
AUTHOR QUERY FORM

Journal: MARMIC Please e-mail or fax your responses and any corrections to:
E-mail: corrections.esch@elsevier.spitech.com
Fax: +1 619 699 6721

Article Number: 1393

Dear Author,

Please check your proof carefully and mark all corrections at the appropriate place in the proof (e.g., by using on-screen anno-
tation in the PDF file) or compile them in a separate list. Note: if you opt to annotate the file with software other than Adobe
Reader then please also highlight the appropriate place in the PDF file. To ensure fast publication of your paper please return
your corrections within 48 hours.

For correction or revision of any artwork, please consult http://www.elsevier.com/artworkinstructions.

Any queries or remarks that have arisen during the processing of your manuscript are listed below and highlighted by flags in
the proof. Click on the ‘Q’ link to go to the location in the proof.

Location in article Query / Remark: click on the Q link to go
Please insert your reply or correction at the corresponding line in the proof

Q1 Please confirm that given names and surnames have been identified correctly.

Q2 Highlights should consist of 3‐5 bullet points (with a maximum of 85 characters per bullet point,
including spaces). However, the highlights provided for this item are in paragraph form; thus, they
were not captured. Kindly provide the necessary corrections. For more information, please see
Guide for Authors.

Q3 Footnote "**" was not cited in Table 2. Please check the citation suggested by the copyeditor and
make the necessary corrections.

Thank you for your assistance.

Our reference: MARMIC 1393 P-authorquery-v10

Page 1 of 1

mailto:corrections.esch@elsevier.spitech.com
http://www.elsevier.com/artworkinstructions
http://www.elsevier.com/artworkinstructions
http://www.elsevier.com/wps/find/journaldescription.cws_home/503351/authorinstructions


1

2Q2

3

4Q1

5
6
7
8

9

10
11
12
13
14
15
161718
19
20
21
22
23
24

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

Marine Micropaleontology xxx (2011) xxx–xxx

MARMIC-01393; No of Pages 13

Contents lists available at SciVerse ScienceDirect

Marine Micropaleontology

j ourna l homepage: www.e lsev ie r .com/ locate /marmic ro
O
F

Research paper

The impact of different pollution sources on modern dinoflagellate cysts in the Sishili
Bay, Yellow Sea, China

Dongyan Liu a,⁎, Yajun Shi a,b, Baoping Di a, Qianli Sun c, Yujue Wang a, Zhijun Dong a, Hongbing Shao a

a CAS and Shandong Provincial Key Laboratory of Coastal Environmental Processes, Yantai Institute of Coastal Zone Research, Chinese Academy of Sciences, 264003, Yantai,
Shandong, PR China
b Graduate University of the Chinese Academy of Sciences, 100049, Beijing, PR China
c State Key Laboratory for Estuarine and Coastal Research, East China Normal University, 200062, Shanghai, PR China
O

⁎ Corresponding author. Tel.: +86 535 2109116; fax:
E-mail address: dyliu@yic.ac.cn (D. Liu).

0377-8398/$ – see front matter © 2011 Elsevier B.V. All
doi:10.1016/j.marmicro.2011.11.001

Please cite this article as: Liu, D., et al., The i
China, Mar. Micropaleontol. (2011), doi:10
Ra b s t r a c t
a r t i c l e i n f o
25

26

27

28

29

30

31

32

33

34

35
Article history:
Received 10 November 2010
Received in revised form 25 October 2011
Accepted 9 November 2011
Available online xxxx

Keyword:
Dinoflagellate cyst
Industrial pollution
Nutrient enrichment
Sishili Bay
Yellow Sea
36

37
T
E
D
 P

The spatial distribution of dinoflagellate cysts in the surface sediment of Sishili Bay, Yellow Sea, China, was
studied, with the purpose of understanding the impact from nutrient enrichment and industrial pollution.
Thirty-five dinoflagellate cyst taxa belonging to 15 genera and 3 unknown cysts were identified and quanti-
fied at 22 sampling sites. Autotrophic cysts (e.g., Spiniferites bentori var. truncata) and heterotrophic cysts
(Brigantedinium sp.1 and Quinquecuspis concreta) dominated the sediment samples. The spatial distribution
of cyst abundance showed a significant positive correlation with increased nutrients, but was negative to
heavy metal pollution. The highest cyst abundance (with an average of 539 cysts g−1 DW) occurred in
Zone A, corresponding to nutrient enrichment caused by domestic sewage discharge. In contrast, the lowest
cyst abundance (with an average of 131 cysts g−1 DW) occurred in Zone E, impacted heavily by the industrial
pollution. The abundance of autotrophic cysts decreased dramatically in Zone E compared with heterotrophic
cysts and showed a sensitivity to industrial pollution. How heavy metals affect physiological mechanisms in
autotrophic and heterotrophic cysts differentially is in need of in-depth study.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Sishili Bay (SB) is located in the northern Yellow Sea, China, and is
surrounded by the city Yantai (Fig. 1). Over the last two decades, SB
has been developed as an important harbor and coastal aquaculture
base by the local government. The aquaculture area covers 70% of
the bay and has provided more than 1.5 million tons of seafood for
the market over the last 5 years (Yantai Statistics Bureau,
1985–2008). However, the increased population, marine aquaculture
production, freight ships and sewage discharge along the Yantai
coastline have significantly impacted the SB marine ecosystem
(Yantai Statistics Bureau, 1985–2008) (Fig. 2). Domestic sewage and
industrial waste water increased almost three-fold during
1995–2007 from 8.5×107 tons to 22.1×107 tons. As a result, in-
creased red tides and jellyfish blooms indicated the deterioration of
the SB ecosystem over the last 10 years (Wu et al., 2001; Chi, 2008;
Dong et al., 2010). Thus, it is important to understand the impact of
different sources of pollution on the SB ecosystem ahead of develop-
ment of the policy on environmental protection and restoration.

