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  Abstract     In order to depict the distribution of diatom fossils in surface sediments and to establish a 
reliable reference data for further paleoenvironmental study in the Changjiang (Yangtze) River estuary 
and its adjacent waters, the diatom fossils from 34 surface sediment samples and their relationship with 
environmental variables were analyzed by principal component analysis and redundancy correspondence 
analysis. The diversity and abundance of diatom fossils were analyzed. Some annual average parameters of 
the overlying water (salinity, temperature, turbidity, dissolved oxygen, depth, dissolved inorganic nitrogen, 
dissolved inorganic phosphate and dissolved inorganic silicate) were measured at each sampling site. A total 
of 113 diatom taxa and one silicofl agellate species were identifi ed in the investigation area. Diatom fossils 
were better preserved in fi ne sediments. The absolute abundance of diatom fossils did not signifi cantly 
diff er between inshore and off shore areas, the species diversity decreased from inshore to off shore. This 
may be because high nutrients and low salinity promoted the growth of more brackish species in coastal 
waters. The diatom taxa were divided into three groups, on the basis of their response and indication to 
environmental changes. For example,  Actinocyclus   ehrenbergii  and  Cyclotella   stylorum  were dominant in 
coastal waters (Group 1 and Group 3) with high nutrients and low salinity; the relative abundances of 
 Paralia   sulcata  and  Podosira   stelliger  were signifi cantly higher in off shore sites (Group 2, average 39.5%), 
which were characterized by high salinity and deep water. Four environmental variables (salinity, dissolved 
inorganic nitrogen, temperature and water depth) explained the composition and distribution of diatom taxa 
independently ( P< 0.05), this fi nding can be applied in further paleoenvironmental reconstruction research 
in this area. 
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 1 INTRODUCTION 

 Diatoms are important primary producers in 
aquatic ecosystems, and are the dominant planktonic 
algae in almost all high productivity waters and 
upwelling areas (Dawes, 1998; Abrantes et al., 2005). 
Diatom abundance and diversity provide abundant 
environmental information because of their sensitivity 
to environmental factors. Diatoms are generally 

preserved well in sediments for a long time because 
of their siliceous cell wall (Serieyssol et al., 2011). 
Therefore, analyzing the abundance and species 
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changes of diatom fossils in sediments can help us 
understand the physical and chemical characteristics 
of the overlying water (Clarke et al., 2003; Hassan et 
al., 2009). Numerous studies have confi rmed that 
diatom fossils preserved in sediment could be used to 
indicate and reconstruct environmental changes, such 
as water temperature, salinity, pH, eutrophication and 
even natural disasters, e.g. earthquakes and tsunamis 
(Clarke et al., 2003; Weckström et al., 2004; Romero 
et al., 2005; Hassan et al., 2009; Ren et al., 2014; 
Dura et al., 2016; Luoto et al., 2017). For example, 
Costa-Böddeker et al. (2017) used surface sediment 
diatom fossils such as  Thalassionema   nitzschioides  
and  Thalassiosira   cedarkeyensis  to assess the 
ecological conditions in the Thi Vai estuary and Can 
Gio mangrove forest, Southern Vietnam. The 
distribution and abundance of  Paralia   sulcata  fossils 
preserved in sediment can be used to indicate 
eutrophication in coastal waters (McQuoid and 
Nordberg, 2003; Liu et al., 2008, 2015a).  

 Estuaries and coastal areas are exposed to a variety 
of pressures, such as climate change, runoff  and 
human activities (Wong et al., 2014). As the largest 
estuary in China, the Changjiang River estuary (CRE) 
is regarded as one of the most polluted areas aff ected 
by human activities (Liu et al., 2016a). In recent 
decades, with the infl uence of rapid economic 
development and human activities, the loading of 
nutrients from the Changjiang River (CR) has 
increased greatly, which has caused serious 
eutrophication in the CRE and its adjacent area (Gao 
and Song, 2005; Duan et al., 2008; Li et al., 2014). 
Frequent harmful algal blooms (HABs) and seasonal 
hypoxia resulting from eutrophication have 
exacerbated the ecological degradation (Zhang et al., 
2007; Zhu et al., 2011; Li et al., 2014; Zhou et al., 
2017). Meanwhile, the nutrient structure has 
dramatically changed in the CRE and its adjacent area 
because of intensifi ed human activities, particularly 
after the construction of the Three Gorges Dam. The 
N:P ratio has increased whereas the Si:P and Si:N 
ratios have declined signifi cantly, and P has been the 
potential limiting factor for phytoplankton growth 
(Duan et al., 2008; Chai et al., 2009; Liu et al., 2016b; 
Li et al., 2017). Changes in the nutrient structure, 
together with other environmental variations, have 
led to alteration of the phytoplankton community 
structure and diversity. For example, large diatoms 
have become less abundant (e.g.  Podosira   stelliger ) 
and a shift in the dinofl agellate composition (e.g. 
 Prorocentrum   dentatum ,  Alexandrium  spp.) has 

