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Abstract

In some studies, the researchers pretreated and measured organic carbon, nitrogen and their isotopes (δ13C and
δ 15 N) of marine sediment together, to save costs and resources of analysis. However, the procedure of
acidification to remove inorganic carbon for analysing δ13C can affect the values of nitrogen and δ15N, and the
biases vary a lot depending on the CaCO3 contents of sediments. In this study, the biases of total nitrogen (TN)
and δ15N values arising from acidified sediments were compared between the CaCO3-poor (1%–16%) and CaCO3rich (20%–40%) samples. TN and δ15N values were altered during acid treatment (without centrifugation) that
possibly led to N-containing compounds volatilization. For CaCO3-poor samples, acidification led to a range of
0%–40% TN losses and 0‰–2‰ shift in δ15N values; and 10%–60% TN losses and 1‰–14‰ shift in δ15N values for
CaCO3-rich samples. The biases from most samples exceeded the precision of the instrument (0.002% for TN and
0.08‰ for δ15N), and high biases could mislead our judgment for the environmental implication of the data. Thus,
avoiding co-analysis of organic carbon, nitrogen and their isotopes (δ13C and δ15N) in sediments, even for CaCO3poor marine sediments, is necessary.
Key words: stable isotope nitrogen, nitrogen, CaCO3, acidification, marine sediment
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1 Introduction
Organic matter contents (e.g., total carbon and nitrogen) and
their isotope fingerprints (δ13C and δ15N) in the sediments are important environmental proxies to evaluate the sediment quality
and trace the material sources in coastal and estuarine ecosystems (Tucker et al., 1999; Voss et al., 2000; Savage, 2005). For example, anthropogenically enriched organic nitrogen (e.g., human sewage, livestock runoff) can significantly elevate the values
of δ15N to 10‰–25‰ (Sweeney and Kaplan, 1980; Savage, 2005).
In some studies, the researchers pretreated and measured organic carbon, nitrogen and their isotopes (δ13C and δ15N) in marine
sediment together, to save costs and resources of analysis (e.g.,
Middelburg and Nieuwenhuize, 1998; Kennedy et al., 2005; Hu et
al., 2006; Wang et al., 2013). Acidification is a necessary procedure to remove inorganic carbon for meeting the requirement of
total organic carbon (TOC) and δ13C measurements. However,
when samples were acidified, the loss of total nitrogen (TN) and

even the shift of δ15N values occurred (Bunn et al., 1995; Jacob et
al., 2005; Jaschinski et al., 2008; Serrano et al., 2008; Schlacher
and Connolly, 2014). This biases caused by acidification varied
greatly depending on the species of acid reagent (e.g., HCl,
H2SO3, H3PO4 or HF) and carbonate contents in the sediments
(Schubert and Nielsen, 2000; Lorrain et al., 2003; Kennedy et al.,
2005; Schmidt and Gleixner, 2005; Fernandes and Krull, 2008).
For examples, Harris et al. (2001) only detected a slight increase
in δ15N values (0.04‰–0.14‰) after acidification using HCl fumigation; Fernandes and Krull (2008) also found 1‰–2‰ deviation of δ15N values between the acidified (using HCl washing)
and non-acidified samples. For the biases of nitrogen content,
Lohse et al. (2000) reported there were approximately 28%–47%
losses in nitrogen compounds for CaCO 3 -rich (55%–61%)
samples after acidification using H2SO3; Kennedy et al. (2005)
however only found about 0.3% nitrogen losses in the acidified
samples (30% CaCO3) using HCl. Therefore, there is uncertainty
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on the biases in TN and δ15N values after acidification, and it is
necessary to evaluate the biases according to the CaCO3 contents
of the sediments.
Global mean CaCO3 content in marine surface sediments is
approximately 34.8%, with a wide range of approximately
0%–80% (Ridgwell and Hargreaves, 2007). For examples, the
samples from north and west Pacific Ocean contain approximately 0%–20% CaCO3, but CaCO3 contents in the samples from
Atlantic Ocean can reach to 80% (Ridgwell and Hargreaves,
2007). In this study, TN and δ15N values in 236 marine sediment
samples with higher CaCO3 contents (20%–40%) from the coastal
waters in the western Australia and 273 samples with lower
CaCO3 contents (0%–16%) from the coastal waters in China’s seas
were measured, respectively, under acidified and non-acidified
conditions. The biases of TN and δ15N values were evaluated and
the correlation between the biases and CaCO3 contents in the

sediments were examined to understand the impact of CaCO3
contents.
2 Materials and methods
2.1 Sample collection
Two sediment cores were collected from the coast of King
George River (KGR) in the northwestern Australia, and 236 sediment samples were obtained by slicing at 1-cm interval. Two and
one sediment cores were collected from the Bohai Sea and Yellow Sea in China, respectively, and 221 sediment samples were
obtained by slicing at 1-cm interval. In addition, 52 surface marine sediment samples were collected from the South Yellow Sea,
China (Table 1). Totally, 509 marine sediment samples were
stored in a freezer at –20°C preparing for the analysis of TOC, TN,
δ15N values and CaCO3 contents.

Table 1. Description of sample property
Samples
identifier
KGR6

Number of
TOC1)/%
Description
samples
13°55′13.44″S,
114
Down-core marine sediment from King George 0.40–0.75
127°19′13.8″E
River, northwestern Australia (11.8 m depth)
KGR10
13°53′08.88″S,
122
Down-core marine sediment from King George 0.38–0.83
127°08′22.56″E
River, northwestern Australia (11.2 m depth)
B62-2
38°52′12″N,
76
Down-core marine sediment
0.46–0.92
119°40′12″E
from Bohai Sea, China (24 m depth)
B24-1
38°09′27.6″N,
63
Down-core marine sediment from
0.68–1.14
122°29′0.24″E
North Yellow Sea, China (45 m depth)
H10-1
34°59′24″N,
82
Down-core marine sediment from
0.20–1.09
123°29′56.04″E
South Yellow Sea, China (78 m depth)
SMS
–
52
Surface marine sediment from
0.14–1.18
South Yellow Sea, China
Note: 1) Measurement on acidified sample; 2) measurement on unacidified whole sample.
Location

2.2 Analytical procedures
TOC, TN and δ15N values were measured using a continuousflow isotope-ratio mass spectrometer (Delta V Advantage,
Thermo Scientific, Germany) coupled to an elemental analyzer
(Flash EA 1112, Thermo Scientific, Italy) in Littoral Environment
et Sociétés (LIENSs)-UMR7266, France. Firstly, all samples were
freeze-dried and homogenized by grinding. Each sample was divided into two shares, using for the pretreatment with and
without acidification, respectively. One share was acidified by
adding 1 mL of 0.5 mol/L HCl (or 1 mol/L HCl) to every 100 mg of
samples. The acidified samples were dried at <60°C, then mixed
with 1 mL Milli-Q waters and freeze-dried again. The freezedried samples were weighed into 5 mm×8 mm tin capsules, and
the prepared capsules were used for the measurement of total organic carbon (TOC), total nitrogen (TNacidified) and stable nitrogen isotope (δ15Nacidified). The corrections for TOC and TNacidified
values were performed because the weight of samples had increased after decarbonation (formation of CaCl 2 ). The other
sample share, using for non-acidification treatment, was weighed
directly and placed into 5 mm×8 mm tin capsules for the measurement of total carbon (TC), total nitrogen (TNunacidified) and
stable nitrogen isotope (δ15Nunacidified). Based on the results of
TOC and TC, the CaCO3 contents were estimated using CaCO3=(TC–
TOC)×8.33 (Stein et al., 1994; Schubert and Calvert, 2001).
The isotopic composition results are expressed relative to atmospheric N 2 for δ 15 N. Replicate measurements of an acetanilide standard (Thermo Scientific) indicated that the δ15N analytical errors were less than 0.1‰. The total organic matter and
total nitrogen weight data obtained as part of the stable isotope
analyses. Replicate measurements of a certified reference materi-

TN2)%

C/N2) δ15N2)/‰ CaCO3/%

0.03–0.11 8–19

3.6–5.7

20–31

0.04–0.12 7–22

4.0–7.8

23–40

0.06–0.12 6–12

4.9–6.4

1–7

0.09–0.18 7–12

4.5–5.6

1–5

0.03–0.14 7–14

3.8–6.2

1–7

0.02–0.19 6–21

3.7–6.0

1–16

al (Low Organic Content Soil, Elemental MicroAnalysis, UK) indicated relative errors of 0.025% and 0.002% for total organic carbon and total nitrogen, respectively.
2.3 Statistical analysis
We tested the differences of TN and δ15N values between nonacidified and acidified samples, using software SPSS 16.0 (t-test).
The correlation between these differences and CaCO3 contents
were analyzed respectively using SigmaPlot 12.0. The biases in
TN and δ15N values after acidification were calculated, respectively, using the following equations:
¢N (of the T N) =

T Nunacidi¯ed ¡ T Nacidi¯ed
£ 100;
T Nunacidifed

¢15 N = ± 15 Nunacidi¯ed ¡ ± 15 Nacidi¯ed:

(1)

(2)

3 Results and discussion
3.1 CaCO3 contents of all samples
The CaCO 3 contents were approximately 20%–40% and
1%–16% for the sediments collected from the northwestern Australia and China’s seas, respectively (Table 1). Based on the
CaCO3 contents of global marine sediments (Ridgwell and Hargreaves, 2007), the samples were divided into CaCO 3 -poor
samples (CaCO 3 contents <20%) and CaCO 3 -rich samples
(CaCO3 contents >20%), respectively, for a comparison.
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3.2 Effects of acid treatment on TN
The results of paired-sample t-test indicated a significant difference in TN contents (P=0.000<0.01, 2-tailed) between the
samples measured with and without acid treatment. For the nonacidified samples, TN contents ranged from 0.02%–0.19%, while
this range reduced to 0.01%–0.16% for the acidified samples.
About 99% non-acidified vs. acidified TN values are located below the ideal 1:1 relation, indicating that acidification resulted in
the losses of nitrogen contents from the samples (Fig. 1a). In ada

dition, losses of nitrogen contents were on average higher in
CaCO 3 -rich samples compared to CaCO 3 -poor samples after
acidification. About 0%–40% and 10%–60% of nitrogen contents
were lost from non-acidified CaCO3-poor samples and CaCO3rich samples, respectively (Fig. 2a). Moreover, our data suggest a
statistically significant positive correlation between the losses of
nitrogen contents and the CaCO3 contents (Fig. 2a). These findings partially agree with Lohse et al. (2000) and Fernandes and
Krull (2008), who found a particularly high losses of nitrogen
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Fig. 1. Scatter plots of unacidified vs. acidified values for TN and δ15N. The ideal relation (1:1) is described by the solid line. The
dashed lines indicate the statistic relation by regression analysis.
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Fig. 2. Correlation between CaCO3 contents and the biases in TN and δ15N values after acidification.
Table 2. Comparison of differences caused by acidification in sedimentary TN and δ15N values with references
Sample type
DSS1)
SMS2)

CaCO3/%
55–61
7–17

ΔN/%
28–47
2–4

–

11–29

Δ15N/‰ Acidification method
Possible derives
–
in situ H2SO3
H2SO3volatilises nitrogenous
organic matter
–
–

direct HCl
acidification
HCl fumes for 4 h

Analysis mode Reference
single6)
Lohse et al.
(2000)

nitrogen appears to be liberated
single
Ryba and Burgess
during direct acidification
(2002)
MPOM3)
<5
0
0
HCl fume treatment did not alter
dual7)
Lorrain et al.
δ15N and N values for low carbonate
(2003)
contents
DSS1)
30
0.3
0.005 in situ 2 mol/L HCl
weak HCl (2 mol/L) did not
dual
Kennedy et al.
significantly affect δ15N and TN values
(2005)
SMS2)
>30
30–64
1–2 HCl washing
losses through volatilisation or
single
Fernandes and
solubilisation (acid-soluble
Krull (2008)
SES4)
<10
19–40
0–1
compounds)
SOILB5)
–
15
0.7
in situ 5% HCl
loss of soluble organic and/or
single
Brodie et al.
inorganic N species, e.g., 15N-rich
(2011a, b)
species (e.g., protein, ammonium)
Note: Single or dual indicate separate or simultaneous C and N analyses; 1) deep-sea sediment; 2) surface marine sediment; 3) marine
suspended particulate organic matter; 4) surface estuarine sediment; 5) international soil standard; 6) measurement on unacidified whole
sample for TN and δ15N; 7) measurement on acidified sample for TN and δ15N.

4

PENG Yajun et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 8, P. 1–5

contents in CaCO 3 -rich (>30%) samples, up to 64% after acid
treatment (Table 2), but no significant correlation between the
loss of nitrogen contents and the CaCO3 contents.
The loss of nitrogen contents from acidified samples was observed in the present and previous studies, although the acidification methods were different (Table 2). In our study, we used an
acid treatment with 0.5 mol/L or 1 mol/L HCl in glass tubes (Peng
et al., 2015), which avoided the loss of acid-soluble organic matter and/or fine particles by rinsing process (rinse method) and
intensive effervescence (in situ acidification). This indicates that
volatilisation of nitrogen compounds seems to be the most reasonable explanation for our results, and further investigation is
still need for the explanation of the mechanism. Previous studies
have demonstrated that in the CaCO3-rich samples the fraction
of proteinaceous compounds absorbed on carbonate surface layers became unstable with the increasing of acid addition, and
this acid-soluble component was lost during carbonate dissolution (Fernandes and Krull, 2008). Meanwhile, this fraction of
acid-soluble organic matter is greater in more calcareous sediments (Froelich, 1980). This may explain the higher losses observed in the CaCO3-rich samples compared to the CaCO3-poor
samples.
3.3 Effects of acid treatment on δ15N
Nitrogen isotope (δ15N) values of samples measured with and
without acidification are shown in Fig. 1b. There have significant
shifts in δ15N values between acidified and non-acidified samples, and these shifts have statistically significant positive correlation with the CaCO3 contents, indicating that losses of acid-soluble nitrogen compounds with different δ15N values (Fig. 2b). For
CaCO3-poor sediments the measured δ15N values after acid treatment varied in the range of –1‰ to 6‰ (Fig. 1b). The shift of δ15N
values of these samples after acidification (up to 3‰) is similar to
the deviation (0‰–2‰) observed by Fernandes and Krull (2008)
(Table 2). For CaCO3-rich samples about 40% of the measured
δ15N values were significant negative after acidification (down to
–9‰, Fig. 1b), and bias in δ15N values (up to 14‰) were remarkable compared to non-acidified samples (Fig. 2b). Schmidt and
Gleixner (2005) also found some samples with unusual negative
δ15N values (e.g., –4.24‰ for a podzol Sample 6) after acid treatment due to the accumulation of coal-derived products.
However, it is really difficult to understand what cause such depletion for part of CaCO3-rich samples, since there is no rinse of
the samples, which could trigger a loss of 15 N-enriched compounds. Volatilisation of nitrogenous compounds like chloramine
should lead to an enrichment of δ15N values not depletion.
In addition, our data suggest that isotopic shifts were not consistent for all samples (Fig. 2b). The depletion of δ15N values was
observed in 95% samples after acid treatment reflecting the loss
of 15 N-enriched compounds such as protein and ammonium
(Brodie et al., 2011a, b) (Fig. 2b). The loss of heavy isotope during acid treatment had previously been reported by other studies
(Table 2). However, about 5% acidified samples (originating in
CaCO3-poor sediments collected from the Bohai Sea) detected a
0‰–1‰ increase signature in δ15N values, suggesting the loss of
14N-enriched compounds. Harris et al. (2001) observed a small
increase (0.04‰–0.11‰) in δ15N values of acidified soil samples
following HCl fumigation. This contrasting shifts (depletion or
enrichment) in δ15N values probably influenced by the organic
matter composition and clay mineralogy of samples (Baldock
and Skjemstad, 2000; Schubert and Calvert, 2001; Fernandes and
Krull, 2008), but more work need to do to identify differences in
acid-soluble compounds, inorganic nitrogen and mineralogy of

samples containing different CaCO3 contents during acid treatment.
4 Conclusions
Our results suggest that the analysis of nitrogen contents and
its isotopic composition should be measured on non-acidified
whole sample, because acidification to remove carbonates in
marine sediments leads to significant nitrogen losses through volatilisation and isotopic shifts, particularly for samples with high
CaCO3 contents (>20%). Meanwhile, there was a statistically significant positive correlation between the CaCO3 contents and the
biases in nitrogen contents and its isotopic composition after
acid treatment (Fig. 2), indicating that the CaCO3 contents in the
sample play an important role in determining what extent the nitrogen fraction may have been affected by acid treatment.
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Abstract

Seasonal variations and distributions of dissolved carbohydrate concentrations at the İzmir Bay were investigated
with salinity, chlorophyll a (Chl a), and dissolved organic carbon (DOC) levels to understand their relationships.
Samples were collected from surface, subsurface and bottom depths at seven stations. DOC concentrations
ranged from 32.2 to 244.2 μmol/L, and in general, DOC levels increased from winter to summer, then slightly
decreased in autumn. Monosaccharide (MCHO), polysaccharide (PCHO) and total dissolved carbohydrate
(TDCHO) levels were found between 0.7–8.3, 0.7–19.5, and 2.6–24.6 μmol/L. DOC, MCHO, PCHO and TDCHO
levels were found higher in middle-inner bays, under the influence of anthropogenic inputs, compared to outer
bay. Seasonal changes of MCHO/DOC, PCHO/DOC and TDCHO/DOC ratios were statistically significant (p<0.05)
and the ratios showed decrease trends from winter to summer-autumn seasons. Distributions of TDCHO/DOC
ratios at wide ranges (2.5%–42.3%) indicated the presence of newly forming and degrading fractions of DOM.
According to results of factor analysis, Chl a, MCHO and TDCHO were explained in the same factor groups. In
conclusion, the results showed that dissolved carbohydrate levels in the İzmir Bay might be influenced by
biological processes and terrestrial/anthropogenic inputs.
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1 Introduction
Dissolved organic matter (DOM) is one of the most important components in seawater and it is under constant circulation
and conversion within the marine environment. DOM could be
originated from terrestrial processes (called as allochthonous) or
in situ marine (called as autochthonous) sources (Hedges, 2002;
Libes, 2009). Terrestrial organic matter including degradation
products of plants and other organisms could be transported to
the marine environments by rivers, rain runoffs or winds. On the
other hand, a great amount of DOM in marine environments is
produced in situ by primary producers like phytoplankton, macroalgae and bacteria found in seawater. Chemical and physical
characterization of DOM pool is difficult since it includes vast
amounts of biomolecules at different chemical structures and
molecular sizes. Among these biomolecules, most abundant ones
found in DOM are amino acids, carbohydrates, lipids, fatty acids,
sterols, humic acids, fulvic acids, and lignins. Carbohydrates are
one of the major groups that are commonly utilized by the microorganisms (Rich et al., 1997; Kirchman et al., 2001; Khodse et
al., 2010). They are also the products of photosynthesis process
that takes place within phytoplankton and marine algae. Qualitative and quantitative studies have been performed for understanding the biogeochemical cycling of dissolved carbohydrates
including its molecular and polymeric forms. Dissolved carbohydrates could be divided into groups as monosaccharides
(MCHO) and polysaccharides (PCHO) or neutral and acidic sugars based on their chemical structures (Hedges et al., 1994;
Myklestad et al., 1997; Benner and Opsahl, 2001; Chanudet and
*Corresponding author, E-mail: aynur.kontas@deu.edu.tr

Filella, 2006; Lin and Guo, 2015). Glucose, fucose, galactose,
mannose, and xylose are reported as dominant monosaccharides in DOM from different regions (McCarthy et al., 1996; Borch
and Kirchman, 1997). Polysaccharides, such as starch and cellulose, are polymeric forms of monosaccharides linked to each other with glycosidic bonds. Total dissolved carbohydrates
(TDCHO) are one of the well identified components of DOM that
constitutes up to 3%–30% of bulk DOM (Pakulski and Benner,
1994; Benner, 2002; Hung et al., 2003; Wang et al., 2006). This
fraction contains mono-, oligo- and polysaccharides, the latter
one is used as storage material, cell wall components and extracellular exudates (Myklestad and Børsheim, 2007; He et al.,
2015). Polysaccharides have been studied extensively due to their
tendency for aggregation and colloidal properties. It has been reported that they were responsible from biofilm production, mucilage events (Baldi et al., 1997; Leppard, 1997; Pettine et al.,
1999; Penna et al., 2003, 2009), complexation with trace metals
(Jang et al., 1990, 1995), and marine snow formation (Alldredge et
al., 1993; Passow et al., 1994; Skoog et al., 2008; He et al., 2015).
In the water column, carbohydrate concentrations are
changed both vertically and horizontally based on their production and uptake rates by the organisms, and they are also influenced by terrestrial inputs (Zhang, 2010; He et al., 2015). In estuaries, gulfs and bays, carbohydrate concentrations were reported
at high levels, whereas, they were observed at intermediate and
low levels in coastal waters and in oligotrophic ocean waters, respectively (Handa, 1966, 1967; Pakulski and Benner, 1994; Amon
and Benner, 2003; Hung et al., 2003; Wang et al., 2006; Khodse et
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al., 2010; Yang et al., 2010; He et al., 2015).
The study area in this study, the İzmir Bay, is located at the
western coast of Anatolia. Its structure is L-shape which is oriented to north with its longer part and connected to the Aegean
Sea. According to Sayin (2003), the hydrography of the İzmir Bay
is influenced by several factors such as freshwater inputs that
carry anthropogenic loads to the bay, atmospheric transport of
low molecular weight molecules, exchange of water between the
Aegean Sea and the bay, topography of the bay, the sea level
changes, movement of waters directed by wind-driven circulation and winter convection. Under the influences of these factors,
the İzmir Bay could be divided into three parts as outer, middle
and inner bays since each part have different water mass characteristics. While inner bay water has been anthropogenically polluted, outer bay water is influenced by the Gediz River and Aegean Sea, the upwelling water at the Gülbahçe Bay, and the water mass located at salt production area (Sayin, 2003). The third
water mass at middle bay connects outer bay to inner bay. Due to
the different physical and chemical characteristics of the water
masses, remarkable differences have been reported for dissolved
organic carbon (DOC), chlorophyll a (Chl a), dissolved inorganic
nitrogen (DIN), and dissolved inorganic phosphorus (DIP) levels
at outer, middle and inner bay stations in the previous studies
(Kontas et al., 2004; Kucuksezgin et al., 2005; Sunlu et al., 2012).
Also, eutrophication has been reported for inner part of the Izmir
Bay (Kontas et al., 2004). On the other hand, outer bay has oligotrophic character. Studies on the fractions of DOM in the İzmir
Bay are very limited and this will be the first study on the dissolved carbohydrates (MCHO, PCHO and TDCHO). The aim of
this study was to investigate seasonal variations and distributions of dissolved carbohydrates in the bay and their relationships with salinity, Chl a and DOC levels.

September and December 2015) with the R/V K. Piri Reis. Seawater samples were collected with 10 L Go Flo Rosette bottles (General Oceanic) and a CTD system (SBE911plus, Sea-Bird). DOC
and carbohydrate samples were immediately filtered from 47
mm Whatman GF/F (0.7 μm) glass fiber filters (precombusted at
450°C for 4 h) and stored at –20°C until the analyses in the laboratory. Chl a samples were pre-filtered with 210 μm nylon mesh in
order to remove the larger particles. Then, the samples collected
on GF/F filters and fixed with saturated MgCO3 just before the
end of filtration. The filters stored at –20°C within 15 mL screw
capped centrifuge tubes with Teflon liners.
2.2 Chlorophyll a analysis
Chl a was extracted with 10 mL of 90:10 acetone:water (v/v)
solution for 24 h using a vortex mixer at 6 h of intervals and kept
within refrigerator at 4°C. Following the extraction, the samples
were centrifuged at 3 000 r/min for 10 min. Absorbances of the
samples were recorded at 630, 647, 664 and 750 nm on a spectrophotometer (DR5000, Hach). Chl a concentrations (μg/L) were
calculated according to APHA (1998).
2.3 Dissolved organic carbon analysis
DOC analysis is based on the discoloration of buffered phenolphthalein solution proportional to the CO2 concentration. The
analysis was performed on a continuous flow nutrient analyzer
(San Plus, Skalar) according to instructions of the manufacturer
(Cat.No: 311–412). First, 0.06 mol/L sulfuric acid was added to
the sample. Then, the digestion reagent (12 g K 2 S 2 O 8 and 34 g
Na2B4O7·10H2O per liter of distilled water) was added and UV digestion was applied. Following the digestion, hydroxylammonium chloride solution (includes 10% Triton X-100 and sulfuric
acid) was added and CO2 was separated from reaction mixture
with a gas dialysis membrane. Then, CO2 was reacted with the 1%
phenolphthalein buffer solution (prepared in ethanol and sodium carbonate buffer). The colorimetric reading performed at 550
nm. Potassium hydrogen phthalate was used as organic carbon
standard. Accuracy of the method was checked using potassium
hydrogen phthalate at every 10 sample readings. Synthetic seawater including NaCl, MgSO 4 and Milli-Q water was used as
blank. The system was washed with Milli-Q water until the low
and stable instrumental blank.

2 Materials and methods
2.1 Seawater sampling
Seawater samples were collected from seven stations located
in the İzmir Bay (Fig. 1). Sampling stations were selected according to physical and chemical properties of water masses in the
bay, shortly explained at the introduction, based on the previous
studies (Sayin, 2003; Kontas et al., 2004; Kucuksezgin et al., 2005).
Samples were collected from surface (0–0.5 m), subsurface (5 m)
and bottom depths. Water depths at sampling stations from 1 to 7
were as follows: 9, 22, 52, 36, 27, 66, and 44 m, respectively. The
samplings were performed by seasonal cruises (February, April,
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Fig. 1. Sampling stations at the İzmir Bay, Aegean Sea.
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tially hydrolyzed and analyzed according to the standard procedure given below after neutralization. For hydrolysis, 4 mL of
sample and 0.4 mL of 1 mol/L HCl were added into 20 mL amber
hydrolysis vials and the vials were tightly closed with Teflon lined
screw caps. The vials were kept at 150°C for 1 h on a block heater.
Then, the vials allowed to cool at room temperature and neutralized with 0.4 mL of 1 mol/L NaOH. For analysis of dissolved free
carbohydrates (MCHO), 1 mL of sample was mixed in 20 mL amber vial. A total of 1 mL of 0.7 mmol/L potassium ferricyanide
solution was added to sample and kept on the block heater at
100°C for 10 min. Then, 1 mL of 2 mmol/L ferric chloride and 2
mL of 2.5 mmol/L TPTZ solutions were added and thoroughly
mixed on a vortex mixer. The absorbance was read at 595 nm
after 30 min in a 50 mm cuvette against distilled water. The absorbance of a reagent blank prepared in Milli-Q water subtracted
before further calculations. The working standards were prepared at 3.3, 8.3, 16.7, 33.3, 66.7, and 133.3 μmol/L (glucose-C)
concentrations by dissolving neat D-glucose (47829, Supelco)
analytical standard in Milli-Q water. Dissolved polysaccharide
(PCHO) concentrations were calculated by subtracting the concentrations of MCHO from TDCHO. Precision of the method was
between 3%–10% for high to low concentration samples and the
detection limit was 0.4 μmol/L (Myklestad et al., 1997; Engel and
Händel, 2011).
In the hydrolysis step of carbohydrates, 1 mol/L HCl was
used. According to Myklestad et al. (1997), the hydrolysis works
sufficiently but, in some studies, equal or two to four fold higher
hydrolysis yields were reported by using two step hydrolysis (12
mol/L H2SO4 at prehydrolysis and 1.2 mol/L H2SO4 at post hydrolysis) (Pakulski and Benner, 1992; Myklestad et al., 1997).
However, it is not almost possible to achieve 100% yield during
hydrolysis of polysaccharides (Myklestad et al., 1997).
2.5 Statistical analyses
Statistical analyses were performed with R Statistical Computing Software, v3.2.5 (R Core Team, 2016). In all statistical tests,
significance level was α=0.05. Seasonal changes of salinity, Chl a,
DOC, MCHO, PCHO and TDCHO were evaluated with One Way
ANOVA tests. Prior to ANOVA, test assumptions were checked
with Shapiro-Wilk Normality test and Fligner-Killeen’s test for
homogeneity of variances. Spearman’s rank correlation test used
for correlation analyses between salinity, Chl a, DOC, MCHO,

and TDCHO. Linear relationships between MCHO, PCHO, Chl a
and TDCHO/DOC levels were investigated with linear regression
analyses. Factor analysis was used to determine how the independent variables (salinity, Chl a, DOC, MCHO and TDCHO)
were effective on the variation of data. Factor analysis was performed by using psych package in R (Revelle, 2016). Both Horn’s
parallel analysis (Horn, 1965) and Very Simple Structure (VSS)
(Revelle and Rocklin, 1979) methods were used to determine the
correct number of factors. Prior to factor analysis, the data were
divided into two subsets as middle-inner and outer bay. Factors
were estimated with minimum residual (minres) method (Harman and Jones, 1966) and the data were not rotated.
3 Results
3.1 Seasonal variations
Seasonal and vertical salinity, Chl a, DOC, MCHO, TDCHO
and PCHO levels were given in Table 1. According to One Way
ANOVA test results, there were no significant vertical changes for
salinity, Chl a, DOC, MCHO, TDCHO and PCHO (p<0.05). Seawater salinity was found between 36.9 and 40.8 in all seasons. Salinity was remarkably higher in summer at middle-inner and outer bays (p<0.05, Table 2). Salinity was nearly constant with increasing depth.
Chl a concentrations were between 0.1–2.6 μg/L and 1.0–25.4
μg/L at outer and middle-inner bays, respectively. In middle-inner bays, maximum Chl a levels were found at surface waters and
decreased at 5 m and bottom depths. Chl a levels were observed
higher at Stas 1 and 2 in summer and autumn. Minimum Chl a
levels were observed in autumn at middle-inner bays. Seasonal
changes of Chl a levels were significant at middle-inner and outer bays (p<0.05, Table 2).
DOC concentrations ranged between 32.2–96.3 and 41.4–
244.2 μmol/L at outer and middle-inner bays, respectively.
Highest DOC concentration was observed in summer at Sta. 1.
DOC levels increased from winter to summer and slightly decreased in autumn. Vertical variations of DOC levels were not remarkable, but highest concentrations were observed at surface
waters. Seasonal changes of DOC concentrations were significant at middle-inner and outer bays (p<0.05, Table 2).
MCHO levels were found between 0.7–8.3 μmol/L (1.3–8.3
μmol/L for middle-inner bay, 0.7–5.6 μmol/L for outer bay) and

Table 1. Seasonal variations of physical and chemical parameters in the water column of the İzmir Bay (n=7 for each range)
Season/Depth
Winter
Surface
Subsurface
Bottom
Spring
Surface
Subsurface
Bottom
Summer
Surface
Subsurface
Bottom
Autumn
Surface
Subsurface
Bottom

Salinity

Chl a/μg·L–1

DOC/μmol·L–1

MCHO/μmol·L–1

PCHO/μmol·L–1

TDCHO/μmol·L–1

37.3–39.0
38.1–39.0
38.2–39.1

0.7–21.8
0.6–9.8
0.3–13.6

33–69
33–83
32–85

2.6–6.2
2.1–5.1
1.5–5.6

5.2–15.3
5.2–19.5
6.1–13.0

8.1–21.5
7.9–24.6
8.6–18.6

37.8–39.1
37.8–39.1
37.8–39.0

0.3–21.4
0.3–17.2
0.5–16.0

61–102
64–96
59–96

2.2–7.0
2.1–8.3
1.9–4.8

5.0–12.6
4.7–11.5
4.5–12.8

7.3–19.5
6.9–19.8
6.5–17.6

37.7–40.6
39.2–40.8
36.9–39.5

0.1–25.4
0.1–18.6
0.3–18.5

39–244
35–207
39–208

0.7–5.4
0.7–5.4
0.7–4.9

2.4–13.3
1.9–8.9
1.8–9.2

3.4–18.7
3.0–14.3
2.6–14.2

37.4–39.0
38.4–38.8
38.5–39.0

0.3–2.2
0.2–1.9
0.2–1.9

47–160
47–137
55–152

1.0–2.7
0.7–3.4
0.7–3.6

1.3–3.0
0.7–2.8
0.7–3.7

3.2–4.2
2.8–4.0
3.5–4.8
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Table 2. Results of One Way ANOVA and Tukey’s HSD tests for seasonal changes of salinity, Chl a, DOC, MCHO, TDCHO and PCHO
Winter
Middle-inner bays
Salinity
Chl a/μg·L–1
DOC/μmol·L–1
MCHO/μmol·L–1
PCHO/μmol·L–1
TDCHO/μmol·L–1
(MCHO/DOC)/%
(PCHO/DOC)/%
(TDCHO/DOC)/%
(MCHO/TDCHO)/%
(PCHO/TDCHO)/%
(PCHO/MCHO)/%
Outer bay

38.4±0.4b
8.5±8.1ab
52.5±8.2c
4.5±1.2ab
12.4±4.4a
17.0±5.4a
8.6±1.2a
23.4±6.0a
31.9±6.6a
27.4±4.4a
72.6±4.4a
2.7±0.6a

Salinity
Chl a/μg·L–1
DOC/μmol·L–1
MCHO/μmol·L–1
PCHO/μmol·L–1
TDCHO/μmol·L–1
(MCHO/DOC)/%
(PCHO/DOC)/%
(TDCHO/DOC)/%
(MCHO/TDCHO)/%
(PCHO/TDCHO)/%
(PCHO/MCHO)/%

38.7±0.5b
1.1±0.7a
48.1±18.0c
2.9±0.6a
7.5±1.5a
10.4±1.7a
6.6±1.9a
17.5±6.8a
24.1±8.2a
28.7±6.1ab
71.3±6.1ab
2.7±1.0

Spring

Summer

Autumn

38.0±0.4b
11.0±8.2ab
84.7±13.8bc
5.1±2.3a
10.4±2.3a
15.4±4.3a
5.8±1.8b
12.2±1.2b
17.9±2.4b
31.7±6.7b
68.3±6.7a
2.3±0.7a

40.0±0.6a
15.8±8.1a
163.0±67.1a
4.0±1.6ab
8.6±3.1a
12.6±4.5a
2.4±0.4c
5.5±1.0c
7.9±1.2c
30.9±4.9b
69.1±4.9a
2.3±0.6a

38.3±0.5b
1.7±0.4b
104.5±50.0b
2.5±0.9b
1.7±1.0b
4.0±0.4b
2.5±0.5c
2.2±1.9c
4.8±2.2c
60.3±21.0b
39.7±21.0b
0.9±0.7b

38.9±0.3b
0.7±0.4b
75.1±12.6a
3.2±1.2a
7.0±2.1a
10.2±2.7a
4.4±2.0b
9.7±3.6b
14.1±5.0b
31.2±7.2ab
68.8±7.2ab
2.4±1.0

39.3±1.0a
0.4±0.3b
46.0±9.0c
0.9±0.2b
2.7±0.7b
3.6±0.8b
2.0±0.5c
6.0±1.5c
8.0±1.8c
25.3±5.1b
74.7±5.1a
3.1±0.8

38.7±0.3b
0.4±0.2b
62.3±9.6b
1.2±0.4b
2.6±0.6b
3.8±0.5b
2.0±0.8c
4.3±0.6c
6.3±1.2c
31.6±7.3a
68.4±7.3b
2.4±0.9

Note: Values represent mean±SD; n=6 for inner bay; n=15 for outer bay; p<0.05; Tukey’s HSD test results are given with superscript letters.

maximum MCHO levels were observed in spring. MCHO levels
were increased from winter to spring and decreased to minimum
levels in autumn. Seasonal changes of MCHO levels were significant at middle-inner and outer bays (p<0.05, Table 2).
PCHO levels were found between 0.7–19.5 μmol/L (0.7–19.5
μmol/L for middle-inner bay, 1.8–10.8 μmol/L for outer bay).
PCHO levels were decreased from winter to autumn and highest
PCHO concentrations were observed at surface waters. Seasonal
variations of PCHO levels were significant at middle-inner and
outer bays (p<0.05, Table 2).
TDCHO concentrations were ranged between 2.6–14.4
μmol/L and 3.6–24.6 μmol/L at outer and middle-inner bays, respectively. Similar to PCHO, TDCHO levels were decreased from
winter to autumn. Seasonal changes of TDCHO levels were significant at middle-inner and outer bays (p<0.05, Table 2).
Seasonal and vertical MCHO/TDCHO, PCHO/TDCHO,
MCHO/DOC, PCHO/DOC, TDCHO/DOC and PCHO/MCHO ratios were given in Table 3. MCHO/DOC, PCHO/DOC and
TDCHO/DOC ratios showed significant decreasing trends from
winter to summer-autumn seasons (p<0.05, Table 2). Maximum
MCHO/DOC ratio was found as 11% at outer bay. Maximum
PCHO/DOC (34%) and TDCHO/DOC (42%) ratios were observed at middle-inner bays. TDCHO/DOC ratios for middle-inner and outer bays were found in the range of 2.5%–42.3%
(x¹=15.6, s2=129.2) and 4.4%–37.1% (x¹=13.1, s2=72.9), respectively.
MCHO/TDCHO ratios were increased from winter to autumn, especially at middle-inner bays, and MCHO comprised up to 85%
of TDCHO in autumn. MCHO/TDCHO ratios were observed
between 21%–42% in winter, spring and summer. PCHO/TDCHO
ratios were found lower at middle-inner bays compared to outer

bay in autumn. PCHO/MCHO ratio was significantly lower at autumn compared to other seasons at middle-inner bays (p<0.05).
PCHO/MCHO ratios were not changed significantly at outer bay
(p<0.05).
3.2 Spatial distribution
Spatial and vertical distributions of MCHO, PCHO, TDCHO
and DOC were given in Fig. 2. Carbohydrate concentrations were
not changed significantly with depth. In summer, all carbohydrate species at Stas 1 and 2 (especially at surface and subsurface) were found remarkably higher than outer bay stations.
MCHO, PCHO and TDCHO levels at Sta. 1 were higher than other stations at all seasons, except for autumn.
DOC concentrations were changed consistently with carbohydrate concentrations. In winter and spring, DOC levels were
generally below 100 μmol/L except for Sta. 1. Maximum DOC
concentration was found as 244.2 μmol/L at surface waters of Sta.
1 in summer. DOC levels were also found higher at 5 m and bottom depths of Stas 1 and 2 compared to the other stations in
summer. DOC was slightly decreased from summer to autumn at
all depths of Sta. 1, but DOC levels in autumn were higher than
winter and spring seasons.
3.3 Correlation analysis
Correlations between MCHO, TDCHO, DOC, Chl a, and salinity were investigated with Spearman’s rank correlation test
(Table 4). MCHO and TDCHO were positively correlated in all
seasons (p<0.05) and a strong positive correlation was observed
in summer (ρ=0.822, p<0.001). DOC was positively correlated
with MCHO and Chl a in winter and summer (p<0.01). There was
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Table 3. Seasonal variations for MCHO/TDCHO, PCHO/TDCHO, MCHO/DOC, PCHO/DOC and TDCHO/DOC ratios in the water
column of the İzmir Bay (n=7 for each range)
(TDCHO/DOC)/%
MiddleOuter bay
inner bay

7–10
8–9
8–9

8–26
6–25
9–28

20–26
16–34
22–24

12–37
10–33
13–32

27–36
23–42
31–32

20–39
18–41
26–39

34–36
28–42
24–27

61–80
59–82
61–74

64–66
58–72
73–76

3–9
3–9
2–5

6–7
4–9
4–5

6–14
6–14
5–15

12.0–12.3
11–12
12–14

9–23
10–23
7–20

18–19
15–21
15–20

17–32
19–35
24–29

28.8–28.9
31–38
24–35

68–83
65–81
71–76

71.1–71.2
62–69
65–76

1–3
2–3
1–2

2–3
2.6–2.9
1.7–2.4

4–7
6–10
4–7

6–7
4–7
4–6

6–9
8–13
5–9

8–9
7–9
6.8–7.2

25–42
24–41
19–38

46–67
46–83
35–85

58–75
59–76
63–81

33–54
17–54
15–65

2–4
1–3
1–3

2–3
2.5–2.9
2.4–2.5

3.7–5.0
3.3–4.8
3.8–5.3

0.8–3.7
0.5–3.3
0.4–4.7

6–9
4–8
5–8

3–7
3–6
3–7

1 2 3 4 5 6 7
bottom
MCHO
PCHO
TDCHO
DOC

1 2 3 4 5 6 7

250
200
150
100
50
0

250
200
150
100
50
0

1 2 3 4 5 6 7
5m
30
25
20
15
10
5
0

30
25
20
15
10
5
0

MCHO
PCHO
TDCHO
DOC

250
200
150
100
50
0

1 2 3 4 5 6 7
bottom
MCHO
PCHO
TDCHO
DOC

1 2 3 4 5 6 7

250
200
150
100
50
0

c
30
25
20
15
10
5
0

surface
MCHO
PCHO
TDCHO
DOC

250
200
150
100
50
0
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Fig. 2. Spatial and vertical distributions of dissolved carbohydrate and DOC concentrations in winter (a), spring (b), summer (c), and
autumn (d).
a strong positive correlation between DOC and TDCHO in summer (ρ=0.798, p<0.001). Chl a and MCHO was positively correlated in all seasons (p<0.01). Chl a was positively correlated with
TDCHO in spring and summer (p<0.01). There were strong negative correlations between salinity and other variables (MCHO,
TDCHO and Chl a) in spring (p<0.001).
As shown in Fig. 3, linear relationships were observed
between MCHO and TDCHO/DOC ratio in middle-inner
(p<0.05) and outer (p<0.001) bays, respectively. Strong linear relationships observed between PCHO and TDCHO/DOC ratio at
both parts of the bay (middle-inner bays: R2=0.621, p<0.001, outer bay: R2=0.684, p<0.001). The ratio of TDCHO/DOC was linearly related with Chl a at outer bay (p<0.05). However, linear relationship between Chl a and TDCHO/DOC ratio was not signi-

ficant at middle-inner bays (p=0.426).
4 Discussion
In the literature, it has been reported that PCHO levels were
changed on a seasonal basis and high PCHO values were observed in winter and summer (Myklestad and Børsheim, 2007).
Nutrient transport from seabed to surface waters might also support phytoplankton activity in winter following the breakdown of
stratification at water column (Scoullos et al., 2006). In some
studies, higher dissolved carbohydrate levels have been reported
in spring and summer than in winter and autumn (Myklestad
and Børsheim, 2007; Hung et al., 2009; He et al., 2015). However,
high carbohydrate levels have also been reported in winter (Lee
et al., 2017). In this study, maximum MCHO levels were found in
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Table 4. Correlations between MCHO, PCHO, TDCHO, DOC, Chl a and salinity
PCHO
ρ