Phytoplankton, as the most important primary producers in ma-
rine ecosystems, are sensitive to environmental changes, as indicated
83
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85

86
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by the fluctuation of species composition and abundance. The fossil
phytoplankton assemblages in the sediment have been used as prox-
ies for past environmental changes (e.g., temperature, salinity and eu-
trophication) (McMinn and Wells, 1997; Matsuoka, 1999, 2001; Shin
et al., 2010; Tuovinen et al., 2010; Wang et al., 2011). About 200 ma-
rine dinoflagellate taxa can produce cysts that sink to the seabed to
serve as benthic resting stages, and their abundance and composition
have been used to predict red tides (Anderson et al., 1982; Siringan et
al., 2008), reflect pollution loads and indicate temperature change
and hydrodynamic signals (Matsuoka, 1999, 2001; Dale, 2001, 2009;
Pospelova et al., 2005, 2008). Thus, dinoflagellate cysts have been ap-
plied widely in the study of modern and past environments as an ef-
fective biological indicator.

Dale (2001, 2009) pointed out that dinoflagellate cysts showed
different responses to nutrient enrichment and industrial pollution,
respectively. The nutrient enrichment can increase the abundance of
cysts in the sediment. For example, Pospelova et al. (2005) compared
the spatial distribution of cysts from several polluted estuaries in the
northeast coast of USA, and found that cyst abundance increased pro-
gressively with distance from the major sources of nutrient enrich-
ment. However, the industrial pollution might decrease the cyst
abundance or change the ratio between heterotrophic and autotro-
phic cysts (Sætre et al., 1997; Matsuoka, 2001; Dale, 2009). For exam-
ple, Sætre et al. (1997) found that cyst abundance in sediment cores
declined with increased pollution and suggested that industrial
sources on modern dinoflagellate cysts in the Sishili Bay, Yellow Sea,
1
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Fig. 1. Map showing the sampling sites in Sishili Bay, Yellow Sea, China.
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pollution could cause a shift toward more heterotrophic species.
However, due to the limited number of case studies to date, it is still
hard to define the changes to dinoflagellate cysts under industrial
pollution conditions. In addition, nutrient enrichment and industrial
pollution often occurred together in the coastal waters. For example,
Matsuoka (1999, 2001) found that the relative proportion of heterotro-
phic dinoflagellate cysts in Yokohama Port, Tokyo Bay, Japan wasmost-
ly consistent with the trend of eutrophication and industrialization
U
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levels since the 1970s. Thus, it is necessary to do more case studies to
understand the response of dinoflagellate cysts to industrial pollution.

In this study, we chose SB as a survey region, with the aim of find-
ing out the relationship between the spatial distribution of dinoflagel-
late cysts and different pollutants. The cyst composition and
abundance in the surface sediment of SB were surveyed at 22 sites,
and these sites covered the sea areas impacted by nutrient enrich-
ment and industrial waste water. The trophic types and abundance
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ps and sewage outflow in Yantai (Yantai Statistics Bureau, 1985–2008).
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of dinoflagellate cysts are discussed in relation to the environmental
parameters, in order to further understand the spatial variation of
cyst distribution.

2. Methods

2.1. Sampling sites

Sishili Bay (SB) is an ear-shaped semi-closed bay with a total area
of about 130 km2 (Fig. 1). It is a typical temperate coastal bay with a
temperature of 23.3–27.4 °C in summer and 2.5–3.5 °C in winter. Only
four small ephemeral rivers (Guangdang River, Majia River, Xin An
River and Xiao Yuniao River) flow into SB (Wu et al., 2001), where
the salinity ranges from 29.6 to 33.0 during the wet and dry seasons.
The water depth in SB is generally less than 15 m, and the hydrody-
namic process is mainly controlled by the movement of tide and
wind-induced currents (Zhang and Dong, 1990). Along the periphery
of the bay, the tidal currents move mainly back and forth in a north-
west–southeast direction, which causes the pollutants to move paral-
lel to the shore, while in the inner bay, due to the weak tidal current
and obstructing small islands, water exchanges are limited with the
outer bay. Moreover, the prevailing southeasterly wind can carry
and accumulate pollutants into SB, consequently deteriorating the
water quality.