occurred (Zhou et al., 2008; Abate et al., 2017). As 
diatoms are the dominant species of phytoplankton in 
the CRE and its adjacent waters, changes in the 
composition of diatom assemblages and in diatom 
abundance can refl ect the environmental variations 
(Lin et al., 2008). Therefore, diatoms can be used to 
explore how environmental factors in the CRE and its 
adjacent waters have aff ected the ecosystem both 
spatially and temporally. A lot of studies have 
established reliable data of how diatoms present in 
water bodies respond to environmental variables in 
the CRE and adjacent regions (Gao and Song, 2005; 
Lin et al., 2008; Song et al., 2008; Jiang et al., 2015; 
Song et al., 2017). In contrast, only a few investigations 
focused on diatoms preserved in sediments and their 
relationship with environmental variables have been 
published (Wang et al., 2001, 2016). Those studies 
mostly selected particular diatom taxa or taxa groups 
to indicate environmental changes, with insuffi  cient 
taxonomic sampling to allow paleoenvironmental 
analyses in the CRE and its adjacent area. 

 In this study, the diatom fossils in surface sediment 
and their environmental implication were analyzed to 
achieve two main purposes: 1) to describe the 
geographical distribution feature of diatom fossils 
preserved in surface sediments, and to explore their 
potential as indicators of environmental variables; 
and 2) to fi nd the most signifi cant environmental 
variables that aff ect diatom distribution and 
composition independently. This work provides a 
basis for further paleoenvironmental study in the CRE 
and its adjacent waters. 

 2 MATERIAL AND METHOD 

 2.1 Study area  

 As the largest river in China, the CR transports 
9.28×10 11  m 3  of freshwater and 4.86×10 8  t of solid 
matter to the East China Sea (ECS) annually (Yang et 
al., 2006). These materials will aff ect the structure 
and composition of the coastal ecosystem. With the 
infl uence of the CR and other circulation systems, e.g. 
the Taiwan Warm Current, the Zhejiang Coastal 
Current and the Yellow Sea Coastal Current (Ning et 
al., 2011), unique hydrological features emerged in 
the CRE and its adjacent area, such as seasonal 
changes in direction of the Changjiang Diluted Water 
(CDW) and migration of the temperature and salinity 
fronts. The temperature and salinity of the CRE and 
its adjacent waters exhibit seasonal and regional 
diff erences. In summer, the CDW extends eastward at 
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the surface, which results in high temperature and low 
salinity in the estuary area and low temperature and 
high salinity in the area outside of the estuary. In 
winter, low temperature and low salinity are present 
in the estuary, and high temperature and high salinity 
exist in the area outside the estuary (Tang and Wang, 
2004).  

 2.2 Sediment and water sampling  

 Sampling was carried in the CRE and its adjacent 
waters (27°–33°N, 121.0°–126°E). A total of 34 
undisturbed sediment samples (Y1–Y34) were 
collected using a box corer (0.1 m 2 ) in August and 
November 2015 (Fig.1). The uppermost 3 cm of 
sediment was isolated for analysis of diatom fossils 
and measurement of sediment grain size and water 

content. Because of the complex hydrodynamic 
characteristics of the CRE and its adjacent waters, the 
deposition rate in the area varies greatly, with high 
deposition rates (>3 cm/a) occurring adjacent to the 
subaqueous delta and generally decreasing southward 
along the inner shelf and eastward off shore (Huh and 
Su, 1999; Liu et al., 2006). Therefore, to obtain 
variable data that corresponded temporally with the 
samples from the uppermost 3 cm of surface sediment, 
water samples were collected from the surface, 
intermediate and bottom layers before sediment 
sampling at each sampling site seasonally throughout 
the whole year. Eight water environmental variables, 
including temperature, salinity, turbidity, dissolved 
oxygen, water depth, dissolved inorganic nitrogen, 
dissolved inorganic phosphate and dissolved inorganic 
silicate were measured.  
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 2.3 Extraction of diatom fossils and valve counting 

 The sediment samples were processed to extract 
diatom fossils following the method used by Battarbee 
et al. (2001). Approximately 10 g of freeze-dried 
sediment samples was treated with excess 10% HCl 
and 30% H 2 O 2  to completely remove carbonates, 
metal salts, metal oxides and organic matter. After 
washing with ultra-pure water 3–4 times to attain a 
neutral pH, ammonium hydroxide was added to 
reduce the impact of clay. After chemical residues 
were removed by rinsing 3–4 times using ultra-pure 
water, zinc bromide (specifi c gravity, 2.4) was added 
to suspend the siliceous microfossils with 
centrifugation at 2 000 r/min for 10 min. Then, the 
suspended fossils were diluted to certain volumes, 
and aliquots were transferred to cover slides. After 
air-drying of the aliquots, permanently labeled slides 
were prepared with Naphrax (1–2 drops).  

