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Abstract. One hundred and twenty-six surface diatom samples were analysed to investigate the
characteristics of their assemblages and the seawater migration pathway from the inshore waters of the
western Bohai Bay. For this task we used correspondence analysis (CA) and discussed the seawater
pathway according to the distribution of freshwater diatoms and their abundance. Result shows that a total
of 49 species and 32 genera are identified, of which Cosinodiscus excentricus, Cosinodiscus radiatus,
Actinocyclus normanii and Cyclotella stylorums are the dominant species. The study area is divided into
four diatom combination zones. The freshwater diatoms are regularly distributed in the study area and
range from 0.48%-13.13%. In the waters south of the Duliujian River estuary, the proportion of
freshwater diatoms decreases from south to north, indicating that the water currents tend to move in the
same direction. In the southeastern sea area of the Lingang Economic Zone, due to land reclamation and
hydrodynamic condition changes, freshwater diatoms are deposited. In the bay north of the Haihe River
estuary, coastal currents are characterized by a clockwise circulation.

Keywords: surface diatom, CA analysis, pathway of currents, sedimentary environment

Introduction

Bohai Bay is located on the west bank of the Bohai Sea and is a typical semi-closed
bay slope; thus, the water exchange capacity is inadequate. After many coastal rivers
merge into the inshore waters of the western Bohai Bay, terrigenous sediments have
trouble moving to the middle of the Bohai Sea or to the open sea. The coastal land
reclamation project along the Bohai Bay has affected the hydrodynamic conditions and
ecological environment of the coastal waters (Tu et al., 2017). Four hundred and
thirty-two species of plankton have been identified in the Bohai Sea, of which diatoms
are the dominant species (Li and Tao, 2000). Diatoms are sensitive to environmental
changes and are affected by temperature, salinity, eutrophication, and fluid dynamics
(Hendey and Part, 1964; Leroy et al., 2018). Many scholars have studied the ecological
and geographical distribution of diatom species and their relationship with the
sedimentary environment, but the characteristics of surface diatoms and the formation
of diatom combinations vary between regions (Karpuz and Schrader, 1990;
Cunningham and Leventer, 1998; Artemova, 2018).

Worldwide, research on surface diatoms in seas has been extensive. Cardenasa et al.
(2019) studied the way diatoms, bulk sediment composition and geochemical proxies
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respond to oceanic domains and polar to subpolar frontal systems in surface sediments
across the Drake Passage. Results show the relevance concerning the composition of
surface sediments and ocean productivity, terrigenous input, the intensity of ocean
currents, and ice proximity. Weckstrom and Juggins (2006) explored the relationship
between surface sediment diatom assemblages and 15 environmental variables for
providing potential means for quality assessments of coastal waters in the Gulf of
Finland. In the Canary region, Modern diatom and Corg distribution patterns were
investigated to quantitatively determine the influence of coastal upwelling and Saharan
dust on the flux of sedimentary components (Nave et al., 2001). Hay et al. (2003) used
the distribution patterns of diatom microflora in the Effingham Inlet off the west coast
of Vancouver Island to determine the impact of coastal oceans on the interior of the
Effingham Inlet Fjord. Perez et al. (2018) researched environmental gradients associated
with the freshwater input and oceanic water intrusion of the Rio de la Plata estuary
(RdIP), and assessed diatom species distribution in surface sediment samples related to
such environmental gradients. Researchers also investigated the distribution and
combination of diatom in the surface sediments of the South China Sea and revealed the
sedimentary environment and hydrodynamic changes in the sea; diatom combination
are of great significance for tracking water currents and water masses (Ran and Jiang,
2005; Wu et al., 2013). Chen et al. (2019) determined the variation of the distribution of
diatoms in surface sediments on the inner shelf of the East China Sea affected by season
and typhoon. As for the East China Sea and the Yellow Sea, diatom combinations, as
well as their impact on the environment have also been studied (Chen et al., 2000;
Wang et al., 2001, 2009). However, at present, most diatom research concerning the
Bohai Bay involves sea areas of >10 m isobaths (Shang et al., 2006; Liu et al., 2015).
As for the inshore waters of the western Bohai Bay, Shang et al. (2012) studied surface
sedimentary diatoms in the intertidal zone and adjacent sea areas, revealing that salinity
and depth are essential factors controlling the distribution of diatoms.

Due to the low proportion of freshwater diatoms in Bohai Bay, the study of surface
diatoms in that area has mainly concentrated on saltwater and brackish water diatoms,
while few studies have been performed on freshwater diatoms (Chen et al., 2014; Xu et
al., 2017; Pan et al., 2019). On the western coast of the Bohai Bay, many rivers are
developing, thus freshwater diatoms inhabiting freshwater systems are often carried into
the sea by those rivers, moving under the influence of tide and currents. The Bohai Bay
is Semi-closed, and thus, the freshwater diatoms entering the sea impacts on the diatom
species in the sea.

In recent years, large-scale coastal land reclamation projects along the Bohai Bay
have changed the original coastline and affected the distribution of diatoms in the sea.
Therefore, 126 surface samples were collected from the inshore waters of the western
Bohai Bay for diatom identification and analysis. We analysed the characteristics of
diatom combinations using correspondence analysis (CA) in the study sea area. Besides,
we discussed the seawater pathway in the inshore waters of the western Bohai Bay
according to the distribution of freshwater diatoms and their abundance.