TDCHO
p

DOC
p

ρ

Chl a
p

ρ

ρ

Salinity
p

p

ρ

MCHO
0.683
0.752
0.822
0.533

<0.001***
<0.001***
<0.001***
0.013*

0.613
0.203
0.661
0.173

0.003**
0.376
0.001**
0.453

0.578
0.697
0.722
0.793

0.006**
<0.001***
<0.001***
<0.001***

–0.285
–0.815
0.400
–0.328

0.211
<0.001***
0.072
0.147

0.900
0.951
0.981
0.392

<0.001***
<0.001***
<0.001***
0.079

–0.021
0.219
0.777
0.061

0.929
0.340
<0.001***
0.794

0.181
0.507
0.745
–0.552

0.430
0.019*
<0.001***
0.010*

–0.380
–0.595
0.516
0.640

0.089
0.004**
0.017*
0.002**

winter

0.214

0.350

0.303

0.181

–0.343

0.127

spring
summer
autumn

0.165
0.798
0.487

0.475
<0.001***
0.025*

0.660
0.749
0.241

0.001**
<0.001***
0.293

–0.743
0.546
0.256

<0.001***
0.010*
0.263

winter
spring

0.643
0.050

0.002**
0.830

–0.270
–0.049

0.237
0.831

summer
autumn

0.742
0.159

<0.001***
0.492

0.357
0.019

0.111
0.936

–0.670
–0.950
0.246
–0.503

<0.001***
<0.001***
0.282
0.020*

winter
spring
summer
autumn

0.391
0.588
0.754
–0.467

0.079
0.005**
<0.001***
0.033*

PCHO
winter
spring
summer
autumn
TDCHO

DOC

Chl a
winter
spring
summer
autumn

Note: n=21 for all tests; ρ is the Spearman's rank correlation coefficient and p the significance level; * significance level of 0.05;
** significance level of 0.01; *** significance level of 0.001.
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Fig. 3. Linear relationships between MCHO, PCHO, Chl a, and TDCHO/DOC (%) for middle-inner bay (a) and outer bay (b).
spring. The highest PCHO and TDCHO levels were observed in
winter and spring.
Seasonal changes of PCHO and TDCHO were showed similar
trends with Chl a levels. According to Table 4, PCHO and TDCHO
were highly correlated with Chl a levels at spring and summer.
PCHO, TDCHO and Chl a concentrations were decreased in autumn. These results indicated that PCHO and TDCHO levels
might be influenced by biological processes especially in spring,
summer and autumn. Similar significant correlations between
carbohydrate and Chl a concentrations were reported in the literature (Hung et al., 2001, 2003; Khodse et al., 2007). However, car-

bohydrate concentrations are also influenced by other factors
like bacterial utilization and grazing activities (Strom et al., 1997;
Hopkinson et al., 2002; Guo et al., 2004; Wang et al., 2006). In
winter, PCHO and TDCHO levels might be affected by rain runoffs, weathering and terrestrial inputs (Wang et al., 2003; Shin et
al., 2003; He et al., 2015). DOC and carbohydrate levels (MCHO,
PCHO and TDCHO) were found higher in middle-inner bays, under the influence of anthropogenic inputs, compared to outer
bay.
Vertical variations of Chl a, DOC and dissolved carbohydrate
concentrations were not significant in this study (p<0.05). This
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might be resulted from shallow water depths in the İzmir Bay.
Depths of stations at middle-inner and outer bays range between
9–22 m and 27–66 m, respectively. In the literature, significant
vertical variations in Chl a, DOC and dissolved carbohydrate
concentrations were observed between upper water column (euphotic zone) and deep waters where light penetration is very low
(Hung et al., 2003; Wang et al., 2006; Lin and Guo, 2015).
The ratio of MCHO/TDCHO increased from winter to autumn, especially at middle-inner bays, and similar results were
reported in the literature (Wang et al., 2006; He et al., 2015; Lin
and Guo, 2015). The ratios of MCHO/DOC and TDCHO/DOC decreased from winter to autumn and similar ratios were also observed in the literatures (Wang et al., 2006; Myklestad and
Børsheim, 2007; He et al., 2015; Lin and Guo, 2015). Increasing
MCHO/TDCHO and decreasing TDCHO/DOC ratios indicated
production of significant MCHO fraction or breaking down of significant PCHO fraction from winter to autumn in the bay. A similar case was also reported by Wang et al. (2006).
Carbohydrate concentrations in bulk DOC pool (i.e., TDCHO/
DOC ratio) were used as a tool to investigate the degradation and
diagenetic status of bulk DOM and its conversion rate in aquatic
environments (Skoog and Benner, 1997; Hung et al., 2009; Kaiser
and Benner, 2009; Khodse et al., 2010; Lin and Guo, 2015). Lin
and Guo (2015) have reported TDCHO/DOC ratios in the ranges
of 11%–71% and 14%–52% at surface waters of shelf and basin
parts of Gulf of Mexico, respectively. Similar TDCHO/DOC ratios
(2.5%–42.3% at middle-inner and 4.4%–37.1% at outer bays) were
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found in the present study. According to Fig. 3, TDCHO/DOC ratios were distributed at wide ranges and it might be related to the
presence of newly forming and degrading fractions of DOM in
the bay. Higher carbohydrate fractions were observed in freshly
produced DOM and lower TDCHO/DOC ratios were found during the degradation process of DOM (Opsahl and Benner, 1999;
Lin and Guo, 2015).
According to factor analysis between salinity, Chl a, DOC,
MCHO and TDCHO (Fig. 4a), two factors were extracted and the
factors were statistically sufficient to model the variations in the
data of middle-inner bays. Factors 1 and 2 sufficiently explained
68% and 32% of the variability in the data, respectively. While the
MCHO, TDCHO, DOC and Chl a explained by Factor 1, salinity
and also DOC identified by Factor 2 for middle-inner bays. Factor
analysis showed that variability of the data could be explained by
at least two factors at outer bay (Fig. 4b). Factors 1 and 2 were accounted for 83% and 17% of the variability in the data, respectively. DOC, MCHO, TDCHO and Chl a were explained by Factor
1. Salinity and Chl a were explained by Factor 2 at outer bay. According to results of factor analyses, Chl a and dissolved carbohydrate species (MCHO and TDCHO) were explained in the
same factor groups and phytoplankton activities could have an
important role on the dissolved carbohydrate concentrations in
the İzmir Bay.
DOC, MCHO and TDCHO levels determined in this study
were similar to levels reported from other bays and gulfs (Table 5).
DOC concentrations in the present study were very close to DOC
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Fig. 4. Biplots of factor loadings indicating the explained proportions of variances for salinity, Chl a, DOC, MCHO, and TDCHO in the
bay: middle-inner bay (a) and outer bay (b).
Table 5. Comparison of DOC, MCHO and TDCHO levels of the İzmir Bay with different parts of the world
Location
Atlantic Ocean andPacific Ocean
Black Sea
Northern Adriatic Sea
Beaufort Sea
Bay of Bengal
Trieste Gulf
San Francisco Bay
Gulf of Mexico
Galveston Bay
İzmir Bay

DOC/μmol·L–1
47–119
148–270
–
30–202
–
108–200
52–172
205
300–363
32–244

MCHO/μmol·L–1
2.4–6.2
–
5–54
–
0.9–2.9
2–13
0.2–1.3
–
–
0.7–8.3

TDCHO/μmol·L–1
7–33
12–20
5–95
0.6–1.3
4.5–7.9
11–126
1–4
28.8
27.1–83.3
2.6–24.6

Reference
Pakulski and Benner (1994)
Cauwet et al. (2002)
Ahel et al. (2005)
Panagiotopoulos et al. (2014)
Bhosle et al. (1998)
Terzić et al. (1998)
Murrell and Hollibaugh (2000)
Hung and Santschi (2001)
Hung and Santschi (2001)
this study

ALYURUK Hakan et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 8, P. 6–14

levels observed at the Beaufort Sea (Panagiotopoulos et al., 2014),
Black Sea (Cauwet et al., 2002) and Gulf of Mexico (Hung and
Santschi, 2001). DOC levels at the Galveston Bay (Hung and
Santschi, 2001) were greatly higher than the DOC levels in this
study. MCHO levels in this study were only lower than those reported from the northern Adriatic Sea (Ahel et al., 2005). Maximum MCHO concentration in this study was higher than the maximum levels in the Atlantic Ocean, Pacific Ocean, Beaufort Sea,
Trieste Gulf, San Francisco Bay and Gulf of Mexico (Pakulski and
Benner, 1994; Terzić et al., 1998; Murrell and Hollibaugh, 2000;
Hung and Santschi, 2001; Panagiotopoulos et al., 2014). TDCHO
levels in this study were close to the TDCHO levels at the Black
Sea, Bay of Bengal, Gulf of Mexico and San Francisco Bay (Bhosle
et al., 1998; Murrell and Hollibaugh, 2000; Hung and Santschi,
2001; Cauwet et al., 2002). On the other hand, maximum TDCHO
levels at the northern Adriatic Sea and Trieste Gulf were much
higher than the TDCHO levels in this study (Terzić et al., 1998;
Ahel et al., 2005).
5 Conclusions
Seasonal variations and distributions of dissolved carbohydrates, salinity, Chl a and DOC levels were studied in the İzmir
Bay. According to the results, the highest MCHO levels were
found in spring and the MCHO levels decreased from summer to
autumn. Maximum PCHO and TDCHO levels were observed in
winter and the PCHO and TDCHO levels decreased from winter
to autumn. Mean dissolved carbohydrate, DOC and Chl a levels
were decreased from middle-inner to outer bay. Increasing
MCHO/ TDCHO and decreasing TDCHO/DOC ratios indicated
production of significant MCHO fraction or breaking down of significant PCHO fraction from winter to autumn. TDCHO/DOC ratio distributed at a wide range that might be linked with the presence of newly forming and degrading fractions of DOM. According to results of factor analysis, Chl a and dissolved carbohydrate
species (MCHO and TDCHO) were explained in the same factor
group and phytoplankton activities could have an important role
on the dissolved carbohydrate concentrations in the İzmir Bay.
As indicators of biological and physical processes in seawater,
seasonal and vertical variations of DOC, Chl a, MCHO, PCHO
and TDCHO were useful in investigation of organic matter distribution. The effects of other environmental factors (i.e., primary
production, bacterial abundance, extracellular enzyme activities)
on dissolved carbohydrate levels should be investigated in further studies.
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Abstract

In 2013, the 29th Chinese National Antarctic Research Expedition (CHINARE) prospected the Prydz Bay on the
Antarctic continental shelf, and the Chinese R/V Xuelong icebreaker sampled all of the examined locations. The
nature of Antarctic fish diversity in the high-latitude Prydz Bay is virtually unknown, and the accuracy of relevant
estimates has not been established. Thus, it is necessary to evaluate this diversity and propose protective
measures. In total, ninety-nine specimens were collected from various locations. To overcome uncertainties
associated with identifying species based on morphology, DNA barcoding (COI gene) was employed to
reconstruct phylogenetic relationships with delimited references from NCBI. Twenty-two species representing six
families were unambiguously identified from a neighbor-joining (NJ) tree and barcoding gaps. With the
morphological identification, thirteen species were identified correctly, five species were identified correctly at the
genus level, and four species were identified at the close sister species level. Notothenioid dominance was not
evident in the Prydz Bay, in contrast to other published studies. The low species diversity and catch biomass
during this CHINARE were severely constrained by limited fishing methods and localized sites, which led to
biased underestimation. Our analyses indicate that DNA barcoding is an effective tool for the identification of fish
species in the Prydz Bay. The identification and distribution of Antarctic fish should be an integral component of
understanding Antarctic fish biodiversity and biogeography, and large-scale studies are necessary for the further
taxonomic identification of Antarctic fish.
Key words: DNA barcoding, Prydz Bay, Antarctic fish, phylogenetic relationship, barcoding gap
Citation: Li Yuan, Zhang Liyan, Song Puqing, Zhang Ran, Wang Liangming, Lin Longshan. 2018. Fish diversity and molecular taxonomy in
the Prydz Bay during the 29th CHINARE. Acta Oceanologica Sinica, 37(8): 15–20, doi: 10.1007/s13131-018-1228-y

1 Introduction
Species identification is the most significant task in many
fields of biological research and for conservation efforts. Traditional morphological identification is not fully effective for eggs,
larvae, juveniles and adults lacking distinctive morphological
characteristics. Congeneric or confamilial species sometimes resemble each other to a high degree, which can lead to unreliable
identification. Moreover, commonly used morphological features can change with developmental age and thus, may not
provide definitive identification. Moreover, identification must
be based on a sound knowledge of taxonomy, as a faulty delineation of species limits often precludes identification altogether
(Dettai et al., 2011b).
Molecular species identification based on mitochondrial
DNA (mtDNA) has been utilized for several decades but has recently acquired a new dimension through larger-scale projects
using a standardized approach with high quality control. One
proposed method is DNA barcoding, which uses the mtDNA
gene cytochrome c oxidase subunit I (COI) for molecular taxonomy (Hebert et al., 2003a, b). Sequences from the same species are generally considered to be correctly identified when they
form a monophyletic cluster on a neighbor-joining (NJ) tree with
intraspecific distances that are below a given threshold (Srivath-

san and Meier, 2012). At present, this approach has proven to be
highly efficient and reliable in many fish groups (Ward et al.,
2005; Keskin et al., 2013; Loh et al., 2014; Murphy et al., 2017) and
is regularly used for a variety of applications, such as fishery
management, biodiversity assessment and conservation (Dettai
et al., 2011a, b; Keskin et al., 2013; Loh et al., 2014; Murphy et al.,
2017; Shen et al., 2016). Both the evaluation of the approach and
the development of ameliorations are still underway; however,
these approaches seem promising for numerous taxa and developmental stages.
Antarctic waters are home to a largely benthic and highly endemic ichthyofauna, dominated by actinopterygian members
that arose through nested adaptive radiations within the isolated
Southern Ocean (Eastman, 2005; Lecointre et al., 2013; Fallon et
al., 2016). Five families—Artedidraconidae, Bathydraconidae,
Channichthyidae, Harpagiferidae, and Nototheniidae—are traditionally recognized, encompassing predominantly endemic Antarctic species (Gon, 1990; Eastman and Eakin, 2014). The majority of Antarctic notothenioid species have benthic lifestyles and
limited home ranges as adults (Miyamoto and Tanimura, 1999).
The Prydz Bay is the third largest bay in Antarctica. The world’s
largest glacier, the Lambert Glacier, enters this bay, forming the
vast Amery Ice Shelf, which is a key area for scientific investiga-
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tion in the Southern Ocean. The Prydz Bay is an important source
of bottom water in Antarctica and is a focus of research on physical oceanography, marine geology, marine geophysics, and marine ecology (Van de Putte et al., 2010; Gao et al., 2013; Yin et al.,
2014). Unfortunately, no dedicated studies of fish diversity and
molecular taxonomy in the Prydz Bay have been performed. In
contrast, several studies of high-latitude fish barcoding and molecular taxonomy have been conducted further east in the Dumont d’Urville Sea and McMurdo Sound (Dettai et al., 2011a, b ;
Murphy et al., 2017).
The ecological community is greatly impacted by global
warming. With changes already visible in the Antarctic, a biodiversity baseline inventory is necessary to monitor these changes.
A large amount of taxonomic work, especially for fish, is still
needed in the Antarctic (Dettai et al., 2011b). We employed a
DNA barcoding approach as a molecular tool for the identification of fish species collected from the Prydz Bay using available
data from NCBI as a reference. We reconstructed phylogenetic
relationships to assign species identity and evaluated the identification success rates based on the Kimura’s two-parameter
(K2P) model. Furthermore, the present study of fish diversity and
molecular taxonomy can provide important information regarding biodiversity, biogeography and conservation in Antarctic
coastal waters.

2 Materials and methods
2.1 Specimen collection and morphological identification
All specimens from 15 stations were collected from the Prydz
Bay based on a triangular bottom trawl net (2.2 m wide, 0.65 m
high, and 6.5 m long; 20 mm mesh size) during the 29th Chinese
National Antarctic Research Expedition (CHINARE) in 2013
(Table 1), which was surveyed on the R/V Xuelong icebreaker.
Every net was operated for 10–60 min, with variations due to differences among the seabeds at a speed of 3–4 kn. A few specimens were obtained from each station, and all specimens from
the same station were packaged together and sorted again in the
laboratory. Morphological identification was performed by visual inspection, and the fish were taxonomically classified by taxonomic specialists (Fischer and Hureau, 1985). Photographs of as
many fresh specimens as possible were taken on board. Muscle
samples were obtained and preserved in 95% ethanol or frozen
for DNA extraction after specimen identification and morphological characterization. Subsequently, the whole fish were fixed in
a 10% formaldehyde solution and stored as voucher samples in
the Third Institute of Oceanography, State Oceanic Administration.
2.2 DNA extraction, amplification and sequencing
Genomic DNA was isolated from muscle tissue by proteinase

Table 1. Information on Antarctic fish collected from the Prydz Bay during the 29th CHINARE and homologous sequences
downloaded from NCBI
ID
S1
S2, S3
S4, S5
S6
S7, S7-1

Scientific name from
morphological identification
Bathyraja sp.
Trematomus scotti
Artedidraco lonnbergi
Dolloidraco sp.
Chionodraco hamatus

NCBI accession Nos

Sort by
identification /%
99
100, 100
99, 100
100
100, 100

Species name from NCBI

NCBI accession Nos

Bathyraja spinicauda
Trematomus scotti
Artedidraco lonnbergi
Histiodraco velifer
Chionodraco hamatus

S8, S8-1
S9, S10

Pogonophryne sp.
Prionodraco evansii

99, 100
100, 100

Pogonophryne scotti
Prionodraco evansii

S11
S12

Chaenodraco wilsoni
Trematomus sp.

100
99

Chaenodraco wilsoni
Trematomus eulepidotus

S13
S14,
S14-1
S15
S16
S17

Dieidolycus sp.
Cryodraco antarcticus

100
100, 100

Lycodichthys antarcticus
Cryodraco antarcticus

FJ164384, JF895081
HQ713283, JN641171
HQ712811, HQ712827
HQ713027, JN640978
HQ712912, JN640841,
KT921282
HQ713180, JN641119
EU326416, HQ713203,
JN641128
HQ712902, JN640813
EU326425, HQ713263,
JN641141
HQ713053, HQ713056
HQ712949, JN640867

Gerlachea australis
Pachycara brachycephalum
Pachycara brachycephalum

100
100
99

S18
S19
S20

Dolloidraco longedorsalis
Lycodichthys antarcticus
Bathydraco macrolepis

Gerlachea australis
Pachycara brachycephalum
Ophthalmolycus
amberensis
Dolloidraco longedorsalis
Lycodichthys antarcticus
Akarotaxis nudiceps

HQ713006, JN640928
HQ713113, JN641050
HQ713104, HQ713105,
HQ713106
HQ712976, JN640907
HQ713053, HQ713056
HQ712805, HQ712806

S21
S22, S23

Racovitzia glacialis
Trematomus pennelli

S24

Artedidraco sp. 1

100

Racovitzia glacialis
Trematomus cf.
lepidorhinus/loennbergi
Trematomus loennbergii
Trematomus lepidorhinus
Artedidraco shackletoni

S25, S26

Artedidraco sp. 2

100, 100

Artedidraco shackletoni

S27, S28
S29, S30

Chionobathyscus dewitti
Dacodraco hunteri

99, 100
100, 100

Chionobathyscus dewitti
Dacodraco hunteri

HQ713223, JN641132
HQ713319, HQ713348,
HQ713349
GU997426, JN641157
GU997424, JN641151
HQ712858, HQ712859,
HQ712860
HQ712858, HQ712859,
HQ712860
HQ712909, JN640826
HQ712963, JN640896

HQ713113, JN641050

EU326324, JN640779,
JN640780
EU326430, GU997445,
HQ713272

100
99
99
100
99, 99
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K digestion and purified by standard phenol-chloroform extraction (Sambrook et al., 1989). The extracted DNA was evaluated
using 1.5% agarose gel electrophoresis and was then stored at
–20°C before PCR amplification. A partial fragment of the COI
gene was amplified using universal barcoding primers, F1: 5′TCAACCAACCACAAAGACATTGGAC-3′ (forward) and R1: 5′TAGACTTCTGGGTGGCCAAAGAATCA-3′ (reverse) (Ward et al.,
2005). The PCR reactions were carried out in a 25 μL reaction
mixture containing 17.25 μL of ultrapure water, 2.5 μL of 10×PCR
buffer (including MgCl2) (Takara), 2 μL of dNTPs (Takara), 1 μL
of each primer (5 μmol/L), 0.25 μL of Taq polymerase (Takara),
and 1 μL of DNA template. The thermal cycling program consisted of an initial step for 4 min at 95°C; 35 cycles of 0.5 min at
94°C, 0.5 min at 52°C, and 0.5 min at 72°C; and a final step for 10
min at 72°C. Negative controls were included in all PCR reactions to confirm the absence of contaminants. Successful amplifications were purified, and both strands were sequenced by Personal Biotechnology Co., Ltd.
2.3 Data analysis
Sequences were edited and aligned using the DNASTAR
Lasergene software package (Madison, WI, USA) and refined
manually. All of the aligned sequences were translated into
amino acids to confirm the accuracy of the sequences and to detect the presence of nuclear DNA pseudogenes. Other genetic indices, such as polymorphic sites, transitions, transversions, insertions/deletions, and nucleotide composition, were calculated
with ARLEQUIN 3.0 (Excoffier et al., 2005). Pairwise genetic distance calculations and NJ tree analysis were implemented using
MEGA 5.0 (Tamura et al., 2011) based on the K2P model with
1 000 bootstrap replicates. The DNA “barcoding gap”, which is
the maximum intraspecific distance of each species compared
with its minimum distance to the nearest neighbor and is defined
as the average interspecific distance at least 10-fold greater than
the average intraspecific genetic distance, was calculated for all
species (Hebert et al., 2004). All specimen sequences were
aligned through a BLAST search in NCBI to evaluate the accuracy of morphological identification. Almost all currently barcoded Antarctic fish were collected during the CEAMARC survey
in the winter of 2007–2008 (Dettai et al., 2011a, b). We used a general rule that defined a sequence similarity of at least 97% as a
top-matched species and 3% sequence similarity as a relatively
loose criterion for matched species (Wong and Hanner, 2008).
3 Results
Ninety-nine specimens were collected during the 29th CHINARE. Most of them were adults and could be easily sorted, but
there were also some juvenile stages. Some specimens were
damaged and could not be identified morphologically; these
were termed “sp.”, for example, Dolloidraco sp., Pogonophryne
sp., Bathyraja sp., Trematomus sp., Dieidolycus sp. and Artedidraco sp. Thirty-three specimens were used for molecular analysis; the number of specimens per species used for the molecular analysis ranged from one to three, but most species were represented by only one specimen.
3.1 Amplification and sequencing
Low-quality sequences (double peaks, short fragments, and
background noise), which may represent pseudogenes, were not
detected. The aligned sequences contained no insertions, deletions or stop codons, indicating that all amplified sequences were
functional mitochondrial COI sequences. A 652 bp fragment was
successfully amplified and sequenced in this study, and the
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alignment revealed 256 polymorphic sites (including 239 parsimony-informative sites and 6 singleton sites), with 256 transitions and 119 transversions. The content of A, T, G, and C was
21.22%, 30.18%, 19.04% and 29.56% on average, respectively, with
a slight base against G and C.
3.2 Species identification by phylogenetic analysis of COI sequences
Because there are limited Antarctic fish taxonomic references, mistakes were unavoidable during morphological identification. Our results indicated that six families were correctly
identified: Channichthyidae (5 species, 15 specimens), Artedidraconidae (6 species, 26 specimens), Bathydraconidae (4 species, 17 specimens), Zoarcidae (3 species, 3 specimens), Nototheniidae (3 species, 37 specimens) and Rajidae (1 species, 1
specimen) (Table 1). The consensus strength of all sequences
was determined by alignment through a BLAST search in NCBI.
Most morphological identification results matched the BLAST
annotations of the NCBI databases with at least 97% similarity,
supporting that they were the same species (Murphy et al., 2017),
except for five species (H. velifer, L. antarcticus, O. amberensis, A.
nudiceps, and Trematomus cf. lepidorhinus/loennbergi) that
matched with their sister species.
Based on our species sequences and vouchered data from
NCBI as a reference, an NJ tree was constructed to assign species
identity (Fig. 1), which depicted relationships between morphologically identified species and vouchered references. Twentytwo species from six families (Channichthyidae, Artedidraconidae, Bathydraconidae, Zoarcidae, Nototheniidae and Rajidae)
were characterized by DNA barcoding. Based on the NJ tree, all
species formed distinct clusters, and all individuals were associated with their conspecifics in the monophyletic clades with high
bootstrap support values. However, all species from the same
family clustered together, except for Bathydraconidae. In total,
five Artedidraconidae species, five Channichthyidae species, four
Nototheniidae species, three Zoarcidae species and one Rajidae
species clustered together in the NJ tree. The NJ analysis also recovered the family Bathydraconidae as paraphyletic, consistent
with recent molecular phylogenies (Dettai et al., 2012; Murphy et
al., 2017), while the other families were monophyletic. Gerlachea
was sister to other genera in Bathydraconidae.
The results of the NJ tree showed that not all of the morphologically identified species were in agreement with the vouchered
references (Fig. 1); however, the majority was identified successfully, with at least 99% similarity (Table 1). S17 was distinctly different from S16, both of which were identified as P. brachycephalum morphologically but shared 99% nucleotide sequence similarity with the reference O. amberensis. S20 was identified as B.
macrolepis morphologically but was 99% similar to the reference
A. nudiceps. S22 and S23 were distinctly different from T. pennelli
references but shared 99% identity with the reference Trematomus cf. lepidorhinus/loennbergi. Some damaged individuals
and juvenile fish were also identified accurately based on barcoding but had been previously unidentified and considered as
“sp.” S1 (Bathyraja sp.) shared 99% nucleotide sequence similarity with the reference B. spinicauda, indicating that it was B. spinicauda. S6 (Dolloidraco sp.) was identified as H. velifer with 100%
nucleotide sequence similarity; thus, this species was distinctly
different from genus Dolloidraco species. S8 and S8-1 (Pogonophryne sp.) shared 99% and 100% nucleotide sequence identities with the reference P. scotti, respectively. S12 (Trematomus
sp.) shared 99% nucleotide sequence identity with the reference
T. eulepidotus. S13 (Dieidolycus sp.) was identified as L. antarctic-
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S25
53 HQ712858
HQ712859
Artedidraco shackletoni
HQ712860
96
S24
71 S26
HQ712976
Dolloidraco longedorsalis
92 S18
97 JN640907
Dolloidrao sp.
S6
Artedidraconidae
Histiodraco velifer
99 HQ713027
100 76 JN640978
68 S4
99 S5
Artedidraco lonnbergi
HQ712811
77 HQ712827
63
S8-1
HQ713180
Pogonophryne scotti
100 S8
Pogonophryne sp.
72
75 JN641119
S15
Gerlachea australis
HQ713006
100 JN640928
53 JN641128
55 S9
Prionodraco evansii
100 HQ713203
EU326416
S10
Bathydraconidae
77 JN641132
100 HQ713223
Racovitzia glacialis
92
S21
Bathydraco macrolepis
79 HQ712805
100 HQ712806
Akarotaxis nudiceps
100
S20
EU326324
73
Bathydraco macrolepis
JN640779
100
87 JN640780
77 S30
91 HQ712963
Dacodraco hunteri
100 S29
JN640896
KT921282
S7-1
100
Chionodraco hamatus
S7
99
HQ712912
JN640841
55 S11
Channichthyidae
Chaenodraco wilsoni
62
99 99 HQ712902
JN640813
72 HQ712949
100 JN640867
Cryodraco antarcticus
S14-1
S14
S27
60
S28
Chionobathyscus dewitti
100 HQ712909
JN640826
78 JN641171
100 S3
Trematomus scotti
S2
89 HQ713283
96 JN641141
100 HQ713263
Trematomus eulepidotus
S12
98
64
99 EU326425
HQ713272
EU326430
Trematomus pennelli
Trematomus sp.
100 GU997445
Nototheniidae
99
S22
JN641157
GU997424
100
52 HQ713348
Trematomus pennelli
Trematomus cf. lepidorhinus/loennbergi
53 HQ713319
HQ713349
S23
JN641151
GU997426
88 S16
Pachycara brachycephalum
99 HQ713113
JN641050
Dieidolycus sp.
92 S13
50 HQ713053
Lycodichthys antarcticus
100 96 S19
Zoarcidae
HQ713056
Pachycara brachycephalum
S17
67
HQ713104
100 HQ713105
Ophthalmolycus amberensis
89 HQ713106
FJ164384
S1
Rajidae
Bathyraja sp.
100
52 JF895081

0.01

Fig. 1. NJ tree constructed with MEGA based on the K2P model. Bootstrap values higher than 50 are indicated along the branches.
The species listed on the left in red text were identified based on morphology.
us with 100% nucleotide sequence similarity. Both Artedidraco
sp. 1 (S24) and Artedidraco sp. 2 (S25, S26) were identified as A.
shackletoni with 100% nucleotide sequence similarity, suggesting
that they were the same species. The majority of the problematic
species were, in fact, due to erroneous primary identification
with poor references.
3.3 Barcoding gaps
Intraspecific variability was generally similar across species,
and the range of interspecific differences was much more variable depending on the group (Dettai et al., 2011b). The use of the
means for intraspecific and interspecific divergence comparison
does not allow the detection of problematic cases (Meier et al.,
2008); therefore, we instead compared minima for interspecific

divergences to maxima for intraspecific divergences. If the entire
dataset was considered, there would be a clear overlap between
intraspecific and interspecific variabilities, as the smallest interspecific divergences were well below 2%, but the largest intraspecific divergences exceeded 2% (Hebert et al., 2003a; Dettai et al.,
2011b; Shen et al., 2016).
The intraspecific K2P distances exhibited considerable heterogeneity and ranged from 0% to 1.24%, with a mean value of
0.29%. The minimum interspecific distances of all species were
greater than 2%. The species discrimination power of DNA barcoding was demonstrated by the barcoding gaps that were drawn
for all species on the basis of the K2P distances shown in Fig. 2.
Because the latter value was always higher than the former, overlaps were not detected in all species.
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Fig. 2. DNA barcoding gaps for all of the species based on the K2P model. Median interspecific distances with maximum and
minimum values are represented by the upper and lower bars, respectively. Red cross: maximum intraspecific distance; blue cross:
mean intraspecific distance.
4 Discussion
Our study represents the first comprehensive molecular assessment of fish in the Prydz Bay. In the current study, DNA barcoding was effective for identifying species and provided a
straightforward identification system when a perfect match existed between the morphology-based taxonomy and genetic divergence (Chen et al., 2015). A few specimens that could not be
identified at the species level could therefore be placed with confidence within species clusters by the molecular analysis. The
results showed nearly unanimous (99%–100%) species group
support for the unknown species with their vouchered references in the NJ tree (Fig. 1), providing strong confidence for the
accuracy of the species assignment.
Of the twenty-two species investigated in this analysis, only
thirteen species were identified correctly, five species were identified correctly at the genus level, and unfortunately, four species
were only identified to their close sister species based on morphological characteristics. However, all problematic species were
entirely resolved with COI sequences. Identifications were successfully made due to reference sequences of vouchered species
and the selection of COI as the gold standard barcode gene. Furthermore, a 10-fold sequence divergence between the average interspecific and the average intraspecific difference was detected;
this divergence was suggested to be the standard COI threshold
for species identification (Hebert et al., 2003a, b). Unfortunately,
there was slight uncertainty regarding T. lepidorhinus and T.
loennbergi, which did not form distinct clusters according to the
morphologically identified species in the NJ tree. Sillago analis, S.
ciliate (Krück et al., 2013), Thryssa mystax and T. vitrirostris (Ma
et al., 2015) had different morphological characteristics but also
clustered together in the phylogenetic tree. However, Krück et al.
(2013) previously presented a multigene barcoding approach to
successfully discriminate the two Sillago species.
Recent molecular phylogenies indicated that the family Nototheniidae was paraphyletic (Dettai et al., 2012; Murphy et al.,

2017), but it was monophyletic in this study. Because all individuals of Nototheniidae were represented by only one genus,
the congeners were closely related and easily formed a monophyletic clade. In Antarctic coastal waters, notothenioids constitute over 70% of the species diversity and 91% of catch biomass
(Eastman and Hubold, 1999; Murphy et al., 2017), and five families (Artedidraconidae, Bathydraconidae, Channichthyidae,
Harpagiferidae, and Nototheniidae) are traditionally recognized
(Gon, 1990). Moreover, notothenioid Trematomus fishes (family
Nototheniidae) were overwhelmingly dominant, as reported by
previous studies (Eastman and DeVries, 1982; Murphy et al.,
2017), accounting for 100% of all collected specimens. In contrast, the dominance of Nototheniidae species was not evident in
the Prydz Bay and was less than that reported in previous studies;
species from the other five families were also caught at higher frequencies than notothenioids. The low species diversity and catch
biomass in this survey were caused by the severe constraints of
the limited fishing methods and localized sites, which led to a
biased underestimation.
This study demonstrated that DNA barcoding is a useful and
effective tool and can provide further insight into the identification of species in addition to morphological characterization. The
identification and distribution of Antarctic species should be an
integral component in understanding Antarctic fish biodiversity
and biogeography. The overall Prydz Bay diversity (21 species)
represents only a small subset of Antarctic fauna. Therefore, further morphological characterization and multigene barcoding of
specimens from around the Antarctic Continent is necessary.
5 Conclusions
This study elucidates fish species and their phylogenetic relationships in the Prydz Bay on the Antarctic continental shelf
based on the 29th CHINARE. All of the study results show that
DNA barcoding is an effective tool for accurate species identification and could play a supporting role in species diversity surveys.
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Twenty-two species from six families were characterized; only
thirteen species were identified correctly, five species were identified correctly at the genus level, and four species were merely
identified at the close sister species level. This work is important;
in particular, the partial list of fish species in the prospected waters provided in this paper represents a resource relevant to the
structure of the Antarctic community. More specimens should be
collected from the Prydz Bay in the future. In subsequent studies,
morphological identification should be combined with DNA barcoding to identify species because morphological identification
alone may not be sufficiently robust.
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Abstract

Natural mortality rate (M) is one of the essential parameters in fishery stock assessment, however, the estimation
of M is commonly rough and the changes of M due to natural and anthropogenic impacts have long been ignored.
The simplification of M estimation and the influence of M variations on the assessment and management of
fisheries stocks have been less well understood. This study evaluated the impacts of the changes in natural
mortality of Spanish mackerel (Scomberomorus niphonius) on their management strategies with data-limited
methods. We tested the performances of a variety of management procedures (MPs) with the variations of M in
mackerel stock using diverse estimation methods. The results of management strategies evaluation showed that
four management procedures DCAC, SPMSY, curE75 and minlenLopt1 were more robust to the changes of M
than others; however, their performance were substantially influenced by the significant decrease of M from the
1970s to 2017. Relative population biomass (measure as the probability of B>0.5BMSY) increased significantly with
the decrease of M, whereas the possibility of overfishing showed remarkable variations across MPs. The decrease
of M had minor effects on the long-term yield of curE75 and minlenLopt1, and reduced the fluctuation of yield
(measure as the probability of AAVY<15%) for DCAC, SPMSY. In general, the different methods for M estimation
showed minor effects on the performance of MPs, whereas the temporal changes of M showed substantial
influences. Considering the fishery status of Spanish mackerel in China, we recommended that curE75 has the
best trade-off between fishery resources exploitation and conservation, and we also proposed the potentials and
issues in their implementations.
Key words: fishery management, uncertainty, management strategy evaluation (MSE), data limited method,
DLMtool
Citation: Chen Ning, Zhang Chongliang, Sun Ming, Xu Binduo, Xue Ying, Ren Yiping, Chen Yong. 2018. The impact of natural mortality
variations on the performance of management procedures for Spanish mackerel (Scomberomorus niphonius) in the Yellow Sea, China.
Acta Oceanologica Sinica, 37(8): 21–30, doi: 10.1007/s13131-018-1234-0

1 Introduction
Natural mortality rate (M) is one of the most important parameters in fishery stock assessment. The magnitude of natural
mortality relate directly to stock productivity, sustainable yields,
optimal exploitation rates, and management reference points
(Brodziak et al., 2011). Meanwhile, it is also one of the parameters that difficult to quantify (Lee et al., 2011), and most estimation methods make certain compromise due to the limitation of
available data. For example, integrated assessment models may
provide relatively precious estimation of M but have a high requirement for the time series of data (Brodziak et al., 2011),
which make it unfeasible or imprecise for less-well studied stocks. On the other hand, methods that do not rely on time series
data, such as Pauly and other empirical formula may be useful
for data-limited stocks and are actually commonly used for estimating natural mortality rate when other methods are unavailability; however, their reliability and applicability are not system-

atically tested (Kenchington, 2014). Other specific methods also
show their limitation in use, e.g., the catch curve analysis method is applicable to the undeveloped population and unsuitable
for the highly exploited fish populations (Windsland, 2015). Despite of the limit of estimation methods, most stock assessment
assume constant M for the whole population (Deroba and
Schueller, 2013), whereas in fact M is age-specific and generally
decreases with body size (Power, 2014). In addition, many environmental and anthropogenic factors can influence natural mortality rates, such as the climate change, marine currents, and biotic interactions (Hamel, 2015). In general, we concluded that
the estimation of natural mortality has substantial uncertainties
in fishery stock assessment, resulting from data quality, estimated methods and time-variation, etc. These uncertainties will affect the results of stock assessment by biasing the estimate for
fishing and total mortality, blurring the interspecific relationships and predation (Suda et al., 2005.), and reducing/increasing
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the estimate of total population production (Dutil and Lambert,
2000). Therefore, the variation and uncertainty of M should be
explicitly considered in stock assessment and management
(Whitlock et al., 2012), and in this study, we mainly studied the
impact of two sources: data sources and estimated methods.
The uncertainty of fish natural mortality has been evaluated
in many studies. For instance, Quiroz et al. (2010) used two sources of uncertainty including error in the life history traits estimates and variability of the equations coefficients to incorporate
error on M estimates, and they suggested that Pauly’s method is the most appropriate one in terms of trade-off between parameter needed and CV of M estimates incorporating all sources of
uncertainty. Gaertner (2015) estimated M based on life history
parameters with different estimators for the entire population
and by length size classes, respectively, suggesting that the estimation of natural mortality was associated with considerable uncertainty. However, the impact of M uncertainty on the assessment and management of fisheries stock have been less well understood. Furthermore, most existing fisheries lack survey data
and formal assessments (Costello et al., 2012), which makes such
evaluations unfeasible. In particular, the situation is prevalent in
China where most fisheries are not well assessed due to the lack
of historical documents, imposing significant challenges for the
sustainable restoration and management.
The recent development of data-limited methods (DLM)
shows the potential to provide reasonable management advices
with scarce data. The reliability of those methods should be extensively evaluated before the actual implementation to fisheries
management (Kokkalis et al., 2017). Regarding the significant importance and large uncertainty of natural mortality, the sensitivity of DLM to this parameter should be evaluated with priority. In
this study, we used Spanish mackerel (Scomberomorus Niphonius) in China’s seas as an example to evaluate the robustness of a
range of management procedures (MPs) on the uncertainty of
natural mortality. Spanish mackerel is a long-lived pelagic fish
with high commercial values. The annual commercial and recreational catch for Spanish mackerel in China is about 45 000 t,
contributing significantly to regional economy (Cheng and Wei,
1987). In recent years, this species is subject to increasing fishing
effort, diverse fishing gears, and expanded fishing grounds, all of
which implied a high risk of overexploitation, although the fishery status have not been formally assessed in literature. Remarkable changes have been observed in the life history traits of Spanish mackerel, such as higher growth rate, earlier maturation, and
changes of population structure (Qiu and Ye, 1996). A preliminary analysis using Beverton-Holt life history invariants method
(Prince et al., 2015) suggested that the natural mortality rate of
this species decreased significantly in last decades, i.e., from 0.80
in the 1970s (Liu et al., 1982) to 0.59 in 2001–2013 (You, 2014).
The aim of this study is to take into account the uncertainty of
natural mortality in the management of Spanish mackerel fishery to achieve sustainability improvement. In this study, we estimated the changes in natural mortality of Spanish mackerel in
recent years, and attributed the uncertainty of natural mortality
into temporal and methodological variations. We compared the
performances of a range of management procedures for Spanish
mackerel fisheries using an approach of management strategy
evaluation, and evaluated the effect of the uncertainty and variation of natural mortality on stock management. In addition, we
proposed the potentials and issues in the practical application of
those MPs in China to improve the effective fishery management
of Spanish mackerel.

2 Materials and methods
2.1 Data-limited methods (DLM)
In the present study, we adopted a DLMtool method to simulate the dynamics of mackerel fishery and test the performance of
a variety of management procedures. The DLMtool (Data-limited methods Toolkit) is an R package (R Development Core
Team, 2016) developed by the University of British Columbia’s
Institute for Oceans and Fisheries and the Natural Resources Defense Council (Carruthers et al., 2015). The implementation of
DLMtool can be divided into four steps as other data-limited
methods (Honey et al., 2010): (1) determining data richness of
specified fishery, (2) selecting the appropriate assessment methods, (3) assessing stock status, and (4) management strategy evaluation (MSE). The core process of DLMtool, i.e., the MSE step is
generally introduced bellow.
MSE is a fisheries management paradigm that evaluates the
performance of management procedures and the trade-off
among different management objectives as the basis for management decisions (Butterworth and Punt, 1999; Butterworth, 2007).
MSE predict the status of fish stocks in terms of specific management objectives and provide management recommendations
with explicit consideration of the uncertainty and sensitivity of
management strategies. MSE involves three components of
DLMtool, operating model, management procedure and performance criteria (Fromentin el al., 2014).
(1) Operating model (OM) is used to simulate the dynamics of
fishery stocks and fleets, and includes the error processes of
monitoring and observation. An OM is composed of three submodels in DLMtool, including Stock, Fleet and Observation, in
which the Stock model contains biological parameters of the
population; Fleet model includes gear selectivity and fishing effort; and Observation model contains parameters of observation
error and bias.
(2) Management procedure (MP) is a general approach to
fisheries management, including both input and output control
methods. It provides management advices in the form of TAC or
limit gear size and fishing effort. MPs of Output control provide
TAC as a management suggestion while MPs of input control adjust the catchable size and the relative fishing effort in management. DLMtool now includes 89 MPs and the new method is still
being added. Depending on data availability, there are 22 MPs in
DLMtool that can be applied on Spanish mackerel fishery. They
were 11 output control MPs including AvC, CC1, CC4, DD,
DD4010, GB_slope, SPmod, SPMSY, NFref, DCAC and Fratio, and
11 input control MPs including curE, curE75, DDe, DDe75, EtargetLopt, matlenlim, matlenlim2, minlenLopt1, MRnoreal, MRreal and slotlim (Table 1).
(3) Performance criteria are used for evaluating the performance of MPs. The evaluation criteria for MSE in DLMtool include
relative spawning population biomass, long and short term yield,
probability of overfishing and so on. We used the following six
criteria for the evaluation of MPs considering the necessary
trade-off among management objectives: (i) Median yield (last 5
years) relative to current; (ii) Median biomass (last 5 years) relative to current; (iii) B50%: likelihood of biomass dropping below
50 percent B MSY ; (iv) PNOF: probability of not overfishing; (v)
LTY: fraction of simulations getting over half FMSY yield in the last
ten years of the projection; (vi) AAVY: fraction of simulations
where average annual variability in yield is less than 10 percent.
2.2 Fishery data
The samples of Spanish mackerel were collected from five
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Table 1. The description of MPs in this study, including 11 output control MPs and 11 input control MPs
Type
Output control

MPs
DCAC

NFref
SPMSY
AvC
CC1
CC4
Fratio
DD
DD4010
SPmod

TAC=fixed ration of nature mortality rate × current absolute stock biomass
a delay difference stock assessment
a delay difference stock assessment with a 40–10 harvest control rule
superimposed
8
4
4
>
>
C y; ¢B <
>
>
>
5
5
>
<
6
6
TA C y
S y¡1; ¢B >
>
5
5
>
>
>
4
6
>
By
>
: TA C y¡1; < ¢B <
5
5 , ¢B = B y¡1 , S y = B y ¡ B y¡1 + C y¡1 ,

matlenlim

TA C 1 = C 1 , where C y is the slope in surplus production at the y year, B is
biomass, By is biomass at the y year and S is biomass over the last 10 years.
the incremental changes of TAC made to maintain a constant relative
abundance index
adjust effort up/down if mean length above/below Ltarget
using the fishing effort of the final year in historical simulations as the
management target
using 75 percent of the fishing effort of the final year in historical simulations
as the management target
a spatial control, requiring no fishing in Area 1 and not reallocating this
fishing effort to Area 2
a spatial control, requiring no fishing in Area 1 and reallocating this fishing
effort to Area 2
rebuilding the stock biomass towards the optimal length by restricting the
catch of small fish; Lopt=b/(M/K+b), where b is length-weight parameter
beta, approximately equal to 3, M is natural mortality rate, K is von
Bertalanffy growth rate, M/K is Beverton-Holt life-history invariant, and M
and K should come from the same research time and sea area
selectivity-at-length set equivalent to maturity-at-length

matlenlim2

selectivity-at-length set slightly higher than the maturity-at-length

slotlim

selectivity-at-length set using a slot limit. The maximum limit is the 75th
percentile between the new minimum legal length and the estimated
asymptotic length.
a delay-difference assessment, using a time-series of catches and a relative
abundance index to estimate and recommend FMSY
a delay-difference assessment, using a time-series of catches and a relative
abundance index to estimate and recommend 75 percent FMSY

GB_slope
Input control

Description
Reference
depletion-corrected average catch, which calculated as the sum of catches
Maccall (2009)
divided by the sum of the number of years; relevant formulas are W=0.5B0,
W
1
=
, where W is Harvest ratio, B0 is unfished biomass, Ypot is potential
Ypot
M
yield, and M is natural mortality.
TAC=0
Carruthers and Hordyk
(2016)
an MP for estimating MSY to determine the OFL (optimal fishing limit);
Martell and Froese (2013)
OFL=D×(1–D)×r×Kc×2, where Kc is the carrying capacity, r is the maximum
rate of population increase, and D is depletion.
TAC=average catch
TAC=recent catch level
Geromont and
Butterworth (2015)
TAC=70% of recent catch level

EtargetLopt
curE
curE75
Mrnoreal
MRreal
minlenLopt1

DDe
DDe75

docks around the Yellow Sea from 2016 to 2017, including Yantai,
Weihai, Qingdao, Nantong in China and Jeju in Korea (Fig. 1a). A
range of biological parameters such as weight-length relationship and von-Bertalanffy growth rate were estimated from the
samples using ELEFAN method (Gayanilo, 1988). The parameters that cannot be precisely estimated from the survey were obtained from relevant studies (reference values in Table 2). In addition, annual averaged CPUE data was collected by the East
China Sea Fisheries Research Institute (unpublished data), and
annual catch data was obtained from Chinese Fisheries Statistical yearbook (the Ministry of Agriculture Fishery and Fishery Administration, 2016) (Fig. 1b). The parameters were used to simu-

Gulland (1971), Martell
and Froese (2013)
Carruthers et al. (2012),
Carruthers and Hordyk
(2016)
Carruthers and Hordyk
(2016), Maunder (2014)

Geromont and
Butterworth (2015)

Hordyk et al. (2015)

Carruthers and Hordyk
(2016)
Carruthers and Hordyk
(2016)
Carruthers and Hordyk
(2016)
method based on
equations of Carl Walters

late the dynamics and the associated uncertainty of mackerel
stock.
We evaluated M with a variety of estimation methods and
from different periods of time. Four empirical methods were used
in this study considering data availability, including M/K invariants, Hoenig, Pauly and Then’s empirical formula.
(1) M/K (Prince et al., 2015): the method is based on Beverton-Holt life history invariants, M/K=1.5, where K is the von Bertalanffy growth rate.
(2) Hoenig empirical formula (Hoenig, 1983): lnM=1.48–
1.01lntmax, where tmax is the maximum age. We use the maximum
age of 30 according to the of growth equation.