 At least 300 diatom valves were counted on the 
slides of each sample under 1 000× magnifi cation. 
Diatom taxa were identifi ed according to Hasle and 
Syvertsen (1996), Guo and Qian (2003) and Algaebase 
(http://www.algaebase.org/). Because of slide and 
identifi cation issues, some diatom taxa were identifi ed 
only to the genus level instead of the species level. 
Only one silicofl agellate species ( Dictyocha   fi bula ) 
was identifi ed, but it was not included in the follow-
up analysis because of its low relative abundances.  

 The absolute abundance of diatom fossils ( D  abs ) 
was expressed as the number of valves per gram of 
dry sediment (valves/g DW) and was calculated as 
follows: 

  D  abs =( N × V )/( V  1 × W ),           (1) 
 where  D  abs  is the absolute abundance of diatom fossils, 
 N  is the total number of diatom fossils in the sample, 
 V  is the total volume of diluted suspended diatom 
fossils,  V  1  is the volume of diluted suspended diatom 
fossils applied on the slides, and  W  is the weight of 
the dry sediment sample. 

 2.4 Measurements of grain size and water 
environmental variables 

 The percentages of sand, silt and clay were 
measured in the surface sediment samples, grain size 
analysis was performed using a Malvern Mastersizer 
A3000 laser particle size analyzer (Malvern Ltd., 
United Kingdom). Approximately 50 g of freeze-
dried sediment was treated with excess 1 mol/L HCl 
and 30% H 2 O 2  to completely remove carbonate and 
organic matter. The sample was ultrasonically 

dispersed before analysis. Grain size was divided into 
three categories following Shepard (1954): clay 
(<3.9 μm), silt (3.9–62.5 μm) and sand (>62.5 μm). 

 Water environmental variables such as temperature, 
salinity, turbidity, dissolved oxygen and depth were 
measured using in situ instruments. Inorganic nutrient 
parameters were determined photometrically by a 
Skalar fl ow analyzer (Skalar Ltd., Netherlands) with a 
precision of <5%–10%, and data quality was 
monitored via inter-calibrations. The detection limit 
was 0.14 μmol/L for nitrate, 0.07 μmol/L for phosphate 
and 0.18 μmol/L for silicate. The mean values of the 
variables in the diff erent water layers in each season 
were calculated, then the mean annual values of the 
eight water variables were used in the subsequent 
analysis. 

 2.5 Data analysis 

 2.5.1 Data analysis of diatom fossils  

 In this case, we defi ned dominant species to be 
those with accumulated relative abundances higher 
than 2%, following Di et al. (2013). The Shannon-
Weaver index ( H′ ) and richness index ( D ) were 
calculated to refl ect the spatial distribution and 
variation of species diversity of the diatom fossils and 
are calculated as follows (Shannon and Weaver, 1949; 
Margalef, 1968): 

 =1 2=- log ,S
i i iH P P      (2) 

  D =( S –1)/log 2 ( N ),        (3) 
 where  H′  is the Shannon-Wiener index,  D  is the 
richness index,  S  is the number of species in the 
sample,  N  is the total number of diatom fossils in the 
sample, and  P  i  is the proportion of species  i  in the 
sample. 

 2.5.2 Ordination analysis 

 We selected taxa with relative abundances >2% at 
a minimum of two sites for the ordination analysis 
because rare taxa contain little information and may 
be the result of exogenous input (Hassan et al., 2008). 
Prior to ordination analysis, the diatom taxa percentage 
data were square root transformed to decrease the 
weighting of dominant species (Bigler et al., 2006), 
such as  P .  sulcata , the relative abundance of which 
exceeded 50% at some sites. Additionally, eight water 
variables and four sediment variables were log( x +1) 
transformed to eliminate the impact of their units. 