Based on the types of pollution, twenty-two sampling sites were
chosen and divided into five zones (Fig. 1). Zone A (sites A0–A6) is sig-
nificantly affected by the nutrients discharged from an urban domestic
sewage plant (Sang and Sun, 2010); Zone B (sites B0–B4) is along the
channel of Yantai port (Li et al., 2006), which can be impacted by the
pollutants from Zone A under the action of tidal currents; Zone C
(sites C0–C4) is near to the marine aquaculture area (Zhao et al.,
2001), and the waste and excretion from the aquaculture have signifi-
cantly increased the nutrient level in this area; Zone D (sites D1–D3)
is near to the marine dumping area (Ji et al., 2003), impacted by the
dumpedwaste and the pollutants that are carried by the coastal current
from Zone A; Zone E (sites E1 and E2) is near to Yangma Island and the
Xin An River sewage plant, which is heavily impacted by industrial pol-
lutants, particularly heavy metals from an electroplating plant near to
the river (Jia et al., 2007).

2.2. Analysis of dinoflagellate cysts and grain size

The surface sediment at each site was collected using a box corer
(0.05 m2) in November 2008. A 0–5 cm sediment sample represent-
ing “modern” environmental conditions was carefully taken using a
transparent plastic tube with a diameter of 5 cm from the undis-
turbed part of each core. The samples were preserved in an icebox,
and then transported back to the laboratory and kept in the freezer
in the darkness to avoid germination. Five grams of the top 5 cm of
sediment of each sample were oven-dried at 60 °C for 48 h to calcu-
late the water content, and 5 g of sediment of each sample were
used for the analysis of dinoflagellate cysts. The samples were pro-
cessed following the methods of Matsuoka and Fukuyo (2000). Sedi-
ment samples were treated by palynological and sieving procedures.
For palynology, sediment samples were treated with HCl (10%) to re-
move carbonates, and HF (40%) solutions were used to remove sili-
cates. After the chemical treatment, samples were sonicated for 30 s
and sieved through 125- and 15-μm-pore-sized meshes to remove
sundries (e.g., the sand and the mud). The residue on the 15-μm
mesh was suspended in 3 mL of distilled water.

Dinoflagellate cysts were identified based on published descrip-
tions (Matsuoka and Fukuyo, 2000; Fujii and Matsuoka, 2006;
Wang, 2007; Matsuoka et al., 2009; Rochon et al., 2009). Specimens
were identified to the generic level, if identification to the species
level was not possible. For each treated sample, a minimum of 100 di-
noflagellate cysts were counted in a tubular plankton chamber
Please cite this article as: Liu, D., et al., The impact of different pollution
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(HYDRO-BIOS, Germany) under an inverted microscope (Olympus
IX81) at ×400 magnification. Cyst abundance was calculated as
cysts per gram of dry weight sediment (cysts g−1 DW).

Grain sizes of 22 sediment samples were measured using a Mas-
tersize 2000 Laser Particle Sizer. Before measurements, samples
were oxidized by 10% H2O2 to remove organic matter and dispersed
in 0.05% (NaPO3)6 to isolate discrete particles. Grain sizes were divid-
ed into 3 groups (b4 μm, 4–63 μm and >63 μm) (Folk et al., 1970).
The sediment description was based on Folk's triangle classification
and its nomenclature (Folk et al., 1970).

2.3. Data analysis

Shannon–Wiener index (H′) (Shannon and Weaver, 1949) was
calculated based on the cyst taxon composition and their abundances.

H′ ¼ −
Xs

i¼1

Pi � log2Pi

H′ Shannon–Wiener index
S total number of cyst taxa
Pi the proportion of each cyst taxon in the sample

The abundances of three unknown cysts were excluded when cal-
culating the ratio of heterotrophic–autotrophic dinoflagellate cysts
(H:A), heterotrophic cyst abundance and autotrophic cyst abundance.
Based on the data of total cyst abundances including 38 taxa and 22
samples, the similarity was analyzed by software PRIMER 6.0 pack-
ages (Clarke and Warwick, 1994), and then a resemblance matrix
was created (Clarke and Warwick, 1994). Based on the resemblance
matrix, the hierarchical cluster and multidimensional scaling (MDS)
were analyzed. The correlation analysis between cyst abundances
and environmental factors was determined by SPSS 11.5 (Rosner,
2000).