24

CHEN Ning et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 8, P. 21–30

a

b
120°

122°

38°
N

124°

126°

400

128°E
Catch/103 t

118°

Weihai
Yantai
Qingdao

300
200
100
0

34°

Relative abundance/kg·h-1

36°

Jeju

Nantong
32°

2009

2010

2011

2012

2013

2014

2015

2009

2010

2011

2012
Year

2013

2014

2015

300
200
100
0

Fig. 1. Survey stations and fishery data of Spanish mackerel. a. The black dots represent five cities that we collected Spanish mackerel
during 2016–2017; b. the blue line represents the catches of Spanish mackerel in China from 2009 to 2015 and the orange line the
annual averaged CPUE (unpublished data) in China from 2009 to 2015.
Table 2. Biological parameters of Spanish mackerel in DLMtool (the estimated values were derived from the survey during 2016–2017
and the reference values were collected from relevant literature)
Parameter
a
b
K

Comment
weight-length parameter
weight-length parameter
von Bertalanffy growth rate

Estimate value
1.5×10–5
2.89
0.1

Linf
t0
maxage

maximum length
theoretical age at length zero
the maximum age

746 mm
–0.733
30

777–983 mm
–1.06 to –0.7
–

R0
Vmaxlen
L50

the magnitude of unfished recruitment
the vulnerability of the longest (oldest) fish
length at 50% maturity

–
–
–

108
7.5×10–3
380

(3) Pauly empirical formula (Pauly, 1980): lnM=–0.015 2–
0.279ln1 +0.654 3lnK+0.463 4lnT, where L 1 is maximum length,
K is von Bertalanffy growth rate, and T is annual average temperature. The average annual water temperature was 14°C according to the average temperature of the Yellow Sea and Bohai Sea
(Sun, 2009).
(4) Then empirical formula (Then et al., 2015): M=
4.889t max ¡0:916 and M=4.118K0.73L 1 –0.33.
It should be noted that the accuracy of these methods have
not been explicitly examined for Spanish mackerel, however, as
the aim of this study is to evaluate the uncertainty of M and its effect on fisheries management, a wide range of M in simulation
scenarios could relieve the requirement of accurate estimation.
In addition, the changes of M in four different periods from 1974
to 2017 were estimated using M/K, Pauly and Then’s empirical
approach (Table 3). A remarkable decline of M was illustrated
from all the three methods, and we used the result of Pauly’s
equation in the following simulation study. We assume the
changes of M following My=M0(1+r)y, and fitted a linear regression analysis between lnM and survey time to estimate the declining rate (r) and annual variation of M (Msd). The variation,
declining rate (r=–0.019) and annual variation (Msd=0.19) of M
was used in the simulation of DLMtool (Carruthers and Hordyk,
2016).
We first tested the robustness of available MPs on the uncer-

Reference value
1.00×10–4–2.30×10–5
2.4–2.94
0.39, 0.46, 0.53

Reference
Liu et al. (1982)
Liu et al. (1982)
Liu et al. (1982), Sun (2009),
You (2014)
Sun (2009)
Liu et al. (1982)
Sun (2009)
Sun (2009)

tainty of M as well as other biological parameters that cannot be
estimated accurately using MSE approach, in which OM was specified with a range of possible parameter values (Carruthers and
Hordyk, 2016), and the specific parameter settings of our simulations can be seen in Table 4. The values of M were drawn from
the preassigned uniform distribution in each simulation run. The
scenarios were repeated for 1 000 times for each MP, and the
MSE processes were repeated for 100 times. The number of years
used for implementing MPs was set to 20 years and the interval of
stock assessment was every 2 years in MSE. The performance of
different MPs was compared using a range of criteria to select
suitable MPs for the mackerel fishery. In addition, we distinguished the influence of M variation on fishery management resulting from two sources of uncertainty, for which the performance of the selected MPs was compared across different time
periods and estimation methods.
3 Results
3.1 MP selection
Management strategy evaluation (MSE) showed that 22 MPs
had different trade-offs with respect to fishery yield, population
biomass and the risk of overfishing, whereas none of these MPs
could simultaneously optimize all the demanding properties.
AvC, MRreal could maintain the level of production but lead to
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Table 3. The variation of nature mortality estimated from different methods and time periods (four time periods were chose and four
empirical methods were used to estimate the natural mortality rate of Spanish mackerel)
2016–2017
0.15
0.15
0.14
0.11
0.22
0.1
465
this study

M/K
Hoenig (1983) — Joint Equation
Hoenig (1983) — Fish Equation
Pauly (1980) — Length Equation
Then et al. (2015) — tmax
Then et al. (2015) — growth
Sampling size
Data source

2006–2008
0.69

Time period
2001–2013
0.59

1974–1978
0.8

0.32

0.28

0.35

0.26
800
Sun (2009)

0.23
2 041
You (2014)

0.3
6 522
Liu et al. (1982)

Table 4. The description of Operating model (OM)
Sub-model Slot names
Value 1
Value 2
Stock
Name
Scomberomorus
niphonius
maxage
30
R0
100 000 000
M
0.1
0.22
Msd
0.18
0.2

Fleet

Mgrad

–0.02

–0.02

h
SRrel
Linf
K
t0
Ksd
Kgrad

0.3
1
777
0.08
–1.6
0
–0.25

0.8

Linfsd
Linfgrad

0
–0.25

0.05
0.25

recgrad
a
b
L50
AC

–10
0.000 023
2.4
357
0.1

10
0.000 1
2.94
403
0.9

D
L50_95
Period
Perr
Size_area_1
Frac_area_1
Prob_staying
Source

0.05
30
NA
0.15
0.095
0.095
0.8
None

0.6
50
NA
0.25
0.105
0.105
0.9

Name
nyears
Spat_targ

myFleet
37
1

1

Fsd
L5
LFS
EffYears
EffLower
EffUpper
Vmaxlen
qinc

0
43
400
0
0.4
0.6
0
–2

0.4
45
450
0.3
0.4
0.6
1
2

983
0.1
–0.7
0.05
0.25

Comment
the name of the Stock object
the maximum age of individuals that is simulated
the magnitude of unfished recruitment
natural mortality rate (uniform distribution)
inter-annual variability in natural mortality rate expressed as a coefficient of variation
(uniform distribution)
mean temporal trend in natural mortality rate, expressed as a percentage change in
M per year (uniform distribution)
steepness of the stock recruit relationship (uniform distribution)
type of stock-recruit relationship: (1) Beverton-Holt; (2) Ricker
maximum length (uniform distribution)
von Bertalanffy growth rate K (uniform distribution)
von Bertalanffy theoretical age at length zero (uniform distribution)
inter-annual variability in growth parameter K (uniform distribution)
mean temporal trend in growth parameter K, expressed as a percentage change in
K per year (uniform distribution)
inter-annual variability in maximum length-uniform distribution
mean temporal trend in maximum length, expressed as a percentage change in
Linf per year (uniform distribution)
mean temporal trend in log-normal recruitment deviations (uniform distribution)
length-weight parameter alpha (uniform distribution)
length-weight parameter beta (uniform distribution)
length-at-50 percent maturity (uniform distribution)
autocorrelation in recruitment deviations rec(t)=AC×rec(t–1)+(1–AC)×sigma (t)
(uniform distribution)
current level of stock depletion (Bcurrent/Bunfished) (uniform distribution)
length increment from 50 percent to 95 percent maturity
period for cyclical recruitment pattern in years (uniform distribution)
process error, the CV of lognormal recruitment deviations (uniform distribution)
the size of Area 1 relative to Area 2 (uniform distribution)
the fraction of the unfished biomass in Stock 1 (uniform distribution)
the probability of inviduals in Area 1 remaining in Area 1 over the course of one year
a reference to a website or article form which parameters were taken to define
the operating model
name of the Fleet object
the number of years for the historical simulation
distribution of fishing in relation to spatial biomass: F is proportional to B^Spat_targ
(uniform distribution)
inter-annual variability in fishing mortality rate
shortest length corresponding ot 5 percent vulnerability (uniform distribution)
shortest length that is fully vulnerable to fishing (uniform distribution)
years at which to simulate varying relative effort
lower bound on relative effort corresponding to EffYears (uniform distribution)
Upper bound on relative effort corresponding to EffYears (uniform distribution)
the vulnerability of the longest (oldest) fish (uniform distribution)
average percentage change in fishing efficiency (uniform distribution)
to be continued
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Continued from Table 4
Slot names
qcv
isRel
Observation Name
Cobs

Value 1
Value 2
0.1
0.3
FALSE
myObservation
0.75
1.33

Comment
inter-annual variability in fishing efficiency (uniform distribution)
Are the selectivity parameters relative to size-of-maturity? TRUE or FALSE
the name of the observation model object
log-normal catch observation error expressed as a coefficient of variation
(uniform distribution)
Cbiascv
0.4
a coefficient of variation controlling the sampling of bias in catch observations for
each simulation (uniform distribution)
CAA_nsamp 50
100
number of catch-at-age observation per time step (uniform distribution)
CAA_ESS
10
20
effective sample size (independent age draws) of the multinomial catch-at-age
observation error model (uniform distribution)
CAL_nsamp 50
100
number of catch-at-length observation per time step (uniform distribution)
CAL_ESS
10
20
effective sample size (independent length draws) of the multinomial catch-at-length
observation error model (uniform distribution)
CALcv
0.1
0.15
lognormal, variability in the length at age (uniform distribution)
Iobs
0.2
0.6
observation error in the relative abundance indices expressed as a coefficient of
variation (uniform distribution)
beta
0.333
3
a parameter controlling hyperstability/hyperdepletion.
Dcv
0.05
0.2
imprecision in the prescription of stock depletion among years, expressed as a
coefficient of variation (uniform distribution)
Btcv
0.2
0.5
persistent bias in the prescription of current stock biomass sampled from a
uniform-log distribution with range (Btbias) (uniform distribution)
Fcurcv
0.5
1
persistent bias in the prescription of current fishing mortality rate sampled from a lognormal distribution with coefficient of variation (Fcurcv) (uniform distribution)
Reccv
0.1
0.3
bias in the knowledge of recent recruitment strength (uniform distribution)
Btbias
0.2
5
persistent bias in the prescription of current stock biomass sampled from a
uniform-log distribution with range (Btbias) (uniform distribution)
Note: OM is composed of three sub-models in DLMtool, including Stock, Fleet and Observation, in which the Stock model contains
biological parameters of the population; Fleet model includes gear selectivity and fishing effort; and Observation model contains parameters of
observation error and bias. Here are the specific parameter settings of our simulations.

declined biomass. EtargetLopt, minlenLopt1, curE, matlenlim,
matlenlim2, DD, DCAC, Fratio, SPMSY, slotlim, CC4 and
GB_slope had satisfactory performances on keeping biomass, but
yield relatively low catch. CurE75 and MRnoreal showed better
performance on balancing production and biomass. DDe,
DDe75, DD4010, CC1 and SPmod failed to maintain either yield
or population biomass (Fig. 2a).
We then evaluated the trade-off between long-term yield
(LTY) and the risk of overfishing (Fig. 2b). CC4, SPMSY,
GB_slope, DCAC and curE75 were the most effective MPs to
avoid overfishing. In particular, the possibilities of not-overfishing using CC4 and SPMSY were 75.5% and 70.6% respectively.
MinlenLopt1 provided the highest yield with LTY>80% MSY, followed by curE, MRnoreal. Regarding the trade-off between population biomass and the variation of yield, DCAC and SPMSY were

Median yield (last 5 years)
relative to current

DDe75

0.8
0.6
0.4

SPmod

0.2

3.2 Effect of M variation
The dots size represent four different time periods from 1974
b
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SPMSY
CC1

Long-term yield relative to current/%

a AvC

1.0

able to reduce yield fluctuation effectively and maintain population biomass.
The MSE results suggested that curE75, DCAC, minlenLopt1
and SPMSY were more robust to the parameter uncertainty than
others for the management of Spanish mackerel. Specifically,
minlenLopt1 and DCAC performed best in terms of providing
yield and reducing yield fluctuation, and curE75 and SPMSY had
a balanced performance in the aspects of population status. It
should be noted that the four methods covered both output control (DCAC and SPMSY) and input control (curE75 and minlenLopt1) methods. Their responses to the variation of M were further evaluated in the following section.
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Fig. 2. Performance of 22 different management procedures for Spanish mackerel. a. The short-term trade-off for fisheries
management, and b. the long-term trade-off for fisheries management.
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Fig. 3. The management performance of different MPs with respect to the variation of natural morality for Spanish mackerel. The
dots size represent four different time periods from 1974 to 2017 in the upper panels; the size of triangles denote the relative M values
estimated from different methods, ranging from 0.1 to 0.22. a and c. The long-term yield and the fluctuation of yield trade-off for
fisheries management; b and d. the trends in the risk of overfishing and the relative population biomass trade-off for fisheries
management.
to 2017 in the upper panels in Fig. 3, and regarding the different
temporal periods (Table 3), the performance of each MP showed
minor responses to the variation of M. MinlenLopt1 and curE75
could keep relatively stable yield, for which both long-term yield
and the fluctuation of yield (AAVY<15%) showed limited response and the changes in the fluctuation of yield less than 5%.
The long-term yield of DCAC and SPMSY also showed minor
variations, whereas the fluctuation of yield changed substantially
which was more than 5%, indicating unstable status of mackerel
fishery (Fig. 3a). Regarding population status, the relative population biomass (measure as the probability of B>0.5B MSY ) of
mackerel increased significantly with the decrease of M from
1970s to 2017 using all MPs. The trends in the risk of overfishing
of DCAC were different between other three MPs. DCAC showed
a slight increase, while the other methods showed a downward
trend (Fig. 3b).
The size of triangles denote the relative M values estimated
from different methods, ranging from 0.1 to 0.22, and the variation of M from four estimation methods showed different effects on the performance of MPs with respect to the yield and
population status. The changes of overfishing possibility and the
relative population biomass showed minor responses to different estimation methods, with less than 5% value changes, whereas the long-term yield and the fluctuation of yield of Spanish
mackerel fishery showed remarkable differences in all MPs, especially for SPMSY (Fig. 3c). In particular, the possibility of overfishing under the management of curE75 tended to increase with the
decreasing M (Fig. 3d).
The management advices were derived from the MPs of
Spanish mackerel fishery on the basis of our survey data. Among

the most robust MPs, SPMSY suggested a total yield of 601.77
thousand tons; minlenLopt1 required the current fishing effort
unchanged while the catchable size limited to 46.61 cm. Otherwise, the fishing effort could be reduced to 75% of current level to
ensure stock biomass as suggested by curE75.
4 Discussion
The natural mortality rate of Spanish mackerel is determined
by its ecological niches in marine ecosystems and its relationship with related species, thus that may fluctuate with the alteration of the marine ecosystem structure. In the data-limited situation, the estimation methods may impose additional uncertainty to M. We evaluated the performance of a variety of MPs
and showed that the uncertainty and variation of M has substantial effects on both input control and output control MPs, although the influences varied among different aspects of the fishery. Specifically, M uncertainty had minor effects on the production of input control MPs but great influence on the production
of output control MPs. The same uncertainty had large effects on
population biomass and overfishing possibility for all MPs. From
a mechanistic prospect, the uncertainty of M may influence MPs
in two approaches, by affecting control rules directly or affecting
operating model indirectly. For example, the changes of M will
affects the recommended harvest relative to potential yield for
µ
¶
W
1
DCAC
(MacCall, 2009), and the lower value of M
=
Ypot
M
leads to the overestimated biomass level. For minlenLopt1, M influences the optimal trap length, and the lower M lead to the underestimated risk of overfishing (Hordyk et al., 2015). We emphasize the importance of improving the precision of M estima-
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tion for stock assessment and fisheries management.
MSE revealed that none of the management procedures
could provide satisfactory population biomass, yield, overfishing
possibility and fluctuation of yield simultaneously. The choice of
MP should thusly take into account practical management objectives and trade-off, such as maintaining production, long-term
restoration and short-term production. The general conclusion is
consistent with the results of Carruther et al. (2015). Additionally,
some results of this study may be useful in the application of
many MPs when M is in large uncertainty. For instance, when the
range of M changed from 0.35 to 0.11 in this study, the changes in
the risk of overfishing was the most obvious for some common
methods such as curE75. This implied that risk of overfishing
should be taken with priory with a large uncertainty of M. The
population biomass may also be significantly affected by M for
some MPs, e.g., the probability of B>0.5BMSY increased by 8% as
natural mortality declined using MinlenLopt1, suggesting a
strong effect of population conservation. According to fisheries
statistics, the production of Spanish mackerel fishery in China is
in a relatively stable state in recent years, with the catch stabilizing at 450 000 t per year (Zheng et al., 2014). We therefore suggest that it is a superior challenge to sustain the population biomass and avoid overfishing rather than pursuing high yields for
Spanish mackerel fishery, for which conservative MPs such as
SPMSY are more desirable. However, it should be noticed that
the result of MSE can be affected by not only M, but also other
biological parameters such as length composition, growth rate,
recruitment and depletion. In particular, the quality of data is
pivotal for parameter estimation thus more critical for fisheries
management, indicating that time-series survey observations is
needed and the simulation should be revisited periodically according the gradually accumulated data (Uriarte et al., 2016). In
addition, there are some limitation of DLMtools which need to be
needs further research and development. For example, although
the operating model can simulate the temporal trend in natural
mortality rate, it only represents the overall trend of change and
currently simulation assumes constant M with age. OM also using a Beverton-Holt stock recruitment model, in which all stocks
are assumed to have density-dependent recruitment that does
not decrease with increasing stock size, however, not all of the recruitment pattern in the fish community are this one. Besides,
the observation model used in DLMtool is unrealistically well-behaved, and it simulates catch-composition data from the true
simulated catch composition data via a multinomial distribution
and some effective sample size, which will favor the simulation
(Carruthers and Hordyk, 2016).
When the uncertainty of natural mortality comes mainly from
data sources, curE75 can provide satisfactory yields while maintaining the stock biomass and reducing the risk of overfishing
(Fig. 3). Therefore, our results promoted this MP for the management of Spanish mackerel fishery in data-limited situation.
However, it is important to note that accurate data of historical
fishing effort are needed in the application of curE75 to actual
Spanish mackerel fishery (Carruthers and Hordyk, 2016). Due to
the current challenge of the large number of fishing vessels, complicated practitioners of fisheries, decentralized production and
the fisheries management system in China (Sun and Lu, 2016),
the control of current fishing effort in management is surely difficult. On the contrary, if the uncertainty of natural mortality
comes mainly from different methods, SPMSY can keep the biomass at a satisfactory level while reducing the fluctuation of production and the possibility of overfishing. This MP requires accurate estimation of the maximum age of the population, indi-

vidual size at 50% sexual maturity, growth parameter K and catch
data. It should also be noted that SPMSY is based on the maximum sustainable yield (MSY) to determine overfishing limits (OFL)
(Martell and Froese, 2013), so the uncertainty of catch data has a
great impact on this MP. At present, due to the large uncertainty
of catch data in China, it is actually challenging to apply SPMSY
to the Spanish mackerel fishery without more detailed data.
Generally, the estimation of natural mortality is challenging,
and the estimation of M based on empirical equations could not
ensure the accuracy of M estimation for Spanish mackerel;
however, there is a wide acknowledge of the decrease in mackerel natural mortality (Sun, 2009; You, 2014; Liu et al., 1982). The
decrease of M could be attributed to a variety of biological
changes in China’s seas. Specifically, the predator species of
mackerel, such as dolphins, whales and catshark have been decreasing along with the high fishing intensity in China since 1980.
The relief of predation mortality could be one of the major factors
that reduce the total natural morality. Secondly, many other species of similar feeding habitat are enduring high fishing pressure
in this area, such as small yellow croaker (Yan et al., 2014). It has
been widely reported that the intensive fishing in China’s coast
caused the reduction of population size and simplification of the
age structure in fish population, such as yellow snout sea bass
(Lin et al., 2016). As Spanish mackerel is carnivorous since early
life stage, such changes of size composition in marine ecosystems might suppress the competition between juvenile mackerel
and other predatory species thus benefit their survival. However,
as the M has not been accurately evaluated for this species, further studies would be needed to validate this assumption. In addition, the early development of Spanish mackerel was significantly affected by changes in water temperature and salinity (Song
et al., 2016), thus the habitat quality will also affect the survival
rate of Spanish mackerel. It is reported that when water temperature increases from 15 to 21°C, the development rate of embryonic mackerel will gradually accelerate (Jiang et al., 2016).
This study explicitly simulated the changes of M value in different time periods; however, the future changes of M due to climate changes are less well understood. In addition, we assumed
that M was fixed in each simulation but M is actually size-dependent and age-dependent in the life history (Johnson et al.,
2015). These aspects are also needed to be taken into account in
further study.
In summary, the changes of natural mortality rate of Spanish
mackerel should be particularly concerned in the management
of Spanish mackerel fisheries. Particularly, in order to improve
the utilization of marine resources, China has adopted a series of
“double control” actions to fishing vessel system in recent years
(Zheng et al., 2014), and evaluating the uncertainty of different
management strategies would be helpful for Chinese fisheries,
especially in a data-limited situation. However, although some
MPs showed satisfactory performances in our evaluation, the implementation of them would remain to be challenging in practice. Most output control methods provide an advice of TAC,
however, it is difficult to assign the total TAC to the different marine regions as the mackerel is wide-distributed in China’s seas
and there is no traditional quota. Moreover, as this species has a
wide range of migration and long life history (Shui et al., 2009),
the country-wise cooperation for managing Spanish mackerel
would be necessary, which, to the best of our knowledge, is far
from routine. More research efforts of natural mortality are
needed to build a solid foundation for the fisheries management
in China, and the uncertainty of fishery statistics and other biological parameters should also be taken into account in stock as-
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sessment and management.
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Abstract

We developed an approach that integrates generalized additive model (GAM) and neural network model (NNM)
for projecting the distribution of Argentine shortfin squid (Illex argentinus). The data for this paper was based on
commercial fishery data and relevant remote sensing environmental data including sea surface temperature
(SST), sea surface height (SSH) and chlorophyll a (Chl a) from January to June during 2003 to 2011. The GAM was
used to identify the significant oceanographic variables and establish their relationships with the fishery catch per
unit effort (CPUE). The NNM with the GAM identified significant variables as input vectors was used for
predicting spatial distribution of CPUE. The GAM was found to explain 53.8% variances for CPUE. The spatial
variables (longitude and latitude) and environmental variables (SST, SSH and Chl a) were significant. The CPUE
had nonlinear relationship with SST and SSH but a linear relationship with Chl a. The NNM was found to be
effective and robust in the projection with low mean square errors (MSE) and average relative variances (ARV).
The integrated approach can predict the spatial distribution and explain the migration pattern of Illex argentinus
in the Southwest Atlantic Ocean.
Key words: Illex argentinus, abundance index, remote sensing environmental data, Southwest Atlantic Ocean
Citation: Wang Jintao, Chen Xinjun, Chen Yong. 2018. Projecting distributions of Argentine shortfin squid (Illex argentinus) in the
Southwest Atlantic using a complex integrated model. Acta Oceanologica Sinica, 37(8): 31–37, doi: 10.1007/s13131-018-1231-3

1 Introduction
The Argentine shortfin squid, Illex argentinus, is a common
neritic species occurring in waters off Brazil, Uruguay, Argentina,
and the Falkland/Malvinas Islands in the Southwest Atlantic
(Haimovici et al., 1998). It is the most economically important
cephalopod species for China and many other countries (Chen et
al., 2008). Illex argentinus is an opportunistic feeder (Ivanovic
and Brunetti, 1994; Brunetti et al., 1998a) growing rapidly with a
short life cycle and a high degree of intra-population differentiation (Arkhipkin, 1993, 2000). Meanwhile I. argentinus is migratory species, and their concentrations are usually found at
45°–46°S in January or February, while growing rapidly this squid
subsequently migrate southward towards the Falkland Islands.
Peak concentrations are found around the Falkland Islands
between March and May. Toward the end of this period, this
squid starts to migrate northward, ultimately to spawn and die in
the shelf and slope waters off northern Argentina, Uruguay and
Brazil around July or August (Basson et al., 1996; Brunetti et al.,
1998b). The population of I. argentinus has been separated into
four stocks based on their lengths at maturity, areas and timing of
spawning, and the distribution of early juveniles and adults life

stages: South Patagonic Stock (SPS), Bonaerensis-Northpatogonic Stock (BNS), Summer Spawning Stock (SSS) and Southern
Brazil Stock (SBS) (Hatanaka, 1986). Of the four stocks, the SPS is
the dominant commercial stock and is mainly exploited by some
areas in China’s mainland (Lu and Chen, 2012), Chinese Taipei
(Chen and Chiu, 2009), and Falkland (Waluda et al., 1999).
The oceanographic environment for I. argentinus is mainly
influenced by joint Brazil and Malvinas/Falkland Currents
around 33°–39°S, causing an important thermohaline front that
separates the subtropical waters from the subantarctic waters
(Legeckis and Gordon, 1982; Olson et al., 1988; Gordon, 1989).
Strong thermal and saline gradients can be observed in this convergence area, due to interactions of the two currents and the influence of the Patagonian Current and the discharge of the Río de
la Plata, which provides nutrients for high levels of primary production (Haimovici et al., 1988).
Previous studies suggest that I. argentinus tends to be highly
susceptible to environmental changes during all its life histroy.
For example, Waluda et al. (2001) suggested that large-scale
oceanographic variability in the location of the spawning/hatching grounds during the early life stage of I. argentinus was im-
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portant in determining recruitment to the fishery. Bazzino et al.
(2005) identified environmental associations (depth, bottom
temperature and bottom salinity) of shortfin squid in the Northern Patagonian Shelf, and found that squid distribution showed
significant associations mostly with depth and bottom temperature. Sacau et al. (2005) developed generalized additive models
(GAMs) of squid abundance in relation to physical and environmental conditions including sea surface temperature (SST), latitude, longitude, month, average fishing depth and year to be applied to fishery forecasting, and predictors retained in the optimal model. However, other environmental variables, such as sea
surface height (SSH) and chlorophyll a (Chl a) are also important indicators of physical oceanographic processes, and their impacts on the squid distributions received little attention (Chen et
al., 2012).
In this study, we evaluated the influence of SST, SSH and Chl
a on the spatial distribution of I. argentinus in the Southwest Atlantic, and developed a neural network model for forecasting
spatial CPUE distribution. We then linked spatio-temporal variability in these oceanographic variables with the migration pattern of I. argentinus. The framework developed in the study
provides an approach for forecasting spatial CPUE distribution
and migration pattern of I. argentinus in the Southwest Atlantic,
which can also be used for the other oceanic squid species.
2 Materials and methods
2.1 Fishery data
Daily I. argentinus fishery data were obtained from the
Chinese Squid-Jigging Technology Group of Shanghai Ocean
University from January to June during 2003–2011. The Chinese
squid-jigging vessels were all equipped with a main engine
power of 120 kW×2, squid-attracting lamp power of 112 kW, and
16 squid-jigging machines. These vessels were similar in size and
nighttime fishing operation and protocol. The data were digitized from fishing logbook of the Chinese commercial squid fishery operating on the fishing ground between 40°–50°S and
55°–70°W in the Southwest Atlantic Ocean. The catch in this area
accounted for 90% in each year. The fishery data comprised fishing dates (year and month), fishing locations (latitude and longitude), daily catch (tonnes), and effort (days fished).
Most of the catches were from the South Patagonic stock of I.
argentinus and there was no bycatch in the squid fishery (Chen et
al., 2008). Fishing vessels and their operations were almost
identical. Thus, the CPUE tends to be an approximate indicator
of local stock abundance (Chen et al., 2008). In this study, we
defined one unit of fishing area as 0.25° latitude by 0.25° longitude. The monthly nominal CPUE in one fishing unit of 0.25°×0.25°
was calculated as follows:
CPUE ymi =

C ymi
;
F ymi

(1)

where CPUEymi, Cymi and Fymi are the monthly nominal CPUE, the
total catch for all the fishing vessels in a given fishing grid, and
the days fished in a given fishing grid at grid i in month m and
year y, respectively.
2.2 Remotely sensed environmental data
Monthly remotely sensed data, comprising SST, SSH and Chl
a concentration for the fishing ground between 40°–50°S and
50°–70°W were downloaded from the Live Access Server of the
National Oceanic and Atmospheric Administration Ocean Watch

from 2003 to 2011 (http://oceanwatch.pifsc.noaa.gov/las/servlets/dataset). The method of converting spatial resolutions of remotely sensed data to those for the fishery data were discussed
by Wang et al. (2015). Monthly fishery and oceanographic data
were plotted allowing for overlaying and displaying of the distribution of I. argentinus from January to June during 2003–2011.
2.3 Statistical method and forecasting model
The generalized additive model (GAM) has been used for
confirming the importance of oceanic environmental data and
analysis its relationships with the I. argentinus distribution (Portela et al., 2005; Sacau et al., 2005). The GAMs were first proposed by Hastie and Tibshirani (1990). The model can deal with
non-linear relationships between independent variable and response variable. We developed a GAM to quantify the relationship between the squid abundance (CPUE) and environmental
variables. The variables built into the model include year, month,
longitude, latitude, SST, SSH and Chl a. To deal with zero catches
in log transformation, we added a constant of 10% of mean CPUE
(Maunder and Punt, 2004). Thus, the GAM can be written as
ln (CPUE + mean (CPUE ) £ 10%) = f actor (year) +
f actor (month) + s (longitude) + s (latitude) +
s (S S T) + s (S S H) + s (Chl a) + ";

(2)

where s is a spline smoother function, ε is the residual error, ε=σ2
and E(ε)=0.
We conducted a preliminary analysis to evaluate the significance of variables with no interaction terms being considered.
Seven variables were included in the GAM by forward selection,
and the most significant terms were selected based on correlation analysis, Chi-square statistical significance and AIC (α=0.05;
Jensen et al., 2005; Chang et al., 2010).
After selecting significant variables in the GAM, we developed neural network models to predict the spatial distribution of squid abundance on the fishing ground of I. argentinus.
The neural network models with functions of self-learning, good
generalizations, and fault tolerance provides an approach to
evaluate and predict complex non-linear relationships (Weigend
et al., 1990). The neural network models are basically composed
of input layer, hidden layer and output layer. Input and output
layers consist of explanatory and response variables, respectively.
In most cases, only one hidden layer is enough effective and satisfactory (Funahashi, 1989; Lek et al., 1996). However, how to
confirm the number of nodes in the hidden layer is quite important and difficult. We utilized back-propagation algorithm in
neural network models and added the number of nodes one by
one in the hidden layer to search the optimal structure of model.
For each different number of nodes in the hidden layer, 70% of
data samples during 2003 to 2010 were randomly assigned to
train, whereas the remaining 30% were used to validate the model, and the data samples in 2011 were used to test the model. We
calculated mean square error (MSE) and average relative variance (ARV) (Nowlan and Hinton, 1992) to quantify the comparison results and confirm the best structure of neural network model. If ARV=1.0 implies that the model has come to a result of prediction average value, ARV=0.0 implies that the model achieves
the desired result.

MS E =

n
´2
1 X ³^
Yi ¡ Yi ;
n i=1

(3)
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where Yi is observed CPUE in fishery data, Yi is average CPUE in
bi is estimated CPUE in neural network models.
fishery data, and Y
The MSE value measures the accuracy of models. The ARV value
reflects the stability of models; the smaller is the ARV values, the
more robust is the model. We used R package including “mgcv”,
“neuralnet” to select significant variables and establish neural
network models respectively.
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3 Results
3.1 Spatio-temporal distribution of squid abundance index
The monthly distributions of squid abundance index (CPUE)
from January to June in 2003–2011 were plotted in Fig. 1. It is
found that the high catch locations for I. argentinus occurred on
the Patagonian Shelf of the north of 50°S during January to June
with the peak values higher than 10 t/d mainly located within
42°–46°S and 50°S.
From the January to June, there was a clear “route” of high
CPUE for Argentine shortfin squid (Fig. 1). High CPUEs are found
at 46°S in January or February and then the vessels moved southward towards the Falkland Islands gradually. The peak concentrations were found around the Falkland Islands between March
and May. At the end of this period, the vessels started migrating
northward, and then the Chinese jigging fishing was stopped. In
some years (such as 2003, 2009 and 2010) there was no fishing in
June because of low CPUE in end of fishing season.

45°

50°
S

40°

45°

50°
S

0

1-5

6-10
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3.2 Environmental factors affecting CPUE
The final model included effects of year, month, latitude, longitude, SST, SSH and Chl a after significance tests. The GAM with
the seven variables explained 54.8% variances for CPUE (Table 1).
The GAM confirmed the non-linearity of the relationships
between squid CPUE and variables (Fig. 2). Illex agrentinus CPUE
appeared to decrease from shelf to the high sea (Fig. 2a), and the
relationship between CPUE and latitude was a curve of “V”
shape, with peak values at about 50°S and 42°S (Fig. 2b). The
highest squid CPUEs were associated with a range of SST
(10–16°C) (Fig. 2c), concentrating at the range of –60 to –20 cm of
SSH (Fig. 2d). In the range of 0–2 mg/m3 of Chl a, the squid CPUE
showed an increasing trend (Fig. 2e).
3.3 Predicting model of squid CPUE
The neural network models were constructed using month,
longitude, latitude, SST, SSH and Chl a, which were significant in
the GAM, as the input vector and CPUE as the output vector. The
MSE and ARV values showed that the model had higher accuracy and more robustness (Fig. 3) when the count of nodes in the
hidden layer was equal to 9 (the structure of neural network
model is 6:9:1, Fig. 4). In the best neural network model, the

Fig. 1. Monthly catch distribution for Illex argentinus during
2003–2011: January (a), February (b), March (c), April (d), May
(e), and June (f).
MSEs of training, validation and testing are 6.98, 7.77 and 7.79,
respectively, the ARVs of training, validation and testing are 0.2,
0.4 and 0.45, respectively.
Based on the best neural network model, the predicted neural interpretation diagram also showed for complex relationships
between the input variables and the squid CPUEs (Fig. 4). The
weights of each node in the input and hidden layers showed the
positive and negative impact synchronously on the squid abundances. The importance of the input variables including month,
longitude, latitude, SST, SSH and Chl a in the prediction model
was 5%, 9%, 27%, 26%, 15% and 18%, respectively. The latitude,
SST and Chl a were the more important variables than month,
longitude and SSH (Fig. 5).
3.4 Forecasting migration pattern of squid
The monthly CPUE gravities were calculated for the predicted CPUE and observed CPUE to show the gravity shifts from

Table 1. Model selection and performance for the GAMs
Model formula
Y+M+s(Lo)+s(La)+s(SST)
Y+M+s(Lo)+s(La)+s(SST)+s(SSH)
Y+M+Lo+La+s(SST)+s(SSH)+s(Chl a)

P
<0.001, <0.001, <0.001
<0.001, <0.001, <0.001, <0.001
<0.001, <0.001, <0.05, <0.001, <0.01

R2 adj
0.508
0.517
0.538

GVC
0.605
0.596
0.554

Dev.Exp
51.6%
52.6%
54.8%

AIC
4 609.765
4 577.056
4 102.478

Note: M represents month, Y year, Lo longitude, La latitude, R2 adj adjusted R2, GVC global cross validation, and Dev.Exp deviance
explained (%).

34

WANG Jintao et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 8, P. 31–37

a

0.4

0.2

0
-0.5
-1.0

0
lgCPUE

lgCPUE

lgCPUE

0.5

c

0.5

b

1.0

0

-0.5

-0.2

-1.0

-1.5
50°S

64°W 62°W 60°W 58°W 56°W

0.5

48°S

46°S

44°S

42°S

6

8

10

12
14
SST/°C

16

18

e

d
0.05

0
lgCPUE

lgCPUE

0
-0.5

-0.05

-1.0
-0.10
-1.5
-0.15
-60

-40

-20

0

20

0

0.5

1.0

1.5

2.0

Chl a/mg·m-3

SSH/cm

Fig. 2. Impact of longitude (a), latitude (b), SST (c), SSH (d), and Chl a (e) on squid abundance in GAM. Dashed lines represent two
standard error boundaries around covariate main effect (95% confidence intervals).
14

train MSE
validation MSE
test MSE

12

train ARV
validation ARV
test ARV

1.0

B1

0.8
H2
0.6

8

ARV

10
MSE

B2
H1

6

month

l1

longitude

l2

latitude

l3

SST

l4

SSH

l5

Chl a

l6

H3
H4

0.4
4
0.2

2
2

3

4

5

6

7

8

9

10

11

Nodes in hidden layer

Fig. 3. MSE and ARV values of neural network model with different nodes in hidden layer.
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January to June for I. argentinus in 2005 (Fig. 6a) (The method of
calculating CPUE gravities was stated by Wang et al. (2016)). The
longitudinal change of CPUE gravity was more stable than latitudinal change of CPUE gravity, either forecasting gravity shift or
observed gravity shift could better represent the “south-north”
migration pattern of I. argentinus in the Southwest Atlantic
Ocean.

Fig. 4. The structure of neural network model for spatial CPUE
distribution of Illex argentinus. I, H and O represent nodes in input layer, hidden layer and output layer. B represents the bias of
neural network. Black lines represent positive signals, whereas
gray lines represent negative signals.