 Detrended correspondence analysis was performed 
to determine whether a unimodal or linear model was 
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more appropriate for the training set. If the axis length 
is greater than 4, the unimodal model is more 
appropriate, whereas if the axis length is less than 3, 
the linear model is preferred (Lepš and Šmilauer, 
2003). In the present study, the axis length was 1.33, 
indicating that the linear model is preferable. Principal 
component analysis (PCA) and redundancy 
correspondence analysis (RDA) were applied to 
reveal the relationship between diatom fossils in the 
surface sediment and environmental variables in the 
CRE and its adjacent waters. Partial RDAs were used 
to identify the most signifi cant environmental 
variables aff ecting the species composition and 
distribution of diatom fossils. The ordination analysis 
was carried out in the R software environment. 

 3 RESULT 

 3.1 Grain size composition of sediments 

 In the study area, the surface sediments were 
mainly composed of sand and silt, with lower 
percentages of clay (Fig.2). This composition might 
result from the strong currents and complex 
hydrodynamic conditions in the CRE and its adjacent 
waters. The percentage of sand increased from inshore 
to off shore areas, ranging from 0–89.9% (Fig.2a), 
whereas the percentages of silt and clay both decreased 
from inshore to off shore (Fig.2b, c). Two muddy areas 
were apparent in the Zhejiang coastal area and the 
CRE, consistent with previous research fi ndings 
(Wang et al., 2013). The silt percentage (9.4%–85.5%) 
was signifi cantly higher than the clay percentage 
(0.7%–39.6%;  P< 0.01). In general, the grains in 
off shore surface sediments were coarser than those in 
inshore surface sediments. 

 3.2 Composition of diatom fossils in surface 
sediments  

 A total of 114 taxa were identifi ed, consisting of 72 
centric diatoms, 41 pennate diatoms, and one 
silicofl agellate species ( Dictyocha   fi bula ). These taxa 
belonged to 16 families and 33 genera, of which 
 Coscinodiscus  (24 species),  Nitzschia  (6 species) and 
 Diploneis  (5 species) were the dominant genera. The 
diatom taxa were dominated by marine species. At 
these coastal sites and the sites near the CR mouth 
aff ected by the CDW and other fresh water input, 
many brackish species, e.g.  Cyclotella   stylorum  and 
 Actinoptychus   splendens , were identifi ed. In this case, 
17 dominant species were selected, of which 15 were 
centric:  Actinocyclus   ehrenbergii ,  Actinocyclus  
 octonarius   var .  ralfsii ,  Actinoptychus   senarius , 
 A .  splendens ,  Coscinodiscus   argus ,  Coscinodiscus  
 centralis ,  Coscinodiscus   curvatulus ,  Coscinodiscus  
 decrescens ,  Coscinodiscus   marginatus ,  Coscinodiscus  
 radiatus ,  Cyclotella   striata ,  C .  stylorum ,  P .  sulcata , 
 P .  stelliger  and  Thalassiosira   excentrica . The 
remaining two,  Pleurosigma  spp. and  Tryblioptychus  
 cocconeiformis , were pennate (Fig.3). The relative 
abundance of  P .  sulcata  ranged from 4.9% to 56.1%, 
this species had the highest average abundance of 
20.1% among the 17 dominant taxa. In addition, 
 P .  sulcata  was the only species that appeared in all 34 
samples. 37 of the 114 identifi ed diatom taxa were 
present at relative abundance values >2% in at least 
two samples and were included in the subsequent 
analyses (Table 1). 

 The  D  abs  values ranged from 243 valves/g DW 
(sample Y1) to 49 317 valves/g DW (sample Y30), 
with an average of 16 685 valves/g DW. Over the 
whole study area,  D  abs  did not obviously diff er 
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between inshore and off shore areas (Fig.4a). The 
Shannon-Weaver index ( H′ ) ranged from 3.0–5.0, 
with an average value of 4.0. The richness index ( D ) 
ranged from 2.8–5.3, average 4.1. Both parameters 
showed a downward trend from inshore to off shore 

areas, with the trend being more distinct in the 
Shannon-Weaver index ( H′ ) (Fig.4b, c). That is, 
compared to the surface sediments in off shore areas, 
the inshore surface sediments exhibited a higher 
diversity of diatom fossils.  