3. Results

3.1. Taxonomic composition of dinoflagellate cysts in the surface sediment
of SB

A total of 35 dinoflagellate cyst taxa belonging to 15 genera, as
well as 3 unknown cyst taxa were identified from the 22 sediment
samples (Table 1, Fig. 3 and Appendix A). The thirty-five taxa in this
study were classified into four taxonomic groups: gonyaulacoid (14
taxa), calciodinellid (one taxon), gymnodinioid (two taxa) and proto-
peridinioid (18 taxa). The cyst richness was distributed unevenly at
different sites, with a range of 19–28 taxa (Fig. 4a). In contrast, higher
cyst richness occurred at the domestic sewage outlet (Zone A) and
aquaculture areas (Zone C) (Fig. 4a). The Shannon–Wiener index
showed a tendency of Zone C (4.00)>Zone A (3.86)>Zone E (3.82)
>Zone D (3.75) and Zone B (3.74), based on the average values
(Fig. 4b). There were some higher values (>4.0) that occurred at
sites A4, A5, A6, B1, C1 and C2.

The identified dinoflagellate cysts were divided into sixteen auto-
trophic and nineteen heterotrophic cysts in accordance with
Matsuoka (2001) and Wang (2007) (Table 1). The results showed
that autotrophic cysts dominate at most sites (Table 1). Spiniferites
bentori var. truncata was the dominant autotrophic cyst, and
Brigantedinium sp.1 and Quinquecuspis concreta were dominant het-
erotrophic cysts in the sediment samples. Cysts of Alexandrium
minutum/affine, Spiniferites ramosus, S. bentori var. truncata, Spiniferites
spp., Spiniferites sp. cf. delicates,Operculodinium centrocarpum, Protoperidi-
nium sp.2, unknown cyst 1 and unknown cyst 2, were observedwidely in
SB (Table 1).
sources on modern dinoflagellate cysts in the Sishili Bay, Yellow Sea,
1
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Table 1t1:1

Cyst abundance (cysts g−1 DW), richness, proportion of living cysts (%) and Shannon–Wiener index in the surface sediment of Sishili Bay.
t1:2
t1:3 Taxa/site A0 A1 A2 A3 A4 A5 A6 B0 B1 B2 B3 B4 C0 C1 C2 C3 C4 D1 D2 D3 E1 E2

t1:4 Biological name Paleontological
name

t1:5 Autotrophs
t1:6 Gonyaulacoid
t1:7 Alexandrium

tamarense/catenella
Cyst of Alexandrium
tamarense/catenella

14 0 10 4 0 13 0 2 3 4 0 6 0 3 10 7 0 9 10 1 1 1

t1:8 Alexandrium
minutum/affine

Cyst of Alexandrium
minutum/affine

16 3 20 4 2 26 34 26 7 39 4 21 4 29 3 25 31 30 15 0 12 5

t1:9 Gonyaulax elongata Spiniferites
elongatus

2 3 10 0 2 0 22 0 0 0 0 0 2 0 0 0 0 0 0 1 0 0

t1:10 Gonyaulax scrippsae Spiniferites
bulloideus

4 0 20 7 2 4 17 0 0 0 4 3 6 0 3 4 0 0 5 1 0 0

Gonyaulax spinifera Spiniferites
hyperacanthus

51 45 89 66 29 34 22 21 27 25 68 24 48 6 26 47 31 36 88 13 1 0

Gonyaulax spinifera Spiniferites mirabilis 7 0 30 11 6 4 11 1 7 0 4 9 4 3 6 4 9 6 15 10 1 5
Gonyaulax spinifera Spiniferites ramosus 2 3 49 7 4 22 6 8 13 7 16 15 6 15 10 7 9 3 5 11 3 4
Gonyaulax sp. Spiniferites bentori

var. truncata
88 122 187 95 46 73 101 69 60 128 116 47 38 94 58 54 18 77 137 25 1 3

Gonyaulax sp. Spiniferites sp. cf.
bentori

12 0 0 11 0 0 11 3 3 0 24 6 4 0 6 0 0 15 0 0 0 0

Gonyaulax sp. Spiniferites delicatus 2 13 10 15 6 9 6 1 3 0 0 21 0 0 0 7 4 3 10 0 1 0
Gonyaulax sp. Spiniferites sp. cf.

delicatus
23 6 30 26 11 13 0 2 17 11 28 18 13 9 26 18 8 15 15 14 1 1

Gonyaulax spp. Spiniferites spp. 30 19 148 80 27 43 34 4 23 18 36 6 4 32 19 54 53 15 44 17 4 2
Lingulodinium
polyedrum

Lingulodinium
machaerophorum

0 0 0 0 0 0 0 2 0 0 0 27 2 0 0 4 0 3 0 0 1 1

Protoceratium
reticulatum

Operculodinium
centrocarpum

19 13 187 26 8 34 112 4 23 11 40 21 23 13 69 53 36 113 19 8 11

Calcoidinellid
Scrippsiella
trochoidea

5 0 20 4 0 0 11 8 7 18 12 0 2 3 13 0 9 0 10 0 0 8

Gymnodinioid
Gymnodinium
catenatum

0 6 0 4 2 0 11 0 0 0 0 0 0 0 3 4 0 0 0 0 0 1
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Heterotrophs
Gymnodinioid
Polykrikos schwartzii 2 3 0 0 0 0 11 0 0 0 0 0 0 3 0 7 0 0 0 0 1 0
Protoperidinioid
Protoperidinium
conicum