4 Discussion
Understanding and projecting how fish species react to climate change and variability in the regional/local oceanographic
environmental is essential for the effective management of marine resources (Waluda et al., 2001). Illex argentinus abundance
and distribution are found to be significantly influenced by sur-

rounding environmental conditions (Waluda et al., 2001; Bazzino
et al., 2005; Chen et al., 2012; Sacau et al., 2005). In this study, the
integrated approach which using GAM to select significant variables and using NNM to establish relationships may overcome
disadvantages associated with the use of sub-models alone. The
GAM can interpret the relationships between results and factors,
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Fig. 5. The importance of input vector of neural network model.
but its inference ability may be somewhat problematical, such as
hypothesis test or obtaining confidence intervals for the fitted
values caused by fitting process (Venables and Dichmont, 2004);
neural network model is a “black box” model of obtaining a good
understanding of the underlying mechanisms difficultly, but has
strong ability of fitting non-linear relationships (Paruelo and Tomasel, 1997). The aim of combining the GAM and the ANN is to
obtain more accurate prediction with better explanatory between
independent and dependent variables, though the ANN is more
capable in dealing with nonlinear relationships than GAM.
In the GAM analysis, all the environmental variables (SST,
SSH and Chl a) had significant impacts on squid abundance
(Table 1). The highest CPUE was found in temperature between
10–16°C, this was similar to the conclusion obtained by different
methods based on different fishery data in other studies (e.g., Sacau et al., 2005). The other two environmental variables (SSH and
Chl a) are rarely utilized for analyzing the distribution of I. argentinus, but have been used to other species, such as neon flying
squid Ommastrephes bartramii in the Northwest Pacific Ocean
(Wang et al., 2015). The Chl a concentration maybe a good indicator of the food availability for squid with high Chl a concentration yielding good feeding environments (Nishikawa et al., 2014).
The relationship between Chl a concentration and squid abundance is possibly linear in the GAM. The SSH filed may be effect70°W

65°

60°

55°

a

70°W

b

65°

60°

ive for predicting a water mass front, which is a potential aggregation mechanism for planktons as well as their predators, such as
squid (Polito et al., 2000). The relationship between SSH and
squid abundance demonstrated non-linearity being the highest
CPUE found at SSH between –60 and –20 cm.
For the NNM, one of the greatest advantages is predictive
ability. Though there are some methods to try to interpret model
mechanism (Özesmi and Özesmi, 1999), it is insufficiently specific in our research. For example, we just knew the relationship
between squid abundance and environmental variables is nonlinear in neural interpretation diagram, but did not know the exact form of non-linear. Thus, we just took full advantage of NNM
to predict spatial CPUE of I. argentinus. In fact, we also did try to
predict spatial CPUE distribution using GAM model fitted on the
same data samples, it was found that the outcomes were not better than NNM’s. Additionally, the relationships between squid
and environmental variables may be varied among different lifehistory stages. However, the current neural networks developed
in this paper were general models those mixed the effect of environmental gradients (spatial effects) with life-history changes
(temporal effects), it tends to be risky.
In this study, the annual maps of monthly CPUE distribution
(Fig. 1), especially in monthly CPUE gravities shift (Fig. 6a), exhibit the migration pattern of I. argentinus during January to
June. The results were consistent with the conclusion reported by
Sacau et al. (2005) and Waluda et al. (2001). Previous work suggests that the life-cycle of I. argentinus is associated with the subtropical confluence of the Brazil and Falkland Currents during reproduction and the early life stages (Brunetti and Ivanovic, 1992;
Hatanaka, 1988) and with the Falkland Current over the Southern Patagonian shelf during maturation, feeding and growth
(Rodhouse et al., 1995). In order to evaluate this mechanism with
environmental variables, we plotted maps of monthly catch distribution in 2005 overlapped it with SST, SSH and Chl a concentration, because the catch in 2005 was relatively steady (Figs 6, 7
and 8). From the maps, the catch locations were basically distributed in warm-cold (Brazil-Falkland) confluence in the SST map
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Fig. 6. Monthly CPUE distribution overlapping SST map for Illex argentinus in 2005: January (a), February (b), March (c), April (d),
May (e), and June (f); and monthly CPUE gravity shift of I. argentinus from January to June (a). The gray line with arrows represents the
gravity shift of operation and the black line with arrows the gravity shift of forecasting.
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Fig. 8. Monthly CPUE distribution overlapping Chl a map for Illex argentinus in 2005: January (a), February (b), March (c), April (d),
May (e), and June (f).
(Fig. 6), between high and low surface layer especially along low
surface layer (about –80 cm) in the SSH map (Fig. 7), on the road
of high Chl a concentration that interweaved with dark environment where almost no Chl a concentration in the Chl a concentration map (Fig. 8). The south-north migration pattern for I. argentinus was consistent with the change of warm-cold (BrazilFalkland) confluence from January to June. However, the migration pattern was not obvious in SSH and Chl a maps, because the
catch locations were looked like constant in a fixed environmental surrounding. This suggested that I. argentinus lives in special
habitat from SSH and Chl a concentration perspective.
In summary, the integrated model was well developed for
representing and predicting the spatial distribution of I. argentinus squid with approximately 82% average accuracy, the model
could be further used for spatial habitat reconstructing. But more

work should be done in further. For example, if the neural network models of I. aregentinus were developed by monthly or other environmental variables, such as sea surface salinity and sea
depth temperature (Yu et al., 2015), can be obtained, the better
model would be developed.
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Abstract

The genetic basis for bivalves’ adaptation and evolution is not well understood. Even few studies have focused on
the mechanism of molluscan molecular evolution between the coastal intertidal zone and deep-sea environment.
In our studies, we first conducted the transcritpome assembly of Modiolus modiolus mussels living in coastal
intertidal zones. Also, we conducted transcriptome comparison analyses between M. modiolus and
Bathymodiolus platifrons living in hydrothermal vents and cold methane/sulfide-hydrocarbon seeps. De novo
assemblies of the clean reads yielded a total of 182 476 and 156 261 transcripts with N50 values of 1 769 and 1 545
in M. modiolus and B. platifrons. A total of 27 868 and 23 588 unigenes were identified, which also displayed the
similar GO representation patterns. Among the 10 245 pairs of putative orthologs, we identified 26 protein-coding
genes under strong positive selection (Ka/Ks>1) and 12 genes showing moderate positive selection (0.5<Ka/Ks<1).
Most of those genes are predicted to be involved in stress resistance. Overall, our study first provides the
transcriptomic database for M. modiolus. Transcriptome comparison illustrates the genome evolution between
M. modiolus and B. platifrons, and provides an important foundation for future studies on these two species.
Key words: mollusc, transcriptome comparision, positive selection, stress adaptation
Citation: Meng Jie, Yang Mei, Xu Fei, Li Xinzheng, Li Li. 2018. Transcriptome assembly of Modiolus modiolus and comparative analysis
with Bathymodiolus platifrons. Acta Oceanologica Sinica, 37(8): 38–45, doi: 10.1007/s13131-018-1232-2

1 Introduction
Bivalves, which were comprised of 30 000 extant species, are
an important component of the ecosystem and biodiversity
(Saavedra and Bachere, 2006). They were widely spread from the
intertidal coastal areas to hydrothermal vents and cold seeps
(Egas et al., 2012; Li et al., 2013). However, the genetic basis for
their different adaptations is not well understood (Dame, 2011).
Modiolus modiolus is a benthic marine organism, which filter
feeds in near-shore habitats. As the important intertidal coastal
habitat shellfish, its transcriptome sequence has not been conducted. Bathymodiolus platifrons are phylogenetically close to M.
modiolus and belonged to the same family—Mytilidae. Bathymodiolus platifrons is a highly specialized animal inhabiting hydrothermal vent and cold seep ecosystems (Barry et al., 2002) and its

genome sequences were also completed. These results have
provided good data sets for the further genome comparision analysis. In our study, we first conduct the transcriptome analysis of
M. modiolus which provided good data sources for further analysis. Also, we conducted the transcriptome comparision
between M. modiolus and B. platifrons living in different environments, which provide valuable information to understand their
different environmental adaptation mechanism.
In previous studies of marine invertebrate, the adaptive research has been conducted using single markers or candidate
genes (Riesgo et al., 2012). Next-generation sequencing technology enabled analysis of large quantities of sequence data efficiently and cost-effectively (Schuster, 2008; Wang et al., 2009),
which provided an efficient way to identify adaptive genes and
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explain the adaptive evolution process. Recently, marine bivalves’ genomic databases have been obtained, including
Crassostrea gigas (Zhang et al., 2012), B. platifrons, M. philippinarum (Sun et al., 2017) and Patinopecten yessoensis (Wang et
al., 2017), etc. Most of these publications mainly focused on the
responses to multiple stressors including periodic hypoxia, hyposalinity, temperature fluctuations, and pollution. For evolutionary analysis, Zhao et al. (2014) conducted a comparative transcriptome analysis of two oysters, C. gigas and C. hongkongensis,
and explained their adaptations and evolutionary mechanisms
for dealing with hypo-osmotic conditions (Zhao et al., 2014).
Wang et al. (2013) performed the first large-scale transcriptome
comparison between the two scallop species, Chlamys farreri and
P. yessoensis, and identified fast evolving genes, which played an
important role in their speciation and local adaptation (Wang et
al., 2013). For the evolutionary mechanisms of molluscans living
in coastal intertidal zones and deep sea environments, there are
also some studies. For example, Zheng et al. (2017) have conducted transcriptome comparision among B. platifrons, B. manusensis, M. kurilensis and Perna viridis. The results indicated that
some immune responsive genes were positively selected and
more highly expressed in the deep-sea mussels, which may be related with their endosymbiosis (Wang and Sun, 2017).
In this study, we first performed de novo transcriptome sequencing of M. modiolus using the Illumina sequence platform.
Also, according to transcriptome comparison between M. modiolus and B. platifrons, 38 putative fast-evolving genes were identified, which may explain their different evolutionary mechanisms.
This is the first time that the transcriptome of M. modiolus has
been sequenced and will provide transcriptome resources for
this mollusk. Additionally, in comparison with B. platifrons, we
may use this transcriptome to find orthologous genes under potential positive selection between two species. This will help us to
explain the different mechanisms for adaptation to hydrothermal vent and cold seep ecosystems versus coastal intertidal environments.
2 Materials and methods
2.1 Sample collection and RNA isolation for Illumina sequencing
Liquid nitrogen-frozen samples B. platifrons were provided
by Li Xinzheng from the Institute of Oceanology, Chinese
Academy of Science. These were originally sampled from a cold
seep located at a depth of 996.9 m (27°47.44′N, 126°53.802 9′E).
Modiolus modiolus specimens were collected in Dalian, Liaoning Province, China. These samples were collected and immediately frozen in liquid nitrogen and then transferred and stored at
–80°C. For these two species, various tissues (including gills,
mantles and adductor muscle) were mixed equally and ground in
liquid nitrogen. Total RNA was isolated using Trizol reagent (Invitrogen). RNA purity, concentration, and integrity were checked
using a NanoPhotometer ® spectrophotometer (IMPLEN, CA,
USA), Qubit® RNA Assay Kit (Life Technologies, CA, USA), and
Bioanalyzer 2100 system (Agilent Technologies, CA, USA).
2.2 Illumina sequencing
RNA (3 µg) per sample was used for RNA sample preparation.
Sequencing libraries were generated using Illumina TruSeqTM
RNA Sample Preparation Kit (Illumina, San Diego, USA) and index codes were added to each sample. The mRNA was purified
from total RNA and the fragmentation was carried out using
divalent cations under elevated temperature. First strand cDNA
was synthesized using random oligonucleotides and the second
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strand cDNA synthesis was performed using DNA Polymerase I
and RNase H. Remaining overhangs were converted into blunt
ends via exonuclease/polymerase activities and enzymes were
removed. After adenylation of the 3′ ends of DNA fragments, Illumina PE adapter oligonucleotides were ligated to prepare for hybridization. Illumina PCR Primer Cocktail in a 10-cycle PCR was
conducted to obtain DNA fragments with ligated adaptor molecules. Products were purified and quantified on the Agilent
Bioanalyzer 2100 system. The clustering of the index-coded
samples was performed using TruSeq PE Cluster Kit v3-cBot-HS
(Illumina) on a cBot Cluster Generation System. After cluster
generation, the library preparations were sequenced.
2.3 Quality control and de novo assembly
Clean data were obtained by removing reads from raw data,
containing adapter sequences, or with more than 10% known
nucleotides, or with low quality reads (more than 50% base with
quality Qphred≤5) using NGS QC toolkit package (Version 2.3).
The Q20, Q30, GC-content and sequence duplication level of the
clean data were calculated. Transcriptome assembly was accomplished using Trinity software (2.4.2669) and the parameters were
set as “seqType=fq, min_contig_length=100, min_kmer_cov=2”,
with the rest being default parameter (Grabherr et al., 2011). All
the sequences from two transcriptomes were then taken into further process of redundancy removing using CD-HIT-EST v4.6 62
with a sequence identity threshold of 99% in every 1 000 bp.
2.4 Gene functional annotation
Gene function annotation was conducted based on these
databases: Pfam (protein family); Nt (NCBI non-redundant nucleotide sequences); Swiss-Prot (amanually annotated and reviewed protein sequence database); KOG/COG (clusters of orthologous groups of proteins); KO (KEGG ortholog database);
and GO (gene ontology). Gene expression levels were estimated
by RSEM for each sample. Clean data were mapped back onto
the assembled transcriptome, and the read count for each gene
was obtained (Li and Dewey, 2011). We applied a sensitive HMM
scanning method on known Pfam functional protein domains to
classify the gene families (Sun et al., 2017). Heatmap analysis was
conducted with R script.
2.5 GO and KEGG enrichment analysis
GO enrichment analysis DEGs was implemented by the GOseq R packages based Wallenius non-central hyper-geometric distribution (Young et al., 2010). KOBAS software 2.0 was used for
KEGG enrichment analysis (Mao et al., 2005). KEGG is a database resource for understanding high-level functions produced
by genome sequencing and other high-throughput experimental
technologies (Kanehisa et al., 2008).
2.6 Ka/Ks analysis
We used the BLAST-base (OrthoMCL) method (Li et al., 2003)
to identify putative orthologs between the two species. We retained only those ortholog pairs that matched the same proteins
to avoid the inclusion of paralogs. The CDSs of orthologous were
aligned for further analysis. The ratio of the number of nonsynonymous substitutions per nonsynonymous site (Ka) to the number of synonymous substitutions per synonymous site (Ks) was
used to test for positive selection using PAML-CODEML method
(Yang, 2007). The rates of Ka to Ks between putatively orthologous coding regions were calculated based on the maximum-likelihood method using KaKs_Calculator 2.0. The orthologs with a
Ks rate less than 0.1 were excluded from further analysis.
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3 Results and discussion

Modiolus modiolus has not been sequenced, which may be a
bottleneck for further research into its ecology (Dinesen and
Morton, 2014). In our study, we sequenced M. modiolus using
transcriptome methods and more than two-thirds of the annotated unique sequences were matched to the known species.
These results provided abundant sequence information for further studies of M. modiolus. Bathymodiolus platifrons transcriptome has already been published in previous studies (Wong et
al., 2015). However, in our study, we obtained more than 1.6-fold
numbers of transcripts for the mixture of different tissues used
for sequencing, though we did not obtain more annotated transcripts. This may be because of the poor genomics database for
marine bivalves. Finally, it should be noted that in hydrothermal
vent and cold seep ecosystems, many bacteria are parasitic on B.
platifrons (Nakamura-Kusakabe et al., 2016). In order to obtain
clean sequences for B. platifrons, we also performed strict raw data
quality control to remove contamination by pathogen genomes.

3.1 Overall de novo assembly of the transcriptome for M. modiolus and B. platifrons
The cDNA libraries representing the different tissues (gills,
mantles, and adductor) of M. modiolus and B. platifrons were
constructed and then pooled for sequences. Sequencing of the
tissue transcriptomes using the Illumina HiSeq 2000 platform in
paired-end mode with a read length of 125 bp resulted in a total
of 7.04 Gb and 5.97 Gb clean data in M. modiolus and B. platifrons
(Table 1), respectively. After filtration, 46 904 896 and 39 817 358
clean reads were obtained and over 90% and 85% of them exceeded Q20 and Q30, indicating high quality of the sequencing
data. De novo assemblies of the clean reads yielded a total of 182 476
and 156 261 transcripts with N50 values of 1 769 and 1 545 in M.
modiolus and B. platifrons. ESTscan and BLAST search of the
protein databases also resulted in the prediction of 137 763 and
119 880 coding transcripts (Table 1). The raw sequencing data
have been submitted to NCBI under accession number
SRR5043294. The statistics for the de novo assemblies and functional annotations are displayed in Table 1 and Fig. 1.

3.2 Functional analysis comparison of dominant transcripts in
two species
We constructed functional dominant transcripts according to

Table 1. Summary of assembly and functional annotation of B. platifrons and M. modiolus transcriptome
Name
De novo assembly by Trinity
Clean base
Clean reads
Q20/Q30/%
Total number of transcripts
Mean length of transcripts/bp
Transcripts size range/bp
Transcripts N50/bp
Mean length of unigene/bp
Unigene size range/bp
Unigene N50/bp
Functional annotation
Total number of transcripts annotated by public databases
Total CDS predicted

B. platifrons

M. modiolus

5.97 Gb
39 817 358
97.12/92.88
156 261
832
201–41 720
1 545
672
201–41 720
1 097

7.04 Gb
46 904 896
97.78/94.02
182 476
885
201–32 099
1 769
693
201–32 099
1 236

31 418 (26.2%)
119 880

37 371 (27.12%)
137 763

NCBI non-redundant database (e-value<10–5)
SwissProt (e-value<10–5)
Annotated in PFAM
Annotated in GO
Annotated in KEGG

23 823 (19.87%)
16 336 (13.62%)
23 525 (19.62%)
23 588 (19.67%)
11 627 (9.69%)

28 218 (20.48%)
18 438 (13.38%)
27 869 (20.22%)
27 868 (20.22%)
13 078 (9.49%)

M. modiolus

B. platifrons

70 000 a

60 000

b
unigene

unigene
60 000

50 000
40 000
Numbers

Numbers

transcript

transcript

50 000
40 000
30 000

30 000
20 000

20 000

10 000

10 000
0

0
<301

301-500

501-1 000 1 001-2 000

Length distribution/bp

>2 000

<301

301-500

501-1 000 1 001-2 000
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Fig. 1. The length distribution of contigs and coding sequences (CDSs) of M. modiolus and B. platifrons. Contigs were generated from
de novo assembly of Illumina sequencing reads.
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seven databases. Only 27.12% and 26.20% unique genes in M.
modiolus and B. platifrons database were annotated in at least
one database. A total of 27 868 and 23 588 transcripts were assigned with at least one GO term (Level 4) for 464 and 538 GO assignments in M. modiolus and B. platifrons (Figs S1 and S2). GO
classification at Level 2 is shown in Figs S1 and S2. This wide distribution of GO terms further indicates that the transcripts represent a diverse range of functional classes. The top ten enriched
GO terms are shown in Fig. 2a. From GO analysis, we can see that
the most enriched GO terms in B. platifrons are related to the
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metabolism pathway, including the cellular macromolecule
metabolic process, organic cyclic compound metabolic process,
cellular nitrogen compound metabolic process, and cellular aromatic compound metabolic process. These enriched terms may
be directly related with itsmethane/sulfide-hydrocarbon seeps
and organic enrichment living environments. The same distribution was also observed in M. modiolus, which may be related with
the increasingly polluted coastal environment.
Further, KEGG enrichment analysis was conducted with all
annotated sequences. The analysis shows that 9 040 and 8 239 se-
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9 000
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Fig. 2. The GO and KEGG annotation of the transcripts in B. platifrons and M. modiolus. a. The top ten enriched GO terms in these
two species, b. the genes distributed in five KEGG metabolic processes, and c. the top ten enriched KEGG metabolism pathways in
these two species.
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quences are mapped to 32 metabolic pathways (Hierarchy2) in
M. modiolus and B. platifrons (Figs S3 and S4). Among these, cellular processes (B. platifrons 27%, M. modiolus 29%) and metabolic processes (B. platifrons 28%, M. modiolus 28%), had the
most unigenes (Fig. 2b). Moreover, in both two species, the “signal transduction pathway” (967 genes in B. platifrons, 1 084 genes
in M. modiolus) was most significantly enriched. We propose that
these pathways may be developed to deal with complicated environmental pressures (Fig. 2c). However, the “immune system”
metabolic pathways varied between the two species, which may
be related with their different living environments. Bathymodiolus platifrons is capable of acquiring chemo autotrophic bacteria
as its major nutritional food source (Wong et al., 2015). It remains unclear how Bathymodiolus mussels distinguish pathogens from symbionts and how pathogens trigger immune responses (Bettencourt et al., 2007). However, M. modiolus living in
coastal areas are exposed to constant challenge by invasive and
pathogenic microbes. It has an open circulatory immune system
with hemolymph serum containing diverse immune proteins, including soluble lectins, lysosomal enzymes and various antimicrobial peptides (Canesi et al., 2002). Overall, these annotations
are useful to identify functional genes and specific biological processes in these two species.
3.3 Identification of putative orthologs and analysis of Ka/Ks
Aassessing the ratio of substitution rates at nonsynonymous
and synonymous sites can help to identify genes under positive
selection (Vitti et al., 2013). In our results, we searched for orthologs between these two species and found 10 245 putative orthologous genes according to OrthoMCL method (Li et al., 2003).
Only 38 protein showed positive selection (dN/dS>0.5). A total of
26 genes (0.12%) had dN/dS>1 suggestive of signs of strong posit-

ive selection and 12 (0.079%) genes had 0.5<dN/dS<1 representing signatures of moderate positive selection (Kavembe et al.,
2015) (Table 2). When Ka/Ks<0.1, the 8 661 orthologous genes
are likely to be experiencing selection constraints.
3.4 Analysis of candidate genes under positive and conserved selection
The two species B. platifrons and M. modiolus have different
inhabitations and possess specific adaptations to variable environmental factors between coastal intertidal area and deep sea,
such as salinity, temperature, pH, heavy metals, and bacteria
(Jones et al., 2006; Duperron et al., 2011). GO analysis was used to
analyze the gene categories. The 38 genes were distributed
among 15 different GO terms, most of which have physiological
functions related to stress response (Fig. 3a). The enrichment GO
terms included compound metabolic processes (nitrogen compound metabolic process, cellular aromatic compound metabolic process, and organic substance metabolic process), signal
transduction processes (intracellular signal transduction and signal transduction process), and response-to-stimulus processes
(pathogenesis and oxidation-reduction process). Bathymodiolus
platifrons lives in the deep sea and experiences detrimental
chemical pollutions, including heavy metal and methane. As a
result, this species may have evolved abilities to adapt to the
highly toxic chemical environment. Additionally, B. platifrons is
capable of acquiring chemoautotrophic bacteria as its major nutritional food source and were involved in different immune responses (Fujiwara et al., 2000). The enriched GO terms may indicate that the different living environments have driven the
evolution of these two species.
The orthologous genes with Ka/Ks<0.1 was considered to be
conserved, and 8 661 orthologous pairs were identified between

Table 2. Genes showing signs of positive selection between B. platifrons and M. modiolus
Gene ID
OG03779
OG17598
OG17046
OG16945
OG10206
OG05168
OG18841
OG05072
OG18790
OG17599
OG16869
OG18737
OG02089
OG11629
OG16709
OG16956
OG18823
OG03027
OG16702
OG18752
OG16776
OG16787
OG18891
OG18863
OG18718
OG16693

Description
probable 60S ribosomal protein L37-A
putative fungistatic metabolite
EF-hand calcium-binding domain-containing protein 1
60S ribosomal protein
protein PIF
serum response factor-binding protein 1
basement membrane-specific heparan sulfate proteoglycan core protein
PR domain zinc finger protein 14
cystatin C
putative fungistatic metabolite
heterogeneous nuclear ribonucleoprotein 27C
clusterin
nucleoplasmin-like protein ANO39
low-density lipoprotein receptor-related protein 2
myelin basic protein
no annotation
perlucin-like protein
transcription factor jun-D
cerebellin-2
glial fibrillary acidic protein
no annotation
EF-hand calcium-binding domain-containing protein 1
myelin proteolipid protein
cofilin-2
40S ribosomal protein S11
myelin proteolipid protein

dN/dS
999.00
999.00
36.03
12.35
1.99
1.74
1.39
1.34
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
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Fig. 3. The GO analysis of positively selected genes and conserved genes in B. platifrons and M. modiolus. a. GO analysis of positively
selected genes and b. GO analysis of conserved genes.
the two species in our results. GO enrichment analysis revealed
that 11, 10 and 26 terms were enriched in biological processes,
cellular components and molecular function processes, respectively (P-value≤0.05) (Fig. 3b). Among the biological processes,
carbohydrate metabolism, catabolism, and biosynthetic processes were enriched. Among the molecular function process,
nucleotide binding, ribonucleotide binding, and purine nucleotide binding processes were enriched. Among the cellular components, organelles and membrane bound-organelles were enriched. These metabolic pathways are primary processes in many
species. For example, carbohydrate metabolism provides energy
in nearly all known organisms, and the purine nucleotide binding process is related to nucleotide metabolism. These conserved metabolic pathways showed relative lower Ka/Ks values,
indicating that they are subject to strong selection constraints.
3.5 Immune responsive genes analysis
One of the most extraordinary adaptation trait of Bathymodiolin mussels is their endosymbiosis (Jones et al., 2006). In previous studies, it has been revealed that B. platifrons has expanded
and specie-specific immune responsive genes, which was the important genome basis for their adaptation under deep sea environment (Sun et al., 2017). However, for few species to be ana-

lyzed, it is still unknown whether this adaptation mechanism is
species lineage-specific or is broadly conserved in other species.
In our result, we conducted the transcriptome comparison analysis using four species, including two deep sea mussels, B. platifrons and B. manusensis, and two shallow-water mussels, M. kurilensis and M. modiolus. The transcriptome data of B. manusensis
and M. kurilensis were obtained from previous studies (Zheng et
al., 2017). We mainly focused on immune recognition receptors,
which played important roles in initiation the immune responses (Toubiana et al., 2013). All these molecules were found
in these four species, which were identified with previous studies
(Fig. 4) (Zheng et al., 2017). Heatmap analysis of genes numbers
revealed that two deep-sea bathymodiolin mussels and two shallow-water mussels clustered into two branches respectively. This
further confirms the different immune systems between deep-sea
and shallow water mussels may be related with their different living environments.
4 Conclusions
Our study represents the first transcriptome profile in M. modiolus. According to comparative transcriptome analysis with B.
platifrons, our results provide new insights into the molecular
mechanisms underpinning unique adaptations to coastal inter-
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Fig. 4. Heatmap analysis of the representative immune recognition receptors numbers in four mussels. The genes numbers were
identified from transcriptome data.
tidal environments or deep sea hydrothermal vent and cold seep
environments. Selection analysis revealed that strong positive selection in genes is related to stress responses, indicating that the
different living environments have driven the evolution of these
two species. Our study provides transcriptomic resources for future genetic or genomic studies on M. modiolus and B. platifrons.
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Abstract

B-3 exopolysaccharide is extracted from the Antarctic psychrophilic bacterium Psychrobacter sp. B-3. We have
previously shown that it activates macrophages and affects their immunoregulatory activities. To determine what
genes are affected during this process, we detected the genes differentially expressed in cells of RAW264.7
macrophages treated with B-3 exopolysaccharide by transcriptomic analysis. B-3 exopolysaccharide treatment
caused differential expression of 420 genes, of which 178 were up-regulated and 242 were down-regulated. These
genes were shown to be involved in many aspects of cell function, mainly metabolism and immunity. Genes were
enriched in multiple immune-related pathways, and the most significantly enriched genes were involved in
antigen processing and presentation pathways. The pathway in which differentially expressed genes were the
most significantly enriched was the metabolic pathway; specifically, the expression of many metabolic enzyme
genes was altered by B-3 exopolysaccharide treatment. Additionally, the genes involved in metabolisms of amino
acids, carbohydrates, lipids and nucleotides, varied to certain degrees. B-3 exopolysaccharide, therefore, appears
to directly affect the immune function of RAW264.7 macrophages as an immunostimulant, or to indirectly change
intracellular metabolism. This is the first study to determine the effect of an Antarctic psychrophilic bacterial
exopolysaccharide on RAW264.7 macrophages. Our findings provide an important reference for research into the
regulation of macrophage immune function by different polysaccharides.
Key words: Psychrobacter sp. B-3, B-3 exopolysaccharide, RAW264.7 macrophage, differentially expressed genes,
immunological pathway, metabolic pathway
Citation: Zhang Pingping, Li Jiang, Yu Leiye, Wei Jingfang, Xu Tong, Sun Guojie. 2018. Transcriptomic analysis reveals the effect of the
exopolysaccharide of Psychrobacter sp. B-3 on gene expression in RAW264.7 macrophage cells. Acta Oceanologica Sinica, 37(8): 46–53,
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1 Introduction
Polysaccharides from fungi, plants, bacteria, and animals
have been shown to exhibit a variety of biological activities, including antitumor (Wasser, 2002; Lemieszek and Rzeski, 2012),
immunoregulatory (Wakabayashi et al., 1997; Wasser, 2002;
Schepetkin and Quinn, 2006; Won et al., 2011), and antiviral
functions (Arena et al., 2009; Wang et al., 2012). The immunoregulatory activity of polysaccharides, such as β-glucans from fungi
and higher plants, has been an important topic for research, both
in vitro and in vivo. Studies have shown that polysaccharides affect the production of cytokines and other molecules, thereby activating different immune cells, such as macrophages (Stier et al.,
2014) and T cells (Inatsuka et al., 2013; Stier et al., 2014).
Many in vitro studies have determined the effects of polysaccharides on macrophage activation (Schepetkin and Quinn,

2006; Tseng et al., 2012; Li et al., 2017), and RAW264.7 macrophages have been widely used as a model system. Most in vitro
studies regarding macrophage regulation (Leung et al., 2006; Li et
al., 2007; Won et al., 2011; Reiber et al., 2017; Lee et al., 2018)
have tested the following effects: secretion of cytokines and small
molecules, phagocytic ability, differentiation state, and activation of signaling pathways and polysaccharide receptors on cell
membranes. However, it is not clear whether polysaccharides
solely affect the expression of specific immune-related molecules and signaling pathways in macrophages, or whether other genes are affected. A comprehensive understanding of polysaccharide-induced gene expression changes in activated macrophages would thus contribute to a better understanding of the
underlying molecular mechanisms.
In recent years, high-throughput sequencing technology has
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been used to study the entire genome (Zhu et al., 2014; Han et al.,
2011). As a form of deep sequencing technology, RNA sequencing has been widely applied to research at the transcriptional
level (Wang et al., 2009; Landolt et al., 2016). For example, transcriptomic analysis has been used for research into quantitative
gene expression regarding the biological processes of cells and
tissues.
B-3 exopolysaccharide was extracted from an Antarctic
psychrophilic bacterium, Psychrobacter sp. B-3, which was isolated from ice samples collected at the Uruguay Station (62°11'50.52"S,
58°55'50.4"W) during the 24th Chinese National Antarctic Research Expedition. We previously showed that B-3 exopolysaccharide is composed of two monosaccharides, including mannose and glucose, and has a molecular weight of 5 400 Da. An immunomodulation assay showed that B-3 exopolysaccharide activates RAW264.7 macrophages and affects their immunomodulatory activity, for example, by increasing the production of tumor necrosis factor-α and nitric oxide (NO) (Yu et al., 2016).
Based on our previous work, the present study used transcriptomic analysis to analyze the effects of B-3 exopolysaccharide on
the gene expression of RAW264.7 cells. This is the first time that
the effect of an exopolysaccharide from an Antarctic bacterium
on RAW264.7 macrophage global gene expression has been determined. These results will provide an important reference for
in-depth and comprehensive studies regarding activated macrophages and the changes to their immunomodulatory activity that
are induced by polysaccharides from various sources.
2 Materials and methods
2.1 Sample handling
RAW264.7 cells were purchased from KeyGEN BioTECH
(Nanjing, China), and cultured in DMEM medium (Gibco,
Waltham, MA, USA) containing 10% heat-inactivated fetal bovine
serum and 1% penicillin-streptomycin at 37°C in a humidified incubator with 5% CO2. Cells were seeded into six-well plates at a
density of 2×106 cell/mL in 1 mL medium per well. Next, 3.3 μL of
3 mg/mL Polymyxin B (20 μg) was added to each well and incubated for 30 min. Then, 1 mL of diluted B-3 exopolysaccharide was
added to two wells at a final concentration of 2 μg/mL, while 1
mL of complete medium was added to each of two other wells as
the control group. The plates were incubated for 24 h because we
previously showed that 0.02–20 μg/mL B-3 exopolysaccharide
enhanced cell proliferation, phagocytosis, and NO production
after stimulation for 24 h or 48 h (Yu et al., 2016).
2.2 RNA extraction and quality determination
Total RNA of four samples was extracted using an ultrapure
RNA extraction kit (Kangwei Shiji Biological Technology Co.,
Ltd., Beijing, China) and stored at –80°C for later use. Before
freezing, a sample was separated via 1% agarose gel electrophoresis at 180 V for 16 min. Concentration was measured by a
NanoDrop spectrophotometer; integrity and purity were tested
using the Agilent 2100 bioanalyzer and NanoDrop spectrophotometer, respectively.
2.3 cDNA library construction and sequencing
Oligo (dT) magnetic beads were used for mRNA enrichment.
mRNA was broken into short pieces and used as a template.
First-strand cDNA was synthesized from this using random
hexamer primers; other components of PCR amplification were
added for second-strand cDNA synthesis. Double-stranded
cDNA was purified by AMPure XP beads, then ends were re-
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paired, a poly-A tail was added, and sequencing joints were connected. AMPure XP beads were used to select the correct fragment sizes, and PCR was performed to enrich the cDNA library.
The Qubit2.0 fluorometer, Agilent 2100 bioanalyzer, and
quantitative PCR were used respectively for initial quantitative
detection, insert size detection, and accurate concentration
quantification (effective concentration of the library >2 nmol/L).
The SE50 strategy was used for sequencing. Sequencing and subsequent data analysis were performed by Novogene (Beijing,
China).
2.4 Data analysis
The Illumina HiSeqTM2500 sequencing platform was used for
high-throughput sequencing. The original raw image data file
was converted by base calling into sequenced reads, using
CASAVA base recognition. Clean reads were obtained by removing belt joints and low-quality reads, and then used for subsequent analysis. Filtered clean sequences were aligned with the
reference sequence using TopHat software for genome positioning analysis. The positioning number (total mapped reads) and
clean reads percentage were obtained. Reads per kilobase of
transcript per million mapped reads (RPKM), which considers
both the depth and length of the gene sequence, was used to estimate the gene expression level (Mortazavi et al., 2008).
We adopted DESeq (Anders and Huber, 2010) for the analysis
of differentially expressed genes. The screening standard for differentially expressed genes was padj<0.05. Gene Ontology (GO)
and Kyoko Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed for differentially expressed genes.
2.5 Gene function annotation
The following databases were used for gene function annotation: Ensembl (http://www.asia.ensembl.org), GO (http://www.
geneontology.org), and KEGG (http://www. genome.jp/kegg/
pathway.html).
2.6 Real-time PCR
RAW264.7 cells were stimulated by 2 μg/mL B-3 exopolysaccharide for 24 h. A total of 3 μg RNA per sample was reverse transcribed into cDNA using Invitrogen MMLV retrovirus kits, following manufacturer’s instructions. Quantitative PCR was performed using the IQ5 real-time multiple fluorescent quantitative
PCR system (Bio-Rad, Hercules, CA, USA). Primer sequences are
listed in Table A1. Reaction mixtures (15 μL) contained 4.5 μL
double-distilled water, 7.5 μL 2X QuantiFast SYBR Green PCR
Master Mix (Qiagen, Beijing, China), 1 μL upstream and downstream primers (6 μmol/L), and 1 μL cDNA. PCR conditions were
as follows: 95°C for 5 min, followed by 40 cycles of 95°C for 10 s,
and 60°C for 30 s. Each experiment was performed in triplicate.
GAPDH was chosen as a reference gene. The 2–△△Ct method was
used for relative quantitation.
2.7 Statistical analysis
SPSS17.0 software was used for statistical analysis, and significant differences between means were analyzed using Student’s
t-test. Values of p<0.05 were regarded as statistically significant.
3 Results and discussion
3.1 Evaluation and analysis of sequencing data
To study the effect of B-3 exopolysaccharide on RAW264.7 cell
gene expression, cells were treated for 24 h with 2 μg/mL B-3 exopolysaccharide. Sequencing results are summarized in Table 1.
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Table 1. Sequencing data output quality list
Sample name
Raw reads
Clean reads
Clean bases
Error rate/%
MRCN2
11564799
11558830
0.58G
0.01
MRCN3
12618276
12611092
0.63G
0.01
MRCP2
13197215
13189345
0.66G
0.01
MRCP3
11969746
11962711
0.6G
0.01
Note: MRCN2, MRCN3, MRCP2 and MRCP3 indicate the samples of Control group
Experimental group 2, respectively.

3.2 Quantitative analysis of gene expression and differentially expressed genes
RPKM was used to evaluate gene expression levels (Mortazavi
et al., 2008) via the standard RPKM>1. HTSeq software was used
to analyze gene expression levels of various samples via the union model. A Venn diagram of gene expression was drawn to depict the quantitative results of gene expression, as shown in
Fig. 1. A total of 209 genes were only expressed in the B-3 exopolysaccharide-treated group (MRCP), while 214 were only expressed in the control group (MRCN); 10 567 genes were expressed in both groups. Differentially expressed genes were
screened using the standard of genetic variations, padj<0.05, as a
filter. A total of 420 genes were differentially expressed between
MRCP and MRCN, of which 178 were up-regulated while 242
MRCN

214

MRCP vs. MRCN

Differentially expressed genes (420)
up regulated: 178
down regulated: 242
54

27

1.2
0
-2.5

0
2.5
log2 (fold change)

5.0

Fig. 2. Volcano figure of differentially expressed genes. Significantly differentially expressed genes are indicated by red dots (upregulated) and green dots (down-regulated). Genes with no significant difference in expression between the two groups are indicated by blue dots. Abscissae represent multiple changes of
genes expressed in different samples; ordinates represent statistically significant differences of changes in gene expression. MRCN represents control group and MRCP B-3 exopolysaccharidetreated group.
were down-regulated, as shown in Fig. 2. These genes were involved in diverse functions within the cell.

MRCP

10 567

Q30/%
GC content/%
97.05
50.64
97.08
50.79
97.15
51.27
97.13
50.82
2, Experimental group 1 and

-lg (padj)

The original data received from the control and experimental
groups were 11564799, 12618276 and 13197215, 11969746, respectively, including clean sequences of 11558830, 12611092 and
13189345, 12611092, respectively. Each accounted for 99.9% of
the original data, and the sequencing error rate was only 0.01%.
The percentages of total sequence positioning to the genome for
MRCN2, MRCN3, MRCP2, and MRCP3 were 94.35%, 94.22%,
93.68%, and 94.35%, respectively, while sequences with the sole
position comprised 81.22%, 81.22% and 80.8%, 80.96%, respectively. Only a small number of sequences were found in multiple
alignments. Comparing the distribution of reads with the genome, most sequences matched to exons, followed by introns and
intergenic regions. Clean reads were used for subsequent GO and
KEGG analyses of gene expression.

Q20/%
98.48
98.50
98.53
98.52
1, Control group

209

Fig. 1. Venn diagram of gene expression. The sum of the numbers in each large circle represents the total number of genes expressed in this group. The overlap shows the number of genes expressed in both groups. Reads per kilobase of transcript per million mapped reads (RPKM) greater than 1 was the standard of
gene expression. MRCN represents control group and MRCP B-3
exopolysaccharide-treated group.

3.3 Real-time quantitative PCR validation
To verify our preliminary results that B-3 polysaccharide
treatment changed the expression of an extensive proportion of
RAW264.7 macrophage genes involved in different biochemical
pathways, we selected four differentially expressed genes that are
representative of different biochemical pathways for quantitative
PCR analysis: Acy1 (encoding aminoacylase 1), Nos2, Pgm5 (encoding phosphoglucomutase 5), and Pik3c2b (encoding phosphoinositide-3-kinase, class 2, beta polypeptide). Acy1 and Pgm5
are mainly involved in substance metabolism, while Nos2 and
Pik3c2b have roles in immune-related pathways. Our quantitative PCR results were consistent with differential expression findings. Nos2 and Acy1 were upregulated, while Pgm5 and Pik3c2b
were downregulated after treatment with B-3 exopolysaccharide,
as shown in Fig. 3.
3.4 GO enrichment analysis
GO is the international standard classification system of gene
function that is mainly divided into the three categories of Cellular Component, Molecular Function, and Biological Process. GO

Selected genes expression level
relative to control
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Fig. 3. Histogram of selected differentially expressed genes, constructed using GraphPad Prism 6. a. Quantitative PCR results using the 2–△△Ct method and b. differential gene expression. Gene
reads per kilobase of transcript per million mapped reads (RPKM) ratios of experimental groups relative to control groups. Student’s t-test was used for statistical analysis with SPSS17.0 software. * p<0.05.
enrichment analysis of differentially expressed genes identified
in the present study was performed via GOseq software (Young et
al., 2010), which annotated 319 differentially expressed genes. We
selected the 30 most significantly enriched GO terms, as shown in
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Fig. 4. Among them, the immune response (GO: 0006955) and
immune system process (GO: 0002376) were the most significantly enriched within the Biological Process category. Eleven
genes in these two GO terms were differentially expressed, of
which six were up-regulated and five were down-regulated. Dephosphorylation (GO: 0016311) was another significantly enriched GO term within Biological Process, while catalytic activity
(GO: 0003824) was the most enriched GO term within Molecular
Function. A total of 154 genes in this GO term were differentially
expressed, of which 60 were up-regulated and 94 were down-regulated. Enzyme activities (GO: 0030234) was another significantly enriched GO term within Molecular Function, which revealed 16 GO differentially expressed genes (seven up-regulated
and nine down-regulated), as well as GTP combination (GO:
0005525), which showed 16 GO differentially expressed genes (six
up-regulated and 10 down-regulated), and amidine base nucleotide (GO: 0032561), which revealed 16 GO differentially expressed genes (six up-regulated and 10 down-regulated). Cell migration regulation, cell adhesion regulation, phosphatase activity, nicotinamide adenine dinucleotide (NAD) layer synthesis,
metabolism, protein complex, and tumor necrosis factor receptor were also significantly enriched GO terms.
To determine which catalytic activities of enzymes were involved in the GO term catalytic activity (0003824), this term was
further characterized. The differentially expressed gene enrichment numbers of this GO term are listed in Table 2. The three
most enriched categories were hydrolase activity, transferase
activity, and oxidoreductase activity. As examples, Nos2 encodes
an oxidoreductase, Acy1 encodes a hydrolase, and Pik3c2b encodes a hydrolase/transferase. Genes with enzyme catalytic
activity involved in this GO term participated in the synthesis,
processing, and metabolism of a variety of cellular substances.
This suggests that B-3 exopolysaccharide greatly changed the
metabolism of RAW264.7 cells. This may be because B-3 exopoly-

GO term

The most enriched GO terms (MRCP vs. MRCN)
immune response
immune system process
dephosphorylation
protein dephosphorylation
asexual sporulation
cell migration
regulation of cell adhesion
regulation of cell migration
regulation of embryonic develo...
regulation of cellular compone...
regulation of cell motility
organic hydroxy compound biosy...
NAD biosynthetic process
NAD metabolic process
regulation of locomotion
regulation of multicellular or...
laminin-1 complex
laminin complex
basal lamina
catalytic activity
protein tyrosine/serine/threon...
phosphatase activity
phosphoprotein phosphatase act...
enzyme regulator activity
GTP binding
tumor necrosis factor receptor...
tumor necrosis factor receptor...
guanyl ribonucleotide binding
protein kinase inhibitor activi...
kinase inhibitor activity

Type
Biological Process
Cellular Component
Molecular Function

0

50
100
Number of genes

150

Fig. 4. Histogram of GO enrichment. MRCN represents control group and MRCP B-3 exopolysaccharide-treated group.
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Table 2. Enzyme catalytic activity involved in GO enrichment
GO: accession
Description
DEG_item (up:down)
GO: 0003824
catalytic activity
154 (60:94)
GO: 0008987
quinolinate synthetase A activity
1 (1:0)
GO: 0009975
cyclase activity
1 (0:1)
GO: 0016491
oxidoreductase activity
29 (11:18)
GO: 0016740
transferase activity
49 (15:34)
GO: 0016787
hydrolase activity
66 (27:39)
GO: 0016829
lyase activity
7 (4:3)
GO: 0016853
isomerase activity
7 (2:5)
GO: 0016874
ligase activity
7 (4:3)
Note: DEG_item represents the number of differentially expressed genes related to the GO term, up up-regulated genes, and down downregulated genes.

saccharide was regarded as an immunostimulant or source of energy, so its ingestion by the cells induced downstream signaling.
However, further studies are needed to confirm this.
3.5 KEGG enrichment analysis
KEGG mainly analyzes signaling pathways of differentially expressed genes (Kanehisa et al., 2008). In this study, the differentially expressed genes were enriched in 224 KEGG pathways, of
which the most significantly enriched was the antigen processing and presentation pathway (mmu04612). Several genes
were up-regulated in this pathway, including H2-D1 (encoding
histocompatibility 2, D region locus 1), H2-T24 (encoding histocompatibility 2, T region locus 24), H2-T23 (encoding histocompatibility 2, T region locus 23), li (encoding CD74), Tapbp (encoding TAP binding protein), B2m (encoding beta-2 microglobulin), and Calr (encoding calreticulin). These are critical
genes of major histocompatibility complex (MHC) Class I or
Class II pathways (Vyas et al., 2008; Blum et al., 2013). This indicates that stimulation by B-3 exopolysaccharide enhanced the antigen processing and presentation abilities of macrophages
through the MHC Class I and Class II pathways. Other immunerelated pathways were also enriched (Table 3), which play an important role in initial and adaptive immunity. This shows that B-3
exopolysaccharide enhanced the immune reactivity of RAW264.7
cells. Moreover, several infection pathways were also significantly enriched, such as those involving hepatitis C (mmu05160)
and measles (mmu05162).
Among the 224 enriched KEGG pathways, the most enriched

was the metabolic pathway (mmu01100), involving 43 differentially expressed genes. This was consistent with the most enriched GO term of catalytic activity (0003824) in the GO results,
as enzymes with various catalytic activities are keys to cell metabolism. These metabolic pathways involve a variety of substances, including amino acids, carbohydrates, lipids, vitamins,
and nucleotides. Other enriched pathways included signaling
pathways, cellular adhesion and migration, material synthesis,
and transport. Differentially expressed genes induced by B-3 exopolysaccharide stimulation are therefore involved in multiple
functions, including immunity, metabolism, disease, and signaling. The 20 most significantly enriched pathway entries are
shown in Fig. 5.
KEGG enrichment analysis indicated that B-3 exopolysaccharide affected multiple immune-related pathways of macrophages, such as antigen processing and presentation, the Tolllike receptor signaling pathway, and leukocyte transendothelial
migration. The Jak-STAT signaling pathway and NF-kappa B signaling pathway were also significantly enriched by B-3 stimulation. These two pathways affect macrophage proliferation, differentiation, and immune regulation (Rawlings et al., 2004; Hayden
and Ghosh, 2011).
Among all differentially expressed genes, 154 were involved in
the catalytic activity (0003824) GO term, and 43 were involved in
metabolic pathways (mmu01100) of the KEGG analysis. This indicated that B-3 exopolysaccharide has a significant effect on
RAW264.7 cell metabolism. Macrophage metabolism is known to
be closely associated with immune function (Ghesquière et al.,

Table 3. Immune-related signaling pathways in KEGG enrichment
Term
ID
Input number
Background number
Antigen processing and presentation
mmu04612
10
81
Fc gamma R-mediated phagocytosis
mmu04666
9
88
Natural killer cell mediated cytotoxicity
mmu04650
10
119
B cell receptor signaling pathway
mmu04662
7
73
T cell receptor signaling pathway
mmu04660
8
105
Cytosolic DNA-sensing pathway
mmu04623
5
63
RIG-I-like receptor signaling pathway
mmu04622
5
68
Toll-like receptor signaling pathway
mmu04620
6
101
Fc epsilon RI signaling pathway
mmu04664
4
70
Leukocyte transendothelial migration
mmu04670
6
121
Chemokine signaling pathway
mmu04062
8
196
Complement and coagulation cascades
mmu04610
3
77
NOD-like receptor signaling pathway
mmu04621
2
58
Intestinal immune network for IgA production
mmu04672
1
42
Note: ID represents unique serial number of pathway in KEGG database; input number number of differentially expressed genes related
to this pathway, and background number total number of genes related to this pathway.
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Statistics of pathway enrichment
Valine, leucine and isoleucine degradation

q value
1.00

Transcriptional misregulation in cancer

0.75

T cell receptor signaling pathway

0.50

Phenylalanine, tyrosine and tryptophan biosynthesis

0.25
0

Phagosome

Gene number
5

Osteoclast differentiation
NF-kappa B signaling pathway

10

Natural killer cell mediated cytotoxicity

15

Measles
Lysosome
Leishmaniasis
Herpes simplex infection
Hepatitis C
Hepatitis B
Glycosaminoglycan degradation
Fc gamma R-mediated phagocytosis
B cell receptor signaling pathway
Arginine and proline metabolism
Antigen processing and presentation
Amino sugar and nucleotide sugar metabolism
0.10

0.15
0.20
Rich factor

0.25

Fig. 5. Scatter diagram of differentially expressed genes in KEGG enrichment. The longitudinal axis represents pathways and the
horizontal axis rich factor. The sizes of the points indicate the number of differentially expressed genes in this pathway and the colors
of the points correspond to different q value ranges.
2014; Kelly and O’Neill, 2015). For example, metabolites and
metabolic enzymes regulate immune cell plasticity by affecting
gene transcription, signaling pathways, or epigenetics
(Ghesquière et al., 2014). Nos2 is a type of oxidoreductase and inducible NO synthase that catalyzes substrates to generate NO,
while Acy1 is a hydrolase that catalyzes the hydrolysis of acylated
L-amino acids into L-amino acids and an acyl group (https://en.
wikipedia.org/wiki/ACY1). Acy1 also participates in the synthesis of L-arginine, which, together with NADPH, is a precursor molecule of NO (Aktan, 2004). NO and Nos2 play complex roles in
innate and adaptive immunity (Bogdan, 2015), and immune cell
metabolic activity is known to be closely linked to its immune
function.
Our sequencing and quantitative PCR results showed that B-3
exopolysaccharide stimulation upregulated Nos2 and Acy1 in
RAW264.7 cells. The resulting increased NO synthesis would further adjust the immune reactivity of RAW264.7 cells.
4 Conclusions
B-3 exopolysaccharide stimulation was found to alter the expression of a large array of genes in RAW264.7 macrophages. It
also dramatically changed the metabolism of various substances
and affected multiple signaling pathways, especially immune-related pathways. These results reveal that changes in metabolic
activity caused by B-3 exopolysaccharide are closely linked with
its immune function. This study provides a reference for research into the regulation of macrophage immune function by

polysaccharides.
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Appendix:
Table A1. Genes primers sequences
Gene ID
ENSMUSG00000023262
ENSMUSG00000020826
ENSMUSG00000026447
ENSMUSG00000041731