 Table 1 Taxa with relative abundances >2% in at least 2 samples, and the corresponding abbreviations used in the RDA 
analysis 

 Taxa  Abbreviation  Relative abundance range (%)  Taxa  Abbreviation  Relative abundance range (%) 

  Actinocyclus   ehrenbergii   Aehr  0–16.6   Cyclotella   striata   Cstr  0–9.3 

  Actinocyclus   kützingii   Aküz  0–3.6   Cyclotella   stylorum   Csty  0–20.2 

  Actinocyclus   octonarius   var .  ralfsii   Aovr  0–5.8   Paralia   sulcata   Psul  4.9–56.1 

  Actinoptychus   senarius   Asen  0–14.3   Melosira  spp.  Melo  0–3.4 

  Actinoptychus   splendens   Aspl  0–9.3   Podosira   stelliger   Pste  0–12.7 

  Biddulphia  spp.  Bidd  0–3.7   Thalassiosira   excentrica   Texc  0–14.4 

  Coscinodiscus   Africana   Cafr  0–3.6   Triceratium   favus   Tfav  0–4.7 

  Coscinodiscus   argus   Carg  0–14.7   Amphora  spp.  Amph  0–2.5 

  Coscinodiscus   centralis   Ccen  0–10.6   Campylodiscus   brightwellii   Cbri  0–4.9 

  Coscinodiscus   concinnus   Ccon  0–3.3   Cocconeis   pseudomarginata   Cpse  0–2.3 

  Coscinodiscus   curvatulus   Ccur  0–6.6   Navicula  spp.  Navi  0–3.9 

  Coscinodiscus   curvatulus  
 var .  minor   Ccvm  0–4.4   Diploneis  spp.  Dipl  0–4.8 

  Coscinodiscus   decrescens   Cdec  0–11.5   Nitzschia   marina   Nmar  0–4.9 

  Coscinodiscus   jonesianus   Cjon  0–3.6   Pleurosigma  spp.  Pleu  0–9.7 

  Coscinodiscus   marginatus   Cmar  0–7.8   Thalassionema  
 nitzschioides   Tnit  0–5.9 

  Coscinodiscus   minor   Cmin  0–2.4   T .  cocconeiformis   Tcoc  0–7.3 

  Coscinodiscus   nodulifer   Cnod  0–10.6   Surirella   fl uminensis   Sfl u  0–9.7 

  Coscinodiscus   radiatus   Crad  0–12.0   Trachyneis  spp.  Trac  0–3.6 

  Coscinodiscus   subtilis   Csub  0–3.1 
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 3.3 Correlation between environmental variables 
and parameters of diatom fossils  

 Correlation analysis between the 12 environmental 
variables (eight water variables and four sediment 
variables) and diatom fossils parameters was 
performed (Table 2). The results showed that 
Shannon-Weaver index ( H  ′ ) and richness index ( D ) of 
diatom fossils were signifi cantly positively correlated 
with dissolved inorganic nitrogen (DIN), dissolved 
inorganic phosphate (DIP) and dissolved inorganic 
silicate (DSi). No signifi cant correlation was found 
between species diversity and sediment variables, but 
both indices were negatively correlated with sand and 
positively correlated with silt and clay. The result was 
diff erent for  D  abs ,  D  abs  was signifi cantly negatively 
correlated with sand ( R =-0.574,  P< 0.01) and 
signifi cantly positively correlated with silt ( R =0.553, 
 P< 0.01) and clay ( R =0.575,  P< 0.01), which indicated 
that smaller sediment particles preserve diatom fossils 
better than larger ones. 

 3.4 Geographical distribution of diatom taxa  

 The PCA results showed that the diatom taxa could 
be divided into three groups (Fig.5a). The spatial 
distribution of Group 2 clearly diff ered from the 
distributions of Group 1 and Group 3 (Fig.5b). Most 
of the coastal sites belonged to Group 1 (6 sites) and 
Group 3 (20 sites), whereas the remote sites belonged 
to Group 2 (8 sites).  

 In all three groups,  P .  sulcata  was the dominant 
species, but the average relative abundance of 
 P .  sulcata  was signifi cantly higher in Group 2 (39.5%) 
than in Group 1 (18.3%) and Group 3 (12.9%) 
( P< 0.01). The distribution pattern of  T .  excentrica  
was similar to that of  P .  sulcata , with the highest 
average relative abundances (9.3%) in Group 2. In 
contrast,  C .  stylorum  had the lowest average relative 
abundance in Group 2 (1.4%), with signifi cantly 
higher abundances in the other two groups because of 
the infl uence of fresh water (Group 1: 5.7%, Group 3: 
9.9%) ( P< 0.01). The average relative abundance of 
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 Table 2 Pearson correlation of diatom fossils parameters 