Selenopemphix
quanta

4 0 0 4 0 0 6 1 0 0 0 0 0 0 3 4 0 0 0 4 1 0

Protoperidinium
divaricatum

Xandaradinium
xanthum

0 3 0 0 4 4 0 0 3 0 0 0 2 0 0 0 18 0 0 1 0 0

Protoperidinium
latissimum

0 0 0 0 0 0 6 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0

Protoperidinium
leonis

Quinquecuspis
concreta

2 0 20 0 2 4 0 0 7 4 4 0 6 0 16 7 18 3 0 0 3 22

Protoperidinium
minutum

2 0 59 4 17 13 17 1 17 0 4 0 4 6 6 4 0 3 15 0 1 2

Protoperidinium
oblongum

Votadinium calvum 5 3 20 7 6 9 6 3 7 0 8 3 2 6 13 4 13 3 10 0 7 1

Protoperidinium
pentagonum

Trinovantedinium
capitatum

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 3 0

Protoperidinium
subinerme

Selenopemphix
nephroides

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0

Protoperidinium sp. Brigantedinium
aymmetricum

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0

Protoperidinium sp. Brigantedinium sp.1 7 19 148 18 38 39 28 17 20 21 12 12 6 9 35 7 26 21 25 0 15 24
Protoperidinium sp. Brigantedinium sp.2 0 6 39 7 6 0 28 10 7 4 4 12 2 3 13 14 0 3 15 4 5 0
Protoperidinium sp. Lejeunecysta sp.1 0 0 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 1
Protoperidinium sp. Votadinium sp.1 0 0 0 0 0 0 0 0 0 0 4 0 0 0 0 0 0 0 0 0 0 0
Protoperidinium sp.1 7 10 0 4 0 4 17 1 0 0 0 0 0 12 0 18 4 0 5 7 0 0
Protoperidinium sp.2 0 10 69 7 11 30 6 10 17 7 20 9 8 20 16 11 40 6 20 8 7 13
Protoperidinium sp.3 0 0 0 0 2 0 6 0 0 0 4 0 0 3 0 4 0 3 5 3 1 0
Protoperidinium spp. Brigantedinium spp. 5 6 0 4 2 0 6 7 17 11 4 0 4 6 3 4 4 3 5 0 0 2
Protoperidinium spp. 2 22 39 11 8 22 17 4 7 36 8 0 4 18 3 11 9 3 20 3 3 2
Unknown cysts
Unknown cyst 1 16 6 39 15 8 30 17 4 20 21 20 9 8 15 13 33 48 33 29 1 31 11
Unknown cyst 2 9 22 79 15 15 17 6 15 27 32 8 30 15 15 23 22 62 50 25 3 9 12
Unknown cyst 3 0 3 0 4 13 9 0 1 3 0 4 6 0 6 0 18 0 3 0 0 0 7
Sum
Total 336 350 1322 457 280 457 573 227 342 395 457 281 223 342 341 470 475 382 637 147 122 141
Autotrophs 276 234 809 358 147 276 399 152 193 260 353 201 156 216 196 304 224 246 466 113 36 44
Heterotrophs 51 90 434 80 105 155 169 59 120 103 92 44 53 105 122 127 189 83 147 32 77 79
Unknown cyst 9 26 79 18 27 26 6 16 30 32 12 35 15 20 23 40 62 53 25 3 9 19
Autotrophic taxon number 14 10 13 14 12 11 14 13 12 10 11 12 13 10 13 13 10 12 12 10 11 11
Heterotrophic taxon number 9 9 7 9 10 8 12 9 9 6 10 4 10 11 9 12 10 10 9 7 11 8
Unidentified species number 2 3 2 3 3 3 2 3 3 2 3 3 2 3 2 3 2 3 2 2 2 3
Total species number 25 22 22 26 25 22 28 25 24 18 24 19 25 24 24 28 22 25 23 19 24 22
Proportion of living cysts 35.26 36.70 52.24 29.60 56.39 57.55 42.16 62.02 61.17 52.25 50.88 52.63 49.06 47.01 60.38 50.00 63.89 50.39 44.62 21.70 86.96 82.17
Shannon–Wiener index 3.71 3.48 3.92 3.76 4.02 4.03 4.07 3.59 4.14 3.39 3.73 3.83 3.91 3.84 4.10 4.15 3.98 3.82 3.72 3.71 3.81 3.82
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Fig. 3. (continued).
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3.2. The abundance of dinoflagellate cysts in the surface sediment of SB