Study area

The study area is located in the inshore waters of the western Bohai Bay, China
(Fig. 1). The water depth ranges from 1 to 10 m in the isobath. Seabed topography tiltes
from east to west and the slope is relatively low and flat. There are four types of
sediments in the area, including sand, silty sand, sandy silt, and clay silt. The
distribution of silt is the most extensive. The particle size has a distribution trend that
gradually tapers from north to south and from inshore to offshore (Institute of Marine

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(2):2179-2196.
http://www.aloki.hu @ ISSN 1589 1623 (Print) @ ISSN1785 0037 (Online)
DOI: http://dx.doi.org/10.15666/aeer/1802_21792196
© 2020, ALOKI Kft., Budapest, Hungary



Li et al.: Diatom assemblages in surface sediments and their reflection on the water migration pathway from the inshore waters of
western Bohai Bay, China
- 2181 -

Geology, Institute of Oceanology, Chinese Academy of Sciences, 1985; Tian et al.,
2010; Ding et al., 2019). As a semi-closed inland sea, water temperature, salinity, and
other factors are mainly affected by season and freshwater injections (Institute of
Marine Geology, Institute of Oceanology, Chinese Academy of Sciences, 1985). The
hydrodynamics in the sea are mainly affected by tides, currents, and waves. The current
is affected by the warm Yellow Sea current, and the coastal current (Zhao et al., 1995).
The study area is adjacent to the lowland plains, and the elevation is generally below 3
m. There are many rivers on the plains that terminate in the sea. From north to south,
such rivers include the Jian River, the Jiyun River, the Chaobaixin River, the
Yongdingxin River, the Haihe River, the Duliujian River, the Ziyaxin River, and the
Shibei River. Most of those rivers are seasonal or sewage rivers, carrying sediment into
the sea, and thus, providing a source of sediment. In recent years, land reclamation on
the west coast of the Bohai Bay has destroyed the original natural coastline (Wang et
al., 2010), which has complicated the current and tide in the region.
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Figure 1. Sampling sites in the inshore waters of the western Bohai Bay

Materials and methods

One hundred and twenty-six surface diatom samples were obtained by the Tianjin
Center of the China Geological Survey in August 2017 from the inshore waters of the
western Bohai Bay (38°21'N- 39°10"N, 117°39" E-118°11 'E) (Fig. 1). Samples were
taken with grab or box corer. The top sediments were prepared for diatom analysis
according to Renberg (1990) and Smol et al. (2001). Preparation was proceeded as
follows: 1 g dry sample was weighed into a 250 mL flask and treated with 10% HCI
overnight to remove carbonates. Then, samples were treated with 30% H.O> for 24 h to
remove organic material. Next, flasks were incubated with 250 mL distilled water for
24 h to disperse the clay material. The supernatant was then decanted after at least 24 h.
The above steps were repeated 3-4 times. Subsequently, samples were adjusted to a
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volume of 50 mL, and 0.5 mL of the solution was dripped onto a coverslip on a hot
plate. After drying, the coverslip was placed on a glass slide coated with a neutral
balsam to prepare diatom flakes. Approximately 3—4 flakes were generated per sample.
Counting was performed with a Nikon 53-1 Nikon optical microscope at 400x
magnification and photographed with a Nikon imaging system. For surface sediments,
at least 500 diatom valves were enumerated. The absolute abundance of diatoms per
station was calculated.

CA was used to analyse the characteristics of diatom assemblages using canoco4.5
software. Due to the low abundance of some diatom species, species appeared in at least
two sediment samples and had a proportion of more than 1% in at least one sample were
selected for analysis (Bennion, 1994; Hall and Smol, 2010).

Results
Diatom identification

One hundred and twenty-six surface sediment samples were analysed from the study
area. A total of 49 species and varieties of diatoms from 32 genera are identified (Fig.
2). Saltwater diatoms mainly include Cosinodiscus excentricus and Cosinodiscus
radiates, but also include Actinocyclus normanii, Dictyocha fibula, Cyclotella striata,
Cyclotella stylorum, Thalassiosira nizschioides, Paralla sulcata, Trachyneis aspera,
Actinoptychus senarius, Surirella fluminensis, Triceratium favus, Eucampia Zoodiacus,
Nitzschia kerguelensis and Navicula clementis. Brackish water diatoms are mainly
Diploneis bombus and Nitzschia granulata, but also include Auliscus caelatus,
Diploneis suborbicularis, Diploneis smithii, Nitzschia compressa, Rhaphoneis surirella,
Rhaphoneis amphicero, Tryblioptychus cocconeiformi, Rhopalodia gibberula,
Grammatophora macilenta, Opephora martyi, Navicula marina, Actinoptychus
annulatus, Rhizosolenia imbricate, Nitzschia lorenziana and Dimeregramma minor.
Freshwater diatoms are found in low abundance in 93 stations, including Achnanthes
hauckiana, Synedra tabulata, Epithemia adanata, Pleurosigma normanii, Pinnularia
nobils, Hantzschia amphioxys, Navicula radiosa, Nitzschia gracilis, Gomphonema
tumidum, Melosira granulata, Nizschia amplectems, Synedra ulna, Nitzschia palea,
Rhopalodia gibba, Ellerbeckia arenaria, Eunotia valida and Gyrosigma acuminatum.

