrient levels, salinity and temperature are discussed below.

4.1. The impact of environment of sedimentation

In previous in situ surveys, high phytoplankton diversity and abun-
dance generally occurred in surface seawater in sea areas adjacent
to the Yellow River and the Laizhou Bay; thiswas attributed to the effect
of river input, which decreases the salinity, increases nutrient levels and
provides a diverse habitat for brackish and marine species (e.g., Sun
et al., 2002; Sun and Liu, 2005; Sun et al., 2008). In the surface sediment,
the spatial pattern of fossil diversity matched the in situ observation of
surface seawaters, with higher values in the sea areas adjacent to the
Yellow River and Laizhou Bay (Fig. 3b). However, the spatial pattern of
fossil abundancewas just the opposite, with higher values in the Central
Bohai Sea and Bohai Strait (Fig. 3a). The inconsistent spatial pattern of
abundance in the surface sediment and upper water column could be
strongly related to the sedimentary environment in the Bohai Sea.

The deposition rates in the Bohai Sea have been demonstrated to
show significant spatial variation (e.g., Ren and Shi, 1986; Zhu and
Chang, 2000; Li et al., 2002). Li et al. (2002) mapped the spatial varia-
tions in the Bohai Sea deposition rates and found that very high deposi-
tion rates occurred in themouth of theYellowRiver and the Laizhou Bay,
with a range of 1–9 cm/yr. The deposition rate of the Central Bohai Sea,
however, only varied from 0.1 to 0.4 cm/yr, with the exception of one
site that reached 1 cm/yr. Qiao et al. (2010) compared the tidal current
Fig. 7. CCA biplot of three major species (Paralia sulcata; Cyclotella stylorum and Dictyocha mes
organic nitrogen; DIP: dissolved inorganic phosphate; DSi: dissolved inorganic silicate; Chl a: c
speeds in the Baohai Strait (1.5–2.0 m/s), Central Bohai Sea
(0.5–1.0 m/s) and Laizhou Bay (0.5 m/s); they suggested that the
weak tidal current and high Yellow River input jointly contributed to
the highest sediment deposition and burial rates in the mouth of the
Yellow River and the Laizhou Bay. Deposition rate is an important factor
that could influence the geographic distribution of fossils, and a high de-
position rate can increase the burial speed and dilute the fossil abun-
dance during the preservation process (Crosta and Koç, 2007); this can
reasonably explain the low fossil abundance in the Laizhou Bay (Fig. 3a).

Sediment grain size is another important factor affecting the preser-
vation of fossils. Generally, sandy silt and muddy sand better preserve
fossils than sand (Méléder et al., 2007). In the Bohai Sea, the sediment
sources are from river inputs, atmospheric deposition and the Yellow
Sea intrusion; among them, river inputs reach 90%, with the Yellow
River being the major contributor (Qiao et al., 2010). Approximately
70% of sediments from the Yellow River contribute to the formation of
the river delta, while the rest of the sediments diffuse and transport
into coastal waters following circulation (Cheng et al., 2004). Sediment
transport by the Yellow River can significantly affect the sediment grain
size in the southern Central Bohai Sea and Laizhou Bay (Cheng et al.,
2004; Qiao et al., 2010), which is reflected in our study (Fig. 6). The cor-
relation between grain size and fossils was analyzed in this study
(Table 2). No significant correlation was found in Groups I and III due
to the lower spatial heterogeneity of grain size (Fig. 6); however, the
sediment grain sizes in Group II (Central Bohai Sea) displayed higher
spatial heterogeneities due to inputs from both the Yellow River and
the Yellow Sea (Fig. 6). Thus, significant correlations with fossils (a
positive correlation with sandy and negative correlations with silt and
sanensis) and key environmental variables (T: temperature; S: salinity; DIN: dissolved in-
hlorophyll a).



Fig. 8. The spatial variations of the proportions of three indicative species (%) in total sili-
ceous fossils: (a) Paralia sulcata; (b) Cyclotella stylorum; (c) Dictyocha messanensis.
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clay; Table 2) were observed for Group II, indicating that fine sediments
preserve fossils better than coarse sediments.

4.2. Siliceous microfossils as an indicator of environmental conditions

In this study, the spatial distribution of three biofacies indicated
significant environmental differences among the Laizhou Bay, Central
Bohai Sea and Bohai Strait (Fig. 4b). For example, the increased propor-
tions of brackish species in Group III clearly demonstrated the impact of
river input. The most significant change is spatial shift of dominant
species from the dominance of P. sulcata in the Central Bohai Sea and
Bohai Strait to the dominance of C. stylorum and D. messanensis in the
Laizhou Bay (Table 1 and Fig. 4). A correlation analysis between key
environmental factors (water depth, sea temperature, salinity and
nutrient) and three major species is shown in Fig. 7 to discern the
roles of fossils as indicators of environmental conditions.