The abundance of dinoflagellate cysts was distributed unevenly in
SB and ranged from 122 to 1322 cysts g−1 DW at different sites, with
an average of 396 cysts g−1 DW (Fig. 5a); the highest abundance oc-
curred at A2 site with a value of 1322 cysts g−1 DW, and the lowest
abundance occurred at E1 site (122 cysts g−1 DW) (Fig. 5a). The
average values in five zones displayed a tendency of Zone A
(539 cysts g−1 DW)>Zone D (389 cysts g−1 DW)>Zone C
(370 cysts g−1 DW)>Zone B (340 cysts g−1 DW)>Zone E
(131 cysts g−1 DW) (Fig. 5a). Cyst abundance in Zone A was signifi-
cantly higher than in the other zones, particularly compared to Zone
E that was impacted by industrial pollution. However, the proportion
of living cysts displayed an opposite tendency of Zone E (84.6%)
>Zone B (55.8%) and Zone C (54.1%)>Zone A (44.3%)>Zone D
(38.9%) (Table 1). The characteristics of autotrophic and heterotro-
phic cyst distribution were analyzed, respectively (Fig. 5b,c). The
tendency of autotrophic cysts in five zones displayed Zone A
(357 cysts g−1 DW)>Zone D (275 cysts g−1 DW)>Zone B
(232 cysts g−1 DW)>Zone C (219 cysts g−1 DW)>Zone E
(40 cysts g−1 DW) (Fig. 5b). Obviously, the autotrophic cyst in Zone
E was much lower than in the other zones. In contrast, heterotrophic
cysts in Zone E did not decrease so dramatically as autotrophic cysts,
based on the tendency of Zone A (155 cysts g−1 DW)>Zone C
(119 cysts g−1 DW)>Zone D (87 cysts g−1 DW)>Zone B
(84 cysts g−1 DW)>Zone E (78 cysts g−1 DW) (Fig. 5c). As a result,
the ratio of heterotrophic and autotrophic dinoflagellate cysts (H:A)
displayed a tendency of Zone E (1.42)>Zone C (0.44)>Zone A
(0.38)>Zone B (0.31)>Zone D (0.24) (Fig. 5d).
Please cite this article as: Liu, D., et al., The impact of different pollution
China, Mar. Micropaleontol. (2011), doi:10.1016/j.marmicro.2011.11.00
3.3. The characteristics of dinoflagellate cysts distributed in the surface
sediment of SB

Based on the cyst composition and abundance at these sites, a sim-
ilarity analysis by PRIMER 6.0 was conducted. The result showed that
the cysts at twenty-two sites can be classified into four groups
(Fig. 6). The cyst assemblages at sites E1 and E2 were significantly dif-
ferent from those of the other twenty sites. The reason was the dom-
inant species shift, with heterotrophic cysts dominating instead of
autotrophic cysts at sites E1 and E2 (Fig. 5b). Moreover, the coarse
silt sediment at E1 site could have negative effect on the preservation
of cysts (Fig. 7). The cyst assemblage at A2 site was separated from
other groups due to the highest abundance and diversity. In addition,
D3 site was also separated from the main group due to its low abun-
dance and species richness.

3.4. Grain size of surface sediment in SB

The grain size was analyzed in order to understand the sediment
property and the results were sorted into three groups (b4 μm,
4–63 μm and >63 μm) based on Folk et al. (1970). According to
Udden (1914), Wentworth (1922) and the scope of sediment grain
size, the sediment can be regarded as clay (b4 μm), fine silt
(4–16 μm), coarse silt (16–63 μm) and sand (>63 μm). Our result
showed that the silt dominated in the sediment and the proportion
of clay and silt represent more than 60% at most sites except for E1
(Fig. 7). The abundance of total cysts, autotrophic and heterotrophic
cysts and H:A ratios were used for correlation analysis with grain
size (Table 2). The result showed that total cysts and heterotrophic
sources on modern dinoflagellate cysts in the Sishili Bay, Yellow Sea,
1
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cyst abundances were not significantly correlated to the sediment
grain size (P>0.05) (Table 2), but autotrophic cyst abundance pre-
sented a significant positive relativity to the silt concentration
(4–63 μm) and negative relativity to the sand concentration
(>63 μm) (Pb0.05) (Table 2). H:A ratios presented significant nega-
tive relativity to the silt concentration (4–63 μm) and positive relativ-
ity to the sand concentration (>63 μm) (Pb0.05) (Table 2).