     Temp  Sal  DO  Tur  Dep  DIN 

      R    R    R    R    R    R  

 Total sites   D  abs   -0.035  -0.059  0.125  -0.042  -0.047  -0.019 

    H′   0.005  -0.108  0.221  0.126  -0.080  0.459** 

    D   -0.223  -0.339*  -0.021  0.316  -0.247  0.438* 

     DIP  DSi  Sand  Silt  Clay  Wc 

      R    R    R    R    R    R  

 Total sites   D  abs   -0.086  -0.012  -0.574**  0.553**  0.575**  -0.311 

    H′   0.395*  0.412*  0.210  0.119  0.385*  0.090 

    D   0.289  0.380*  -0.146  0.144  0.127  0.051 

 ** Correlation signifi cant at the 0.01 level (two-tailed); * Correlation 
signifi cant at the 0.05 level (two-tailed). Temp: temperature; Sal: salinity; 
DO: dissolved oxygen; Tur: turbidity; Dep: water depth; DIN: dissolved 
inorganic nitrogen; DIP: dissolved inorganic phosphate; DSi: dissolved 
inorganic silicate; Wc: water content. 
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 Coscinodiscus  spp. in Group 1 (30.4%) was 
signifi cantly higher than that in Group 2 (13.7%) or 
Group 3 (18.2%) ( P< 0.01). 

 3.5 RDA results  

 The RDA based on 37 diatom taxa and constrained 
by 12 environmental variables showed that the 

species-environment correlations of RDA axis 1 
(0.91) and axis 2 (0.86) were high, indicating a strong 
relationship between the diatom taxa and 
environmental variables. In the RDA ordination 
diagram, the environmental variables are plotted as 
vectors, the diatom taxa are plotted as triangles 
(Fig.6a). The diatom taxa are positioned according to 
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their relationship with the environmental variables. 
As RDA axis 1 is highly negatively correlated with 
salinity, water depth and temperature and positively 
correlated with DIN and DSi (Fig.6a), diatom taxa 
that prefer high temperature and salinity, such as 
 P .  sulcata ,  C .  radiatus  and  P .  stelliger , are mostly 
distributed along the left half of RDA axis 1, and the 
relative abundances of these diatom taxa in the 
off shore samples are higher. In contrast, the diatom 
species that are distributed in the right half of RDA 
axis 1, such as  A .  ehrenbergii ,  T .  excentrica  and 
 C .  stylorum , are consistently dominant in coastal 
waters characterized by low temperature and low 
salinity. The three groups delineated by PCA can also 
be distinguished in Fig.6b. Group 1 and Group 3 were 
mainly positioned in the right half of RDA axis 1, 
these sites were characterized by high nutrients. 
Group 2 were positioned in the left half of RDA axis 
1, and were positively correlated with salinity, 
temperature and water depth.  

 The RDA results indicated that in this case, the 12 
environmental variables explained a total of 42.43% 
of the variation in diatom taxa composition (Fig.7a). 
According to the associated Monte Carlo permutation 
tests ( P =0.008), the explanation was accepted by the 
ordination analysis. Partial RDAs revealed that, of the 
12 environmental variables, salinity, DIN, temperature 
and water depth aff ected the composition and 
distribution of diatom taxa independently ( P< 0.05). 
The result can be used to establish transfer functions 
for paleoenvironmental reconstruction in the CRE 
and its adjacent waters. The total explained variance 

was composed of contributions of salinity (15.4%), 
DIN (12.7%), temperature (11.2%), water depth 
(9.3%), water content (8.2%), turbidity (7.4%), DSi 
(7.0%), DIP (4.6%), sand (6.3%), clay (3.9%), silt 
(2.9%), dissolved oxygen (2.5%) and the total 
interaction between the various environmental 
variables (8.7%) (Fig.7b). 

 4 DISCUSSION 

 4.1 Eff ects of environmental variables on the 
absolute abundance and diversity of diatom fossils  

 Because of the special geographical location and 
complex hydrological conditions of the CRE, the 
water variables were variable in space and time, 
which were expected to aff ect the growth and 
distribution of phytoplankton. Phytoplankton 
diversity and abundance in seawater were consistently 
higher in coastal waters than off shore areas of the 
CRE and the ECS (Song et al., 2008; Liu et al., 
2015b). The environment is not stable in these coastal 
and estuarine regions, because of increased nutrient 
levels caused by the infl uence of the CDW and coastal 
currents; thus, it is diffi  cult for any one species to gain 
a strong advantage, making the environment more 
suitable for more brackish diatoms (Song et al., 2008; 
Wang et al., 2016). In this case, the pattern observed 
in diatom fossils, of species diversity being higher in 
coastal areas than in off shore sites, is in accordance 
with the results of previous in situ surveys of seawater. 
However, the  D  abs  values did not diff er signifi cantly 
between inshore and off shore areas (Fig.4a), which 
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was not consistent with previous investigations of 
seawater (Song et al., 2008; Liu et al., 2015b). This 
diff erence may have two explanations: 1) as the CRE 
and its adjacent area are hydrodynamically complex, 
diatoms were easily dissolved and ingested during 
sedimentation; and 2) the sediment composition may 
aff ect the preservation of diatom fossils. Crosta and 
Koç (2007) found, by comparison with the living 
diatom assemblage in waters, that the sedimentary 
environment played an important role in preservation 
of diatom fossils in sediment. 