Gene
Acy1
Nos2
Pik3c2b
Pgm5

Forward primer (5′ to 3′)
AAGGATTCCGAGGGCTAC
CACGGACGAGACGGATAG
GCAACACCTGGCAATAAC
CCCAGGAAGAATACCAGC

Revere primer (5′ to 3′)
TCGTCAGGCACAAAGGTC
CATGCAAGGAAGGGAACT
ACGCAGCAACTTCCTCAT
CCCAGGAAGAATACCAGC
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Abstract

As a major aldehyde pollutant widely existing in industry and our daily life, acetaldehyde is more and more
harmful to human health. As characteristic habitat niche, bacteria from deep sea environments are abundant and
distinctive in heredity, physiology and ecological functions. Thus, the development of acetaldehyde-degrading
bacteria from deep sea provides a new method to harness acetaldehyde pollutant. Firstly, in this study,
acetaldehyde-degrading bacteria in the deep sea water of the West Pacific Ocean were enriched in situ and in the
laboratory respectively, and then the diversity of uncultured bacteria was studied by using 16S rRNA genes. Then
acetaldehyde-degrading strains were isolated from two samples, including enrichment in situ and enrichment in
laboratory samples of deep sea water from the West Pacific Ocean using acetaldehyde as the sole carbon source,
and then the ability of acetaldehyde degradation was detected. Our results showed that the main uncultured
bacteria of two samples with different enrichment approaches were similar, including Proteobacteria,
Actinobacteria, Firmicutes, Cyanobacteria, but the structure of bacterial community were significant different.
Four subgroups, α, γ, δ and ε, were found in Proteobacteria group. The γ-Proteobacteria was dominant (63.5%
clones in laboratory enriched sample, 75% clones in situ enriched sample). The species belonged to γProteobacteria and their proportion was nearly identical between the two enrichment samples, and Vibrio was
the predominant genus (45% in laboratory enriched sample, 48.5% in situ enriched sample), followed by
Halomonas (9% in situ enriched sample) and Streptococcus (6% in laboratory enriched sample). A total of 12
acetaldehyde-degrading strains were isolated from the two samples, which belonged to Vibrio, Halomonas,
Pseudoalteromonas, Pseudomonas and Bacillus of γ-Proteobacteria. Strains ACH-L-5, ACH-L-8 and ACH-S-12,
belonging to Vibrio and Halomonas, have strong ability of acetaldehyde degradation, which could tolerate 1.5 g/L
acetaldehyde and degrade 350 mg/L acetaldehyde within 24 hours. Our results indicated that bacteria of γProteobacteria may play an important role in carbon cycle of deep sea environments, especial the bacteria
belonging to Vibrio and Halomonas and these strains was suggested for their potentials in government of
aldehyde pollutants.
Key words: acetaldehyde-degrading bacteria, ALDH, deep sea, in situ
Citation: Gao Boliang, Shang Xiexie, Li Li, Di Wenjie, Zeng Runying. 2018. Phylogenetically diverse, acetaldehyde-degrading bacterial
community in the deep sea water of the West Pacific Ocean. Acta Oceanologica Sinica, 37(8): 54–64, doi: 10.1007/s13131-018-1235-z

1 Introduction
Deep sea is the biggest Gene Bank on the earth, which contains abundant marine microorganisms. Previous studies paid
great attentions to the marine microorganisms in shallow sea,
and many marine microorganisms have been reported (Okami et
al., 1976; Okazaki et al, 1975; Ding and Valentine, 2008). Compared with a lot of research attentions on marine microorganisms in shallow sea, the investigation of marine microorganisms
in deep sea is relatively lacking. Deep sea has extremely heavy
climate and environment, for example strong acid and base, high
or low temperature, high pressure. Therefore, marine microorganisms of deep sea are significantly different with microorganisms from land including genetic constitution, metabolism

regulation, metabolite, chemical defense, and many microorganisms which are acidophilic, basophilic, haloduric and so on
(Horikoshi, 1998; Ista et al., 2004; Koyama and Yoshida, 2016).
The refractory organisms which come from upper layer of the
ocean and bottom sediments are the main nutrient source of microorganisms in deep sea (Horikoshi, 1998; Gao et al., 2017).
Thus the microorganisms in deep sea have potential of environment government, for example apply in industrial wastewater
treatment. Meanwhile, the potential application of microorganisms of deep sea in biomedicine, new biomaterial was noticed. As
exhaustion of land resources, the marine microorganisms, especially the microorganisms of deep sea will be one of spot for exploitation.
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The pollutant of aldehydes widely exists in the environment,
for example methanol, acetaldehyde, acraldehyde (Zhou et al.,
2005; Gesser and Fu, 1990; Xi et al., 1999). Previous studies have
reported that the superfluous acetaldehyde in furniture materials have been noticed by people, and that is harmful to humans
(Homann et al., 2000). While acetaldehyde dangers have not
been noticed yet by people. Acetaldehyde is toxic when applied
externally for prolonged periods, an irritant, and a probable carcinogen. At present, enzymatic degradation by the acetaldehyde
dehydrogenase is the main efficient way to degrade acetaldehyde (Lubin and Westerfield, 1945; Svegliati-Baroni et al., 2001).
Unfortunately, the extraction of acetaldehyde dehydrogenase is
costly and difficult. Furthermore, as the complex chemical constituents of acetaldehyde industrial wasted water, gas and
residue, such as high heavy metal, strong acid and alkali, so the
degradation of acetaldehyde by the acetaldehyde dehydrogenase
is infeasible (van der Ploeg et al., 1994; Lachenmeier and Sohnius, 2008; Kurkivuori et al., 2007). To address this issue, recent
studies have more focused on microbial catalyzing, especially the
bacteria in deep sea.
Although technique of microbial pure culture which obtains
microbial pure culture by isolation, purification, culture of microorganism has encountered un-overstepped obstacle for
studying diversity of microorganism, it is irreplaceable for study
of cellular structure, physiology, genetics and application of microorganism. To isolate microorganisms as far as possible, the
technique of microbial pure culture was improved. New technique without high concentration of nutrients and manual preparation could provide primitive ecology for microorganisms,
and the enrichment of microorganisms in situ is one of frequently used techniques. Kaeberlein et al. (2002) have obtained
many more stains used this technique than traditional separation methods. Furthermore, molecular ecological techniques
have recently been used to study bacterial diversity in situ (Kirk
et al., 2004). This stems from the fact that many microorganisms
are not easily obtainable as cultured strains in laboratory, which
would allow for identification and characterization.
In this study, with the aim to know about the acetaldehydedegrading bacterial phylogenetic diversity and to search strains
with the potential application of acetaldehyde degradation in the
deep sea water of the West Pacific Ocean, enrichment in situ and
in the laboratory respectively, the uncultured and cultured bacterial phylogenetic diversity and the ability of acetaldehyde-degrading of bacteria in the deep sea water of the West Pacific
Ocean were investigated. Besides, the potential application of
acetaldehyde-degrading bacteria in the deep sea water of the
West Pacific Ocean was suggested.
2 Materials and methods
2.1 Sampling
Enrichment in laboratory: Deep sea water was sampled at the
depth of 2 000 m in the West Pacific Ocean (21°03′30″N,
118°23′17″E) in September 2012. A total of 30 mL deep sea water
was loaded in 50 mL reagent bottle with 5 g absorbing 40% acetaldehyde of active carbon, and the reagent bottle was stored in a
cold storage (8°C) for 6 months.
Enrichment in situ: regent bottles were placed at the depth of
2 000 m in the West Pacific Ocean (21°03′30″N, 118°23′17″E) in
September 2012. There were active carbon granules which absorbed 40% acetaldehyde in these regent bottles, and some pores
were on these regent bottles for internal and external material exchange, and bacteria were enriched in situ for six months.
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2.2 Total genomic DNA extraction, PCR amplification of 16S
rRNA gene, and clone library structure
Total genomic DNA was extracted from two kinds of samples,
respectively, using PowerSoil DNA Isolation Kit (MOBIO). The
quality and concentration of the soil DNA were assessed using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, USA). The overall size of the total DNA was checked by running an aliquot of DNA on a 1.0% agarose gel, and then was
stored in –20°C until further processing.
The resulting genomic DNA was used as templates to amplify
the bacterial 16S rRNA gene fragment using common primers
27F and 1492R. The PCR mixture (50 μL) contained 2 μL DNA
template, 5 μL 10×Taq buffer (Mg 2+ ), 4 μL dNTP mixture (2.5
mmol/L), 1 μL of each primer (10 μmol/L), 0.5 μL EXTaq DNA
polymerase (5 U/μL). The PCR program was carried out with 3
min at 95°C, followed by 30 cycles of denaturation at 95°C for 90
s, annealing at 55°C for 90 s and elongation at 72°C for 90 s, and
final elongation at 72°C for 10 min. PCR products were purified
using Gel Extraction Kit (Omega). PCR products were ligated into pTA-2 Vector and transformed into E. coli DH5α. PCR was performed to detect whether the picked clones were positive recombinants. Two different clone libraries were structured. A total of
200 positive clones were selected from each clone library and sequenced using primers T3 and T7 by Shanghai Majorbio Company.
2.3 16S rRNA genes phylogenetic diversity and bacterial diversity
analysis
After removing the sequences of plasmid vector, 1 400–1 500
bp 16S rRNA genes were obtained in this study, and were
checked chimera on the DECIPHER-Find Chimeras. These sequences were aligned on the Rdp Pipeline Tools to identify sequences similarity. Sequences with similarity not less than 97%
were classified as one OTUs, while similarity less than 97% were
classified different OTUs. The representative sequences were selected, and then phylogenetic trees based on gene sequences of
16S rRNA were constructed using neighbor-joining method in
MEGA 5.0 combined with bootstrap analysis setting with 1 000
replications, respectively. Coverage estimator based on Coverage C (Chao and Lee, 1992) and species richness was assessed
with Chao1 (Chao, 1984), while evenness and diversity of species
were estimated by Evenness index (E′) and Shannon diversity index (H′) (Chao and Shen, 2003).
2.4 Isolation and identification of cultivable acetaldehyde-degrading bacteria
To further screen cultivable acetaldehyde-degrading bacteria,
acetaldehyde was used as sole carbon source for the growth of
acetaldehyde-degrading bacteria. Two different samples (5 g)
were vortex shocked with 5 min, and then serial 10-fold dilutions
(each sample in sterile sea water) were plated on the corresponding solid modified 2216E (0.1% yeast extract, 2% agar powder, 720
mg/L acetaldehyde and sea water) and incubated for 48 h at
37°C. Subsequently, individual bacteria were removed from agar
plates, placed on new medium and checked for purity and stored
in 20% glycerol at –80°C.
The genomic DNA of acetaldehyde-degrading bacteria was
extracted using TaKaRa MiniBEST Bacteria Genomic DNA Extraction Kit Ver. 3.0. The resulting genomic DNA was used as
templates to amplify the bacterial 16S rRNA gene fragment using
common primers 27F and 1492R. PCR products were sequenced
in Shanghai Majorbio Company after analysis by electrophoresis
on 1.5% agarose gel. A total of 1 400–1 500 bp of Bacterial 16S
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rRNA genes sequences were obtained in this study and aligned
on the NCBI database. The most appropriate relative sequences
were selected and it can be sure genus or family of bacteria until
the similarity not less than 99%.
2.5 Detection of acetaldehyde-degrading ability of cultivable acetaldehyde-degrading bacteria
To detect the tolerance of cultivable acetaldehyde-degrading
bacteria toward acetaldehyde, bacterial cells were grown in 5 mL
2216E with different concentrations of acetaldehyde (500 mg/L,
800 mg/L, 100 mg/L, 1 500 mg/L, and 2 000 mg/L) at 37°C, 200
r/min. The OD600 was detected after 48 h to determine whether
these bacteria could tolerate the acetaldehyde.
To further investigate the abilities of acetaldehyde-degradation of these bacteria, acetaldehyde was used as sole carbon for
the growth of these bacteria (1 g/L NH4NO3, 500 mg/L acetaldehyde and sea water). Acetaldehyde-degrading bacteria cells were
cultured at 37°C, 200 r/min for 24 h in 2216E medium. The cultures were centrifuged at 10 000 g for 10 min, and the bacterial
cells were collected. The cells pellets were washed twice with
sterile medium (1 g/L NH4NO3 and sea water), and then resuspended in medium (1 g/L NH4NO3 and sea water). Subsequently,
acetaldehyde-degrading bacteria (2% inoculation amount) were
cultured in medium (1 g/L NH4NO3, 500 mg/L acetaldehyde and
sea water) at 37°C, 200 r/min for 24 h and the medium without
acetaldehyde-degrading bacteria were used as the blank control.
Then, the cultures were centrifuged at 10 000 g for 10 min, and
the supernatants were collected to analysis acetaldehyde using
HPLC. Previous reporters have described the method of detecting acetaldehyde, 200 μL 1 000 mg/L of 2, 4-dinitrophenylhydrazine (DNPH) and 20 μL acetic acid was added to each of 200
μL samples supernatants and incubated for 15 min at 37°C for derivatization. Each of samples were mixed with 1 200 μL extraction agent (ethyl acetate:n-hexane=1:5, v/v) for vortex shocked 5
min, and then sat for 30 min, supernatants were collected and
then were vacuum-dried for 6 h using a speed vacuum concentrator (Labconco, Kansas City, MO, USA). The derivative samples
were re-dissolved in solution (acetonitrile:water=85:15, v/v) and
then analyzed by Agilent E2695 (Agilent Technologies, Wilmington, DE, USA) equipped with Acclaim 120 C18 (4.6 mm×250 mm)
and 2998 PDA detector. Samples were analyzed at 40°C using
ethyl acetate:n-hexane=1:5 (v/v) as a mobile phase at a flow rate
of 1 mL/min. The concentration of the acetaldehyde-DNPH
(ACH-DNPH) was determined by the calibration curves of peak
areas vs. the standard curve of acetaldehyde-DNPH, which were
obtained from HPLC analysis. In addition, the concentration of
acetaldehyde in the blank control was detected to calculate the
volatilization of acetaldehyde during cultivation.
2.6 Nucleotide sequence accession number
Bacterial 16S rRNA sequences obtained in this study were deposited in GenBank under accession numbers KM873053KM873119 and KM873133–KM873144.
3 Results
3.1 Uncultivated acetaldehyde-degrading bacterial community
composition of the West Pacific Ocean’s deep sea in laboratory
and in situ
To analyze acetaldehyde-degrading bacterial community in
deep sea water of the West Pacific Ocean, two sample treatments
including enrichment in laboratory and in situ were used. To further measure the bacterial diversity presented within two differ-

ent samples, a series of alpha diversity indices were used (Table 1).
Coverages were 91.5% and 92.5% for enrichment in laboratory
and in situ, respectively, which showed these data were authentic. Shannon, Simpson, and Chao1 diversity indices account for
evenness and richness as well as the total number of species obtained. The overall diversity of bacterial populations was showed
with Shannon diversity index of 2.29 and 2.07, Evenness index of
0.654 9 and 0.597 2, Chao1 richness estimator of 101 and 40.75 in
sample of enrichment in laboratory and in situ, receptively.
Table 1. Analysis of the acetaldehyde-degrading bacterial diversity in deep-sea water from the South China Sea
Numbers of sequenced clones
Numbers of OTUs
Coverages/%
Shannon diversity index (H′)
Evenness index (E′)
Chao1

In laboratory
200
33
91.5
2.29
0.654 9
101

In situ
200
32
92.5
2.07
0.597 2
40.75

As showed in Table 2, a total of 33 and 32 OTUs were obtained from 200 clones in sample of enrichment in laboratory
and in situ, respectively. To identify these OTUs, BLASTn database was used for 16S rRNA gene identification, and then MEGA
5.0 was employed for phylogenetic analysis. In laboratory, three
OTUs belonging to Vibrio genus were obtained: OTU ACH-14L309 and ACH-14L-70 exhibited 99% and 97% 16S rRNA gene similarities to Vibrio harveyi ATCC BAA-1116, respectively. OTU
ACH-14L-307 showed 98% 16S rRNA gene similarity to Vibrio
crassostreae strain LGP 7, OTU ACH-14L-308 exhibited 99% 16S
rRNA gene similarity to Streptococcus pseudopneumoniae IS7493,
and OTU ACH-14L-306 showed 99% 16S rRNA gene similarity to
Halomonas meridiana strain DSM 5425, OTU ACH-14L-67
showed 94% 16S rRNA gene similarity to Thalassobacter stenotrophicus strain 5SM22, OTU ACH-14L-86 exhibited 99% 16S
rRNA gene similarity with Staphylococcus caprae strain ATCC
35538, OTU ACH-14L-287 showed 99% 16S rRNA gene similarity
with Marinobacter vinifirmus strain FB1, and two OTUs which
belonged to Desulfuromusa genus were obtained, namely OTU
ACH-14L-77 and ACH-14L-60 which have showed 97% and 96%
16S rRNA gene similarities to Desulfuromusa ferrireducens strain
102 and Desulforhopalus singaporensis strain S’pore T1, respectively. In situ, two OTUs belonging to Vibrio genus were also obtained, namely OUT ACH-14S-98 and OTU ACH-14S-76 which
have 99% 16S rRNA gene similarities to Vibrio harveyi ATCC
BAA-1116 and Vibrio chagasii strain R-3712, respectively. OTU
ACH-14S-95 showed 99% 16S rRNA gene similarity with Halomonas meridiana strain DSM 5425. OTU ACH-14S-85 exhibited 95%
16S rRNA gene similarity with Pelagicola litoralis strain CL-ES2.
Four OTUs belonging to marinobacter genus were obtained: OTU
ACH-14S-211, ACH-14S-74, ACH-14S-63 and ACH-14S-68. All of
OTUs’ information in laboratory or in situ was shown in Table 2.
3.2 Comparing of uncultivated acetaldehyde-degrading bacterial
diversity of the West Pacific Ocean’s deep sea in laboratory and
in situ
Previous studies have showed that different ways of sample
treatments could enrich different bacteria (Rochelle et al., 1994;
Smalla et al., 2007). Eight bacterial phyla were detected, while
two OTUs were unclassified. As showed in Fig. 1, the most predominant phyla was γ-proteobacteria (63.5%), followed by Firmicutes (14%), α-proteobacteria (6.5%), β-proteobacteria (5%), δ-
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Table 2. Summary of the 16S rDNA sequences identified in the deep sea water of theSouth China Sea by enriching in situ or in
laboratory
OTUs
Number of clones Accession No.
In situ
ACH-14S-98
87
KM873087
ACH-14S-76
10
KM873094
ACH-14S-6
3
KM873102
ACH-14S-233
1
KM873115
ACH-14S-24
1
KM873108
ACH-14S-88
9
KM873091
ACH-14S-65
5
KM873091
ACH-14S-276
1
KM873114
ACH-14S-100
2
KM873109
ACH-14S-97
2
KM873088
ACH-14S-39
2
KM873105
ACH-14S-211
1
KM873117
ACH-14S-74
4
KM873095
ACH-14S-63
1
KM873100
ACH-14S-68
3
KM873098
ACH-14S-95
18
KM873095
ACH-14S-81
1
KM873093
ACH-14S-85
11
KM873092
ACH-14S-296
1
KM873111
ACH-14S-280
1
KM873112
ACH-14S-70
1
KM873097
ACH-14S-228
1
KM873116
ACH-14S-90
5
KM873090
ACH-14S-71
1
KM873096
ACH-14S-38
1
KM873106
ACH-14S-60
3
KM873101
ACH-14S-59
2
KM873103
ACH-14S-51
7
KM873104
ACH-14S-201
1
KM873119
ACH-14S-304
8
KM873110
ACH-14S-203
4
KM873118
ACH-14S-279
1
KM873113
ACH-14S-32
1
KM873107
In laboratory
ACH-14L-309
68
KM873054
ACH-14L-70
1
KM873071
ACH-14L-307
21
KM873056
ACH-14L-54
3
KM873076
ACH-14L-40
1
KM873077
ACH-14L-291
1
KM873060
ACH-14L-94
1
KM873064
ACH-14L-272
4
KM873063
ACH-14L-283
5
KM873062
ACH-14L-31
1
KM873078
ACH-14L-74
1
KM873069
ACH-14L-287
9
KM873061
ACH-14L-306
11
KM873057
ACH-14L-269
10
KM873081
ACH-14L-56
1
KM873075
ACH-14L-67
10
KM873072
ACH-14L-215
1
KM873084
ACH-14L-72
1
KM873070
ACH-14L-303
3
KM873058
ACH-14L-213
1
KM873085

Nearest relative

Identity/%

Vibrio harveyi ATCC BAA-1116 (NR_102976.1)
Vibrio chagasii strain R-3712 (NR_025480.1)
Escherichia fergusonii ATCC 35469 (NR_074902.1)
Haemophilus parainfluenzae ATCC 33392 (NR_042878.1)
Shewanella japonica strain KMM 3299 (NR_025012.1)
Pseudoalteromonas donghaensis strain HJ51 (NR_104537.1)
Pseudoalteromonas phenolica strain O-BC30 (NR_028809.1)
Alteromonas hispanica strain F-32 (NR_043274.1)
Alteromonas macleodii str. ’Balearic Sea AD45 (NR_074797.1)
Idiomarina baltica OS145 (NR_027560.1)
Colwellia psychrerythraea strain ATCC 27364 (NR_037047.1)
Marinobacter adhaerens HP15 (NR_074765.1)
Marinobacter vinifirmus strain FB1 (NR_043666.1)
Marinobacter algicola DG893 (NR_042807.1)
Marinobacter algicola DG893 (NR_042807.1)
Halomonas meridiana strain DSM 5425 (NR_042066.1)
Jannaschia sp. CCS1 (NR_074163.1)
Pelagicola litoralis strain CL-ES2 (NR_044158.1)
Sulfurovum lithotrophicum strain 42BKT (NR_024802.1)
Sulfurimonas autotrophica DSM 16294 (NR_074451.1)
Arcobacter nitrofigilis DSM 7299 (NR_102873.1)
Arcobacter nitrofigilis DSM 7299 (NR_102873.1)
Desulforhopalus singaporensis strain S’pore T1 (NR_028742.1)
Micrococcus luteus NCTC 2665 (NR_075062.1)
Corynebacterium tuberculostearicum strain Medalle X (NR_028975.1)
Propionibacterium acnes (NR_040847.1)
Streptococcus mitis strain NS51 (NR_028664.1)
Dolosigranulum pigrum strain R91/1468 (NR_026098.1)
Jeotgalibacillus marinus strain 581 (NR_025351.1)
Bacillus subterraneus strain COOI3B (NR_104749.1)
Bacillus niabensis strain 4T19 (NR_043334.1)
Trichodesmium erythraeum IMS101 (NR_074275.1)
Uncultured bacterium gene for 16S ribosomal RNA (AB250585.1)

99%
99%
99%
99%
99%
97%
98%
97%
99%
99%
98%
99%
99%
98%
99%
99%
91%
95%
95%
92%
94%
92%
96%
99%
99%
98%
99%
99%
96%
99%
98%
87%
90%

Vibrio harveyi ATCC BAA-1116 (NR_102976.1)
Vibrio harveyi ATCC BAA-1116 (NR_102976.1)
Vibrio crassostreae strain LGP 7 (NR_044078.1)
Escherichia coli str. K-12 (NR_102804.1)
Haemophilus parainfluenzae ATCC 33392 (NR_042878.1)
Shewanella japonica strain KMM 3299 (NR_025012.1)
Pseudoalteromonas phenolica strain O-BC30 (NR_028809.1)
Alteromonas macleodii str. ’Balearic Sea AD45 (NR_074797.1)
Idiomarina baltica OS145 (NR_027560.1)
Colwellia psychrerythraea 34H (NR_074565.1)
Colwellia psychrerythraea strain ATCC 27364 (NR_037047.1)
Marinobacter vinifirmus strain FB1 (NR_043666.1)
Halomonas meridiana strain DSM 5425 (NR_042066.1)
Neisseria meningitidis MC58 strain MC58 (NR_103915.1)
Aureimonas altamirensis strain S21B (NR_043764.1)
Thalassobacter stenotrophicus strain 5SM22 (NR_027205.1)
Maritalea mobilis strain E6 (NR_044447.1)
Pseudovibrio denitrificans strain DN34 (NR_029112.1)
Sulfurovum sp. NBC37-1 (NR_074503.1)
Arcobacter nitrofigilis DSM 7299 (NR_102873.1)

99%
97%
98%
99%
99%
99%
97%
99%
99%
95%
98%
99%
99%
98%
99%
94%
89%
91%
95%
95%
to be continued
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Continued from Table 2
OTUs
ACH-14L-207
ACH-14L-77
ACH-14L-60
ACH-14L-310
ACH-14L-245
ACH-14L-12
ACH-14L-308
ACH-14L-261
ACH-14L-86
ACH-14L-88
ACH-14L-78
ACH-14L-298
ACH-14L-30

Number of clones Accession No.
1
KM873086
1
KM873068
7
KM873074
1
KM873053
1
KM873083
1
KM873080
12
KM873055
2
KM873082
10
KM873066
1
KM873065
2
KM873067
6
KM873059
1
KM873079

Nearest relative
Arcobacter nitrofigilis DSM 7299 (NR_102873.1)
Desulfuromusa ferrireducens strain 102 (NR_043214.1)
Desulforhopalus singaporensis strain S’pore T1 (NR_028742.1)
Kocuria rhizophila DC2201 (NR_074786.1)
Rothia mucilaginosa DY-18 (NR_074690.1)
Veillonella criceti strain ATCC 17747 (NR_025046.1)
Streptococcus pseudopneumoniae IS7493 (NR_074987.1)
Gemella haemolysans ATCC 10379 (NR_025903.1)
Staphylococcus caprae strain ATCC 35538 (NR_024665.1)
Bacillus arsenicus strain Con a/3 (NR_042217.1)
Bacillus subterraneus strain COOI3B (NR_104749.1)
Trichodesmium erythraeum IMS101 (NR_074275.1)
Uncultured Compostimonas sp. clone 1_145 (KF758667.1)

proteobacteria (4%), Cyanobacteria (3%), ε-proteobacteria
(2.5%), Actinobacteria (1%) and 0.5% unclassified in sample of
enrichment in laboratory. And γ-proteobacteria (75%) was also
the most predominant phyla in sample of enrichment in situ, followed by Firmicutes (11%), α-proteobacteria (6%), δ-proteobacteria (2.5%), Actinobacteria (2.5%), ε-proteobacteria (2%), Cyanobacteria (0.5%) and 0.5% unclassified in sample of enrichment in situ, while β-proteobacteria was not obtained (Fig. 2).
These results showed that bacteria of γ-proteobacteria were the
main bacterial population whether sample enrichment performed in laboratory or in situ, and also predicted that these bacteria may play key roles in the degradation of acetaldehyde in
sea. These results also indicated there was no significant difference between uncultivated acetaldehyde-degrading bacteria
from sample of enrichment in situ and in laboratory in phyla
level.
In genus level, uncultivated acetaldehyde-degrading bacteria
community structure was different between enrichments in
laboratory and in situ (Fig. 3). In situ, a total of 24 genus were detected from 200 clones, and vibrio was the most abundant genus
accounting for 48.5% of all clones, followed by halomonas (9%),
pseudoalteromonas (7%), bacillus (6%), pelagicola (5.5%),
marinobacter (4.5%), dolosigranulum (3.5%), desulforhopalus
(2.5%), escherichia, alteromonas and propionibacterium accounting for 1.5%, and the other genus were less than 1%. While in
laboratory, a total of 27 genus were detected, and vibrio was also
the most abundant genus accounting for 45% of all clones, followed by streptococcus (6%), halomonas (5.5%), neisseria, thalassobacter and staphylococcus (5%), marinobacter (4.5%), desulforhopalus (3.5%), trichodesmium (3%), idiomarina (2.5%), alteromonas (2%), escherichia, sulfurovum and bacillus accounting
for 1.5%, and the other genus were less than 1%. Although uncultivated acetaldehyde-degrading bacteria community structure
was different, vibrio was the most predominant genus whether
enrichments were performed in laboratory or in situ, which was
in accord with previous studies. These results maybe deduced
that bacteria which belonged to vibrio genus were the main bacterial population for acetaldehyde-degrading bacteria community in deep sea.
3.3 Isolation of acetaldehyde-degrading bacteria of the west Pacific Ocean’s deep sea in laboratory and in situ
To further screen and investigate the acetaldehyde-degrading bacteria of the West Pacific Ocean’s deep sea, we have isolated cultivable bacteria from deep sea water which were en-

Identity/%
94%
97%
96%
99%
99%
96%
99%
99%
99%
98%
99%
86%
98%

riched in laboratory and in situ. In laboratory, a total of four acetaldehyde-degrading strains were obtained (Table 3). Two strains
belonging to vibrio genus were obtained, namely, strain ACH-L-1
and strain ACH-L-2 which exhibited 99% 16S rRNA gene similarities with vibrio harveyi ATCC BAA-1116 and vibrio rotiferianus
CAIM 577, respectively. One strain ACH-L-5 showed 99% 16S
rRNA gene similarity with halomonas axialensis strain Althf1 and
another strain ACH-L-8 exhibited 99% 16S rRNA gene similarity
with halomonas meridiana strain DSM 5425. While in situ, a total
of eight acetaldehyde-degrading strains were isolated. Strain
ACH-S-1 showed 99% 16S rRNA gene similarity to vibrio rotiferianus CAIM 577 and it was also obtained in laboratory. Another
strain, namely, ACH-S-12 has shown 99% 16S rRNA gene similarity to vibrio parahaemolyticus RIMD 2210633. Strain ACH-S-6
which belonged to halomonas genus exhibited 16S rRNA gene
similarity to halomonas axialensis strain Althf1. Furthermore,
two strains as well as ACH-S-7 and ACH-S-10 have showed 97%
and 99% 16S rRNA gene similarity to pseudoalteromonas piscicida strain IAM 12932 and pseudomonas xanthomarina strain
KMM 1447, respectively. Strains ACH-S-8 and ACH-S-9 which
showed 99% 16S rRNA gene similarity to bacillus aquimaris strain
TF-12 were obtained. Another strain ACH-S-11 exhibited 99% 16S
rRNA gene similarity to pseudomonas xanthomarina strain KMM
1447. These results showed that bacteria belonging to vibrio and
halomonas were the main bacterial population for acetaldehydedegrading bacterial community in deep sea. Furthermore, these
results also showed that bacteria of vibrio and halomonas genus
are more suitable for cultivation in laboratory’s conditions than
other bacteria.
3.4 Ability of acetaldehyde-degrading for cultivable acetaldehydedegrading bacteria
To further investigate the ability of acetaldehyde-degrading of
these strains, we have detected the tolerance of cultivable acetaldehyde-degrading bacteria suffering acetaldehyde and the degradation of acetaldehyde by using HPLC analysis. In Table 3,
our results have showed that all of strains can grow in medium
which contain high concentration of acetaldehyde (0.8–1.5
mg/mL). There were three strains, namely, ACH-L-5, ACH-L-8
and ACH-S-12 can tolerate 1.5 g/L acetaldehyde. Follow eight
strains, ACH-L-2, ACH-S-1, ACH-S-6, ACH-S-7, ACH-S-10, ACHS-11, ACH-S-8 and ACH-S-9 can suffer 1 g/L acetaldehyde. Strain
ACH-L-1 can tolerate 0.8 g/L acetaldehyde. Then we have detected the ability of acetaldehyde-degrading of these strains by using acetaldehyde as sole carbon for growth. We have found that
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90 ACH-14L-309 [KM873054]
100 Vibrio campbellii [NR_102976]
86

Vibrio alginolyticus [NR_122060]
ACH-14L-64 [KM873073]

74

100 ACH-14L-307 [KM873056]
69 Vibrio chagasii [NR_117891]

92

ACH-14L-70 [KM873071]
100

ACH-14L-40 [KM873077]
Haemophilus parainfluenzae [NR_116168]

38

Escherichia coli [NR_074891]

86

100 ACH-14L-54 [KM873076]
76 Escherichia coli [NR_102804]
99 ACH-14L-291 [KM873060]
99 Shewanella japonica [NR_025012]

25

Shewanella pacifica [NR_041913]
42

Pseudoalteromonas tetraodonis [NR_114547]

γ-proteobacteria (63.5%)

ACH-14L-94 [KM873064]
100
100 Pseudoalteromonas phenolica [NR_113299]
36

ACH-14L-272 [KM873063]
100 Alteromonas macleodii [NR_074797]
100

ACH-14L-287 [KM873061]
Marinobacter vinifirmus [NR_043666]

100 ACH-14L-283 [KM873062]

33
95

Idiomarina baltica [NR_027560]
ACH-14L-31 [KM873078]

95

ACH-14L-74 [KM873069]

100

Colwellia asteriadis [NR_116385]

90
72

53

Colwellia psychrerythraea [NR_074565]
ACH-14L-306 [KM873057]
Halomonas meridiana [NR_042066]

100

Halomonas aquamarina [NR_042063]
26

ACH-14L-269 [KM873081]
100 Neisseria perflava [NR_117694]
100

β-proteobacteria (5%)

ACH-14L-60 [KM873074]
Desulforhopalus singaporensis [NR_028742]

39

Geopsychrobacter electrodiphilus [NR_042768]

31

δ-proteobacteria (4%)

ACH-14L-77 [KM873068]

100
83

Desulfuromusa ferrireducens [NR_043214]
ACH-14L-67 [KM873072]

98

Thalassobacter stenotrophicus [NR_027205]
100

Pseudovibrio denitrificans [NR_029112]

74
99

Pseudovibrio axinellae [NR_118255]

20

ACH-14L-72 [KM873070]
ACH-14L-215 [KM873084]

42

α-proteobacteria (6.5%)

Maritalea mobilis [NR_044447]
Aureimonas frigidaquae [NR_044195]

73

ACH-14L-56 [KM873075]

100
99

50

Aureimonas altamirensis [NR_043764]
ACH-14L-310 [KM873053]
100
Kocuria rhizophila [NR_074786]

100

Kocuria rhizophila [NR_026452]
Rothia mucilaginosa [NR_044873]

Actinobacteria (1%)

100 ACH-14L-245 [KM873083]
77 Rothia mucilaginosa [NR_074690]

28

ACH-14L-298 [KM873059]

100

Cyanobacteria (3%)

Trichodesmium erythraeum [NR_074275]
72

ACH-14L-12 [KM873080]
100

Veillonellaratti [NR_113377]

63 Staphylococcus saccharolyticus [NR_113405]
100
Staphylococcus caprae [NR_024665]

48
31

ACH-14L-86 [KM873066]

89

ACH-14L-261 [KM873082]
100 Gemella haemolysans [NR_025903]
86 ACH-14L-308 [KM873055]
64 Streptococcus pseudopneumoniae [NR_074987]

99

100

Firmicutes (14%)

Streptococcus pneumoniae [NR_07456]
Streptococcus mitis [NR_102808]

99 Fictibacillus phosphorivorans [NR_118455]
100
Fictibacillus nanhaiensis [NR_117524]

49

ACH-14L-88 [KM873065]
97

Bacillus subterraneus [NR_104749]
100 ACH-14L-78 [KM873067]
74 Bacillus jeotgali [NR_025060]
100

ACH-14L-303 [KM873058]
Sulfurovum sp. [NR_074503]

100

Arcobacter nitrofigilis [NR_102873]

ε-proteobacteria (2.5%)

ACH-14L-213 [KM873085]

100
93

ACH-14L-207 [KM873086]
uncultured Compostimonas sp. [KF758685]
ACH-14L-30 [KM873079]

100
100

Unclassified (0.5%)

uncultured Compostimonas sp. [KF758667]
Mollisia minutella [FR837920]

0.05

Fig. 1. Phylogenetic analysis of uncultured bacteria which enrichment in laboratory based on 16S rRNA genes sequences. All of
bacterial 16S rRNA genes sequences are identified by accession and their ID number or their genus on the tree. The tree was
constructed by neighbor-joining method. Bootstrap values (expressed as percentages of 1 000 replications) are shown at branching
points.
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96 ACH-14S-98 [KM873087]
92 Vibrio campbellii [NR_102976]
Vibrio alginolyticus [NR_121709]

99

Vibrio crassostreae [NR_044078]
100 ACH-14S-76 [KM873094]
76 Vibrio chagasii [NR_117891]

82

100 ACH-14S-6 [KM873102]
Escherichia fergusonii [NR_074902]

56

81

ACH-14S-233 [KM873115]
100 Haemophilus parainfluenzae [NR_116168]
Shewanella pacifica [NR_041913]

75

100 ACH-14S-24 [KM873108]
99 Shewanella japonica [NR_025012]
ACH-14S-88 [KM873091]

97

Pseudoalteromonas shioyasakiensis [NR_125458]
100

34

ACH-14S-65 [KM873099]

100 Pseudoalteromonas phenolica [NR_028809]
67 Idiomarina baltica [NR_027560]
100 Idiomarina fontislapidosi [NR_029115]

γ-proteobacteria (75%)

ACH-14S-97 [KM873088]

44
70

ACH-14S-39 [KM873105]
Colwellia psychrerythraea [NR_074565]

100
52

Colwellia maris [NR_024635]
ACH-14S-276 [KM873114]

100

ACH-14S-100 [KM873109]

100

100 Alteromonas macleodii [NR_074797]
77 Halomonas meridiana [NR_042066]
100 Halomonas aquamarina [NR_042063]
ACH-14S-95 [KM873089]
ACH-14S-63 [KM873100]

71

99 Marinobacter vinifirmus [NR_043666]
79 Marinobacter excellens [NR_025690]

63
91

ACH-14S-74 [KM873095]
85

ACH-14S-68 [KM873098]
89 Marinobacter algicola [NR_042807]
46 Marinobacter adhaerens [NR_115177]
96 ACH-14S-211 [KM873117]

57

ACH-14S-90 [KM873090]
100

Desulforhopalus singaporensis [NR_028742]
ACH-14S-85 [KM873092]

100
100

Pelagicola litoralis [NR_044158]

δ-proteobacteria (2.5%)
α-proteobacteria (6%)

ACH-14S-81 [KM873093]
ACH-14S-70 [KM873097]

100

34
42

Arcobacter nitrofigilis [NR_102873]
ACH-14S-296 [KM873111]

99

ε-proteobacteria (2%)

Sulfurimonas autotrophica [NR_074451]

99
98

ACH-14S-280 [KM873112]
ACH-14S-279 [KM873113]

100

Cyanobacteria (0.5%)

Trichodesmium erythraeum [NR_074275]
91 ACH-14S-59 [KM873103]
100 Streptococcus mitis [NR_028664]
52

Streptococcus dentisani [NR_117719]
81 ACH-14S-51 KM873104
100 Dolosigranulum pigrum [NR_113774]

99

Dolosigranulum pigrum [NR_026098]

68

76 Jeotgalibacillus alimentarius [NR_114573]
100 Jeotgalibacillus salarius [NR_116485]

60

Firmicutes (11%)

ACH-14S-201 [KM873119]
99 ACH-14S-203 [KM873118]

89

Bacillus niabensis [NR_043334]
99

ACH-14S-304 [KM873110]
99 Bacillus subterraneus [NR_104749]
58 Bacillus jeotgali [NR_025060]
99 Propionibacterium acnes [NR_040847]
100 Propionibacterium acnes [NR_074675]
ACH-14S-60 [KM873101]

100

ACH-14S-71 [KM873096]

100

Actinobacteria (2.5%)

Micrococcus luteus [NR_075062]
68

ACH-14S-38 [KM873106]
100 Corynebacterium tuberculostearicum [NR_028975]
ACH-14S-32 [KM873107]
100

uncultured bacterium [AB250585]
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Fig. 2. Phylogenetic analysis of uncultured bacteria which enrichment in situ based on 16S rRNA genes sequences. All of bacterial 16S
rRNA genes sequences are identified by accession and their ID number or their genus on the tree. The tree was constructed by
neighbor-joining method. Bootstrap values (expressed as percentages of 1 000 replications) are shown at branching points.
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Colwellia
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Idiomarina
Escherichia
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Trichodesmium
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15

10

5

0
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Fig. 3. Heatmap analysis of uncultured bacterial community structure at genus level (except genus vibrio) in enrichment in
laboratory and in situ. The bacterial names are presented. Red indicates high abundance and green low abundance.
most of strains can degrade acetaldehyde. In particular, there
were four strains, namely ACH-L-5, ACH-L-8, ACH-S-12 and
ACH-S-6, could degrade all of acetaldehyde in medium (500
mg/L) after 24 h. Followed by strain ACH-S-11 which could degrade 82.94% acetaldehyde, strain ACH-S-9 was 73.92%, strain
ACH-S-8 have degraded 55.44%, and strains ACH-L-2, ACH-L-1,
ACH-S-7, ACH-S-1, ACH-S-10 have degraded 53.90%, 50.40%,
39.50%, 27.00% and 17.10% acetaldehyde, respectively. As shown
in Table 4, these results showed that bacteria belonging to the

genus Halomonas have better ability of acetaldehyde degradation than other genus’ bacteria.
4 Discussion
Although, a large number of marine microorganism species
have been reported, the vast majority was still unknown (Ding
and Valentine, 2015; Arrigo, 2005). Meanwhile, marine microorganisms were more and more used in many fields, including biomedicine, industrial production, environmental management,

Table 3. Analysis of the acetaldehyde-degrading ability of cultured bacterial strains from the deep sea water of the South China Sea
by enriching in situ or in laboratory
Strain
In laboratory
ACH-L-1
ACH-L-2
ACH-L-5
ACH-L-8
In situ
ACH-S-1
ACH-S-12
ACH-S-6
ACH-S-7
ACH-S-10
ACH-S-11
ACH-S-8
ACH-S-9

Accession No.