The dominant diatom species that can reflect the characteristics of the community,
and control the community structure were determined according to the formula of Shen
and Shi (2002), shown as Formula (1):

Y=n1*f1/N (Eq.l)

where n; is the number of individuals of all species, fi is the frequency of a given species
in each sample, and N is the total number of individuals counted for each sample. A 'Y
value > 0.02 indicates a dominant species.

According to the calculations, four dominant species are found, and all of which are
saltwater species, including Cosinodiscus excentricus, Cosinodiscus radiatus,
Actinocyclus normanii and Cyclotella stylorums. Among those species, Cyclotella
stylorums is a dominant species from the Duliujian River estuary to the Nanpaishui
River estuary, whereas its abundance in other sea areas is low.
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Figure 2. Species of diatoms in the study area
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The distribution of diatoms

The distribution profiles were plotted using ARCGIS (ARCGIS version 10.2)

according to the diatoms abundance, percentage of saltwater, brackish, and freshwater
species at each station (Fig. 3).

Figure 3. The distribution of saltwater, brackish water, freshwater species and Diatom
abundance in the study area (a- Diatom abundance; b- content of saltwater diatoms; c- content
of brackish water diatoms; d- content of freshwater diatoms)

The abundance of diatoms in the study area ranges from 800 to 30,600 /g, with an
average of 12,979 /g. The diatoms in the bay north of the Haihe River estuary are the
most abundant. Among the sample sites, the abundance of diatoms at stations 1-3, 6-8,
13-16, 18-19 and 21-22 on the northwest shore reach 15,800-30,600 /g, which is
higher than the average of the study area. Diatoms are second most abundant in the sea
south of the Duliujian River estuary at 7,000-21,000/g. Diatom abundance in the sea
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between the Haihe River Estuary and the Duliujian River estuary is the lowest, with a
range of 800-20,300/g.

Saltwater diatoms are distributed throughout the study area and have the highest
proportion, with a proportion of 72.73% to 100.00%. Saltwater diatoms have the highest
proportion in the bay north of the Haihe River estuary, and the proportion from shore to
sea direction increases. The proportion of saltwater diatoms in the sea south of the
Haihe River estuary is lower than that in the bay north of the Haihe River estuary.
Among the sea south of the Haihe River estuary, the stations in the waters adjacent to
the Nangang Industrial Zone (stations 64, 71-72, 74—77, 79-81 and 83-87) have a high
proportion of saltwater diatoms, ranging from 92.86% to 98.84%. The proportion of
saltwater diatoms in other stations is varied and ranges from 72.73% to 100.00%.

The proportion of brackish water diatoms is 0.00%-19.70% in the study sea area. In
the bay north of the Haihe River estuary, the proportion of brackish water diatoms tends
to decrease from the shore to the sea. The proportion of brackish water diatoms in the
western coastal waters of the bay (at stations 1, 6, 13, 14, 20, 21, 22, 27, 31, 32, and 35)
is relatively high compared to the inner bay, with a proportion of 3.05%-12.37%. The
brackish water diatom proportion at the stations in the inner bay (stations 7-9, 11, 15—
18, 23-26, 28, 30, 33-34, and 36-39) is low, ranging from 0% to 1.98%. In the sea
south of the Haihe River estuary, the proportion of brackish water diatoms is relatively
high in the southeastern sea area of the Lingang Economic Zone (stations 49, 50, 52,
55-57, 59-60, 65 and 70) and the sea south of the Nangang Industrial Zone, compared
to the waters adjacent to the Nangang Industrial Zone, ranging from 3.77% to 19.7%.
The proportion of brackish water diatoms in the waters adjacent to the Nangang
Industrial Zone (stations 66, 67, 68, 71, 75 and 80) is relatively small, ranging from 0%
to 1.89%.

The proportion of freshwater diatoms is 0.00%-13.13% in the study sea area.
Freshwater diatoms are mainly distributed in the sea south of the Haihe River estuary,
with a ratio of 0% to 13.13%, and the proportion decreases from the shore to the sea.
The proportion of freshwater diatoms in the sea south of the Shibei River estuary
(stations 94-95, 97-98, 100-102, 106, 110-112, 115-117, 119, 122 and 125-126) is the
highest, reaching 2.22%-13.13%. Additionally, within that region, the proportion of
freshwater diatoms shows a trend of initial decreases and subsequent increases from the
shore to the sea. The freshwater diatom proportion in the sea area north of the Shibei
River estuary decreased. The proportion of freshwater diatoms in the bay north of the
Haihe River estuary is lowest, ranging from 0% to 2.14%. No freshwater diatoms are
found at stations 15, 16, 23, 29 and 34 in the inner bay.