 Sediment composition was an important factor 
aff ecting the preservation of diatom, diatom fossils 
were better preserved in silt and clay than in sandy 
sediments (Cunningham et al., 2005; Di et al., 2013; 
Liu et al., 2015a). This pattern is refl ected in this 
research, in that  D  abs  values were signifi cantly higher 
in fi ne grained area than in in sites containing coarse 
grained sediment (Table 2). Water content represents 
the capacity for sediment resuspension (Defersha and 
Melesse, 2012); a higher water content indicates 
higher resuspension, which may increase the 
probability of diatom cracking. This phenomenon 
was also refl ected in the present study: although water 
content did not signifi cantly aff ect the abundance of 
diatom fossils, there was a negative correlation 
between these two parameters, indicating that a higher 
water content was harmful to the preservation of 
diatom fossils. Notably, the sediment composition 
and water content did not signifi cantly aff ect the 
diversity of diatom fossils, potentially because 
sediment variables mainly play a major role in the 
preservation of all diatoms, with no discrimination, 
and have a weaker infl uence on diatom growth, 
especially on the planktonic species considered 
herein.  

 4.2 Diatoms as environmental indicators 

 In this case, sites with Group 1 and Group 3 are 
mainly near the CRE and in the coastal area west of 
123°E (Fig.5b), which are primarily impacted by the 
CDW, East China Sea Coastal Current, North Jiangsu 
Coastal Current and human activities (Liu et al., 
2007). Therefore, this area is characterized by low 
salinity and high nutrients. Group 2 sites are in areas 
with depths greater than 50 m (Fig.4b) that are 
infl uenced by the Taiwan Warm Current and the 
Yellow Sea Warm Current (YSWC), with high 
temperature and salinity all year round (Liu et al., 
2007).  C .  stylorum  and  A .  ehrenbergii  were the 
dominant species in Group 1 and Group 3, their 

relative abundances showed an obvious downward 
trend from coastal sites to off shore areas (Fig.8a, b), 
consistent with previous studies (Wang et al., 1984, 
2001, 2016).  C .  stylorum  prefers living in brackish 
water and will be the dominant species in areas with 
salinity below 31 (McQuoid and Hobson, 2001; 
Mirabdullayev et al., 2004).  A .  ehrenbergii  is a coastal 
species usually found in low-salinity water and 
brackish water (Wang et al., 1984).  P .  sulcata  and 
 P .  stelliger  were the two most dominant species in 
Group 2, their relative abundances were much higher 
in off shore than in inshore areas (Fig.8c, d;  P <0.01), 
with average relative abundances of 39.5% and 6.4%, 
respectively. McQuoid and Hobson (1998) found that 
whether in phytoplankton or sediment communities, 
the abundance of  P .  sulcata  was higher in a saltwater 
environment; warmer conditions were also conductive 
to its growth (Zong, 1997). Because of its high 
abundance in response to the YSWC, this species has 
been regarded as an indicator of the YSWC (Wang et 
al., 1985; Liu et al., 2015a). In this case,  P .  sulcata  
was signifi cantly positively correlated with salinity 
and temperature, which is consistent with previous 
studies.  P .  stelliger  was always abundant in the area 
outside the ECS shelf (Wang et al., 1985), and this 
species has been used to indicate changes in 
temperature and salinity under the infl uence of 
currents (Zong and Tooley, 1999). 