Nearest relative

Identity/%

MCTA

DA

KM873133
KM873134
KM873135
KM873140

Vibrio harveyi ATCC BAA-1116 (NR_102976.1)
Vibrio rotiferianus CAIM 577 (NR_042081.1)
Halomonas axialensis strain Althf1 (NR_027219.1)
Halomonas meridiana strain DSM 5425 (NR_042066.1)

99
99
99
99

0.8
1
1.5
1.5

50.40
53.90
100
100

KM873138
KM873144
KM873138
KM873139
KM873142
KM873143
KM873140
KM873141

Vibrio rotiferianus CAIM 577 (NR_042081.1)
Vibrio parahaemolyticus RIMD 2210633 (NR_074196.1)
Halomonas axialensis strain Althf1 (NR_027219.1)
Pseudoalteromonas donghaensis strain HJ51 (NR_104537.1)
Pseudoalteromonas piscicida strain IAM 12932 (NR_040946.1)
Pseudomonas xanthomarina strain KMM 1447 (NR_041044.1)
Bacillus aquimaris strain TF-12 (NR_025241.1)
Bacillus aquimaris strain TF-12 (NR_025241.1)

99
99
99
97
99
99
99
99

1
1.5
1
1
1
1
1
1

27.00
100
100
39.50
17.10
82.94
55.44
73.92

Note: MCTA represents the max tolerable concentration of acetaldehyde (g/L) and DA the degradation rate of acetaldehyde (%).
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Table 4. The ability of acetaldehyde-degrading in bacterial strains
Strain
Metschnikowia pulcherrima C6
Zygosaccharomyces bailii C23
Candida stellata C35
Hansenula anomala C4
Candida vini C2
Hanseniaspora uvarum C1
Schizo- saccharomyces pombe C7
ACH-L-5
ACH-L-8
ACH-S-12
ACH-S-6

Degradation of acetaldehyde every 24 h/mg·g–1
662.4
547.2
720.0
345.6
360.0
604.8
57.6
833.3
684.9
609.8
675.7

and the study of marine microorganisms always was one of the
hot spots over the last decades (Gao et al., 2017; Bernan et al.,
1997; Kelecom, 2002). Deep sea water could also harbor many
microorganisms, especially some typical microorganisms with
bioactive functions, such as acetaldehyde-degrading bacteria
and polysaccharides-degrading bacteria (Horikoshi, 1998; Koyama and Yoshida, 2016). In previous studies, bacterial diversity
studies were analyzed by using streak plate method, sequencing
of 16S rRNA (Caporaso et al., 2011). While most of these studies
were performed in laboratory. To further investigate the diversity
of acetaldehyde-degrading bacteria in the West Pacific Ocean’s
deep sea. We have analyzed the diversity of cultured and uncultured acetaldehyde-degrading bacteria of deep sea water which
were enriched in laboratory and in situ by using streak plate
method and sequencing of 16S rRNA. Meanwhile, we also have
detected the ability of acetaldehyde-degradation of these cultured bacteria. Our studies have showed that α, γ, δ, ε-Proteobacteria, Actinobacteria, Firmicutes, Cyanobacteria dominated the
bacterial community by sequencing of 16S rRNA in deep sea water with enrichments in laboratory or in situ. But there were only
some strains which belonged to γ-Proteobacteria and Firmicutes
were obtained by using streak plate method. Meanwhile, these
results indicated that most of acetaldehyde-degrading bacteria in
deep sea water were not suitable for growth in laboratory’s conditions. On the other hand, as shown in Table 1, the uncultured
bacterial diversity richness which enrichment in laboratory is
better than enrichment in situ. Although the bacterial diversity
richness in laboratory is better than in situ, but the main bacterial community structures are similar. Thus, our study has showed
that bacteria of Vibrio and Halomonas composed the dominant
population. Conversely, we have obtained more acetaldehydedegrading bacterial strains in situ than in laboratory. It seems
that more uncultured bacteria were enriched in laboratory conditions than in situ conditions, while bacterial strains were suitable grown in situ environments. We have also demonstrated
that these bacteria belonging to genus Vibrio and Halomona
played a key role in degradation of aldehydes material of marine.
In phylum level, previous studies have demonstrated that
bacteria of Proteobacteria dominated bacterial community in environments, contain α, γ, δ, and ε-Proteobacteria (O’Sullivan et
al., 2002; Franzmann, 1996; Borneman and Triplett, 1997). Previous studies of marine bacterial diversity have showed that bacteria belonging to α-Proteobacteria were the main uncultured
bacterial species, while the main cultured bacterial species were
the γ-Proteobacteria (Borneman and Triplett, 1997). Interestingly, in this study, γ-Proteobacteria were the dominating bacteria whether cultured or uncultured bacteria. In genus level, Vi-

Reference
Li and de Orduña (2011)
Li and de Orduña (2011)
Li and de Orduña (2011)
Li and de Orduña (2011)
Li and de Orduña (2011)
Li and de Orduña (2011)
Li and de Orduña (2011)
this study
this study
this study
this study

brio and Halomonas were the dominating genus of uncultured
bacteria, and we have obtained some strains belonging to Vibrio
and Halomonas, especially only strains of Vibrio and Halomona
were found from enrichment in laboratory. The results of detecting ability of acetaldehyde-degrading have showed these strains
belonging to Vibrio and Halomona were better than the other
strains for the ability of acetaldehyde-degrading. It seems that
bacteria of Vibrio and Halomona play a key role in the degradation of acetaldehyde in deep sea water. Similarly, previous studies have reported that bacteria of Vibrio and Halomona could
grow in the high aldehydes concentration (Vedadi and Meighen,
1997; Sripo et al., 2002), but further and systemic investigation
should be carried out. In our study, we investigated the diversity
of bacteria of acetaldehyde-degrading in deep sea water of the
West Pacific Ocean, and compared the different diversity of acetaldehyde-degrading bacteria between with two samples which
enrichment in situ and in laboratory. Some acetaldehyde-degrading bacterial strains were obtained, especially four strains
belonging to Vibrio and three strains of Halomonas, which have
potentials in degradation of aldehydes material.
Previous studies have reported a strain, namely Acetobacter
pasteurianus belonging to Rhodobacterales, α-Proteobacteria,
which have utilized acetaldehyde or ethanol in medium as carbon source for growth (Kanchanarach et al., 2010; Takemura et
al., 1993). In this study, 16S rRNA genes of Rhodobacterales and
Rhizobiales were also found, it indicates that these bacteria belonging to α-Proteobacteria play key roles in carbon or nitrogen
cycles in marine environments. Unfortunately, bacterial strains
of α-Proteobacteria were not isolated because of unsuitable culture condition. Previous reports have investigated typical marine
bacterial diversity and found that these bacteria belonging to βProteobacteria mainly survive in estuary or nearshore area and
almost not distribute in deep sea (Sekiguchi et al., 2002; Wu et al.,
2004). Similarly, our studies do not find bacteria belonging to βProteobacteria, except one 16S rRNA gene from enrichment in
situ. The bacteria of δ, ε-Proteobacteria which have ability of
sulfate reducing or sulfur-oxidizing were frequently found in hydrothermal area and cold seep of deep sea. Meanwhile, in this
study, we also have obtained 16S rRNA genes of δ, ε-Proteobacteria from the deep sea water whether enrichment in situ or in
laboratory. These results may suggest that these bacteria may
play important roles in marine carbon cycling and nitrogen cycling.
Bacteria of Firmicutes were frequently isolated from offshore
and sediment in shallow sea, and there were debatable about it
was marine aborigines or originate from mainland (Ravenschlag
et al., 1999). Meanwhile, the bacteria belonging to Enterococcus,
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Planomicrobium, Bacillus, have showed that the ability of degrading acetaldehyde. In this study, not only 16S rRNA genes of
Firmicutes were detected, but also cultured bacteria of Enterococcus, Planomicrobium, Bacillus (belong to Firmicutes) were isolated. As far as we know, this was the first reportthat the cultured
bacteria of Firmicutes from deep sea could degrade acetaldehyde.
As we all know that there are a larger number of microorganism species in ocean, and many of marine microorganisms have
excellent bioactivities for application (Kobayashi and Ishibashi,
1993; Okami et al., 1976; Manivasagan et al., 2016). Unfortunately, most of marine microorganisms are still unknown. In our
study, we have screened 16S rRNA genes of uncultured bacteria
and isolated cultured bacteria from the deep sea water of the
West Pacific Ocean by using enrichment in situ and in the laboratory, and then detected the ability of acetaldehyde-degradation
of cultured bacteria, respectively. Our study showed that the γProteobacteria (occupied 80% clones) was dominant in the deep
sea water of the West Pacific Ocean, especially these bacteria belonging to Vibrio and Halomonas were widely distributed in deep
sea environments and composed the main acetaldehyde-degrading bacterial community in deep sea water whether enrichment
in situ or laboratory. As far as we known, this is the first systematic report of acetaldehyde-degrading bacteria in the deep sea water of the West Pacific Ocean. Our study will provide a reference
for investigation of acetaldehyde-degrading bacteria in the West
Pacific Ocean. Based on above investigations, the potential applications of acetaldehyde-degrading bacterial stains from the
deep sea water of the West Pacific Ocean was suggested.
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Abstract

Zooplankton plays an important role in aquatic food webs by fluxing of energy from primary producer to
subsequent trophic levels in the food chain. The annual pattern of zooplankton communities and potential
environmental drivers were studied in the Kohelia channel, Bangladesh from summer 2014 to spring 2015.
Samples were collected using net at a depth of 1 m. A total of 32 species belonged to 18 orders, 27 families and 15
taxonomic groups were identified. Of these species, 22 distributed in all four seasons of which 8 were dominant
and highly contributing to the total communities. Species number peaked in summer next to winter and fall in
spring while maximum abundance was in summer and minimum in spring. Multivariate analyses showed that
there was a clear annual pattern in the zooplankton communities. Species diversity and evenness peaked in
spring but fall in autumn while the high value of species richness was found in winter. Biological-environmental
best matching (BIO-ENV) analyses conformed that community pattern of zooplankton was mainly driven by
transparency salinity, and temperature individually or combined with water nutrients. These results demonstrate
that annual pattern of the zooplankton community shaped by channel environmental factors in subtropical
channel ecosystems, thus might be used for community-based subtropical coastal water bioassessment.
Key words: zooplankton, trophic levels, subtropical channel, community structure, multivariate approach
Citation: Abdullah Al Mamun, Alam Md. Didarul, Akhtar Aysha, Xu Henglong, Islam Md. Shafiqul, Mustafa Kamal Abu Hena, Uddin
MMuslem, Alam Md. Wahidul. 2018. Annual pattern of zooplankton communities and their environmental response in a
subtropicalmaritime channel system in the northern Bay of Bengal, Bangladesh. Acta Oceanologica Sinica, 37(8): 65–73, doi:
10.1007/s13131-018-1184-6

1 Introduction
Zooplankton are heterotrophic non motile/weak swimming
aquatic animals living in all types of water bodies like fresh,
coastal or marine ecosystems (Ferdous and Muktadir, 2009).
They are key components in the aquatic ecosystems having effective role in the tropical food web and behave as a linker
between the lower and higher levels (Liu et al., 2013; Sahu et al.,
2013; Arashkevich et al., 2002). Most significantly they treat as intermediate nexus for fluxes of energy from primary producers like
as phytoplankton and microbes to consumer levels of food chain
(Iqbal et al., 2014; Madin et al., 2001), and also provide essential
indication about the trophic condition of secondary production
in the aquatic ecosystems (Abdullah Al et al., 2018). Moreover,
the fertility of ecosystems depends on availability of zooplankton
while eventually it provides information of fisheries potentiality
and sustainability (Abu Hena et al., 2016; Srichandan et al., 2015).
Furthermore, it is acquainted that the world richest fisheries directly or indirectly depend on zooplankton availability
(Srichandan et al., 2013) because they lead the displacement of

the organisms that depended on them (Savari et al., 2013;
Prabhahar et al., 2011). Studies have reported that variation in
distribution, abundances and composition of zooplankton
greatly influenced the existing aquatic habitats on depending
communities like fishes, e.g., pelagic fishes feed on zooplankton
for their entire life stages or early life stages (Abu Hena et al.,
2016; Iqbal et al., 2014). Therefore, the relationship between zooplanktons and physiochemical parameters directly/indirectly
related to monsoonal activity of the bay water especially during
monsoon period, e.g., May to July when effective rainfall and nutrients input from upland influence the community patterns like
distribution, abundances and composition (Srichandan et al.,
2014; Fernandes and Ramaiah, 2009). Moreover, it has been
widely used as potential bioindicators for ecological succession
of coastal waters, also discriminating environmental status due
to short living and quick response to certain environmental
changes (Ferdous and Muktadir, 2009; Bianchi et al., 2003; Ramaiah and Nair, 1997). Up to date, several studies have been carried out about zooplankton and related environmental paramet-
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ers in the coastal waters of the Bay of Bengal but very limited in
the Bangladesh coastal waters especially northern part. Previous
studies reported that the community patterns of zooplankton are
governed by hydrological parameters of those ecosystems where
transparency, salinity, temperature and nutrients are the significant influencing factors for variation of the community patterns
(Abu Hena et al., 2016; Khan et al., 2015; Iqbal et al., 2014).
Bangladesh has the greatest significant of available resources
both fauna and flora due to unbroken 710 km coast line and
stable continental shelf also place in Genjatic delta region
(Gonga-Brhamaputtra and Meghna) (Abu Hena and Khan,
2009), which carried out by several rivers, estuaries and open
maritime channels systems, i.e., Moheshkhali, Kutubdia and Kohelia channels (Abu Hena et al., 2005). Their valuable economical contribution in the fisheries sectors and coastal carbon sequestration having massive growth of natural aquatic vegetation
(e.g., mangroves, salt marshes and seagrasses) are noticeable.
For example, Moheshkhali channel is habitat of around 35 finfish species and 10 shrimp species (Rashed-Un-Nabi et al., 2011)
also seven species of cephalopods (Abu Hena et al., 2005). These
fisheries species are fond of zooplanktons as their foodstuffs during foraging stages in the channels. In contrast, from the economical and geographical point of view, Kohelia channel has
great contribution having massive growth of aquatic vegetation
which provides feeding, spawning and nursery ground, also supply abundant food and relatively safe ecological niche for many
valuable species like shrimp (e.g., Penaeus monodon) and other
commercial fishes. Being as important wetland and aquatic ecosystem, the research on zooplankton along with limnology are
still scarce in this area. The research on hydrological and biological properties are important of this channel system prior to take
necessary steps on ecological health management and resource
conservation.
In the present study, a one-year baseline survey was carried
out in the channel from summer 2014 to spring 2015. Our objectives of this study were: (1) to document the species composition

and abundances of zooplankton; (2) to reveal the annual variation in zooplankton communities; and (3) to summarize the annual environmental response of zooplankton communities in
such a subtropical channel system.
2 Materials and methods
2.1 Study area, data collection and sample processing
Three sampling stations were selected in the Kohelia channel:
Sta. 1 was located at the mouth of the channel in the southeast
part of the Dalghat (Monirtek); Sta. 2 was in the middle part of the
channel near Zapua; and Sta. 3 was the joint of two channels of
Kohelia and Moheshkhali near Materbari (Fig. 1). Samples were
collected in summer (June 2014), autumn (September 2014),
winter (December 2014) and spring (March 2015), respectively.
Zooplankton samples were collected using a conical shaped
plankton net with a mesh size of 325 μm. A digital flow meter was
set up at the mouth of the net to record the amount of water
filtered through the net during sampling. Samples were collected
at three stations from the surface water at 1 m depth for 10–15 min.
After collection, all samples were preserved in 5% formalin
solution (Goswami, 2004). For effective sorting, the samples were
stained with rose bangle (coloring reagent) and left for 24 h in the
laboratory. All zooplankton species attained pink color, which
helped to sort out easily and identification was carried out using
fine brush, needles, forceps and microscope.
Enumeration was done according to Goswami (2004) zooplankton abundance was expressed as individuals per liter
(ind./L).
The sorted zooplanktons were preserved in 70% ethanol solution. Preserved samples were identified morphologically under
the microscope according to the previous studies (Conway, 2012;
Al-Yamani et al., 2011; Mulyadi, 2004; Conway et al., 2003; Buckland-Nicks et al., 2002; Goddard, 2001).
Environmental parameters such as water temperature (°C),
salinity, pH, and water transparency (cm) were estimated in situ
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Fig. 1. Sampling stations (1–3) in the Kohelia Channel in the northern Bay of Bengal, Bangladesh.
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using centigrade thermometer, refractometer (TANAKA New S100, Japan), digital pen pH meter (HANNA instruments, model
HI 98107) and secchi disk, respectively. Sub-subsurface (~1 m)
water samples were collected for measuring dissolved oxygen
(DO), total dissolved solid (TDS), total suspended solid (TSS), nitrite-nitrogen (NO 2 -N) and soluble reactive phosphate-phosphorus (PO4-P), following the standard method of APHA (1989).
2.2 Data analysis
Species diversity (H ′ ) (Shannon and Weaver, 1949), species
richness (d) (Margalef, 1968) and species evenness (J′ ) (Pielou,
1966) were used to summarize the biodiversity pattern of zooplankton. These three indices were calculated according to the
following formula:

H0 = ¡

s
X

P i (ln P i );

i=1

J 0 = H 0 =lnS ;
d = (S ¡ 1)=lnN;
where H′ is observed diversity index, Pi is proportion of the total
count arising from the ith species, S is total number of species,
and N is total number of individuals.
Multivariate analysis of annual variations in the zooplankton
communities were analyzed using PRIMER v7.0.11 with the
routine PREMANOVA (Abdullah Al et al., 2018; Clark and Gorley,
2015; Anderson et al., 2008). Bray-Curtis similarity and Euclidean distance matrices were computed on square root transformed species abundance data and on log-transformed/
normalized environmental data, respectively. The species contribution as top rank contributors in each sampling period was conducted by SIMPER analysis. The species distribution among four
sampling period was analyzed by the sub-module of CLUSTER
on Bray-Curtis similarities from the standardized species abundance data. The annual variations in community patterns were coordinated using the sub-module of dbRDA (distance based redundancy analysis) of PREMANOVA in PRIMER (Anderson et al.,
2008), while the annual pattern of environmental variables was
coordinated using the routine PCA (principle component analysis) (Abdullah Al et al., 2018; Clark and Gorley, 2015).
Univariate analysis of Pearson correlation matrix was conducted using the IBM SPSS v.22 (Landau and Everitt, 2004) to
identify any existences of variance between the environmental
parameters and zooplankton communities.
3 Results
3.1 Environmental variables
The average values of nine environmental variables were: water temperature showed a clear annual variation, ranging from
23.67°C to 30.67°C from summer to spring; salinity ranged from
12.33 to 34.33, with minimum (12.33) in summer and maximum
(34.33) in winter; transparency varied from 17.17 cm (summer) to
75.67 cm (spring); the average pH ranged from 7.24 to 7.54; DO
fluctuated from 4.76 mg/L (summer) to 6.35 mg/L (autumn); TDS
varied from 30.93 μg/L to 32.67 μg/L, maintaining relatively
stable in all seasons; TSS varied from 0.58 μg/L to 1.00 μg/L with
a peak in the winter; NO2-N varied from 0.34 mg/L (summer) to
0.53 mg/L (peaked in autumn); and PO4-P varied from 0.33 mg/L
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to 0.55 mg/L (peaked in the spring).
3.2 Taxonomic composition and species distribution
The species composition, average abundances and the ranks
of the top 8 contributors in each sampling period were given in
Table 1. A total of 32 zooplankton species, belonging to 18 order,
27 families and 15 taxa were identified during the study period.
Of these taxa, 22 species occurred in all seasons and were defined
as “common” species, while eight species (Ampelisca bocki,
Acetes erythraeus, Americamysis bahia, Penaeus indicus, Tempra
longicornis, Cyclops bicuspidatus, Mesopodopsis orientalis and
Scylla serrata) of the top 10 ranked contributors at each season
defined as “dominant” species (Table 1). It was noteworthy that
the other 10 species were occurred in specific seasons, and
defined as endemic species with seasons. For example, Ammothella longipes was found only in summer; Macrobrachium
rosenbergii and Linuche unguiculata were noted in winter and
spring, respectively.
A dendrogram for species distribution in all the four seasons
showed that 32 species formed seven groups at 60% Bray-Curtis
similarity level based on their occurrences and abundances.
Groups 1 and 2 consisted of 25 common/dominant species with
higher composition and abundances in the total zooplankton
communities. Of these 32 species, 26 occurred in summer, 30 in
autumn and 28 species in winter and spring, respectively, which
indicated a clear succession in the zooplankton communities
from summer to spring (Fig. 2).
3.3 Seasonal variation of zooplankton communities
In terms of average values, species number peaked in summer, followed by winter and fall in spring while the maximum
abundance occurred in the summer and gradually dropped in
the spring (Fig. 3). The zooplankton communities represented
clear annual variations in terms of both relative abundances and
species composition (Fig. 4). It was noted that Mesopodopsis orientalis, Acetes erythraeus, Americamysis bahia, Ampelisca bocki,
Cyclops bicuspidatus, Penaeus indicus, Scylla serrata and Temora
longicornis were the primary contributors for the total composition of the communities in all the four seasons, e.g., Americamysis bahia, Penaeus indicus, Scylla serrata and Ampelisca bocki
were contributors for summer; Americamysis bahia, Mesopodopsis orientalis and Cyclops bicuspidatus were for autumn; Americamysis bahia, Mesopodopsis orientalis, Cyclops bicuspidatus,
Temora longicornis, Ampelisca bocki and Penaeus indicus; and
Mesopodopsis orientalis, Acetes erythraeus, Cyclop bicuspidatus,
Temora longicornis, Ampelisca bocki and Penaeus indicus for
winter and spring, respectively.
Based on 12 data points, the distance-based redundancy analysis (dbRDA) demonstrated a clear annual pattern of the zooplankton communities (Fig. 5). For example, the first axis
(dbRDA1, 60.1% of total variation) separated the zooplankton
samples in spring and winter (on the left) from those in autumn
and summer (on the right), while the second axis (dbRDA2,
23.7% of total variation) discriminated the samples in winter and
autumn (upper) from those at the other two samples (lower)
(Fig. 5a).
Vector overlay of Pearson correlations of the eight dominant
species with the dbRDA axis was shown in Fig. 5b. Although
these species were the top 8 ranked contributors in each samples,
vector for 4 zooplankton species (Americamysis bahia, Cyclops
bicuspidatus, Penaeus monodon and Leucothoe spinicarpa) pointed toward the sample cloud in autumn (upper in right), one species (Mesopodopsis orientalis) toward that in winter (upper left),
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Table 1. Species list with average seasonal abundance (N, ind./L), and the top 10 ranks (Rk) by contribution of each species to the
average Bray-Curtis similarity during the study period in the Kohelia channel, northern Bay of Bengal, Bangladesh
Species

Summer
N

Autumn
Rk

N

Winter

3.4 Relationship between zooplankton and environmental parameters
The seasonal changes in environmental variables were summarized by principle component analysis (PCA) in Fig. 5. Vector
overlay of these environmental variables with the PCA axis was
shown in Figs 5c and d and coefficient of correlation (RELSTE)
analysis showed that annual variations in zooplankton com-

N

Spring

Rk
Acetes erythraeus
++
10
+
9
++
4
+++
1
Acetes indicus
++
8
+
...
+
10
+
7
Americomysis bahia
++++
1
+++
1
+++
1
+
5
Ammothella longipes
+
…
–
…
–
…
–
…
Ampelisca bocki
+++
3
+
8
+
8
+
6
Canthocalanus
++
6
+
…
+
…
+
10
pauper
Cheiriphotis
+
…
+
…
+
…
+
5
megacheles
Cyclops bicuspidatus
++
7
++
2
++
2
+
…
Evadne tergestina
+
…
+
…
+
…
–
…
Gammarus roeseli
+
…
+
…
+
…
+
…
Leucothoe spinicarpa
–
…
–
…
+
…
+
…
Linuche unguiculata
–
…
–
…
+
9
+
…
Lucifer faxoni
+
…
+
…
+
7
+
8
Lucifer hanseni
+
…
+
…
+
…
+
…
Mactra chinensis
+
…
+
…
+
…
+
…
Mecrobrachium
–
…
–
…
+
…
+
…
rossenbergii
Mesopodopsis
+
…
++
3
++
2
+
…
orientalis
Micronephtys
+
…
+
…
+
…
+
…
oligobranchia
Neptunus pelagicus
+
…
+
…
–
…
–
…
Nerocila phaioleura
+
…
–
…
+
…
+
…
Oniscus asellus
+
…
+
…
+
…
–
…
Penaeus indicus
++
4
+
6
+
…
++
2
Penaeus mergouiensis
+
…
++
4
++
3
+
4
Penaeus monodon
++
5
–
…
–
…
+
…
Sagitta bedoti
+
…
+
…
+
5
+
…
Scylla serrata
+++
2
+
10
–
…
–
…
Solen brevis
+
…
+
7
–
…
+
…
Spadella cephaloptera
+
…
+
…
+
…
+
…
Tanaissus lilljeborgi
+
…
+
…
+
…
+
9
Temora longicornis
++
9
+
5
+
6
++
3
Trachycardium
+
…
+
…
+
…
+
…
asiaticum
Umbonium
+
…
+
…
+
…
+
…
vestiarium
Note: Abundance: + is 0–1, ++ 1–50, +++ 50–100, and ++++ over 500 ind./L; contribution: … means less contribution by SIMPER results.
Text were bold for eight dominant species.

two species (Acetes erythraeus and Cheiriphotis megacheles) toward those in spring (lower left) and three (Ampelisca bocki, Penaeus indicus and Scylla serrata) toward those in summer (lower
right).
The seasonal variation in species richness, evenness and diversity indices during study period was shown in Fig. 6. The species richness peaked in the winter but dropped in the autumn
(Fig. 6a), while the species evenness and diversity represented
the highest value in spring and lowest in autumn (Figs 6b and c).

Rk

Rk

N

munities were significantly correlated with the changes in environmental variables (ρ=0.552, P<0.05).
Biological-environmental best matching analyses (BIOENV)
demonstrated that the seasonal shift in community structure of
zooplankton was mainly driven by salinity, transparency, temperature and nutrients (ρ=0.773, P<0.05) individually or combined with other environmental parameters (Table 2).
Univariate statistical analysis of correlations between environmental parameters and abundances of eight dominant species of zooplankton was summarized in Table 3. Among the eight
species, four (Mesopodopsis orientalis, Ampelisca bocki, Cyclops
bicuspidatus and Penaeus indicus) were significantly correlated
with TSS, pH and DO (P<0.05). For example, two species Mesopodopsis orientalis and Cyclops bicuspidatus were positively significant correlated with TSS but Penaeus indicus were significantly negative correlated with water pH (Table 3).
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Ⅱ
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Ⅲ
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Ⅳ
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Ⅴ
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Ⅵ
Ⅶ
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Fig. 2. Dendrogram of the species distribution during four seasons using group average clustering based on Bray-Curtis similarities
from square root transformed species abundance data of each species of zooplankton of Kohelia Channel. + represents presence and –
absence.
4 Discussion
In the present study, a total of 32 zooplankton species, belonging to 15 taxonomic groups, were identified during the all
four seasons from the Kohelia channel, Bay of Bengal. This value
is comparable with the reported values by Abu Hena et al. (2016),
who reported 11 taxonomic groups including 33 species from

Bakkhali sub-tropical estuary, Cox’s Bazar, Bangladesh. The
maximum species number and abundance was recorded in post
monsoon and minimum was in monsoon period reported by Abu
Hena et al. (2016), while Sharif et al. (2017) reported 37 major zooplankton groups with the maximum occurrences in monsoon
from the Meghna River Estuary, Bangladesh. In our previous in-
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Fig. 3. Species number (a) and abundance of species (b) of zooplankton communities of Kohelia channel in the northern Bay of
Bengal, Bangladesh.
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Fig. 4. Abundance of species (a) and relative abundance of species (b) of zooplankton communities of Kohelia Channel in the
northern Bay of Bengal, Bangladesh.
vestigation, we found 32 species from 15 taxonomic groups with
maximum abundance in winter and minimum in summer, in
same place with another channel system Kutubdia in Bangladesh
(Abdullah Al et al., 2018), while Iqbal et al. (2014) reported 12
taxa with maximum abundance in winter and minimum in pre
monsoon in southeastern coastal waters in Bangladesh. Furthermore, Khan et al. (2015) reported eight groups at Sitakunda coast
in Bangladesh in the Bay of Bengal, while Savari et al. (2013) reported 15 groups of zooplankton in the Oman Sea with peak
abundance which is observed in northeast monsoon period, who
explained that water hydrographic condition could be leaded to
variation of species composition and distribution. In contrast,
present study was a little bit different from previous reports
which might be due to the geographical location and ecological
condition of the present study area. For example, most of the previous studies were conducted in estuarine environment, while
the present study was in the open maritime channel which could
probably had different ecological parameters, e.g., food availabil-

ity, transparency, salinity variation and nutrients of water, which
directly or indirectly influenced the abundance and composition
of zooplankton.
Based on the present data, 22 species were present in all the
four seasons and others 10 species occurred in specific seasons.
This implies that ecological conditions such as water parameters,
food availability of the study area were different from one season
to another throughout the year. Abdullah Al et al. (2018) and
Sharif et al. (2017) stated that majority of the zooplankton groups
in the northern Bay of Bengal driven coastal waters are shifted
due to environmental condition, e.g., water temperature fluctuation, salinity variation, transparency and dissolved oxygen degradation, which was reflected in our present findings. Of these
32 species, Americamysis bahia was the most dominant species
for three seasons while Ampelisca bocki, Cyclops bicuspidatus,
Mesopodopsis orientalis, Acetes erythraeus and Penaeus indicus
were dominant species in all seasons, although Scylla serrata was
dominant only in summer. In terms of abundances of the dominant species, it should be noted that eight species belonging to
groups of mysids, copepods, Acetes, shrimp larvae, crab larvae
and amphipods were most dominated in this study area probably due to ecological parameters, e.g., salinity, transparency and
pH of this channel system. In addition, the sustainability of mangroves and salt marshes habitats by providing shelter zone and
adequate food supply for zooplankton were reported elsewhere
(Abdullah Al et al., 2018; Abu Hena et al., 2016).
The species richness peaked in winter but dropped in autumn, while the species evenness and diversity showed similar
patterns of changing whereas the highest in spring and the lowest in autumn. It is well recognized that estuary has dynamic environmental characteristics, which govern unique habitat for living organisms that is why abundance and composition of zooplankton was higher than other places (Abdullah Al et al., 2018;
Abu Hena et al. 2016). Bearing these similarities, densely vegetation of mangroves and salt marsh, and estuarine habits in monsoon period of the Kohelia channel also provided favorable ecological niches for zooplankton communities. In the coastal waters, copepod density has reported to be highly related with salinity level during rainy season when freshwater added in water it
turned to be declined (Abdullah Al et al., 2018; Abu Hena et al.,
2016; Cook et al., 2007; Rakhesh et al., 2006; Hirst et al., 1999).
Present study findings also reflected these arguments, and indic-
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northern Bay of Bengal, Bangladesh.
ating that copepods showed positive correlation with water temperature, salinity and transparency. Thus, these implies that with
increasing salinity, temperature and transparency directly/indirectly influenced the composition and abundance of copepods
than other zooplankton communities.
It has been increasingly recognized that multivariate analysis
is more effective than univariate analysis for detecting the changing of community structure (Abdullah Al et al., 2018; Clark and
Gorley, 2015). In this study, clustering analysis based on BrayCurtis similarity, dbRDA and PCA of 32 species revealed a significant relationship between community variation in the zooplankton communities and the changes in the environmental
parameters. Best matching analyses showed that temperature,

salinity and nutrients probably the main drivers to the annual
patterns of the zooplankton communities in such a subtropical
channel system. Seasonal cycle and situation of zooplankton species depend on water salinity, nutrients and transparency (Abdullah Al et al., 2018; Hwang et al., 2010; Mohanty et al., 2010;
Osore et al., 2004). Based on present study, it has revealed that
zooplankton communities of Kohelia channel in the northern
Bay of Bengal governed by different hydrological factors of the
channel environment where monsoonal activities of the Bay support very suitable ecological niche for mysids as well as other
dominant zooplankton groups most prominently for copepods,
amphipods and shrimps.
In conclusion, this is one of the pioneer research focusing on
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Table 2. Summary of results from biota-environment (BIOENV) analysis showing the ten best matches of environmental variables
with spatial variations in the zooplankton abundances during the study period
Rank
Environmental variables
ρ value
P value
1
Trans, NO2-N
0.773
<0.05
2
T, Sal, Trans, TDS, NO2-N
0.770
<0.05
3
T, Sal, Trans, PO4-P, NO2-N
0.767
<0.05
4
T, Sal, Trans, NO2-N
0.762
<0.05
5
Sal, Trans, PO4-P, NO2-N
0.762
<0.05
6
T, Sal, Trans, NO2-N
0.761
<0.05
7
Sal, Trans, NO2-N
0.761
<0.05
8
Sal, Trans, TDS, PO4-P, NO2-N
0.759
<0.05
9
T, Trans, NO2-N
0.756
<0.05
10
Sal, Trans, NO2-N
0.753
<0.05
Note: ρ value is Spearman correlation coefficient and P value statistical significance level. T represents water temperature, Sal salinity,
Trans transparency, TDS total dissolved solid, PO4-P water soluble reactive phosphate-phosphorus, and NO2-N water nitrite nitrogen.

Table 3. Pearson correlation between average values of the eight dominants zooplankton species with average environmental
variables during the study period
Species
Acetes erythraeus
Americamysis bahia

T
0.355
–0.471

Trans
0.881
–0.860

pH
–0.842
0.906

Sal
0.786
–0.716

TSS
0.210
–0.122

TDS
–0.676
0.846

DO
0.325
–0.086

NO2-N
0.702
–0.677

PO4-P
0.470
–0.460

Ampelisca bocki
Cyclops bicuspidatus
Mesopodopsis orientalis
Penaeus indicus
Scylla serrata
Temora longicornis

0.774
–0.694
–0.614
0.678
0.512
0.307

–0.427
0.747
0.801
0.656
–0.714
0.854

–0.340
0.116
0.036
–0.973*
0.049
–0.797

–0.636
0.884
0.896
0.495
–0.851
0.783

–0.824
0.973*
0.956*
–0.175
–0.782
0.223

–0.489
0.057
–0.124
–0.763
–0.136
–0.572

–0.974*
0.774
0.603
0.039
–0.943
0.428

–0.564
0.889
0.942
0.400
–0.759
0.676

0.438
–0.553
–0.583
0.749
0.189
0.487

Note: * Correlation is significant at the P<0.05 level. DO represents dissolved oxygen, TSS total suspended solid, and pH water hydrogen
ion concentration. Significant values were in bold text. See Table 2 for other abbreviations.

annual variation in community patterns of zooplankton with response to environmental changes in the subtropical channel of
Kohelia in the northern Bay of Bengal, southeastern coastal zone
of Bangladesh. Of these 32 species, 22 distributed in all season of
which eight species were found dominant with the highest
abundances and composition in the zooplankton communities.
Due to strategic location of the Kohelia channel, this place is
highly suitable for most of the aquatic animals especially molluscs and shrimps. Besides, the existence of aquatic vegetation
like mangroves and salt marshes could also provide the suitable
habitats for the presence of pelagic mollusc and shrimp in this
channel system. The changing of the salinity, transparency, temperature and nutrients drove the annual pattern in zooplankton
community structures. Thus, this finding revealed that the zooplankton community represented structural variation shaped
by the environmental drivers in tropical channel system, which
might be used as bioassessment of monitoring program for assessing coastal ecosystems. We recommended that further more
studies are needed to justify this statement.
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Abstract

Plankton respiration is an important part of the carbon cycle and significantly affects the balance of autotrophic
assimilation and heterotrophic production in oceanic ecosystems. In the present study, respiration rates of the
euphotic zone plankton community (CReu), size fractionated chlorophyll a concentration (Chl a), bacterial
abundance (BAC), and dissolved oxygen concentration (DO) were investigated during winter and summer in the
northern South China Sea (nSCS). The results show that there were obvious spatial and temporal variations in
CReu in the nSCS (ranging from 0.03 to 1.10 μmol/(L·h)), CReu in winter ((0.53±0.27) μmol/(L·h)) was two times
higher than that in summer ((0.26±0.20) μmol/(L·h)), and decreased gradually from the coastal zone to the open
sea. The distribution of CReu was affected by coupled physical-chemical-biological processes, driven by monsoon
events. The results also show that CR eu was positively correlated with Chl a, BAC, and DO, and that BAC
contributed the highest CReu variability. Furthermore, the results of the stepwise multiple linear regression
suggest that bacteria and phytoplankton were the dominant factors in determining CReu (R2 = 0.82, p<0.05) in the
nSCS. Based on this relationship, we estimated the integrated water column respiration rate (CRint) within 100 m
of the investigated area, and found that the relationship between the biomass of the plankton community and
respiration may be nonlinear in the water column.
Key words: northern South China Sea, plankton community, respiration, phytoplankton, bacteria
Citation: Zeng Xiangxi, Hao Qiang, Zhou Guangdong, Le Fengfeng, Liu Chenggang, Zhou Wenli. 2018. Plankton respiration in the
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1 Introduction
Plankton respiration, the ability of planktonic organisms to
consume oxygen and release CO2, is the key link to organic-inorganic transformation in oceanic ecosystems, as well as one of the
most important aspect of studies of the carbon cycle. The total
respiration of the marine ecosystem consumes up to 186 Gt/a
organic carbon (17.2 Pmol/a O2), which is approximately equal
to the oceanic gross primary production, and most of the organic
carbon consumption is associated with plankton respiration
(Williams and del Giorgio, 2005). Although plankton respiration
exists throughout the water column, the respiration rate is usually higher in the upper layer where photosynthesis occurs and
biological events are concentrated. It was estimated that the
planktonic community respiration in the euphotic zone alone
may be responsible for approximately 50% of the total organic
carbon consumption in the open ocean (del Giorgio and Duarte,
2002).
The respiration of plankton communities is usually expressed as the consumption rate of dissolved oxygen. Plankton

respiration rates are mainly dependent on the biomass of plankton communities and their metabolic activities, which are controlled by environmental factors such as temperature, nutrients,
and dissolved organic carbon (Williams and del Giorgio, 2005).
Temperature is a critical factor for controlling the metabolic rate
of plankton communities, and therefore, on a global scale, the
respiration of plankton communities increases gradually from
the polar regions to the tropical areas with increasing temperatures (Rivkin and Legendre, 2001; Garcia-Corral et al., 2017). The
respiration of the plankton community in the Antarctic Ocean
has been shown to be 14.1–52.8 mmol/(m2·d), while the mean
value in a tropical area was 32.3–131.3 mmol/(m 2 ·d) (Zhang,
1999). The variation in the respiration rate is significantly affected by the biomass dominant species in the plankton community, and therefore, heterotrophic bacteria, phytoplankton, or
zooplankton probably control plankton respiration in the different ecosystems. In some productive coastal zones, community
respiration rate has been shown to be positively correlated with
phytoplankton biomass, where more than 60% of the change in
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respiration in the upper layer could be explained by changes in
gross primary productivity (Pringault et al., 2009). However, in
the oligotrophic open sea area, the oxygen consumption of heterotrophic bacteria usually contributed more than 50% of community respiration (Schwaerter et al., 1988; Rivkin and Legendre,
2001). Moreover, it was reported that zooplankton grazing was
enhanced in a late spring bloom, and that plankton community
respiration was also related to protozoan biomass to a certain degree (Ahrens and Peters, 1991; Chen et al., 2003). Ocean circulation and river input can carry a large quantity of nutrients and
dissolved organic carbon that affect horizontal transportation or
vertical movement, where violent fluctuations in nutrient concentration can significantly affect the biomass of plankton communities, thereby influencing community respiration rates.
Therefore, a certain degree of coupling exists between plankton
respiration and physical processes.
In comparison with photosynthesis, there are relatively few
investigations of plankton community respiration in China’s
seas. Previous researchers have found that plankton community
respiration at the Changjiang (Yangtze River) Estuary exhibited
extremely wide distributions in characteristics that gradually decreased from the estuary to the open sea, and that plankton community respiration was positively correlated with bacterial
abundance (Ning and Coudé, 1991). Li et al. (2002) combined apparent oxygen utilization and the range and thickness of an anoxic area to calculate the oxygen consumption of an anoxic area
near the Changjiang Estuary, which was estimated to be approximately 1.59×106 t. Subsequent investigations in the East China
Sea determined that the factors governing plankton community
respiration in different trophic systems were distinct, where bacteria were found to be the main contributors of plankton community respiration in the mesotrophic system, protozoans were
the dominant contributors of plankton community respiration in
the oligotrophic system, and the influence of temperature on
plankton community respiration was small (Chen et al., 2003).
Research in the Taiwan Strait also verified that the correlation
between plankton community respiration and chlorophyll a concentration in winter and summer was not significant, thereby indicating that phytoplankton was not the main contributor to
community respiration rate (Huang et al., 2005). Wang et al.
(2014) compared plankton community respiration and primary
production in the Taiwan Strait and in the nSCS during summer,
and reported the distribution patterns of autotrophic and heterotrophic regions. In the South China Sea, several studies have indicated that primary production exhibits significant seasonal
variation and is coupled with monsoon-driven patterns of ocean
circulation (Liu et al., 2002; Ning et al., 2004). However, research
on seasonal variations in plankton community respiration in the
South China Sea is lacking, and even less research has focused on
the relationship between plankton community respiration and
ecological factors here.
In the present study, we described distributions in the rates of
plankton community respiration in the euphotic zone (CR eu )
during different monsoon seasons in the nSCS. We conducted a
comprehensive observation of ecological factors, and in situ incubation measurements of CR eu during two seasonal cruises
(winter and summer). The relationships between CReu and ecological factors were also analyzed. This work aimed to provide
basic data for studying the micro-ecology and carbon cycle of the
nSCS, and help to understand the coupling between plankton communities and the environmental forces at the regional
scale.
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2 Materials and methods
2.1 Study area and sampling
Samples were collected during winter and summer of 2009 in
the nSCS (18°30'–23°00'N, 111°00'–117°00'E). The winter cruise
was from 11 to 23 February 2009 and comprised 22 stations (two
transects perpendicular to the coast line and two transects parallel to the coast line, Fig. 1). The summer cruise was from 12 to 23
August 2009, and also comprised 22 stations (same configuration
as the winter cruise, Fig. 1). To understand the spatial variation of
the different variables, the nSCS was categorized into the coastal
zone (<50 m), continental shelf region (50–200 m), and open sea
(>200 m) according to depth.
Samples of seawater were collected for the determination of
temperature (T), dissolved oxygen concentration (DO), chlorophyll a concentration (Chl a), and bacterial abundance (BAC)
using 5 dm3 Niskin bottles at the following depths: surface layer
(0 m), 10 m, 25 m, 50 m, 100 m, 150 m, and 200 m. There were
seven and five sample stations for measuring CReu in winter and
summer, respectively. Sampling depths corresponded to light
levels of 100%, 10%, and 1% of the surface irradiance. Water
samples in each layer were pre-screened through 200 μm mesh
to remove larger zooplankton, and were then incubated in parallel.
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Fig. 1. Sampling stations (●) in the northern South China Sea
(nSCS) during winter and summer of 2009.
2.2 Methods of measurement
2.2.1 Plankton community respiration
Plankton community respiration rates are usually represented by the difference in dissolved oxygen between initial and dark
treatments (Robinson et al., 2002; Chen et al., 2003). In this study,
plankton community respiration was determined by measuring
the change in the rate of DO during a dark incubation period.
Owing to limits imposed by the plan of the cruise, and by logistical support, only a very few stations were reached between midnight and dawn, and thus water samples for CReu were collected
in the morning of each sampling day (6:00–12:00). First, each prescreened water sample was aliquoted into two 250 cm 3 acidwashed black glass bottles (black bottles were pre-sterilized after
being immersed in diluted hydrochloric acid for 8 h and repeatedly washed (Pringault et al., 2009) until they overflowed.
The bottles were then carefully sealed using a silica gel plug with
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electrodes, paying careful attention to eliminating air bubbles in
the bottles during this process. Next, the bottles were placed in a
large incubation tank on deck to maintain the in situ temperature by pumping surface seawater into the tank (Ganf, 1974;
Markager et al., 1992; Xu et al., 2006). As the study area included
estuary and upwelling regions with higher activities of heterotrophic organisms, a 6 h incubation time was chosen to avoid the
influence of the growth of microzooplankton and bacterioplankton. DO was determined in culture bottles using a six-channel
oxygen meter with high-sensitivity SI1302 microcathode oxygen
electrodes (Strathkelvin Instruments, Ltd, North Lanarkshire,
Scotland), and probes were calibrated by iodometry before each
incubation experiment according to the National Standards of
the PRC (2008b). The dissolved oxygen meter recorded DO values once per second, and plankton community respiration rates
were calculated by the differences in DO during the incubation
period.
2.2.2 Measurements of environmental parameters
Sampling and procedures to determine T, salinity, and DO
were conducted according to the method of China National Specifications Oceanographic Survey Standards (National Standards
of the PRC, 2008a, b).
Bacterial abundance was analyzed by FCM (flowcytometry;
FACSCalibur, Becton Dickinson Co., USA) according to Marie et
al. (1999). A 5 cm3 subsample of water was fixed with paraformaldehyde (1%), quick-frozen in liquid nitrogen, and stored at –80°C
in the laboratory. After thawing at room temperature, an aliquot
(0.5 cm3) of the water sample was stained with SYBR Green-I in
the dark for approximately 10 min before measurement by FCM
(Marie et al., 1999). Fluorescence at >650 nm (FL3 instrument
channel) was ascribed to Chl a. Fluorescence centered on
(585±21) nm (FL2) was ascribed to phycoerythrin. Forward angle
light scatter (FSC) and side angle light scatter (SSC) indicated the
relative size and refractive properties of cells (Booth, 1988). The
raw data were processed using CellQuest software (Becton
Dickinson Co.) and were saved in a list mode file. Identification
of three major groups of phPico—Syn, Pro and PEuk—was based
on interactive analysis of bivariate cyto grams (Marie et al., 1999),
using CellQuest software (Becton Dickinson Co.) as well.
Chl a was measured using the acetone extraction fluores-

cence method (Holm-Hansen et al., 1965) using a Turner Designs
fluorometer. For the determinations of size-fractionated Chl a,
water samples were filtered through 20-μm mesh (for the retention of net-phytoplankton), a Nuclepore filter (pore size: 2.0 μm)
for the retention of nano- and net-phytoplankton, and a Whatman GF/F filter for the retention of pico-, nano-, and net-plankton after incubation. After analyzing the content of each filter, the
three fractions could be easily calculated.
2.2.3 Data analysis
The integrated value of CReu, DO, T, and Chl a were calculated according to Eq. (1):