Discussion
Characteristics of diatom assemblages

CA was used to analyse the characteristics of diatom assemblages. In the scatter plot
of the main taxa in the CA (Fig. 4), the locational distribution of diatom species reflects
the composition of the major diatom species. The closer the location of the distribution
of species in the figure, the closer the relationship between diatom species. The Fig. 4
shows that the main diatom species are divided into four groups. Group 1 is the
dominant species of diatoms, including Cosinodiscus excentricus, Cosinodiscus
radiatus, Actinocyclus normanii, Actinocyclus senarius and Surirella fluminensis. The
freshwater species, Synedra ulna and Nitzschia palea are also distributed throughout the
study area. Group Il is mainly brackish water diatoms, including Grammatophora
macilenta, Diploneis  suborbicularis, Nitzschia compressa, Tryblioptychus
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cocconeiformi, Rhopalodia gibberula, Actinoptychus annulatus and Auliscus caelatus,
as well as the saltwater diatoms, Dictyocha fibula, Triceratium favus and Epithemia
adanata. Group Il includes Cyclotella striata, Trachyneis aspera and Paralla sulcata,
as well as the brackish water species, Nitzschia granulata, and the freshwater species,
Achnanthes hauckiana. Group IV is mainly saltwater diatoms, including Cyclotella
stylorum, Thalassiosira nizschioides, Synedra tabulata, Ellerbeckia arenaria,
Gyrosigma acuminatum, Nitzschia kerguelensis, Navicula clementis, Pleurosigma
normanii, Navicula radiosa and Surirella fluminensis, as well as the brackish water
species, Diploneis smithii, Rhaphoneis surirella, Diploneis Bombus and Rhizosolenia
imbricata.
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Figure 4. Scatter diagram of CA main taxa

Corresponding to the CA scatter diagram of diatom station (Fig. 5a), stations
containing similar diatom species are distributed in adjacent locations. Therefore, the
study area is divided into four diatom combination zone, according to the diatom
combination division (Fig. 5b). Zone 1 includes stations 1-32, 34-35 and 38-39. Zone
Il includes stations 33, 36-37, 40-63 and 65-69. Zone IlI includes stations 64 and 70-
105. Zone 1V includes stations 106-126.

Zone 1 is distributed in the bay north of the Haihe River estuary. The abundance of
diatoms in Zone | is 6500-30600 /g, and the average abundance is 15417 /g.
Cosinodiscus excentricus-Cosinodiscus radiates-Actinocyclus normanii is the dominant
diatom combination, with a proportion of 79.67%. The proportion of saltwater diatoms
is 86.60%-99.48%, and the average proportion is 96.44%.Among the main saltwater
species, Cyclotella striata, Cyclotella stylorum, Triceratium favus and Paralla sulcate
are inner Bay indicator species (Kazuo and Kiyoshi, 1990; Chiba and Sawai, 2014),
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with a proportion of 9.47%. Dictyocha fibula is seawater muddy intertidal indicator
species (Kazuo and Kiyoshi, 1990; Chiba and Sawai, 2014), Thalassiosira nizschioides
and Actinocyclus senarius are pelagic indicator species in the ocean (Kazuo and
Kiyoshi, 1990; Chiba and Sawai, 2014), with a proportion of 2.94%. The proportion of
brackish water diatoms is 0%-12.30%, with an average proportion of 2.92%. Among the
main brackish water species, Rhaphoneis surirella, Auliscus caelalus and Opephora
martyi are seawater sandy intertidal indicators species (Kazuo and Kiyoshi, 1990; Chiba
and Sawai, 2014), with a proportion of 0.78%, Diploneis bombus is seawater muddy
intertidal indicator species, with a proportion of 0.72%. Tryblioptychus cocconeiformi is
indicator species of the seaweed field (Kazuo and Kiyoshi, 1990; Chiba and Sawai,
2014), with a proportion of 0.11%. Freshwater diatoms are found in the sea along the
Yongdingxin River estuary and the Jian River estuary, ranging from 0.50% to 2.14%.
The main diatom species are Achnanthes hauckiana, Synedra ulna and Nitzschia palea.
Among those species, Achnanthes hauckiana often appeares in the estuary, coastal
waters, and land lakes (Hartley, 1996). Synedra ulna lives in eutrophic environments
with a salinity of less than 2% (Chiba and Sawai, 2014). Nitzschia palea can survive in
highly polluted and highly corrosive waters (Kosugi, 1988). Synedra tabulate,
Ellerbeckia arenaria, Rhopalodia gibba, Eunotia valida and Epithemia adanata are
also found at individual stations. Among those species, Eunotia valida lives in
oligotrophic environments (Fontana et al., 2014).
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Figure 5. CA scatter diagram of diatom station and diatom combination zone in the study area
(a: CA scatter diagram of diatom station; b: diatom combination zone)