P. sulcata displayed a significantly positive correlation with water
depth, salinity and autumn sea temperature (Fig. 7). P. sulcata has a
wide salinity range (5–35) (Simonsen, 1962), but it is sensitive to tem-
perature and is usually abundant during warmer periods, rich nutrient
conditions and within a salinity range of 25–35 (Hasle et al., 1996;
Zong, 1997; McQuoid and Hobson, 2001). Due to its high abundance
in the surface sediment along the pathway of the YSWC, this species
has been described as an indicator of the YSWC (Wang et al., 1985;
Jiang, 1987; Cheng and Cao, 1991). The sea temperatures in the Bohai
Strait and Central Bohai Sea are significantly influenced by the YSWC
in late autumn and winter and can be 3–5 °C higher than that in coastal
waters (Song et al., 2007). Corresponding to the variation of sea temper-
ature and salinity, the abundance of P. sulcata in the surface sediment
gradually decreased from the Bohai Strait and Central Bohai Sea to
Laizhou Bay (Fig. 8a), indicating the scale of the YSWC intrusion.
P. sulcata in the surface sediment was also positively correlated with
autumn Chlorophyll a (Chl a) and dissolved inorganic phosphate (DIP)
(Fig. 7), which is consistent with the in situ surveys of surface waters.
P. sulcatawas dominant in the Central Bohai Sea and Bohai Strait during
autumn and winter; the increased phosphate brought by the YSWC can
significantly enhance the growth of P. sulcata (e.g., Kang, 1991; Wang
and Kang, 1998; Sun et al., 2002, 2008).

C. stylorum displayed a significantly negative correlation with
salinity and water depth. C. stylorum is considered to favor brackish-
water (e.g., McQuoid and Hobson, 2001; Mirabdullayev et al., 2004)
and usually dominates in coastal waters with salinities of ≤31 (Jiang,
1987). The annual average salinity in the Bohai Sea is approximately
30–31, which is mainly controlled by the amount of river input and
Yellow Sea intrusion. In summer, increased river inputs and rainfall
can significantly decrease the salinity in coastal waters, when they can
reach 22–24; inwinter, the intrusion of high-salinity YSWC can increase
the salinity to a range of 28–32 (Lin et al., 2001). In this study, the spatial
distribution of C. stylorum abundance clearlymatched the salinity gradi-
ent (Fig. 8b). C. stylorum was also positively correlated with dissolved
inorganic nitrogen (DIN) (Fig. 7). Although this species is known to
grow best in oligotrophic waters, a few studies have reported that it
flourishes during the eutrophic process (Celik and Ongun, 2008; Liu
et al., 2008; Cheng et al., 2014).

D. messanensis displayed significant positive correlations with dis-
solved inorganic silicate (DSi) and springChl a, but negative correlations
with salinity and water depth (Fig. 7). This indicates that the contribu-
tion of D. messanensis to phytoplankton biomass is significant in spring
and that this species may have a high demand on dissolved silicate.
D. messanensis is a cosmopolitan species that can adapt to a wide
range of temperatures (Poelchau, 1976); however, it is especially sensi-
tive to nutrient input and occurs in high abundance in areas with river
influence (Rigual-Hernández et al., 2010; Godrijan et al., 2012). In our
study, the proportion of this species dominated in the Laizhou Bay and
sea areas adjacent to the Yellow River, in agreement with the results
of previous studies (Fig. 8c).
5. Conclusions

Analysis of the spatial patterns of diatom and silicoflagellate fossils
in the surface sediments of the Bohai Sea, shows three biofacies
representing the Laizhou Bay, Central Bohai Sea and Bohai Strait. The
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interactions between the Yellow River discharge and Yellow Sea intru-
sion play an important role on the three-layer spatial pattern by chang-
ing the sedimentation environment, thermohaline circulation and
nutrient concentrations. Three indicative species, P. sulcata, C. stylorum
and D. messanensis, were identified in this study. P. sulcata is a good
indicator of the main region of YSWC intrusion, while C. stylorum and
D. messanensis indicate the scale of Yellow River discharge in the
Bohai Sea.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.marmicro.2014.11.002.
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