4. Discussion

Previous studies have found that a clear eutrophic signal can be
identified from the cyst assemblages in the sediment, with cyst
Please cite this article as: Liu, D., et al., The impact of different pollution
China, Mar. Micropaleontol. (2011), doi:10.1016/j.marmicro.2011.11.00
abundances gradually increasing with increased nutrients (Persson
et al., 2000; Matsuoka, 2001; Pospelova et al., 2005). In this study,
the spatial distribution of total cyst abundance showed a significant
correlation with the levels of dissolved inorganic nitrogen (DIN) in
SB, particularly with autotrophic cysts (Table 3). High nutrient levels
were found in Zone A, based on the surveys in SB during 2008–2009
(Y. Wang, personal communication; Bai et al., 2010). The spatial dis-
tribution of DIN in seawater was characterized by a tendency of
Zone A (13.0 μM)>Zone B (10.8 μM)>Zone D (9.7 μM)>Zone C
(9.2 μM)>Zone E (7.1 μM), showing the significant impact from
the sewage plant near to Zone A. This is quite consistent with the
distribution of total cyst abundance in SB (Zone A (539 cysts g−1
sources on modern dinoflagellate cysts in the Sishili Bay, Yellow Sea,
1
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Table 2t2:1

The correlation between the cyst abundance and grain size of sediment.
t2:2
t2:3 Items Grain size

t2:4 b4 μm 4–63 μm >63 μm

t2:5 Total cyst abundance Pearson correlation 0.296 0.389 −0.378
t2:6 N 22 22 22
t2:7 Autotrophic cyst

abundance
Pearson correlation 0.336 0.467⁎ −0.448⁎

t2:8 N 22 22 22
t2:9 Heterotrophic cyst

abundance
Pearson correlation 0.168 0.187Q3 −0.191⁎⁎

t2:10 N 22 22 22
H:A Pearson correlation −0.422 −0.482⁎ 0.487⁎

N 22 22 22

⁎ Correlation is significant at the 0.05 level (2-tailed).
⁎⁎ Correlation is significant at the 0.01 level (2-tailed).

t3:1

t3:2
t3:3

t3:4

t3:5

t3:6

t3:7

t3:8

t3:9

t3:10
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DW)>Zone D (389 cysts g−1 DW)>Zone C (370 cysts g−1 DW)
>Zone B (340 cysts g−1 DW)>Zone E (131 cysts g−1 DW))
(Fig. 5a), and corroborated the significant response of cysts to the in-
creased nutrients as mentioned in previous studies. Moreover, an ex-
tremely high cyst abundance was found at A2, which distinguished it
from other sites in Zone A using the similarity analyses (Fig. 6). Ex-
cept for nutrient enrichment, hydrodynamics could also play an im-
portant role in determining the level of abundance. Zhang and Dong
(1990) found a small anticyclonic eddy around A2, which was caused
by tide action and the shallow sea floor. The anticyclonic eddy can
confine dinoflagellates to the eddy center (Rodríguez et al., 2003)
and more cysts can be collected into the sediment during deposition.

Compared with the other four zones, cyst abundance in Zone E
was much lower, particularly for autotrophic cysts (Fig. 5a,b). Zone
E is near to the outflow of the Xin An River sewage plant, which
was established in 2003 (Jia et al., 2007). This plant was used to
treat small amounts of domestic sewage and large industrial waste-
water from the neighboring industrial plants. Heavy metals such as
mercury, lead and cadmium were reported in Zone E by the local
EPA (Wu et al., 2006; Bai et al., 2010), and showed significant pollu-
tion from industrial wastewater discharge. Consequently, high con-
centrations of heavy metals were also found in the sediment (Liu
et al., 2011) (Table 3). Thus, Zone E is characterized as an environ-
ment with low nutrients and high heavy metals, compared with the
other zones. Based on limited case studies to date, industrial pollution
is associated with a decrease in cyst abundance or change in the ratio
between heterotrophic and autotrophic cysts (Sætre et al., 1997;
Matsuoka, 2001; Dale, 2009). Our result supported this hypothesis,
with low cyst abundance and high H:A ratios observed in Zone E. Au-
totrophic cyst abundance decreased more rapidly than heterotrophic
cysts in Zone E, indicating a kind of sensitivity to industrial pollution.

Not many studies explored the physiological mechanism of how
heavymetals act on cysts, but the existing studies still provided useful
information and have contributed to our understanding. The previous
UTable 3
The environmental factors and their correlation with the cyst abundance.

Items Cr Cu

Concentration A zone (average) 72.91 31.82
B zone (average) 72.4 25.93
C zone (average) 68.84 22.4
D zone (average) 70.71 22.75
E zone (average) 76.57 28.4

Correlation Total cyst abundance −0.565 0.16
Autotrophic cyst abundance −0.573 0.099
Heterotrophic cyst abundance −0.286 0.46