The freshwater diatom proportion in the sea along the Yongdingxin River estuary is
0.56%-1.53%, with a decreasing trend from south to north. The freshwater diatom
proportion in the sea along the Jian River Estuary is 0.50%-2.14%, with a decreasing
trend from north to south. A total of 36 diatom species are found in zone I, with the
most diversity and abundance in the four diatom combination zones. Because the tidal
energy in the northwestern part of the bay is weak, and the barrier effect of the Luan
River delta in eastern weakens the energy of the current (Pei et al., 2009). Thus, zone |
is abundant in diatoms due to the suitable environment for their survival. According to
the proportion of freshwater diatoms, zone 1 is divided into two sub-zones (I-1 zone and
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I-2 zone). The I-1 zone includes the sea along the Yongdingxin River estuary (stations
1, 6-7, 13-14, 20-22, 27-28, 31-32, 35 and 38-39) and the sea along the Jian River
estuary (stations 5, 9-11, 17-18, 24-26 and 30). The proportion of saltwater diatoms in
zone 1-1 is relatively low, but the proportion of brackish water species is high. In the sea
along the Yongdingxin River estuary, the proportion of brackish water diatoms is
0.68%-12.37%, and the average proportion is 4.60%, which is much higher than the
average value of zone |. Freshwater diatoms are found in the zone I-1. Due to the
influence of the two rivers entering the sea, the maritime nature of area I-1 is weak, and
is influenced by the action of the river. Xu et al. (2008) found that there is a low-salt sea
area near the intersection of the Yonghexin River and the Jiyun River. The lowest
salinity value is 27.21%o (Xu et al., 2008), which is consistent with the trend in diatom
species in zone I-1.

Zone 1-2 is distributed in the inner bay (stations 2-4, 8, 12, 15-16, 19, 23, 29 and
34). The proportion of saltwater diatoms in zone I-2 is the highest in the overall study
area, and no freshwater diatoms are found. Therefore, zone I-1 is an intertidal zone that
is relatively strongly influenced by rivers, while zone 1-2 is an inner bay that is not
affected by rivers.

Zone 1l is mainly distributed in the sea between the Haihe River estuary and the Jian
River estuary. The abundance of diatoms is the smallest, ranging from 800 to 21,000 /g,
with an average abundance of 7,359 /g. Cosinodiscus excentricus-Cosinodiscus
radiates-Actinocyclus normanii is the dominant diatom combination, with a proportion
of 81.74%. The proportion of saltwater diatoms is 72.73%-100.00%, and the average
proportion is 93.69%, which is lower than that in Zone I. The main saltwater diatoms
include the inner bay indicator species (Cyclotella striata, Cyclotella stylorum,
Triceratium favus and Paralla sulcata), with a proportion of 9.11%, and the pelagic
indicator species (Thalassiosira nizschioides), with a proportion of 1.41%. The
proportion of brackish water diatoms is 0%-19.7%, and the average proportion is
3.90%, which is higher than that in zone I. The main brackish water diatoms include the
seawater muddy intertidal indicator species (Diploneis bombus, Nitzschia granulata and
Diploneis smithii), with a proportion of 0.97%, and seawater sandy intertidal indicator
species (Rhaphoneis surirella, Auliscus caelalus), with a proportion of 0.76%. The
proportion of freshwater diatoms ranges from 0% to 11.50%, which are distributed
throughout stations 33, 36-37, 40, 42-44, 46, 50-51, 54, 57-58, 60-63, 65, 67 and 69.
The main freshwater diatoms are Synedra ulna, Achnanthes hauckiana, Melosira
granulate and Gomphonema tumidum. A small amount of Epithemia adanata and
Ellerbeckia arenaria is also discovered. The proportion of freshwater diatoms in
stations 50-51, 54, 57, 60, 62, and 67 reachs 7.68%, which is higher than the average
value in zone II.

Since 1967, the Duliujian River has contained a moisture barrier in the downstream
estuary, causing serious silting of the river under the water barrier, and resulting in very
low annual runoff, which has weakened the river’s energy transfer to the sea. Thus, the
impact of the Duliujian River on the proportion of freshwater diatoms in zone Il is
negligible. The sediments in zone Il are mainly affected by the Haihe River (Tian et al.,
2010; Han et al., 2011). Freshwater diatoms entering the sea are deposited by waves and
tides, which are the main reasons for the high proportion of freshwater diatoms. Zone 11
is the least abundant zone among the three diatom combination zones, with a total of 24
species of diatoms found in zone Il. Under the influence of the Haihe River, the salinity
of the sea area is lower than that of the surrounding sea area. At the same time, the wave
and tidal action of the sea area is dominated by hydrodynamic forces, and the sediments
entering the sea are formed fine sand deposits during repeated waves and tides (Pei et
al., 2010). Under complex hydrodynamic conditions, diatoms are not easy to preserve
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due to their friction with coarse particles, which is also the reason for the lowest
abundance of diatoms in zone 1I. Therefore, zone Il is an intertidal zone that is affected
by rivers and tides.