Y=

n¡1
X
(X i + X i+1)
£ (D i+1 ¡ D i ) ;
2
1

(1)

where Y was the integrated value of each station, n was the number of sample layer, Xi was the parameter value at layer i, and Di
was the sample depth of layer i, 1≤i≤n–1.
The integrated average value of each parameter was calculated by Eq. (2):
Yavg = Y=Z max ;

(2)

where Yavg was the integrated average value of each station, and
Zmax was the maximum depth of the sample layer.
The regression model was calculated and analyzed using Rstudio. Correlations between CReu and ecological factors were fitted using a type-II linear regression. In addition, a step-by-step
regression method was used to conduct multiple linear regression analyses of the relationships between CReu and ecological
factors.
3 Results
3.1 Hydrographical and biological variables in the nSCS
The integrated average values of environmental parameters
measured within the water column (<200 m) in the nSCS are
presented in Table 1. The results show that the distribution of environmental parameters in the nSCS exhibit significant seasonal

Table 1. Integrated averages of the rates of plankton community respiration (CReu) and related environmental parameters in the
northern South China Sea (nSCS) during the winter and summer of 2009
Winter
Summer
Coastal zone
Continental shelf
Open sea
Coastal zone
Continental shelf
Open sea
T/°C
20.2±1.2
21.7±0.8
21.3±0.9
26.6±2.1
25.1±1.0
20.6±0.5
n=8
n=6
n=8
n=8
n=6
n=8
DO/μmol·dm–3
551.12±56.54
499.78±21.62
422.87±31.97
394.95±74.65
434.59±16.32
378.25±13.30
n=8
n=6
n=8
n=8
n=6
n=8
Chla/
Sum
3.05±3.05
0.39±0.09
0.18±0.04
1.86±1.69
0.26±0.05
0.09±0.03
mg·m–3
n=8
n=6
n=8
n=8
n=6
n=8
Net
1.66±2.20
0.05±0.04
0.01±0.00
1.04±1.04
0.03±0.02
0.01±0.00
n=8
n=6
n=8
n=8
n=6
n=8
Nano
0.86±0.72
0.10±0.05
0.03±0.01
0.58±0.74
0.06±0.03
0.02±0.00
n=8
n=6
n=8
n=8
n=6
n=8
Pico
0.53±0.36
0.24±0.07
0.14±0.04
0.25±0.17
0.18±0.04
0.07±0.02
n=8
n=6
n=8
n=8
n=6
n=8
BAC/106 cell·cm–3
1.3±0.4
0.9±0.1
0.6±0.1
1.3±0.3
0.8±0.2
0.4±0.0
n=8
n=6
n=8
n=8
n=6
n=8
CReu /μmol·L–1·h–1
0.82
0.63±0.15
0.36±0.15
0.67
0.35±0.01
0.09±0.04
n=1
n=3
n=3
n=1
n=2
n=2
Note: T represents temperature, DO dissolved oxygen, BAC bacterial abundance, and Chl a chlorophyll a concentration; and these
parameters were calculated in water column. CReu represents the rates of plankton community respiration, and was calculated in euphotic
zone. Values are mean±standard deviation and n number of sample stations.
Parameter
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differences and spatial variation. In the winter, T, DO, Chl a and
BAC were (21.8±2.1)°C, (484.55±64.52) μmol/dm3, (0.73±1.58)
mg/m3, and (0.9±0.4)×106 cell/cm3, respectively. In terms of horizontal distribution, T increased with increasing distance from the
coastline, while DO, Chl a and BAC gradually decreased from the
coastal zone to the open sea. The contributions of net-, nanoand pico-fractions to Chl a were 49%, 27% and 24%, respectively.
In terms of vertical distribution, T decreased with increasing water depth. Coastal water was uniform owing to vertical mixing,
and thermocline intensity was weak in the nSCS (Fig. 2).
In comparison with winter, the entire study area was characterized by high T ((24.8±4.8)°C), low DO ((419.46±77.71) μmol/dm3),
and low biomass (including Chl a ((0.50±1.23) mg/m3) and BAC
((0.8±0.4)×106 cell/cm3) in summer. In terms of horizontal distribution, T, Chl a and BAC gradually decreased from the coastal
zone to the open sea; however, the highest value of DO was encountered in the continental shelf area. Net-, nano and pico-fractions contributed 50%, 29% and 21% to Chl a, respectively, which
was similar in comparison with that in winter. In terms of vertical distribution, the intensity of the thermocline in the summer
was relatively strong. The thermocline in the coastal zone appeared at a depth of 20–30 m, while the thermocline of the open
sea appeared at 50–75 m layer (Fig. 2). Both Chl a and BAC
presented the phenomenon of subsurface maximum, significantly (Le et al., 2015; Zeng et al., 2017).
3.2 CReu in the northern South China Sea
3.2.1 Distribution of CReu
The distribution of CReu at depths with 100%, 10% and 1% of
surface incident irradiance in winter and summer is shown in
Fig. 3. The CReu in winter was significantly higher than that in
summer. The CR eu ranged between 0.10–1.10 μmol/(L·h) and
0.03–0.67 μmol/(L·h) in winter and summer, respectively. The
mean value of CReu in winter was (0.53±0.27) μmol/(L·h), which

was approximately two times the summer value ((0.26±0.20)
μmol/(L·h)). The horizontal distribution of CReu at each layer was
similar in winter and summer, both decreasing from the coastal
zone to the open sea (Fig. 3 and Table 1). CReu in both the coastal
zone and the continental shelf in winter remained high (0.82 and
(0.63±0.15) μmol/(L·h), respectively), while in the summer, the
highest CReu (0.67 μmol/(L·h)) was encountered in the coastal
zone.
In terms of vertical distribution, the CReu maximum mainly
appeared at the subsurface layer in both seasons, with the exception of the coastal zones. From the surface to the bottom of the
euphotic zone, the CR eu values at each sample depth were
(0.56±0.26), (0.56±0.24) and (0.47±0.33) μmol/(L·h), respectively,
in winter. The CReu maximum in the coastal zone generally appeared at the surface, while in the continental shelf and open sea,
it generally appeared at depths with light attenuated to 10% of the
surface irradiance. In summer, CReu values at depths with 100%,
10% and 1% of surface incident irradiance were (0.19±0.10),
(0.22±0.15) and (0.26±0.25) μmol/(L·h), respectively. The CReu
maximum appeared at depths with light attenuated to 1% in the
summer. It is worth noting that, Sta. A2 was not taken into consideration for this calculation, as only data for surface CReu was
obtained during the experiment.
3.2.2 Relationships between CReu and ecological factors
By comparing CReu and ecological factors in the different regions of the nSCS (Table 1), it could be seen that CReu and ecological factors exhibited distinct differences between the different
regions of the nSCS. In the winter, T was lower than in the summer, where the temperature difference between winter and summer was 1–6°C. However, for CReu, the values for DO, Chl a and
BAC were higher in winter than in summer, and their distributions were relatively consistent with each other. In terms of horizontal distribution, the values for CR eu , Chl a and BAC in the
coastal zone were significantly higher than those in the contin0
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Fig. 3. Distribution of the rates of plankton community respiration (CReu) in the northern South China Sea (nSCS) during the winter
and summer. a, c, e. CReu in winter and b, d, f. CReu in summer.
ental shelf and open sea. DO presented a progressively decreasing trend from the coastal zone and continental shelf to the open
sea. Because thermal conductivity was higher in the continental
shelf than in the ocean, T increased with increasing distance to
the coastline in the winter, but gradually decreased with increasing distance to the coastline in the summer. From the aforementioned results, it can be seen that there is a high consistency
between CReu and ecological factors in the different areas of the
nSCS.
To understand the influence of the aforementioned ecological factors on CReu, linear regression was used to analyze relationships between CReu and T, DO, BAC, and Chl a in the euphotic
zone (Fig. 4). The results show that biological factors (Chl a and
BAC) were significantly positively correlated with CReu. The most
significant correlation was observed between BAC and CR eu ,
where BAC could explain 55% of the variability in CReu, and Chl a

could explain 36%. Of the abiotic factors, DO was significantly
positively correlated with CR eu (R 2 =0.45, p<0.05), while T displayed a relatively weaker negative correlation with CReu (R2=0.20,
p<0.05).
4 Discussion
4.1 Variation in CReu and environmental control
In the South China Sea, in general, there is a significant concomitant relationship between physical, chemical and biological
process at the large- and mesoscales (Ning et al., 2004), such as
biological processes in the upper layers were greatly affected by
monsoon-driven oceanic movements. In summer, estuary and
coastal upwellings are induced by the prevailing southwest monsoon, but the upper water of the whole sea area generally presents as oligotrophic, with a lower plankton community biomass
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Fig. 4. Relationships between the rates of plankton community respiration (CReu) and temperature (T), dissolved oxygen (DO),
chlorophyll a concentration (Chl a), and bacterial abundance (BAC) in the euphotic zone of the northern South China Sea.
owing to the influence of strong anti-cyclonic circulation on the
basin scale (Liu et al., 2002). However, in the winter when the
northeast monsoon prevails, the temperature decreases and the
vertical mixing effect becomes strong. Coastal waters, driven by
the northeast monsoon, move towards the southwest, and bring
abundant nutrients into the South China Sea. Meanwhile, a large
and strong cyclonic western boundary current forms in the western South China Sea, thereby causing an upwelling of lower layers, and thus supplements nutrients in the euphotic zone
(Behrenfeld and Falkowski, 1997). Hence, the primary productivity in winter increases, which supports the higher standing stock
of phytoplankton during this time. In addition, the dissolved organic matter, either released from the phytoplankta or from the
process of zooplankta consuming phytoplankta, can be used by
bacteria for growth and propagation to enhance bacterial abundance (Liu et al., 2007). High levels of nutrients would also lead to
higher BAC, for bacteria can only effectively use dissolved organic matter when sufficient quantities of inorganic nutrients are
present (Tupas and Koike, 1990; Cotner et al., 1997; Donachie et
al., 2001). This study also demonstrates that the intensity of the
thermocline was relatively weak in the winter (Fig. 2), and the
biomass of the plankton community (both Chl a ((0.73±1.58)
mg/m3) and BAC ((0.9±0.4)×106 cell/cm3)) in the water column
in winter was significantly higher than that in the summer

((0.50±1.23) mg/m3 and (0.8±0.4)×106 cell/cm3, respectively). In
addition, owing to the dual influences of the infusion of eutrophic rivers and offshore upwelling, high levels of nutrients and a
high plankton community biomass are commonly reported in
the coastal zone as opposed to in the open sea (Smith, 2006; Liu
et al., 2007; Legrand et al., 2015). Similarly, high values of both
Chl a and BAC encountered in the coastal zone were observed in
the present study, along with a relatively high nutrient concentration, while the lowest values appeared in the open sea (Table 1).
The distribution of CReu, which also exhibited high temporal
and spatial variability in the nSCS, was consistent with data for
Chl a and BAC. Seasonally, CReu was substantially higher in the
winter ((0.53±0.27) μmol/(L·h)) than in summer ((0.26±0.20)
μmol/(L·h)). In terms of horizontal distribution, the CR eu observed in the coastal zone and continental shelf ((0.82±0.20) and
(0.50±0.25) μmol/(L·h), respectively) were quite higher than that
observed in the open sea ((0.25±0.17) μmol/(L·h)). The highest
CReu was observed in the continental shelf during winter, while it
was observed in the coastal zone during summer. In terms of vertical distribution, the highest CReu occurred in the layers where
the Chl a and BAC maxima appeared. Previous studies indicate
that plankton respiration is positively correlated with the biomass of the plankton community (Robinson et al., 2002; Chen et
al., 2003). However, as the composition and biomass of the
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plankton community change concomitantly with the nutritional
conditions and physicochemical environment, there is also a
change in the respiration rate. In the East China Sea, bacteria
were shown to be the main contributor of plankton respiration
when nitrate concentrations were greater than 0.3 mmol/m 3 ;
however, when nitrate concentration was not greater than 0.3
mmol/m3, protozoans governed the respiration of the plankton
community (Chen et al., 2003). In addition, a study on plankton
respiration in the eastern Atlantic found that BAC and Chl a
could explain the variability in the respiration of the plankton
community by 70% and 61%, respectively (Robinson et al., 2002).
In comparison with the aforementioned ocean regions, nutrients
in the nSCS were relatively abundant, and the nitrate concentration at most stations was greater than 0.3 mmol/m3. Thus, it is
unlikely that phytoplankton and bacterial biomass decreased,
and that protozoans became the major component of plankton
respiration as a result of nutrient limitation. The results of the
present study indicate that CReu in the nSCS was significantly and
positively correlated with BAC and Chl a, where Chl a could explain 36% of the variability in CReu, and BAC could explain 55% of
the variability in CReu, suggesting that heterotrophic bacteria are
the main contributors to plankton respiration in the nSCS, and
that phytoplankton and heterotrophic bacteria affect the majority of CReu in a cooperative manner.
Our results also indicate that the abiotic factors T and DO
were weakly correlated with CReu, with relatively lower R2, when
compared with the correlations between CReu and biotic factors.
In the nSCS, CR eu was negatively correlated with T (R 2 =0.20,
p<0.05), which was inconsistent with the reports of a previous
study conducted in the Chesapeake Bay, where the seasonal variation in CReu was positively correlated with temperature (Sampou and Kemp, 1994). Generally, plankton respiration demonstrates a significant sensitivity to fluctuations in temperature,
where increasing temperature would accelerate the respiration
rate (Ganf, 1974). In general, Q10—the temperature sensitivity
coefficient—of plankton respiration has been shown to be approximately 2.4 (Jankowski et al., 2014). In other words, with
every 10°C increase in temperature, plankton respiration would
also increase 2.4 times the original value. The temperature-dependent nature of plankton respiration has also been demonstrated in the North Atlantic Ocean Gyre (García-Corral et al.,
2014). However, the respiration rate of the plankton community
in this case was also controlled by the biomass of the plankton
community (García-Corral et al., 2014), where this was mainly
dependent on nutrient level and the concentration of dissolved
organic carbon. In the nSCS, the increasing temperature would
enhance the thermocline, thereby preventing the high-nutrient
water under the thermocline to be transported into the euphotic
zone, which restrains the growth of phytoplankton. Therefore, increased temperature indirectly reduces primary production in
the water, and consequently lowers the biomass of phytoplankton and bacteria (Liu et al., 2007; Le et al., 2015; Hao et al., 2016),
thereby decreasing the respiration of the plankton community.
According to the results of the present study, we believe that in
the nSCS, the effect of biomass on CReu is more pronounced than
temperature. This could be the main reason for the negative correlation between CReu and T observed in the nSCS. In addition,
the CReu in the nSCS was positively correlated with DO (R2 = 0.45,
p<0.05). The results of a previously published study indicated
that in waters with relatively abundant levels of nutrients, low
levels of DO (31.25–62.50 μmol/dm3) would limit the respiration
of the plankton community, and thus the influence of DO above
the limited value on respiration was not very significant (Sam-

pou and Kemp, 1994). In the present study, the minimum values
of DO in winter and summer in the nSCS were 286.07 μmol/dm3
and 177.55 μmol/dm3, respectively, which were both substantially higher than the DO concentration that is considered to be
limiting in plankton community respiration. Thus, the DO in the
study area would not impose a restriction on CReu. The positive
correlation observed between DO and CReu could be a result of
the following scenarios: (1) DO increased with increasing
primary productivity, where approximately 10% of the primary
productivity was released in the form of soluble inorganic carbon, thereby accelerating the growth of bacteria; (2) DO was generally positively correlated with phytoplankton biomass, which
was also the main contributor of respiration under conditions of
darkness (Markager et al., 1992; Zheng et al., 1992). Therefore,
taken together, the aforementioned information indicates that
abiotic factors do not directly influence the variability of CReu in a
significant manner, but they mainly exert indirect effects on the
variability of CReu via their effects on biotic factors.
4.2 Comparisons with previous studies
In comparison with the published findings regarding respiration in subtropical ocean waters, the distribution of CReu in the
nSCS presented consistency in a general trend, and also preserved the peculiarity of the investigated area (Table 2). On one
hand, the CR eu in the study area decreased sharply from the
coastal zone to the open sea, which was consistent with trends of
plankton respiration gradually decreasing from the inner to the
outer southeastern continental shelf in the USA (Pomeroy et al.,
2000) and the continental shelf regions of the Mediterranean and
the East China Sea (Le Ferla et al., 2006; Chen et al., 2003). Affected by factors such as the input of terrestrial organic matter
and near shore upwelling, nutrients in the coastal zone and the
continental shelf are relatively rich, and effectively support the
high plankton community biomass observed in these regions,
which causes the relatively higher respiration of plankton communities in the coastal zone and inner continental shelf (Iriarte
et al., 1991; Chen et al., 2003). On the other hand, plankton community respiration in the winter in the nSCS was significantly
higher than that in the summer, in contrast to the findings of a
higher-latitude continental shelf near Georgia, USA (Jiang et al.,
2010). Bearing in mind the Q10 value of plankton (2.4) (Jankowski et al., 2014), the temperature difference between winter and
summer in the continental shelf of Georgia was between 10–20°C
(which exerted a significant influence on CReu), while the temperature difference between winter and summer in the present
study was approximately 1–6°C, and appears to have had little influence on the respiration of the plankton community.
A comparison between the CReu in the nSCS and that of open
sea regions of similar latitudes can be seen in Table 2. This comparison shows that the CReu in the nSCS in summer was higher
than the values observed in oligotrophic regions (e.g., Central
North Pacific Ocean Gyre, North Atlantic Subtropical Gyre, Eastern Tropical Atlantic Gyre) (Williams and Purdie, 1991; Gonzále
et al., 2001; Robinson et al., 2002), and was slightly lower than
that in the open sea areas of upwelling with relatively abundant
nutrients (North West African Upwelling) (Robinson et al., 2002).
It is also important to note that variations in sampling and incubation time could lead to slight differences in the resulting
measurements of plankton respiration. As aforementioned, it is
ideal to collect water samples before dawn to ensure consistency
between metabolic level and the circadian rhythm of plankton
communities (Gasol et al., 1998). However, some studies have indicated that the activities of bacteria and the abundance of het-
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Table 2. Comparison of rate of plankton community respiration (CReu) in the euphotic zones of subtropical oceans
Region

Season

T/°C

South-eastern USA continental shelf
(28.0°–34.0°N, 78.0°–83.0°W)
Inner shelf
winter
ND
Middle shelf
winter
ND
At the edge of the Gulf Stream
winter
ND
Continental shelf off Georgia, USA
winter
10.0–30.0
(30.8°–32.2°N, 79.5°–81.5°W)
nSCS (18.5°–22.0°N, 111.0°–117.0°E)
winter
20.2–25.5
South-eastern USA continental shelf
(28.0°–34.0°N, 78.0°–83.0°W)
Inner shelf
summer
ND
Middle shelf
summer
ND
At the edge of the Gulf Stream
summer
ND
CNPO (Central North Pacific Ocean Gyre;
summer
24.9–25.3
28.0°–29.0°N, 154.0°–155.0°W)
NAS (North Atlantic Subtropical Gyre;
summer
20
28.0°–38.0°N, 38.0°–18.0°W)
ETRA (Eastern Tropical Atlantic Gyre; 15.5°S–14.2°N) summer
22.2–28.9
NWAF (North West African Upwelling; 14.9°–21.2°N)
summer
22.6
nSCS (18.5°–22.0°N, 111.0°–117.0°E)
summer
25.5–30.3
Note: Data are represented as means and ranges. ND means no data.

erotrophic flagellates were the highest at midnight or during
early morning (Kuipers et al., 2000). Therefore, collecting water
samples before dawn could result in the estimated respiration
rate of plankton communities to seem high, while collecting water samples during the daytime could result in an underestimation. Thus, in the present study, the later collection times may
have resulted in an underestimation of the respiration rate. Likewise, differences in incubation may also result in differences in
respiration rate estimation. In general, the incubation time is 24
h. Under the assumption that the respiration rate increases linearly with time, a 24 h incubation is ideal to record the complete
diurnal variation of plankton community respiration. However,
Bender et al. (1999) points out that the accelerated growth, grazing, and death of microzooplankton in the absence of large
grazers during the incubation period in bottles may result in underestimations of plankton community respiration rates, and
that using short incubation times can, at least partially, alleviate
this problem. In the present study, the incubation time was 6 h,
which could have caused a slight overestimation of CReu, even
though it weakened the bottle effect. Despite the sampling and
incubation times in the present study, the differences in CR eu
between this study and other similar studies are not substantial,
and trends in the large-scale distribution of CReu tendency are
comparable. Therefore, we suggest that the error from methodological variation did not exert a significant influence on large-

CReu (calculated by O2)/
mmol·m–3·d–1 mmol·m–2·d–1

Reference

26.4
16.8
7.2
0.3–3.3

ND
ND
ND
ND

Pomeroy et al. (2000)
Pomeroy et al. (2000)
Pomeroy et al. (2000)
Jiang et al. (2010)

4.6–19.6

548

this study

22.8
31.2
24
0.1–1.6

ND
ND
ND
53

ND

142

Pomeroy et al. (2000)
Pomeroy et al. (2000)
Pomeroy et al. (2000)
Williams and Purdie
(1991)
Gonzále et al. (2001)

ND
ND
1.7–16.0

159
211
208

Robinson et al. (2002)
Robinson et al. (2002)
this study

scale seasonal variations in respiration and spatial tendencies.
4.3 Possibility of estimating respiration rate by environmental
factors
The correlations between plankton community respiration
and environmental parameters have been previously used to estimate plankton community respiration, either partially or entirely (Jensen et al., 1990; Chen et al., 2003). In addition, it has
been shown that the correlation between plankton community
respiration and a single parameter was significantly lower than
the correlation between plankton community respiration and
multiple parameters (Chen et al., 2003). In the present study, the
biomass, physical environment, and community structure were
considered in the multiple linear regression (since DO in the investigated area was much higher than the DO concentration limiting plankton respiration, it was not considered here). As indicated in Table 3, in the regression group with two variables, the
combination of BAC and Chl a was the closest predictor of CReu,
and could explain 82% of the variation in CReu, indicating that
bacteria and chlorophyll were the main factors influencing
plankton respiration in the nSCS. After adding the variable of
temperature, and using the size-fractioned chlorophyll concentration instead of Chl a, R2 did not significantly increased, indicating that temperature and community structure have little predictive effect on CReu. Thus, the combination of BAC and Chl a

Table 3. Results of multiple linear regression between CReu and related factors in the northern South China Sea (nSCS)
Function
R2
CReu = –0.015 9 × T + 0.300 18 × Chl a + 0.695 98
0.38
CReu = –0.032 013 × T + 0.706 14 × BAC + 0.503 764
0.67
CReu = 0.694 14 × BAC + 0.311 92 × Chl a − 0.391 58
0.82
Chl a
CReu = –0.010 008 × T + 0.686 117 × BAC + 0.276 569 × Chl a − 0.123 779
0.83
Net
CReu = –0.018 753 × T + 0.707 924 × BAC + 1.144 718 × Net + 0.106 085
0.86
Net
Nano
CReu = –0.013 09 × T + 0.803 224 × BAC − 0.331 087 × Net + 1.043 628 × Nano − 0.140 226
0.87
Net
Nano Pico
CReu = – 0.021 476 × T + 0.823 22 × BAC − 0.411 904 × Net + 1.342 398 × Nano −
0.89
0.291 136 × Pico + 0.095 266
Note: Net, Nano and Pico represent the concentration of net-Chl, nano-Chl and pico-Chl, respectively. The units of CReu, T, BAC, Chl a,
Net, Nano, and Pico are μmol/(L·h), °C, 106 cell/mL3, mg/m3, mg/m3, mg/m3, and mg/m3, respectively.
Factor

T
T
BAC
T
T
T
T

Chl a
BAC
Chl a
BAC
BAC
BAC
BAC
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could be the most effective predictor of the distribution of CReu in
the nSCS.
Based on the multiple linear regression equation of CReu, BAC
and Chl a, and the measurements of Chl a and BAC in the water
column at each station, plankton respiration in the water column
(CRint) within 100 m of the study area was estimated. The average CRint in winter and summer in the nSCS was (17.32± 20.27)
mmol/(m 3 ·d) and (11.81±12.18) mmol/(m 3 ·d), respectively,
which is consistent with the distribution of CReu. However, CRint
below the euphotic zone of the open ocean—estimated from the
multiple linear regression equation of CReu, BAC and Chl a—contained negative values. The reason might be the inconsistencies
in plankton biomass and respiration inside and outside the euphotic zone. The changes in bacterial metabolism, which was
caused by the sharply decreasing temperature from the upper
euphotic zone to deeper layers, might have resulted in the abovementioned inconsistency. It has been found in controlled experiments on respiration that when the controlled-environmental
temperature is 5°C lower than the in situ temperature, plankton
respiration dropped by about 20%–50%, and bacterial respiration also presented significant temperature dependency (Wang,
2014). Our observations indicated that the average temperature
in the 100–200 m deep waters was 7.6°C lower than the average
temperature in the waters above 100 m. The rapid drop in temperature possibly caused the decrease in bacterial metabolism
below the euphotic zone, thereby causing a greater decrease in
plankton respiration. Moreover, there were differences in the
quality and quantity of organic substances available for consumption by the microbial communities in the upper and deeper
layers of the ocean (Jiao et al., 2014). The dissolved organic matter brought from the outside and the dissolved organic carbon
generated by primary productivity mainly exist in the euphotic
zone, and nutrient concentration in the euphotic zone is relatively high and easily utilized by bacteria; below the euphotic
zone, the growth of bacteria is slow because of the inefficient degradation of dissolved organic matter and the low availability of
nutrient substances. Hence, owing to the changes in conditions
such as temperature and nutrient availability in the water
column, there may have been a nonlinear relationship between
plankton biomass and respiration outside the euphotic zone. Using the empirical relationship obtained from the parameters in
the euphotic zone may lead to an overestimation of plankton respiration in the water column.
5 Conclusions
In this study, we conclude that plankton respiration in the euphotic zone of the nSCS is higher in winter than in summer, and
respiration in the coastal zone is higher than that in the open sea,
thereby exhibiting significant seasonal and spatial variations.
Plankton respiration was positively correlated with plankton
community biomass, indicating a close coupling effect between
plankton respiration and primary productivity, which is also driven by monsoon-circulation processes. Similar to in other oligotrophic ocean systems, heterotrophic bacteria are the main contributor to respiration. Because respiration is controlled by the
biomass of plankton communities, temperature is not a dominant factor in the upper layer of the nSCS, and the influence of
temperature on seasonal variations in plankton respiration is
lower than that of nutrient availability. In addition, we have
demonstrated that there is a significant error in estimating plankton respiration throughout the water column when using the empirical relationship between plankton respiration and ecological
factors in the euphotic zone. This indicates that the relationship

between plankton respiration and ecological factors may change
as the depth changes. In future, the respiration of plankton communities throughout the water column and possible substitute
factors should be considered when making estimations. More
importantly, it is necessary to integrate observations of primary
production and plankton respiration to describe variations in net
community production to further elucidate the details of the organic carbon budget in the South China Sea.
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Abstract

Dissolved organic matter (DOM) represents a significant source of nutrients that supports the microbial-based
food web in seagrass ecosystems. However, there is little information on how the various fractions of DOM from
seagrass leaves contributed to the coastal biogeochemical cycles. To address this gap, we carried out a 30-day
laboratory chamber experiment on tropical seagrasses Thalassia hemprichii and Enhalus acoroides. After 30 days
of incubation, on average 22% carbon (C), 70% nitrogen (N) and 38% phosphorus (P) of these two species of
seagrass leaf litter was released. The average leached dissolved organic carbon (DOC), dissolved organic nitrogen
(DON) and dissolved organic phosphorus (DOP) of these two species of seagrass leaf litter accounted for 55%, 95%
and 65% of the total C, N and P lost, respectively. In the absence of microbes, about 75% of the total amount of
DOC, monosaccharides (MCHO), DON and DOP were quickly released via leaching from both seagrass species in
the first 9 days. Subsequently, little DOM was released during the remainder of the experiment. The leaching rates
of DOC, DON and DOP were approximately 110, 40 and 0.70 μmol/(g·d). Leaching rates of DOM were attributed
to the nonstructural carbohydrates and other labile organic matter within the seagrass leaf. Thalassia hemprichii
leached more DOC, DOP and MCHO than E. acoroides. In contrast, E. acoroides leached higher concentrations of
DON than T. hemprichii, with the overall leachate also having a higher DON: DOP ratio. These results indicate
that there is an overall higher amount of DOM leachate from T. hemprichii than that of E. acoroides that is
available to the seagrass ecosystem. According to the logarithmic model for DOM release and the in situ leaf litter
production (the Xincun Bay, South China Sea), the seagrass leaf litter of these two seagrass species could release
approximately 4×103 mol/d DOC, 1.4×103 mol/d DON and 25 mol/d DOP into the seawater. In addition to
providing readily available nutrients for the microbial food web, the remaining particulate organic matter (POM)
from the litter would also enter microbial remineralization processes. What is not remineralized from either DOM
or POM fractions has potential to contribute to the permanent carbon stocks.
Key words: dissolved organic matter, Thalassia hemprichii, Enhalus acoroides, leaf litter, leaching
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1 Introduction
Seagrass beds rank among the most productive autotrophic
ecosystems on the planet, desipte only covering 0.15% of global
sea surface area (Duarte and Chiscano, 1999; Hemminga and
Duarte, 2000). A large fraction of seagrass production (up to 50%)
is allocated to the growth of aboveground biomass (Duarte et al.,
1998), however the relatively high C:N:P ratios and low palatability of seagrass leaves (Vizzini et al., 2002; Duarte et al., 2010) leads
to the generally low use of seagrass production by herbivores
(Cebrián et al., 1996; Cebrian and Duarte, 2001). Instead, most
seagrass leaf production senesces and contributes to the detrital
pool (Cebrián et al., 1996; Chiu et al., 2013). Decomposition with-

in the seagrass ecosystems is common for senesced seagrass
leaves (Mateo et al., 2006), although it has been recently found
that seagrass production can contribute significant biomass to
other habitats via export (Duarte and Krause-Jensen, 2017). According to global data summarized, Duarte and Krause-Jensen
(2017) estimated that 50% of seagrass biomass produced is decomposed, with export and herbivory accounting for 24% and
19%, respectively.
Leaf litter that enters the decomposition process provides a
source of C and nutrient recycling within seagrass meadows and
neighboring ecosystems (Ziegler and Benner, 1999; Holmer and
Olsen, 2002; Yarbro and Carlson, 2008; Jiménez et al., 2017). The
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decomposition of seagrass leaves begins with a rapid initial
leaching or autolytic production of dissolved organic matter
(DOM), which typically represents most of the labile organic
matter content of seagrass leaf (Peduzzi and Herndl, 1991; Lavery
et al., 2013). Subsequently, microbial breakdown of more recalcitrant organic matter (e.g., lignin and cellulose) could last for
months to years (Godshalk and Wetzel, 1978; Peduzzi and
Herndl, 1991). Most of DOM released from seagrass leaf litter occurs during the first few weeks (Maie et al., 2006; Lavery et al.,
2013; Wang et al., 2014), but can continue for many months as
progressively more cell walls are penetrated by microbes (Harrison, 1989). For example, Lavery et al. (2013) found the Posidonia
sinuosa released approximately 50% DOC in the first 14 days and
estimated it would take about 3 years to release the next 50%
DOC. The DOM that is released from seagrass leaf litter provides
an important ecosystems service as it supports microbial production and thus microbial-based food webs (Robertson et al., 1982;
Vähätalo and Søndergaard, 2002; Lavery et al., 2013). Therefore,
seagrass leaf senescence, abscission and subsequent decomposition together represent an ample and constant source of DOM to
the ecosystems (Kirkman and Reid, 1979; Mateo and Romero,
1996; Ziegler and Benner, 1999; Apostolaki et al., 2009).
The leaching process can be easily predicted and quantified
using a single-component exponential decay model (Maie et al.,
2006; Lavery et al., 2013). However, most studies describing these
DOM leaching dynamics focus on DOC and chromophoric DOM
(CDOM) (Vähätalo and Søndergaard, 2002; Vichkovitten and
Holmer, 2004; Maie et al., 2006; Lavery et al., 2013; Wang et al.,
2014). As a result, there is little information on the contributions
of seagrass dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP) to seagrass meadow nutrient cycling. In
order to fill in these research gaps, we used a laboratory incubation technique to reveal the release dynamics of DOM from the
two tropical seagrass species: Thalassia hemprichii and Enhalus
acoroides. Our aim was to investigate the species-specific leaching patterns of the different DOM fractions: DOC, monosaccharide (MCHO), DON and DOP. The results will help to illuminate
the DOM availability of leachate from seagrass leaf litter in a
tropical meadow to strengthen our understanding of the effects
of seagrass leaf detritus on the biogeochemistry in seagrass ecosystems.
2 Materials and methods
2.1 Study site and sample collection
A mixed tropical seagrass meadow lies in the southern shallow waters of the Xincun Bay (18°24′34″–18°24′42″N, 109°57′42″–
109°57′58″E), South China Sea, dominated by Thalassia
hemprichii (Ehrenb. ex Solms) Asch. and Enhalus acoroides (L.f.)
Royle (Huang et al., 2006). The T. hemprichii and E. acoroides
meadows occupy about 50% and 40% of southern shallow water
region in the Xincun Bay (unpublished data), respectively, and
are an important source for the Xincun Bay DOM (Liu et al.,
2016b). A vast amount of leaf litter of these two tropical seagrass
species accumulate in the southern shallow waters of the Xincun
Bay. The oldest leaf blades still attached to the shoots were collected from seagrass meadows during low tide. After collection,
the seagrass leaves were transported to the laboratory, scraped
free of epiphytes using a razor blade, washed with ambient seawater, then cut into pieces for the leaching experiment.
2.2 Experimental setup
Before the experiment, a separate subset of seagrass leaves
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was dried to a constant weight in order to calculate the wet
weight: dry weight conversion of the two seagrass species. All
glass bottles used in the sample collection and experimental process were acid-cleaned (7 days in 10% HCl), rinsed with Milli-Q
water and then pre-combusted (500°C, 5 h) for removing organic
carbon. For the leaching experiment, 20 g wet weight (approximately 2 g dry weight) of senescent seagrass leaves were placed into acid-washed 1 000-mL glass serum bottles (n=3) (Maie et al.,
2006). Next, 500 mL of sterile, artificial seawater (using the in situ
salinity of 31) and 2.0 mL saturated HgCl2 solution was added to
each bottle to ensure no microbes were active for the experiment,
i.e., a “microbe-independent” leaching experiment (Wang et al.,
2014). All bottles were left open to the atmosphere, covered
slackly with clean aluminum foil and incubated at room temperature (25°C) in the dark for 30 days. At selected times (Days 3, 6,
9, 12, 15, 18, 21, 24, 27 and 30), the incubating seawater was collected for DOC and nutrient measurements. The fresh artificial
seawater was analyzed for the initial background contents of
DOC and nutrients. In between sampling times, water level was
monitored during the incubation, and analyzed concentrations
were adjusted for water evaporation losses (Maie et al., 2006).
After the 30-day incubation, the seagrass leaves were dried to
constant weight and the dry mass measured.
2.3 Sample analysis
Water samples were filtered through pre-combusted (450°C
for 4 h) GF/F filters. For DOC analysis, samples were stored in
acid-washed brown apragaz bottles at -20°C before analysis on a
TOC analyzer (TOC-VCPH, Shimadzu, Japan). MCHO was determined by the TPTZ (2, 4, 6-tripyridyl-s-triazine) method
(Myklestad et al., 1997). Briefly, samples were measured by oxidizing the free reduced sugar with Fe3+ in alkaline conditions, followed by spectrophotometric analysis (UV-2600, Shimadzu, Japan) of a colored product of reduced Fe2+ and TPTZ. DON was
calculated as the difference between total dissolved nitrogen
(TDN) and dissolved inorganic nitrogen (DIN=NO 3 -N+NO 2 N+NH4+-N). DOP was determined as the difference between total
dissolved phosphorus (TDP) and dissolved inorganic phosphorus (DIP=PO 4 3- ) (Bronk et al., 2000; Barrón and Duarte, 2009).
TDN and TDP were measured with the persulfate oxidation
method (Valderrama, 1981; Bronk et al., 2000; Pierzynski, 2000).
DIN and DIP were measured spectrophotometrically according
to standard colorimetric techniques following the methods developed by Grasshoff et al. (2009) using a spectrophotometer
(UV-2600, Shimadzu, Japan).
At the beginning of the experiment, the leaf nonstructural
carbohydrate content was measured. After drying of the leaf litter, the leaf samples were ground to a size of 0.18 mm (#80-mesh
sieve). Approximately, 0.1 g was extracted twice in hot 80% ethanol. The soluble sugar content was determined by the anthronesulfuric acid method (Yemm and Willis, 1954). Subsequently, the
starch content of the remaining materials was quantified by gelatinization at 100°C for 15 min and solubilization in 70% perchloric acid (Allen, 1989). Nonstructural carbohydrate content
was estimated by multiplying soluble sugar and starch concentrations (nonstructural carbohydrate=soluble sugar+starch)
(Orth and Moore, 1986; Burke et al., 1996). In addition, the dry
weight (DW) and elemental contents of the leaf litter before and
after the incubation were measured as well. Leaf samples were
oven-dried at 60°C to a constant weight for determining the leaf
DW. Elemental C and N using the dried seagrass were measured
by Elemental CHNS analyzer model Vario EL cube (Vario EL, Elemental Analyser systeme GmbH, Germany). The elemental P
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content was analyzed by a colorimetric method (Fourqurean et
al., 1992). Each sample of above parameters was measured two or
three times with a coefficient of variation of ≤2%.
2.4 Data analysis
Leaf characteristics, releasing rates, cumulative releasing
concentrations of DOC, MCHO, DON and DOP and their stoichiometry ratios during the 30-day incubation were compared
between the two seagrass species using student’s t-test. Data
were log transformed if the assumption of homogeneity of variance was violated. The seagrass species effect with α<0.05 was
considered statistically significant. Meanwhile, the effect sizes of
releasing rates, cumulative releasing concentrations of DOC,
MCHO, DON and DOP, and their stoichiometry ratios between
the two seagrass species were calculated by using Cohen’s d test.
Napierian logarithm functions were carried out for fitting the accumulation concentrations of DOM from seagrass leaf litter
(Maie et al., 2006; Lavery et al., 2013). All above mentioned statistical analysis was performed with Microsoft Office Excel 2007
(Microsoft Corporation, Redmond, WA), SigmaPlot 12.0 (Systat
Software Inc., Chicago, IL) and IBM SPSS Statistics 19.0 software
(IBM SPSS Statistics 19, IBM Corporation, Somers, NY).
3 Results
3.1 Characteristics of seagrass leaves
Characteristics of the seagrass leaves in the Xincun Bay used
for the experiments were summarized in Table 1. There were no
significant differences in leaf soluble sugar, starch, C and N content between the two seagrass species. However, the soluble sugar in the leaves of T. hemprichii was slightly lower than that of E.
acoroides, while the opposite was shown for species differences
in starch and nonstructural carbohydrates. Elemental contents
were similar between T. hemprichii and E. acoroides. Additionally, after the 30-day incubation, the remaining weights of both
seagrass species were ~70% of the initial DW. There was no significant difference in the elemental content between the two
seagrass species after 30 days of decomposition. In addition,
there was approximately 22% C, 70% N and 38% P released from
the seagrass during the 30 days leaching period. In other words,
the C, N and P released from the seagrass leaf litter were about
6 000, 1 200 and 30 μmol/g (DW), respectively.
3.2 Characteristics of leaching dissolved organic matter
More than 75% of the total DOC, MCHO, DON and DOP was
leached from the two species of seagrass leaf litter in the first 9
days (Fig. 1). The accumulated leachate concentrations of DOC,

DON and DOP (over the 30 days) were observed not to be significantly different between the two seagrass species (Figs 1a, c, d;
p>0.05). However, the comparison (T. hemprichii vs. E.
acoroides) of effect sizes of DOC, DON and DOP using Cohen’s d
were 0.87, –1.87 and 8.48, respectively (small effect=0.2, medium
effect=0.5, large effect=0.8). Additionally, the MCHO released
from T. hemprichii leaf litter was 1.6-fold higher than E. acoroides
after the 30-day incubation (Fig. 1b, p<0.05, Cohen’s d=6.28).
There were no significant differences of the leaching rates of
DOM between the two seagrass species (Figs 2a, c, d; p>0.05),
with the exception of MCHO (Fig. 2b, p<0.05). Meanwhile, the
Cohen’s d test of leaching rates (T. hemprichii vs. E. acoroides) of
DOC, MCHO, DON and DOP were 0.87, 4.45, –0.75 and 3.01, respectively. Furthermore, the released amount of DOC, MCHO,
DON and DOP were all described as napierian logarithm functions (Fig. 1, Table 2). However, the DOC, DON and DOP leached
from leaf litter were lower than the C, N and P content lost from
the leaf litter, respectively. The DOC, DON and DOP accounted
for 55%, 95% and 65% of the total C, N and P amounts loss of
seagrass leaf litter, respectively.
Over the 30-day incubation, the DOC:DON:DOP ratio of the
released DOM from T. hemprichii and E. acoroides were 161:50:1
and 169:69:1, respectively. In addition, the DON:DOP ratio of the
total released DOM from T. hemprichii was significantly lower
than that of E. acoroides (T. hemprichii vs. E. acoroides, p<0.05,
Cohen’s d=–0.82). In contrast, the DOC:DON (T. hemprichii vs. E.
acoroides, p>0.05, Cohen’s d=0.54) and DOC:DOP (T. hemprichii
vs. E. acoroides, p>0.05, Cohen’s d=–0.15) were similar between
the two seagrass species (Table 3).
4 Discussion
Nonstructural carbohydrates and amino acids reflect much of
the labile organic carbon in seagrass leaves and are typically released during the initial leaching phase of decomposition (Vichkovitten and Holmer, 2004; Lavery et al., 2013). The variation of
nonstructural carbohydrate, soluble sugar and starch content of
T. hemprichii and E. acoroides was much higher than previous reports for Cymodocea spp., Halodule spp., Halophila spinulosa,
Syringodium isoetifolium and Zostera muelleri, but lower than
Amphibolis griffithii, Syringodium filiforme, Zostera marina and
Zostera noltii (Table 4). The DOC releasing rates of our study
(119.2 μmol/(g·d)) was most similar to that of Thalassia testudinum (127.8 μmol/(g·d)) (Maie et al., 2006), but less than other
morphologically smaller (sub)tropical taxa, e.g., S. filiforme (288
μmol/(g·d)) (Wang et al., 2014).
On account of the nutrients released from seagrass leaf litter
contained not only the DOC, DON and DOP but also the inorgan-

Table 1. The chemical characteristics (soluble sugar, starch, nonstructural carbohydrates, element contents and the total elemental
weights for experiment) of seagrass leaves before and after the decomposition incubation experiments (mean±SEM)
Parameters
Soluble sugar/mg·g–1 (DW)
Starch/mg·g–1 (DW)
Nonstructural carbohydrates/mg·g–1 (DW)
C/% (DW)
N/% (DW)
P/% (DW)
Total C weight/mg (DW)
Total N weight/mg (DW)
Total P weight/mg (DW)

Before leaching
Thalassia hemprichii
Enhalus acoroides
32.0±8.3
47.3±8.7
79.2±17.1
33.9±1.2
2.30±0.39
0.22±0.03
707±51.8
48.0±7.8
4.59±0.16

35.5±6.5
40.2±11.4
75.7±17.9
32.1±1.6
2.52±0.15
0.28±0.03
683±68.5
53.7±6.7
5.86±0.57

After leaching
Thalassia hemprichii Enhalus acoroides
–
–
–
36.8±1.8
1.04±0.13
0.19±0.04
548±76.9
15.5±3.8
2.83±0.14

Note: There were no significant differences for between-species comparisons (p>0.05). DW represents dry weight.

–
–
–
36.5±1.0
1.02±0.20
0.25±0.05
533±74.5
14.9±1.1
3.66±0.23
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Fig. 1. The cumulative leaching of DOC (a), MCHO (b), DON (c) and DOP (d) from T. hemprichii and E. acoroides leaf litter during the
30-day incubation in the absence of microbes. Values represent means±SEM. No significant differences between the seagrass species
for the DOC, DON and DOP cumulative concentrations were found. Asterisks represents significantly different of MCHO cumulative
concentrations between the seagrass species after the 30-day incubation. The molar percentages of the DOM that was leached from T.
hemprichii and E. acoroides (Days 3, 9, 15, 21, and 27) were shown in above or below the error bars.
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Fig. 2. The leaching rates of DOC (a), MCHO (b), DON (c) and DOP (d) from T. hemprichii and E. acoroides leaf litter in the absence of
microbes after the 30-day incubation. Different superscript letters indicate that the differences in ratios between the two seagrass
species were significant (p<0.05). Values are represented as means±SEM.