Data of heavy metals in the sediment from Liu et al. (2011); unit is mg kg−1.
Data of nutrients in water column from annual survey of SB (Dr. Y. Wang, personal commu
⁎ Correlation is significant at the 0.05 level (2-tailed).
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studies can be summarized as follows: 1) by changing the oxidative
stress of the cell: Chloroplasts are cell compartments that are highly
susceptible to oxidative stress, and pollutant metals accelerate the
generation processes of reactive oxygen species in chloroplasts,
which exacerbate the oxidative stress in photosynthetic organisms
(Pinto et al., 2003). Okamoto and Colepicolo (1998) also pointed
out that oxidative stress is an important mediator of metal toxicity
in Protoceratium reticulatum (formerly Gonyaulax grindleyi). 2) Re-
ducing the light-harvesting capacity: Heavy metals can reduce the
light-harvesting capacity by decreasing the peridinin levels in P. reti-
culatum (Okamoto et al., 2001). Miao and Wang (2006) also found
that Cd toxicity can inhibit the growth and maximal photosynthetic
system II quantum yield of the autotrophic dinoflagellate Prorocen-
trum minimum. The above studies pointed to chloroplasts of autotro-
phic dinoflagellates playing an important role in the regulation of
metal toxicity. However, heterotrophic dinoflagellates could be im-
pacted by heavy metals in a different way as they lack chloroplasts
and pigments (Gaines and Elbrachter, 1987). This could cause the au-
totrophic dinoflagellates to decrease much faster than heterotrophic
dinoflagellates under the stress of heavy metals and would lead to
high H:A ratios. In Zone E, the concentrations of heavy metals in the
industrial sewage were higher than those of the other four zones.
Due to the toxicity of heavy metals, the abundance of autotrophic di-
noflagellates could decrease faster than that of heterotrophic dinofla-
gellates. Therefore, H:A ratios were higher in Zone E than that of the
other four zones. 3) Accelerating cyst formation: Our result showed a
higher proportion of living cysts found in Zone E in contrast to other
zones, indicating that cyst germination could be difficult under the
stress of heavy metals. Lage et al. (1994) and Okamoto et al. (1999)
found that dinoflagellate cells (P. reticulatum, Amphidinium carterae
and Prorocentrummicans) exposed tometals can promptly undergo en-
cystment, which is an important strategy for surviving metal exposure.

Anderson et al. (2003) found that dinoflagellate cyst abundancewas
correlated to the grain size of the sediment, and it was easier for silt and
clay sediment to collect dinoflagellate cysts in contrast to sandy sedi-
ment. Moreover, the fine sediment also indirectly indicates a stable
and favorable sedimentation process. The sediment in SB is dominated
by silt and clay except for site E1 and showed little impact on the spatial
distribution of total cyst abundance, but autotrophic cysts displayed a
preference for fine silt (Table 2). Kawamura (2004) also found that au-
totrophic dinoflagellate cyst abundance, for example of Spiniferites spe-
cies, favored silt (13–18 μm), but heterotrophic dinoflagellate cysts, for
example Brigantedinium species, were strongly related to sandy sedi-
ment (70 μm). The property of sediment at site E1 could contribute to
the lower levels of autotrophic cysts.

In a conclusion, our case study in SB supported the hypothesis that
dinoflagellate cysts could show different responses to nutrient en-
richment and industrial pollution (Dale, 2001, 2009). Nutrient enrich-
ment significantly increased the abundance of dinoflagellate cysts in
SB, whereas industrial pollution decreased their abundance. More-
over, autotrophic cysts showed more sensitive characteristics to the in-
dustrial pollution than heterotrophic cysts. Eddy and sediment grain
Zn As Pb DIN DIP

91.61 13.41 32.56 12.97 0.28
81.72 11.61 29.27 10.8 0.25
72.26 9.94 27.87 9.21 0.28
77.32 11.4 26.47 9.7 0.27
91.01 9.64 42.95 7.13 –

−0.11 0.835 −0.661 0.920⁎ −0.843
−0.146 0.854 −0.721 0.919⁎ −0.881⁎

0.176 0.628 −0.197 0.733 −0.443

nication; Bai et al., 2010); unit is μM.

sources on modern dinoflagellate cysts in the Sishili Bay, Yellow Sea,
1

http://dx.doi.org/10.1016/j.marmicro.2011.11.001


T

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449

450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533

535

13D. Liu et al. / Marine Micropaleontology xxx (2011) xxx–xxx
U
N
C
O

R
R
E
C

size can enhance orweaken theprocesses of cyst accumulation in the sed-
iment and these can cause problems in clarifying ecological information.
The different physiological mechanisms determining how heavy metals
affect autotrophic and heterotrophic cysts need to be studied in detail.
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Appendix A

Unknown Cyst 1 The round brown cyst has a single layer with many
spines (3–8 μm in diameter), and is 25–40 μm in di-
ameter excluding spines. These spines are acuminate
in shape, solid and rigid (Fujii and Matsuoka, 2006).

Unknown Cyst 2 The spherical or ovoid and colorless cysts with one
or double membranes are 20–60 μm in diameter
with a smooth surface and without ornamentation
and chromatophore (Fujii and Matsuoka, 2006).

Unknown Cyst 3 The ovoid and colorless cysts (30–40 μm in diame-
ter) with a granulated surface are probably Scripp-
siella cysts, although they do not have any
ornamentation due to palynological treatment
(Fujii and Matsuoka, 2006).
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