Zone Il1 is distributed in the sea between the Duliujian River estuary and the
Nanpaishui River estuary. The abundance of diatoms is 10400-21000 /g, and the
average abundance is 15005 /g. Cosinodiscus excentricus-Cosinodiscus radiates-
Actinocyclus normanii-Cyclotella stylorum is a dominant diatom combination, with a
proportion of 84.82%. The proportion of saltwater diatoms is 72.73%-100%, and the
average proportion is 93.69%. The main saltwater diatoms include seawater muddy
intertidal indicator species (Dictyocha fibula), which have a proportion of 4.67%, and
pelagic indicator species (Thalassiosira nizschioides and Actinocyclus senarius), which
have a proportion of 4.39%. The proportion of brackish water diatoms is 0.58%-
12.35%, and the average proportion is 4.46%. The main saltwater diatoms include
seawater muddy intertidal indicator species (Diploneis bombus, Nitzschia granulata,
Diploneis smithii and Nitzschia lorenziana), with a proportion of 2.67%, seawater sandy
intertidal indicator species (Rhaphoneis surirella, Auliscus caelalus and Dimeregramma
minor), with a proportion of 1.48%, and the indicator species of the seaweed field
(Tryblioptychus cocconeiformi), with a proportion of 0.03%. The proportion of
freshwater diatoms ranges from 0.58% to 7.69% and is distributed in stations 70-91,
94-98 and 100-105. Freshwater diatoms in zone Il are the most diverse of the four
combination zones, reaching 14 species. Additionally, the species of freshwater diatoms
change, compared to the zone | and zone Il. The main freshwater diatoms are Nitzschia
palea, Ellerbeckia arenaria, Gyrosigma acuminatum and Pleurosigma normanii.
Among those species, Ellerbeckia arenaria lives in eutrophic conditions (Fontana et al.,
2014) and Gyrosigma acuminatum often lives in marsh environments (Chiba and Sawali,
2014; Chen, 2016). Pinnularia nobils lives in lakes with salinities of less than 2%o
(Zhang et al., 2012). Hantzschia amphioxys are freshwater species that live in alkaline
environments (Kazuo and Kiyoshi, 1990; Kashima, 1992), and Gomphonema tumidum
lives in swamp wetlands (Kazuo and Kiyoshi, 1990; Chiba and Sawai, 2014). Melosira
granulate lives in eutrophic lakes (Jin, 1982; Kazuo and Kiyoshi, 1990; Kashima,
1992), while Nizschia amplectems lives in alkaline marsh wetlands (Kazuo and Kiyoshi,
1990; Kashima, 1992). Few Synedra tabulate, Epithemia adanata and Synedra ulna are
found at individual stations.

According to the analysis of diatom combinations, zone Ill is divided into two
sub-regions (regions I11-1 and 111-2). Zone 111-1 includes stations 82, 88-89, 94-98 and
100-105, and locates along the Qingjing drain estuary, the Ziyaxin River estuary and
the Shibei River estuary. The proportion of saltwater diatoms in Zone IlI-1 are the
lowest in the study area, ranging from 84.57% to 95.52%. The proportion of brackish
water diatoms and freshwater species is relatively high compared to zone 111-2, with a
proportion of 2.05%-12.35% and 0.75%-4.82%, respectively. Due to the influence of
many rivers entering the sea, zone I11-1 is strongly influenced by rivers, causing intense
mixing of saltwater and freshwater. Thus, there is a low salinity sea area (Xu et al.,
2008). Zone 111-2 includes stations 64, 70-81, 83-87, 90-93 and 99, and is weakly
affected by the river. The proportion of diatoms in saltwater in zone I11-2 is higher than
that in zone 111-1, ranging from 86.89% to 98.84%. The proportion of brackish water
diatoms and freshwater diatoms decreases compared to zone Il1-1, with proportions of
0.58%-9.84% and 0%-7.69%, respectively. Therefore, zone 1lI-1 is an intertidal zone
that is strongly affected by rivers. Zone I11-2 is a subtidal zone that is weakly affected
by rivers.

Zone 1V is located in the sea south of the Nanpaishui River estuary and the zone
includes stations 106—-126. The abundance of diatoms is 7000-20600 /g, and the average
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abundance is 13795 /g. Cosinodiscus excentricus-Cosinodiscus radiates-Actinocyclus
normanii is a dominant diatom combination, with a proportion of 74.81%. The
proportion of saltwater diatoms is 78.79%-97.14%, and the average proportion is
91.91%. The main saltwater diatoms include the inner bay indicator species (Cyclotella
striata, Cyclotella stylorum and Paralla sulcata), with a proportion of 10.51%, pelagic
indicator species in the ocean (Thalassiosira nizschioides and Actinocyclus senarius),
with a proportion of 2.97%, and seawater muddy intertidal indicator species (Dictyocha
fibula), with a proportion of 1.09%. The proportion of brackish water diatoms is 1.48%-—
9.48%, and the average proportion is 4.37%, which is similar to that in zone Ill. The
main brackish water diatoms include seawater sandy intertidal indicator species
(Rhaphoneis surirella and Auliscus caelalus), with a proportion of 3.03%, and seawater
muddy intertidal indicator species (Diploneis bombus), with a proportion of 0.79%. The
freshwater diatoms in the zone IV accounte for the largest proportion, ranging from
0.65% to 13.17%, and are distributed in stations 106-117, 119-123, 125 and 126.
Freshwater diatoms mainly include Synedra ulna, Nitzschia palea and Gyrosigma
acuminatum. Few Ellerbeckia arenaria, Pleurosigma normanii and Epithemia adanata
are found at some of the stations. After freshwater diatoms enter the sea under the action
of the river, a portion of freshwater diatoms are transported offshore by the inertia of the
river, and another portion of freshwater diatoms migrate northward under the influence
of coastal currents. We find that the proportion of saltwater diatoms in zone 1V have a
trend of increasing first and then decreasing from the coastal sea to the offshore.
However, freshwater diatoms show the opposite trend. In the offshore (stations 108,
109, 110, 119 and 122-123), the proportion of freshwater diatoms increases, ranging
from 1.14% to 13.13%, which are more than the coastal sea (stations 107, 118 and 120-
121), ranging from 0%-1.55%. However, the species of freshwater diatoms in the
offshore sea are similar to the species of freshwater diatoms in the nearshore sea. In
addition to normal tidal hydrodynamics, the sea area is also affected by wind and waves
on the shore (Pei et al., 2009), which is the reason for the changing trend of freshwater
and saltwater diatoms. Therefore, zone IV is an intertidal-subtidal zone strongly
affected by rivers.