 Temperature, salinity, nutrients and water depth 
control the boundaries of the living spaces of diff erent 
diatom species (Battarbee et al., 2001; Schröder et al., 
2015; Nazarova et al., 2017). Juggins (1992) and 
Hassan et al. (2007) reported that salinity is the most 
important variable aff ecting the composition and 
abundance of diatom in estuarine regions. This fi nding 
was refl ected in our study: salinity had the highest 
explanation of 15.38% (Fig.7b). In the CRE and its 
adjacent area, salinity has a wide range of 19–33.5 
caused by the CDW input in summer and intrusion 
from the ECS (Chen, 2009). Salinity is the major 
environmental variable used in classifying 
phytoplankton communities. Wang (2002) divided 
phytoplankton into fi ve classes according to their 
adaptability to salinity in the CRE and its adjacent 
waters: a freshwater class inside the river mouth; a 
true estuarine class; a coastal class; a euryhaline 
marine class and a high-salinity class. In this case, the 
coastal-off shore diff erence of diatom taxa composition 
could be a salinity eff ect, as brackish species such as 
 C .  stylorum  were dominant in coastal areas with low 
salinity (Fig.8a), but diatoms favoring high salinity 
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such as  P .  sulcata  dramatically increased in sites east 
of 123°E characterized by high salinity. The variance 
explained by DIN is second only to salinity, 
demonstrating its importance for the distribution of 
diatom fossils. As the basic element used to synthesize 
proteins, nucleic acids and chlorophyll, nitrogen is a 
necessary element for the growth and development of 
diatoms (Geider et al., 1998). DIN limitation will 
aff ect the adaptability of diatom cells to external 
stress. For example, the cell repair rates and 

photosynthetic capacity of  Thalassiosira   pseudonana  
and  Skeletonema   costatuma  decreased under nitrogen 
defi ciency (Loebl et al., 2010; Li and Gao, 2014). 
Human activity is the main reason for increase in the 
nitrogen fl ux; the nitrogen output to CR showed 1.6-
fold increase during the ten-year period from 1980 to 
1990 (Bao et al., 2006). The large runoff  input 
increases the N:P and N:Si ratios, and diatom growth 
is aff ected by phosphate and silica limitation in the 
coastal areas of the CRE. In the contrast, nitrogen 
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could be the limiting factor in off shore areas (Pu et al., 
2001; Wang, 2006). In the present study, temperature 
also independently infl uenced the composition of 
diatom taxa. Based on the tolerance to temperature, 
diatoms can be divided into warm-water species, 
cold-water species and species with a wide temperature 
range. Montagnes and Franklin (2001) reported that 
the growth rates of fi ve diatoms, including  Cyclotella  
 cryptica  and  Ditylum   brightwellii , increased with 
increasing temperature, but their cell sizes decreased 
with increasing temperature. Weckström et al. (1997) 
demonstrated that temperature is an important factor 
aff ecting the composition of diatoms in lake surface 
sediments, and a diatom-temperature transform model 
was established to reconstruct paleotemperature 
variability. The temperature of the CRE and its 
adjacent waters exhibit seasonal and regional 
diff erences. In summer, the water temperature is 
higher in the estuary area than in the nearby open sea; 
in winter, the situation is opposite, with water 
temperature being higher in open seas (Tang and 
Wang, 2004). In our analysis, diatom taxa were 
distributed based on their adaption to temperature 
(Fig.6a). Water depth is a key factor determining the 
lifestyles of diatoms. Sayer et al. (1999) found that 
the abundance changes of fl oating species, benthic 
species and epiphytic diatoms can be used to refl ect 
changes in the water level in paleoecological studies. 
Meanwhile, water depth corresponds to the sinking 
time of diatoms: the longer the sinking period, the 
more readily will diatoms be aff ected by hydrodynamic 
conditions, and be dissolved or be ingested (Crosta 
and Koç, 2007).  

 In the present study, the relative abundances of four 
representative diatom fossils:  A .  ehrenbergii , 
 C .  stylorum ,  P .  sulcata  and  P .  stelliger  were 
signifi cantly infl uenced by salinity, DIN, temperature 
and water depth (Fig.6a). Therefore, we can infer that 
in paleoecological studies, variations in the distribution 
and abundance of  A .  ehrenbergii ,  C .  stylorum , 
 P .  sulcata  and  P .  stelliger  preserved in sediment can be 
used to distinguish coastal and off shore waters. 

 5 CONCLUSION 

 The diatom fossils in 34 surface sediments from 
the CRE and its adjacent area were analyzed. The 
absolute abundances of diatom fossils were 
signifi cantly correlated with the grain size composition 
of the sediment, with diatoms being better preserved 
in fi ner-grained sediments. The diversity of diatom 
fossils was signifi cantly correlated with nutrient 

concentrations (DIN, DIP and DSi). In this case, 
salinity, DIN, temperature and water depth could 
independently aff ect the composition of diatom fossils 
( P <0.05), meaning that the four environmental 
parameters can be used for paleoenvironmental 
reconstruction in further analysis. Three groups were 
distinguished based on the distribution of relative 
abundances of diatom fossils. Four representative 
dominant species,  A .  ehrenbergii ,  C .  stylorum , 
 P .  sulcata  and  P .  stelliger  can be used to distinguish 
coastal and off shore waters. 
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