The main diatom species and sedimentary environments in the study area are
summarized in Table 1.

The function of freshwater diatoms in the seawater flow pathway

The distribution of freshwater diatoms is consistent with the diatom combination
zones. The proportion of freshwater diatoms is the highest in zone IV, and the southern
part of zone Il (94-98, 100-117, 119-123, 125 and 126), ranging from 0.65% to
13.13%. Under the influence of the river that flows into the sea, freshwater diatoms,
such as Synedra ulna, Nitzschia palea, Ellerbeckia arenaria, Gyrosigma acuminatum,
Pleurosigma normanii, Pinnularia nobils, Hantzschia amphioxys and Nizschia
amplectems enter the sea. After freshwater diatoms enter the sea, some diatoms are
transported offshore by the inertia of the river, and form a sedimentary trend
perpendicular to the coastline, while another portion of the freshwater diatom move
northward under the action of the current.
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Table 1. Dominant diatom assemblages, proportion of freshwater diatoms and deposition
environment in study area

ZOPE Salt, bracklsh_and Main diatoms assemblages /% |Freshwater diatoms /% De_posmon
station | freshwater species /% environment
Cosinodiscus excentricus . . . .
95.62 (33.15),Cosinodiscus radiates Nitzschia palea (0'.40)’ |nt_ert|dal zone
- - | Achnanthes hauckiana |relatively strongly
I-1 3.46 (27.30),Actinocyclus normanii -
- (0.30), Synedra ulna influenced by
1.10 (18.09),Cyclotella striata (0.12) rivers
(5.19),Dictyocha fibula (3.14) '
Cosinodiscus excentricus
98.31 (38.49),Cosinodiscus radiate inner bav not
1-2 1.69 (22.89),Actinocyclus normanii not found affected byrivers
0 (20.85),Cyclotella striata y
(4.44),Dictyocha fibula (3.47)
Cosinodiscus excentricus . .
93.69 (39.89),Cosinodiscus radiates Nitzschia palea (2.49), intertidal zone
- = Synedra ulna (0.86), -
1l 3.90 (23.27),Actinocyclus normanii Achnanthes hauckiana affected by rivers
3.86 (18.58),Cyclotella striata (0.14) and tides
(3.47),Nitzschia granulata (1.57) '
Actinocyclus normanii
91.36 (28.56),Cosinodiscus radiates | Pleurosigma normanii intertidal zone ver
-1 5 ;58 (19.63),Cosinodiscus excentricus (0.93), Gyrosigma stronal affectedy
3.06 (19.08),Cyclotella stylorum acuminatum (0.72), bg )r/ivers
' (13.94),Thalassiosira nizschioides| Nitzschia palea (0.60) y
(5.32
Actinocyclus normanii
(27.58),Cosinodiscus radiates Ellerbeckia arenaria .
-2 934.7282 (26.95),Cosinodiscus excentricus (1.26), Gyrosigma wezlli?tlg#ei(t):;b
2'49 (22.90),Cyclotella stylorum acuminatum (0.31), yrivers y
' (9.83), Thalassiosira nizschioides | Nitzschia palea (0.28)
(3.04)
Actinocyclus normanii . .
91.91 (27.54),Cosinodiscus radiates Nitzschia palea (2.51), intertidal-subtidal
S - Synedra ulna (1.05),
v 4.37 (26.12),Cosinodiscus excentricus Gvrosioma acuminatum | ZON€ strongly
4.12 (21.15),Cyclotella striata yrosig (0.44) affected by rivers
(5.24),Cyclotella stylorum (2.82) '

The proportion of freshwater diatoms in the central and northern stations of zone Il
(74-91) decrease, ranging from 0.58% to 7.69%. Compared with the southern sea, the
proportion of Nitzschia palea, Ellerbeckia arenaria, Gyrosigma acuminatum, and
Pleurosigma normanii are decreased, while Synedra ulna is not observed in the sea. The
proportion of freshwater diatoms in zone Il (stations 40, 42-44, 46, 50-51, 54, 57-58,
60-63, 65, 67 and 69-73) increases, ranging from 0.48% to 11.5%. The species of
freshwater diatoms in zone Il have changed, compared to zone Il and zone IV;
Pleurosigma normanii is not observed in the sea, while Melosira granulate,
Gomphonema tumidum, and Synedra ulna, albeit in low proportions. The proportion of
the freshwater diatoms, Nitzschia palea, Ellerbeckia arenaria, and Gyrosigma
acuminatum increases, especially in stations 50-51, 54, 57, 60, 62, and 67, reachs
7.68%, which is higher than the regional average in Zone II.

Since 1967, the Duliujian River has contained a moisture barrier in the downstream
estuary, causing serious silting of the river under the gate, and resulting in very small
annual runoffs, and a weakening the river’s water flow to the sea. Thus, the impact of
the Duliujian River on the proportion of freshwater diatoms in zone 11 is negligible. The
increase in freshwater diatom proportion in zone Il is mainly affected by the land
reclamation project along the Haihe River estuary. Due to the construction of the
Lingang Economic Zone, the hydrodynamic conditions in the sea near the Haihe River
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estuary have been changed. At high tide, the flow rate in the southeastern side of the
Lingang Economic Zone increased due to local flow, while during ebb tides, the flow
rate in the southeastern side of the Lingang Economic Zone is reduced significantly.
Therefore, sediments from the Haihe River are deposited, causing changes in the
substrate (Nie and Tao, 2008). Also, due to the impact of the reclamation project on
coastal currents, the deposition of freshwater diatoms increased in zone Il. The
freshwater diatoms in zone | are distributed in the sea along the Yongdingxin River
Estuary and the Jian River Estuary. The main diatom species are Achnanthes hauckiana,
Synedra ulna, Nitzschia palea and Ellerbeckia arenaria. Freshwater diatoms in the sea
along the Yongdingxin River estuary (stations 1, 7, 14, 20, 22, 27-28, 31-32, 35 and
38-39) ranges from 0.56% to 1.53%, and shows a downward trend from south to north.
The freshwater diatom proportion in the sea along the Jian River Estuary (stations 5, 9—
11, 17-18, 24-26 and 30) is 0.50%—2.14%. The diatom species are similar to those in
the waters along the Yongdingxin River estuary, and shows a decreasing trend in
proportion from north to south.

In summary, the changes in the proportion of freshwater diatoms indicated the flow
of seawater in the study area (Figure 6). In the summer, the current flows from south to
north in the sea south of the Diujian River estuary. Due to the influence of the Haihe
River flowing into the sea and the influence of the land reclamation project on the tide
and currents from the Duliujian River estuary to the Haihe River estuary, the
hydrodynamic conditions of the sea have changed. In the bay north of the Haihe River
estuary, the current flows from south to north along the west coast, then the coastal
current flows along the north coast, and then flows to the southeast, a clockwise water
current is formed.
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Figure 6. Freshwater diatom moving direction
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Conclusions

According to the diatom combinations of surface sediments in the inshore waters of
the western Bohai Bay and the distribution of freshwater diatoms, the following results
and conclusions are obtained:

(1) A total of 49 species and varieties of diatoms from 32 genera are identified in the
study area. Four dominant species are found, and all of which are saltwater species,
including Cosinodiscus excentricus, Cosinodiscus radiatus, Actinocyclus normanii and
Cyclotella stylorums. Diatom abundance in the bay north of the Haihe River estuary is
the highest, while diatom abundance in the sea south of the Duliujian River estuary is
the second. Diatom abundance in the sea between the Haihe River Estuary and the
Duliujian River estuary is the lowest and is affected by the flow of the Haihe River, as
well as tides.

(2) All 126 stations are dominated by saltwater diatoms. Saltwater diatoms have the
highest proportion in the bay north of the Haihe River estuary. The proportion of
saltwater diatoms in the sea south of the Haihe River estuary is lower than that in the
bay north of the Haihe River estuary. The brackish water diatoms are mainly distributed
in the Yongdingxin River estuary, the sea southeast of the Lingang Economic Zone and
the sea south of the Nangang Industrial Zone. In the bay north of the Haihe River
estuary, the proportion of brackish water diatoms tend to decrease from the shore to the
sea. Freshwater diatoms are found at 93 stations with a proportion of 0.48%, and are
regularly distributed in the study area.

(3) According to the diatom combination analyses, the study area is divided into four
sedimentary areas. Zone | is distributed in the bay north of the Haihe River estuary and
is divided into an intertidal zone (I-1 zone), which is strongly influenced by rivers, and
the Inner Bay zone (I-2 zone), which is not affected by rivers. Zone 1l is distributed in
the sea between the Haihe River estuary and Duliujian River estuary. It is an intertidal
zone affected by the Haihe River, tides, and tidal currents. Zone 11 is distributed in the
sea between the Duliujian River estuary and the Nanpaishui River estuary. It is divided
into the intertidal zone (I11-1), which is strongly influenced by rivers, and the subtidal
zone (111-2), which is weakly affected by rivers. Zone 1V is distributed in the sea south
of the Nanpaishui River estuary. It is an intertidal-tidal zone that is strongly influenced
by rivers.

(4) Trends in the distribution and abundance of freshwater diatoms in the inshore
waters of the western Bohai Bay indicates that the land reclamation project on the west
coast of the Bohai Bay affects the tide and water current, which changes the sediment
transport direction. In the summer, the currents move from south to north in the sea
south of the Haihe River estuary. The construction of the Lingang Economic Zone has
changed the hydrodynamic conditions of the local waters, causing the rivers to enter the
sea form sedimentary areas in the southeastern waters of the Lingang Economic Zone.
In the bay north of the Haihe River estuary, a clockwise water current is formed.

(5) In this paper, we discussed the diatoms assemblage and the seawater flow
pathway in summer. In future research we will investigate about whether the diatom
assemblage changes with the season and freshwater could reflect the seawater flow
pathway in winter.
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