88

LIU Songlin et al. Acta Oceanol. Sin., 2018, Vol. 37, No. 8, P. 84–90

Table 2. Single logarithm function fitted to the accumulation of DOM fractions over 30 days of leaching
DOM fraction
DOC
MCHO
DON
DOP

Thalassia hemprichii
y=1 859.5+490.6lnx, R2=0.995 7
y=0.340 0+10.35lnx, R2=0.992 3
y=344.85+251.4lnx, R2=0.983 1
y=9.523+3.964lnx, R2=0.924 6

Enhalus acoroides
y=1 770.1+431.1lnx, R2=0.995 1
y=6.595+4.589lnx, R2=0.972 0
y=398.44+265.7lnx, R2=0.994 5
y=8.613+3.331lnx, R2=0.933 7

Note: x is time in days and y accumulation concentration (μmol/g DW).

Table 3. Ratios of the composition of DOM released from T. hemprichii and E. acoroides leaf litter
Seagrass species
DOC:DON
DOC:DOP
DON:DOP
DOC:DON:DOP
Thalassia hemprichii
3.22±1.23a
161±36.8a
50.0±11.6a
161:50:1
Enhalus acoroides
2.46±0.67a
169±40.6a
68.8±19.8b
169:69:1
Note: Different superscript letters indicate the differences in ratios between the two seagrass species were significant (p<0.05). Values are
represented as means±SEM.

Table 4. Review of literature that reports nonstructural carbohydrate, soluble sugar and starch content for seagrass leaf
(nonstructural carbohydrate=soluble sugar+starch)
Species
Amphibolis griffithii
Cymodocea rotundata
Cymodocea serrulata
Halodule uninervis
Halodule spinulosa
Halodule minor
Halophila engelmannii
Halophila ovalis
Halophila spinulosa
Posidonia oceanica
Posidonia sinuosa
Syringodium filiforme
Syringodium isoetifolium
Thalassia testudinum
Zostera muelleri
Zostera marina
Zostera noltii
Thalassia hemprichii
Enhalus acoroides

Nonstructural carbohydrate
188
9
3
32
15
9
102
19.2
40–140
78
170–220
35
46–70
34.3
111.13
95.2
79.2
75.7

Soluble sugar
38
1
1
22.1
1
1
52–124
30
12.9

Starch
150
8
2
9.9
14
8

28

50

19

16

24.3
78.53
90.4
32.0
35.5

10
32.6
4.8
47.3
40.2

72
6.3

References
Mackey et al. (2007)
Lawler et al. (2006)
Lawler et al. (2006)
Sheppard et al. (2007)
Lawler et al. (2006)
Lawler et al. (2006)
Dawes et al. (1987)
Longstaff et al. (1999)
Sheppard et al. (2007)
Invers et al. (2004)
Collier et al. (2009)
Siegal-Willott et al. (2010)
Lawler et al. (2006)
Lee and Dunton (1996)
Sheppard et al. (2007)
Burke et al. (1996)
Olivé et al. (2007)
this study
this study

Note: All data are reported as mg/g (DW).

ic components and other elemental organic matter (Lavery et al.,
2013; Jiménez et al., 2017). Thus the DOM content was lower
than the total mass lost for each seagrass species. However, we
can roughly estimate that the leached DOM accounted for 30% of
the lost materials of each seagrass. The average DOC:DON of the
two seagrasses in this study was far below the refractory DOM
stoichiometry ratios (16:1) for the open ocean (Aminot and
Kérouel, 2004), but was close to the in situ winter seawater
DOC:DON ratio of DOM of the Xincun Bay (6:1) (Liu et al.,
2016b). The DOC:DON:DOP ratios from seagrass leachate in this
study supports the previous hypothesis that there are high contributions of seawater DOM originating from seagrass sources in
winter, while the other contributions to sweater DOM is mainly
from river runoff (Liu et al., 2016b). This suggests that the
seagrass DOM could be providing substantial nutrients to in situ
microbial communities (Peduzzi and Herndl, 1991; Vähätalo and
Søndergaard, 2002; Maie et al., 2006; Lavery et al., 2013; Wang et
al., 2014). For example, Vähätalo and Søndergaard (2002) found
28% of leached DOC was taken up by microorganisms during 30
days. Additionally, the relatively low DOC:DON ratio is likely
linked to the high historical nutrient loading that occurs in the
Xincun Bay (Liu et al., 2016a), and thus can alter the N content of

the leaf standing stock (Duarte, 1990). Nevertheless, we cannot
calculate the exact percentage of the seagrass leaf litter contribution to the DOM of in situ water column only according to the
DOM contents and the ratios. As a matter for future research, we
recommend the δ13C analyses of DOC to evaluate the exact percentage of the seagrass leaf litter contribution to the water
column DOM.
We would expect that after DOM release that DOP would be
preferentially remineralized in the seawater due to P limitations
in many tropical seagrass ecosystems, followed by N and C
(Ogawa and Tanoue, 2003; Aminot and Kérouel, 2004; Ziegler et
al., 2004). The DON:DOP of the DOM leachate from T. hemprichii
was lower than what was released from E. acoroides, suggesting
that the DOM from T. hemprichii may contribute more dissolved
nutrients to the ecosystems than E. acoroides. Furthermore,
MCHO, one of the highest bioavailability substances among different carbohydrates, can directly and quickly be assimilated by
microbes (Peduzzi and Herndl, 1991; Vichkovitten and Holmer,
2004). Previous studies suggest the leached DOM of leaf litter
from different seagrass species have distinct bioavailability
linked to nonstructural carbohydrate, protein-associated DOM
(Maie et al., 2006; Lavery et al., 2013; Wang et al., 2014). Though
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the nonstructural carbohydrates were similar between the T.
hemprichii and E. acoroides, the higher releasing rate and
amount of MCHO also suggested the higher bioavailability of
DOM leaching from T. hemprichii than E. acoroides.
More than 75% of the total DOM was released during first 9
days, which is similar to those found in previous studies (Maie et
al., 2006; Chiu et al., 2013). The releasing rates of DOC, DON and
DOP declined rapidly after the first 9 days and remained steady
for the remainder of the experiment. The average aboveground
biomass of T. hemprichii and E. acoroides in the Xincun Bay has
been reported to be about 43 g/m2 and 64.24 g/m2, respectively
(Liu et al., 2016a). According to the seagrass distribution area, the
total biomass of T. hemprichii and E. acoroides in the Xincun Bay
has been estimated to be 4.33×107 g DW and 5.14×107 g DW, respectively. Chiu et al. (2013) calculated that about 80% leaf production of T. hemprichii can become leaf detritus in southern tip
of Taiwan. In consideration of approximate geographical conditions of the Xincun Bay with Chiu et al. (2013) study area, we assume the T. hemprichii and E. acoroides leaf production is similar. In addition, the T. hemprichii and E. acoroides leaf turnover
time is approximately 45 days and 105 days, respectively (Hemminga et al., 1999). Therefore, the total leaf litter production of T.
hemprichii and E. acoroides is proximately 1.16×106 g/d in the
Xincun Bay. Assuming the leaching period only last 30 days, and
using the DOM leaching rates and the estimated leaf litter production, we estimate that the DOM production in the Xiucun Bay
is about 4 035 mol/d DOC, 1 377 mol/d DON and 25 mol/d DOP.
Although we only performed a microbe-independent leaching
experiment, the microbes do not contribute much to the direct
loss of organic matter from detrital leaves of seagrass during initial leaching period (Harrison and Mann, 1975; Vähätalo and
Søndergaard, 2002). Rather, the leaf-associated microbial communities play a more active role later on in the decomposition
process via enzymatic remineralization of the detritus (Godshalk
and Wetzel, 1978). Thus the estimated amount of DOM leached
from seagrass was reasonable without the presence of microbes.
These sources of DOM provide important pathways for transferring vascular plant production to the microbial food webs and
higher trophic levels in seagrass and adjacent coastal waters in
the Xincun Bay. In addition, the average DOC:DON:DOP ratios
(162:55:1) leached by the two seagrasses was much lower than
terrestrial DOC:DON:DOP (1 368:232:1) in the Xincun Bay (Liu et
al., 2016b), indicating higher bioavailability of DOM leaching
from seagrass than the terrestrial DOM. Furthermore, seagrass
leaves contain recalcitrant organic matter and calcium carbonate that likely survives the leaching phase and may contribute to
sediment carbon sequestration (Trevathan-Tackett et al., 2017)
and sand for the beach or/and dune system (Jiménez et al.,
2017), respectively.
5 Conclusions
After 30 days of leaching, about 22%, 70% and 38% of seagrass
C, N and P were released, respectively, for near-senescence
seagrass leaves. The estimates above indicate that significant
quantities of seagrass-sourced DOM is released to the water
column independent of microbial processes. Both species contributed similar quantity of DOM, with T. hemprichii possibly being of greater bioavailability to the food webs in seagrass meadows. Meadow-wide, the seagrass leaf litter can provide more than
4 000 mol/d DOC, 1 350 mol/d DON and 25 mol/d DOP to the
Xincun Bay. However, previous reviews suggest that this rate of
DOM release could last several months longer than the timeframe of this study due to further breakdown of the cell walls by
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microbes (Harrison, 1989; Peduzzi and Herndl, 1991; Mateo and
Romero, 1996; Chiu et al., 2013). Therefore, the microbial-dependent release of DOM as well as the remaining POM represent
two different pools of C, N and P to the ecosystem. We recommend the use of microbe-centric analyses (e.g., gene expression)
in combination of DOM and POM chemical analyses to better
understand micro-level exchanges between microbial communities and the nutrients seagrasses provide to create a complete the OM cycle and stoichiometry budget for the Xincun Bay.
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Abstract

A series of red tides were observed during 2015 in the Izmit Bay (the Marmara Sea) which is located in the most
industrialized and populated region of Turkey. Six samplings were carried out in this area following the red tides.
Nitrite-N, nitrate-N, ammonia, silica and orthophosphate concentrations were analyzed spectrophotometrically.
Physicochemical conditions were measured by CTD probe. Plankton quantification was performed using
counting chambers under microscopes. Prorocentrum micans was the most abundant species, except on May 14,
2015, when Noctiluca scintillans was dominant. The abundance of P. micans reached average 18×106 ind./L on
May 3, 2015 in the Karamürsel station, simultaneously with elevated levels of NH3 and o-PO43–. The sample was
also abundant in dead amphipods ((72±12) ind./L) that had been covered by mucilage aggregates produced by P.
micans. The highest biomass (calculated by carbon) was recorded as (268±26.0) mg/L on May 14 in the Hereke
station. Beside the anthropogenic wastewater discharges, unknown sources and resuspensions caused increases
in nutrient levels. After long term northeaster gusts (35 km/h for 5 d) an upwelling occurred on November 6, 2015
after wind-induced sediment resuspension. Although nutrient discharges remarkably decreased over 30 years
through established wastewater treatment plants, harmful phytoplankton blooms still occur. Comparing the
present results with other studies in nearby Mediterranean seas reveals that the most intense harmful
dinoflagellate bloom in recent years occurred in the Izmit Bay. Therefore, additional protection measures
necessary for a cleaner Izmit Bay. These incidents also demonstrate that contaminants, accumulated in sediment,
may have long-lasting effects on enclosed marine ecosystems.
Key words: red tide, harmful algal bloom, phytoplankton, dinoflagellate, Izmit Bay, Marmara Sea, mucilage
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1 Introduction
Marine phytoplankton generates approximately half of the
global primary production and affects the fate of sea life, with respect to fishery yields and sustainable marine ecosystems (Boyce
et al., 2010). Domestic and industrial discharges cause nutrient
enrichment and consequently, alterations of phytoplankton
composition in terms of biodiversity and abundance in many
coastal areas (Smith et al., 1999). Annual nitrogen and phosphorus input to ecosystems has more than doubled globally during
the last fifty years (Falkowski et al., 2000; Smil, 2000). Since the
availability of nutrients, necessary for growth and reproduction
of phytoplankton, is often lower than the biological demand, additional nutrient supply is necessary for phytoplankton growth
(Corbett, 2010). Therefore, in addition to common sources (e.g.,
terrestrial inflows, airborne particulates) anthropogenic discharges (e.g., industrial and domestic effluents, agricultural runoffs) and sediment resuspensions affect nutrient enrichment,
leading to an increase in phytoplankton abundance. Under favorable oceanographic conditions (e.g., temperature and salinity), sufficient nutrient levels may cause excessive phytoplankton
reproduction and harmful algal blooms may occur (Heisler et al.,
2008). These enrichments mostly happen in coasts near urbanized and industrialized settlements (Ferreira et al., 2011; Heisler
et al., 2008). However, biogeochemical structure and environ-

mental pressures may vary for a coastal marine ecosystem and
exact mechanisms of algal bloom occurrences remain unknown,
as in the Izmit Bay.
The Izmit Bay, one of the most polluted marine ecosystems of
Turkey, contains a wide range of contaminants including organic
and inorganic compounds such as heavy metals, radionuclides,
POPs, and nutrients (Balkis et al., 2007; Ergül et al., 2013a, b;
Karademir et al., 2013; Tolun et al., 2006). The bay is located to
the northeast of the Marmara Sea (Turkey) and a permanent
pycnocline and a two-layered stratification are observed
throughout year. Upper layer salinity is generally less than 24.0,
and this reaches 36.0 below the halocline layer (Ergül, 2016).
There are around 2 million inhabitants living in Kocaeli Province
surrounding the Izmit Bay. Population and industrial activities
have been increasing rapidly since the 1980s, and the bay receives a considerable amount of domestic and industrial discharge from its drainage basin. Since the 1960s, more than 400
large industrial plants have been built around the bay, including
the largest shipyards, metallurgy, paper mill, fertilizer, and petrochemical facilities of Turkey. In addition to 70 shipyards, there
are 40 ports located along the coast of the bay. In 2015, the bay
received approximately 400 and 80 tonnes of total nitrogen (TN)
and phosphorus (TP) discharges from wastewater treatment
plants, respectively. Moreover, almost all effluents were dis-
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charged without treatment before 2000, and 41.0% of domestic
and industrial discharge has remained untreated until 2010
(ECR, 2013; ISU, 2016). At the current time, there are no available
data for untreated TN and TP discharges from other sources (i.e.,
untreated sewage discharges, agricultural runoffs, etc.) in the
Izmit Bay. Eutrophication is also a serious problem (Morkoç et
al., 2001; Okay et al., 2001) and phytoplankton blooms were recently reported in the bay (Ergül et al., 2014, 2010).
Phytoplankton blooms, causing brownish-red surface water
with bad odor and mucilage formation, drew public attention to
domestic and industrial discharges as potential triggering elements. Moreover, meteorological factors likely have an effect on
algal bloom occurrence. Therefore, investigation into mechanisms of algal blooms and their harmful effects on the ecosystem
will be crucial for evaluating effective environmental factors and
solving future problems in an enclosed marine ecosystem, close
to a populated and industrialized city, such as the Izmit Bay.
This study evaluated (1) serial phytoplankton blooms with
mucilage formation, (2) accompanied physicochemical and meteorological conditions in 2015, (3) evaluation of possible reasons
for harmful algal blooms in the Izmit Bay, and (4) a comparison
between the present results and remarkable diatom and dinoflagellate blooms around nearby Mediterranean seas.
2 Materials and methods
2.1 Study area
The Izmit Bay is a semi-enclosed coastal ecosystem located in
the most industrialized area of the Marmara region (Turkey). The
49 km long bay with an area of 300 km2 has three basins connected by shallow and narrow passages. The eastern basin, the smallest component of the system, is approximately 5.0 km wide, 13
km long, 47.0 km2 in surface area and relatively shallow with a
maximum depth of 40.0 m. The central basin, which is the largest
component of the system, is approximately 9.5 km wide, 22 km
long, 165 km2 in surface area and the depth increases up to 208 m
in the southern section (Kuşçu et al., 2002). A narrow and shallow area (i.e., 55 m depth) at Dil Creek shore separates the central and western basins which are approximately 8.5 km wide, 14
km long and 47.0 km2 in surface area. The bottom topography of
the western basin slopes downward toward the Marmara Sea and
increases to a depth of approximately 100 m near its opening
(Fig. 1). Stratification in the water column occurs throughout the
year because of salinity differences. Saltier water originates from
the Mediterranean Sea in the lower layer, whereas less saline water originates from the Black Sea in the upper layer (Morkoc et al.,
1996). Vertical mixing between the two layers is restricted over
the Marmara Basin and plays a key role in the principal physicochemical characteristics of the bay (Algan et al., 1999).
2.2 Sampling and methodology
Six surveys were carried out when red tides occurred to
sample surface water for quantitative analysis of nitrite-N (NO2–N), nitrate-N (NO3–-N), ammonia (NH3), silica (SiO2) and orthophosphate (o-PO 4 3– ) and phytoplankton identification in the
Izmit Bay. These were carried out on April 12, April 30, May 3,
May 14, July 11, and November 6, 2015 at Ulaşlı, Sekapark,
Karamürsel, Hereke, Marina and Marina stations, respectively in
the Izmit Bay (Fig. 1). Temperature, salinity, dissolved oxygen
(DO), turbidity, pH and chlorophyll a (Chl a) levels were measured in the water for each samplings. Although phytoplankton
blooms were observed throughout the bay, marine water
samples were taken at the locations densest in phytoplankton

abundance during bloom times.
Composite surface water samples were taken with a Nansen
bottle (3 L) twice hanging from the edge of a landing dock approximately 50 m away from the coast at all sites, these were put
into amber glass bottles and kept cool for immediate transportation to the laboratory. The first Nansen bottle samples was
filtered with a 0.45 μm, 47 mm Whatman filter paper and used for
NO2–-N, NO3–-N, NH3, o-PO43– and SiO2 analysis via spectrophotometric methods (Bendschneider and Robinson, 1952; Mullin
and Riley, 1955; Murphy and Riley, 1962), while the other Nansen
bottle sample (3 L) was used for phytoplankton identification and
quantification. A 10 mL tubular plankton chamber was used for
pre-identification under an inverted microscope while plankters
were alive. Then samples were fixed using 4.00% formaldehyde
solution for better identification and quantifying. Before the
counting procedure, the samples were kept in a dark room in tubular glass for precipitation. Then phytoplankters were identified and quantified via a Nageotte counting chamber under a
light microscope. Counting procedures were repeated at least
three times. Results were given as individual per liter.
To estimate the biomass of phytoplankton, dimensions of
each taxa were measured under a light microscope equipped
with a camera (Olympus BX51). Measured dimensions were used
to calculate cell volumes according to calculated values for each
species’ similar dimensions in a previous study by Olenina et al.
(2006) in the Baltic Sea. To calculate cell biomass in terms of organic carbon content as pg C/cell, equations by Menden-Deuer
and Lessard (2000), given below, were used:
cell biomass = 0:288 £
for
cell biomass = 0:216 £
for taxons other

0:811

(

);
0:939

:

The carbon content for each species was multiplied by individual number to calculate the organic carbon mass for each species group. Results were given as mg/L (calculated by carbon) in
the text.
A data sonde (Hydrolab DS-5) was used to measure temperature, salinity, dissolved oxygen (DO), turbidity, pH and Chl a, in
the water (Fig. 1). The device was calibrated before each deployment, waiting at least two minutes for warm up and then it was
submerged at a constant speed (i.e., 0.2 m/s) where the water
column had enough depth. At least thirty results of measurements were used to calculate average value. The Chl a and DO
data were tested using a classical acetone extraction and Winkler
methods, respectively. Differences between concentrations in
classical methods and probe measurements were less than
5.00%. Standard deviations were calculated for statistical sufficiency. Meteorological records were obtained from Turkish State
Meteorological Service stations located in Izmit.
Trophic index (TRIX) values were calculated in order to
quantify eutrophic state and water quality. To calculate TRIX,
concentrations of dissolved inorganic nitrogen (c(DIN), i.e.,
NO2–-N + NO3–-N + NH3-N), o-PO43– (c(P), μg/L), DO deviation
from saturation (d(DO), %) and Chl a concentration (c(Chl a),
mg/L) were used in the equation below (Vollenweider et al.,
1998):
TR I X =

[log10 (c (Chl a) £ d (DO) £ c (DIN) £ c (P )) + 1:5]
:
1:2
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Fig. 1. Map of Izmit Bay and sampling sites. P represents industrial ports, S shipyards, and W wastewater treatment plants.
Pearson correlation coefficients (two-tailed) were calculated
among variables to better explain the relationship between parameters and these are used in the text where necessary.
3 Results and discussion
On March 19, 2015, the Izmit Bay which is located at the eastern end of the Marmara Sea, was covered by phytoplankton and
a light red appearance was observed over almost all the bay’s surface (Fig. 2a). This appearance was disappeared after approximately two days. On April 12, phytoplankton abundance, which
was dominated by Prorocentrum micans Ehrenberg, 1834, increased, surface water partly reached a brownish-red appearance, and mucilage formation was observed (Fig. 2b).
Six different phytoplankton species (Achnantes brevipes C.
Agardh, 1824, Cerataulina pelagica (Cleve) Hendey, 1937, Dictyocha speculum Ehrenberg, 1834, Melosira sp., Navicula sp., and
Prorocentrum micans), which belong to three different groups
(four Bacillariophyceae, one Dictyochophyceae, and one Dinophyceae) were observed intermittently in the samples on April
12, April 30 and May 3, 2015 with average surface water tempera

atures of (14±1.0)°C, and salinity of 21±3.0. Regarding abundance, dinoflagellates were dominant with rates of over 99.0% and
P. micans, which is known as a potential high biomass-forming
dinoflagellate (Jeong et al., 2005) was the most abundant species
in those three blooms (average 1.10×106, 5.40×106 and 17.9×106
ind./L, respectively; Table 1, Fig. 3a). Mucilage formations occurred in these blooms and a milky light-brown flocculated layer
was observed on the sea surface. After the blooms, red appearances and mucilage layers disappeared within a few days from
surface waters. In the microscopy slides, mucus aggregates were
also observed amongst P. micans clusters (Fig. 2c). Therefore,
formation of mucilage should be excreted by P. micans after their
excessive proliferation (Figs 2c, d). On May 3, the mucilage layer
was very intense, and dead amphipods, which were coated with
amorphous mucus pellets, were observed in the samples in
Karamürsel ((72±12) ind./L, Fig. 2d) with the highest surface water turbidity ((287±46.0) NTU) and Chl a concentrations
((180±15.0) μg/L, Fig. 4b). Although several phytoplankton
blooms have been reported from the Izmit Bay since 1986 (Taş et
al., 2016), to our knowledge, this incident was the most intense.
b

d
c

500 μm
100 μm

Fig. 2. Pictures of aerial view of the phytoplankton blooms without (a) and with (b) mucilage formations on March 19 and April 12,
2015, respectively; light microscope slides of P. micans with mucilage formation, in May 3, 2015 (c); and a dead amphipod individual
covered with mucilage layer (d). Arrows indicate pervaded P. micans and mucilage clusters on the amphipod body.
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Fig. 3. Phytoplankton diversity and species abundances in logarithmic notation (a); total number of individuals and estimated total
biomass of phytoplankton per liter (b); concentrations of NO2–-N, NO3–-N, and NH3 (c), SiO2 (d) and o-PO43– (e) ratios between TIN
and P and TIN and Si during the bloom conditions in the surface waters of Izmit Bay; and depth profile of nutrients on May 14, 2015 in
the Hereke station (f).
Moreover, the presence of dead amphipods after a phytoplankton bloom was reported for the first time in the present study.
Mortis causa of the amphipods was not clear, and there are no
(open) scientific literature regarding marine mucilage-dependent amphipod mortality. However, Bruno et al. (1989) reported
that farmed and wild fish may also be killed by the smothering of
gills due to phytoplankton mucus production. Therefore, given
its appearance under stereomicroscope, it is reasonable that mucilage aggregates probably blocked amphipod gills and thus respiration was prevented, leading to their death (Fig. 2d). Also, oxygen concentration decrease may be considered as another reason of amphipod mortality. However we have no simultaneous
dissolved oxygen data to prove this claim. Amphipod and copepods are known predators of dinoflagellates including bloom
causative species (i.e., P. micans), therefore high amphipod

abundance in the samples are most likely connected to their
feeding behavior (Yi et al., 2017). It should be noted that phytoplankton abundance as well as nutrient concentrations were approximately three fold higher near the shore because of conglomeration after drifting via waves and those values were excluded
from further assessment in the present study.
In the bloom conditions on May 3, 2015, nutrient levels remarkably increased, and raised inorganic nitrogen, and excessive o-PO43– concentrations were measured (Figs 3c, d). On that
day, most intense dinoflagellate bloom occurred concurrently
with the highest concentrations of DIN and o-PO43– ever recorded during the study. Therefore, the existence of elevated levels
of nutrients should have triggered excessive dinoflagellate (i.e., P.
micans) proliferation and caused excretion (i.e., mucilage formation) from P. micans cells, under the favorable meteorological
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Table 1. Phytoplankton diversity in the surface water of the Izmit Bay in the bloom conditions during 2015
Species
Achnanthes brevipes C. Agardh, 1824
Cerataulina pelagica (Cleve) Hendey, 1937
Chaetoceros decipiens Cleve, 1873
Coscinodiscus radiatus Ehrenberg, 1840
Coscinodiscus granii Gough, 1905
Melosira sp.
Navicula sp.
Nitzschia longissima (Brébisson) Ralfs, 1861
Pseudo-nitzschia delicatissima (Cleve) Heiden, 1928
Skeletonema costatum (Greville) Cleve, 1873
Dictyocha speculum Ehrenberg, 1839
Dinophysis acuminata Claparède & Lachmann, 1859
Neoceratium furca (Ehrenberg) F. Gomez, D. Moreira &
P. Lopez-Garcia, 2010
Neoceratium fusus (Ehrenberg) F. Gomez, D. Moreira &
P. Lopez-Garcia, 2010
Noctiluca scintillans (Macartney) Kofoid & Swezy, 1921
Oxytoxum longiceps Schiller
Prorocentrum micans Ehrenberg, 1834
Prorocentrum scutellum Schröder, 1900
Protoperidinium diabolum longipes (Cleve, 1900)
Balech, 1974
Protoperidinium divergens (Ehrenberg, 1840) Balech, 1974
Eutreptiella sp.
Favella campanula (Schmidt, 1902) Jörgensen, 1924
Tintinnopsis campanula Ehrenberg, 1840

Classis
B

Dc
Dn

E
O

Sampling date
3 May
14 May
2015
2015
+
–
+
–
–
+
–
+
–
–
+
–
+
–
–
–
–
+
–
+
+
–
–
+
–
–

12 Apr.
2015
+
+
–
–
–
+
+
–
–
–
+
–
–

30 Apr.
2015
+
+
–
–
–
+
+
–
–
–
+
–
–

11 Jul.
2015
–
–
–
+
+
–
–
+
–
+
–
–
+

6 Nov.
2015
–
–
–
+
+
–
–
–
–
–
–
+
+

–

–

–

–

+

+

–
–
+
–
–

–
–
+
–
–

–
–
+
–
–

+
–
+
+
–

+
+
+
+
+

+
–
+
+
+

–
–
–
–

–
–
–
–

–
–
–
–

–
+
+
–

+
–
+
+

+
–
–
–

Note: B represents Bacillariophyceae, Dc Dictyochophyceae, Dn Dinophyceae, E Euglenophyceae, and O Oligotrichea.

conditions. It should be noted that, very calm weather and light
winds were recorded for two days immediately before the bloom
on May 3. Therefore, increased nutrients, which are most likely
derived from undesirable or illegal discharges, could not be dispersed by winds, currents, precipitations, etc. from the surface
water and finally were consumed by phytoplankton. In fact, the
Izmit Bay’s renewal capacity is known to be insufficient because
of a relatively long residence time of the water masses (Morkoç et
al., 2001) and in this incident, light winds, and accordingly weak
currents, allowed nutrients accumulation in surface waters.
Thus, appropriate conditions occurred for excessive P. micans
proliferation.
Following phytoplankton increases, which occurred on May
14, July 11 and November 6, 2015 and unlike other blooms, biodiversity reached 10, 14, and 10 species, respectively, during these
incidents in the Izmit Bay. During the study, 17 taxa which have
not bloom formation were also recorded in different classes (Bacillariophyceae, Dinophyceae, Euglenophyceae, and Oligotrichea) in addition to six bloom taxa (Table 1, Fig. 3a).
On May 14, both DIN and o-PO43– concentration decreased
compared to May 3 and in this event biodiversity reached ten
species (Figs 3a, c, d). The dominant species at this time was
Noctiluca scintillans (Macartney) Kofoid & Swezy, 1921 (Figs 3a,
d) with surface water temperatures of 15.0°C and salinity of 25.9
in the Hereke station, which was the highest salinity level recorded during the study (Fig. 4). Corresponding to individual number, Bacillariophyceae (diatom) was dominant in the second order at a rate of 16.6%, following Dinophyceae (dinoflagellate)
(75.5%). Euglenophyceae and Oligotrichea species were also observed in this red tide with rates of 7.70% and <1.00%, respect-

ively. On that day, although the lowest phytoplankton abundance was found (54.0×103 ind./L), the highest phytoplankton biomass ((268±26.0) mg/L) was recorded, because of the presence of
N. scintillans (34.0×103 ind./L), which is known for its large cell
volume (Figs 3a, b). During the red tide, the N. scintillans bloom
was also reported from the Marmara Sea on May 17 (NASA,
2015). This organism is not known as toxin producer, but it is,
however, able to accumulate toxic levels of ammonia and can
thus cause massive mortality to marine organisms because of
ammonia excretion into the ambient waters (Faust and Gulledge,
2002; Okaichi and Nishio, 1976). In fact, the highest NH3 concentration in second order was measured on May 14; however, its
concentration was 12 fold higher than the sum of NO2–-N and
NO 3 – -N and was the highest rate during the study (Fig. 3c).
Therefore, it is reasonable that NO3–-N and NO2–-N were indirectly used by N. scintillans, and elevated levels of NH3 were connected with their metabolic activities during the bloom. In addition, phytoplankton abundances and ammonia concentrations
remarkably decreased with increased depth in the same station,
considering the relationship between decrease in N. scintillas
abundance and accordingly ammonia excretion (Fig. 3f). In previous studies, N. scintillans increase were reported following a P.
micans bloom in late spring in the Izmit Bay as well as from the
Marmara Sea (Aktan et al., 2005; Artüz and Baykut, 1987; Ergül et
al., 2014) and those results coincide with the present study.
After late spring, N. scintillans was observed in other
samplings; however, the following red tides were dominated by
P. micans in 2015. On July 11, phytoplankton abundance increased again (average 480×103 ind./L) and a light red appearance was observed on the sea surface without mucilage forma-
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tion, while surface water temperatures of 25.0°C and salinity of
21.4 were recorded at Marina station in the Izmit Bay. With respect to individual count, Dinophyceae was the dominant group,
with rates of 86.8%. Bacillariophyceae and Oligotrichea species
were also observed with rates of 12.9% and <1.00%, respectively.
In this red tide, the highest phytoplankton diversity, with 14 species (eight Dinophyceae, four Bacillariophyceae and two Oligotrichea) were observed simultaneously with the second highest
DIN:P ratio as 0.5 (Fig. 3a). Thus, different phytoplankton species found an opportunity to proliferate. Although the highest
DIN:P ratio was determined on May 14, as was discussed above,
this rate was related to the elevated level of ammonia, which possibly derived from N. scintillans excretion. Regarding the increased diatom abundance, the lowest silica concentration
((0.22±0.01) mg/L) was determined on July 11, because of the
silica usage in the cell wall of diatoms. On that day, one of the
most common diatom species, Skletonema costatum reached
60.0×103 ind./L which was the highest abundance determined
among diatom species throughout the study.
After July 2015, a significant phytoplankton increase was not

observed until late autumn in the Izmit Bay. On November 6, a
new bloom which was dominated by P. micans was observed
again, without mucilage formation. Although the incident remained limited and almost no red appearance was observed in
the central and western basins, phytoplankton abundance
reached 1.10×10 6 ind./L and its diversity reached ten species
(eight Dinophyceae and two Bacillariophyceae) in the Marina
station located in the eastern basin of the bay. Interestingly, this
bloom occurred a few days after a relatively long term strong
wind blew. During that time, northeastern gusts, with an average
speed of 35 km/h (ranged from 33 to 41 km/h) blew around the
Izmit Bay for 5 d between 28 October and 2 November (Fig. 4aright panel). Over the following days, the wind speed gradually
decreased, and on November 6, the last phytoplankton bloom
was observed in 2015, when average wind speed was 12 km/h,
surface water temperatures were 15°C, and salinity was 22.0 (Fig. 4a).
It is well known that the Izmit Bay has been exposed to treated
and/or untreated wastewater discharges since the 1960s. Hence,
an elevated level of organic and inorganic contaminants including nutrients accumulated in the surface sediment of the bay, is
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present (Aktan et al., 2005; Ergül et al., 2013a; Karademir et al.,
2013; Morkoç et al., 2001). Beside the unknown amount of land
based effluents from several sources (e.g., agricultural runoffs,
untreated anthropogenic wastewater, underground water), ~400
t total nitrogen and ~100 t total phosphorus were routinely discharged from wastewater treatment plants located around the
Izmit Bay in 2015 (Fig. 5). The northern and southern sides of the
bay are surrounded by hills, while the eastern and western edges
are open from either side. Due to this geographical structure, a
corridor occurs in the east-west direction. Therefore, following
the ~35 km/h northeastern gusts for 5 d, wind induced sediment
resuspensions occurred in the east, the shallowest basin of the
Izmit Bay, and ambient water was contaminated with nutrients
that were used by phytoplankton for their reproduction. Unlike
other cases, NO 3 – -N concentration ((0.040±0.003) mg/L) was
slightly higher than the NH3 level ((0.030±0.005) mg/L) in this
bloom. This high rate of nitrate may be related to oxidation of resuspended ammonia after nitrification processes in the surface
sediment (Fig. 3c). In terms of numbers of individuals, dinoflagellates were dominant with rates of over 99.0%, as in the first
three blooms. Therefore, on November 6, 2015, silica content was
remained relatively high ((0.76±0.02) mg/L) due to low usage by
diatoms (Fig. 3d).
Since DIN:Si ratios ranged between 0.08 and 0.56 (i.e., <1),
and DIN:P ratios ranged between 0.03 to 3.11 (i.e., below 16:1) in
all samplings, nitrogen was the limiting factor during bloom conditions. It is known that N broadly limits phytoplankton growth
in coastal marine ecosystems (Nixon, 1986) and N limitations
have been reported from the Izmit Bay during bloom conditions
(Aktan and Dede, 2008; Aktan et al., 2005), and other parts of the
Marmara Sea (Turkoglu, 2013, 2016; Balkis et al., 2010) as in the
present study.
According to previous studies (Morkoç et al., 2001) and
Kocaeli Metropolitan Municipality records (ISU, 2016), discharges of total suspended matter (TSM), biological oxygen demand (BOD), total nitrogen (TN) and total phosphorus (TP) into
the Izmit Bay gradually decreased 40, 40, 14 and 20 fold, respectively, since 1984, owing to established wastewater treatment
plants (Fig. 5). Currently, it is estimated that more than 80.0% of
discharge from the wastewater treatment plants has domestic
origin, whereas the remaining discharge is from industrial
90
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Fig. 5. Daily average domestic and industrial biological oxygen
demand (BOD), total suspended matter (TSM), total nitrogen
(TN) and total phosphorus (TP) loads (as tonnes) into Izmit Bay
between 1984 and 2015.
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sources. Nevertheless, the present results show that, despite precautions in place to decrease nutrient inputs via these plants,
algal blooms still occur, with harmful effects including mucilage
presence and invertebrate deaths.
The trophic index (TRIX), which was developed by Vollenweider et al. (1998) to determine the trophic state and quality of
coastal marine ecosystems, ranged from 6.1 to 10 (6.9, 10, 6.3, 6.1,
and 6.8 for April 30, May 3, May 14, July 11, and November 6,
2015, respectively). Therefore, based on TRIX values, the eutrophication status of the Izmit Bay was classified as degraded
and there was a very high trophic level during the bloom conditions. It should be noted that the eutrophic state of the surface
waters of the Izmit Bay fluctuated during the study and in some
periods reached good quality and low trophic levels. On the other hand, because of the low current regime and the relatively long
residence time of the water masses in the Izmit Bay (Morkoç et
al., 2001), nutrient accumulation over certain periods of the year
caused deterioration of the trophic state. Also, consecutive high
TRIX values may be an important sign for future environmental
problems for the bay. In fact, significant correlations between
TRIX and total phytoplankton abundance (TPpA) (r=0.98, p<0.01,
n=5) indicate that contents of the water encouraged the bloom
conditions and following that the water quality of the bay was
highly affected by the blooms. Positive significant correlations
between o-PO43– and TPpA (r=0.96, p<0.01, n=6) and between
NO3–-N and TPpA (r=0.86, p<0.05, n=6) revealed that variations
of total phytoplankton density were linked to the nutrient concentrations. Also, a positive significant correlation between total
phytoplankton biomass and the DIN:P ratio (r=0.98, p<0.01, n=6)
indicates nitrogen limitation. Consequently, despite the improvement work over the last few decades by the municipality of
the city around the Izmit Bay, based on adopted legislation in the
frame of European Union directives, harmful algal blooms still
occur with the abovementioned harmful effects.
In fact, the marine eutrophication issue and phytoplankton
blooms, encountered in coastal marine ecosystems of Mediterranean seas, has been addressed in a number of studies since the
1960s (Karydis and Kitsiou, 2012). Through regulation and prevention, based on the Barcelona convention and the directives
regarding the European Union policy on eutrophication the Water Framework Directive 2000/60/EC (EC, 2000), Mediterranean
countries have modeled their legislation to reduce nutrient inputs to the marine ecosystems (Karydis and Kitsiou, 2012; Saliba,
1995). Nevertheless, despite the precautions, numerous intense
phytoplankton blooms have been observed in Mediterranean
coastal waters. Hence, we have listed recent intense dinoflagellate and diatom blooms (i.e., >106 ind./L) with temperature, salinity and nutrient data in the adjacent seas (i.e., the Marmara
and Black Seas) and near Mediterranean coastal waters (i.e., the
Aegean, Ionian and Adriatic Seas), in order to evaluate recent
cases since 2000 and to compare them with the present results
from the Izmit Bay (Table 2).
Temporal distribution of intense diatom and dinoflagellate
blooms spread predominantly over three seasons: spring, summer and winter, in the Mediterranean coastal surface waters
since 2000. In terms of frequency, the bloom conditions occurred mostly in spring (five diatom and five dinoflagellate
blooms) followed by summer (four diatom and two dinoflagellate blooms) and winter (two diatom and three dinoflagellate
blooms), whereas intense autumn blooms were recorded less frequently (two diatom and one dinoflagellate blooms). Typically,
dinoflagellate blooms occurred in spring and early summer,
while diatom blooms occured in winter and early spring.
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Table 2. List of the recent most intense dinoflagellate and diatom blooms around Mediterranean coastal surface waters with
temperature, salinity and nutrient data, including input sources
Area

Causative species

Marmara Sea
İstanbul
Nitzschia longissima
Shore1)
(Brébisson) Ralfs, 1861
Golden
Prorocentrum cordatum
Horn
(Ostenfeld) J. D. Dodge,
Estuary
1975 TF
(Istanbul
Skeletonema marinoi Sarno
Strait)2), 3)
& Zingone, 2005
Çanakkale Pseudo-nitzschia pungens
Strait4), 5)
(Grunow ex Cleve) G. R.
Hasle, 1993
P. pungens
Prorocentrum micans
Ehrenberg, 1834
Ceratium spp.
İzmit Bay#
P. micans
P. micans
P. micans
Black Sea
Trabzon
Shore6)
Constanta
Shore7)

Scrippsiella trochoidea
(Stein) Loeblich III, 1976
Thalassionema
nitzschioides (Grunow)
Mereschkowsky, 1902
Pseudo-nitzschia
delicatissima (Cleve)
Heiden, 1928
Rize Shore8) Noctiluca scintillans
(Macartney) Kofoid &
Swezy, 1921
Melosira spp.
Aegean and Ionian Sea
Thermaikos Skeletonema costatum
Bay9), 10)
(Greville) Cleve, 1873
Leptocylindrus minimus
Gran, 1915
Prorocentrum obtusidens
Schiller, 1928
Prorocentrum redfieldii
Bursa, 1959
P. pungens
N. scintillans
Amvrakikos Alexandrium insuetum
Bay9)
Balech, 1985
Kalloni
Pseudo-nitzschia calliantha
Bay11)
Lundholm, Moestrup &
Hasle, 2003
Adriatic Sea
Trieste
S. marinoi
Bay12)
Chaetoceros spp.
Chaetoceros spp.

At

Period

T/°C S

NO2–-N + NO3–-N/
mg·L–1

NH3/
mg·L–1

PO43– or TP**/ SiO2 or SiO4*/
Input
mg·L–1
mg·L–1

1.3 winter 2000

14

25

–

–

–

–

I, D

70 summer
2001

23

17

0.03

–

0.34

–

I, D

54 spring 2010

11

17

0.11

0.07

0.11

0.72

65 summer
2001

23

27

0.01

–

0.03

0.33*

65 winter 2002
8.0 E summer
2003

8
21

30
22

0.04
<0.01

–
–

0.04
0.01

0.15*
0.12*

5.4 spring 2015
18 spring 2015
1.1 autumn
2015

15
15
15

13
24
22

0.02
0.11
0.05

0.01
0.28
0.03

0.15
42.0
0.35

0.84
0.82
0.76

13 winter 2000

9

19

0.40

8.3 summer
2010

24

11

–

–

–

–

7.3 spring 2011

11

16

0.18

–

0.01

0.51

D

>6.3 E spring
2000

11

36

0.04

0.02

0.13

0.16*

D, A

>1, 2 winter 2001

–

–

–

–

–

–

D, A

>6, 0 winter 2001

–

–

–

–

–

–

D, A

>1, 8 spring 2002
>5.4 spring 2004
>2.6 spring 2003

–
–
–

–
–
–

–
–
–

–
–
–

–
–
–

–
–
–

D, A
D, A
D, R

>7.3 spring 2005

12

36

0.07

0.01

0.01

0.72

D, R, A

2.6 E spring
2000
4.6 autumn
2000
2.3 E spring
2009
40 autumn
2000

–

–

–

–

–

–

–

–

–

–

–

–

T, Ir,
R, A
T, R, A

–

–

–

–

–

–

T, R, A

0.09

D

I, D

D
U, R, A

Pesaro–
Diatom species
16
17
0.56
0.01
0.28**
–
R, A, I,
Foglia
D
Coast13)
Kastela
L. minimus
6.0 E summer
27
36
0.01
0.02
0.01
0.09*
I, D, R
Bay14)
2005
Rovinj
Chaetoceros vixvisibilis
1.4 Summer26
35
0.47
0.55
0.03
3.42*
U, T,
Coast15)
Schiller in Hustedt, 1930
2009
R, A
Note: At represents botal abundance, T temperature, S salinity, I industrial, Ir solar irridance, D domestic, R riverine, T terrigenic, U
upwelling, A agriculture, and E early. 1) Deniz and Taş (2009), 2) Tas and Okus (2011), 3) Tas and Yilmaz (2015), 4) Turkoglu (2010), 5) Turkoglu
(2008), 6) Feyzioğlu and Seyhan (2007), 7) Mihailov et al. (2013), 8) Kopuz et al. (2014), 9) Nikolaidis et al. (2005), 10) Koukaras and Nikolaidis
(2004), 11) Spatharis et al. (2007), 12) Cabrini et al. (2012), 13) Penna et al. (2004), 14) Bužančić et al. (2016), 15) Bosak et al. (2016), # the present
study, * SiO4, and **total phosphorus.
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However, in some cases, dinoflagellate blooms were reported in
winter (Scrippsiella. trochoidea (Stein) Loeblich III, 1976, and
Prorocentrum redfeldii Bursa, 1959 from Trabzon Shore and
Thermaikos Bay, respectively) whereas diatom blooms were reported in summer seasons (Pseudo-nitzschia Pungens (Grunow
ex Cleve) G. R. Hasle, 1993, Thalassionema nitzschioides Schiller
in Hustedt, 1930, Leptocylindrus minimus Gran, 1915 and
Chaetoceros vixvisibilis Schiller in Hustedt, 1930 from the Çanakkale Stratit, Constanta Bay, Kastela Bay and Rovinj coasts, respectively; Table 2).
Phytoplankton blooms may occur in a wide range of temperatures and salinity (8.00–27.0°C and 11.0–36.0, respectively) and
species-specific characters seem to be determined in bloom
formations. Nutrient values also had diversified levels (<0.01–0.56,
0.01–0.55, 0.01–42.0 and 0.12–3.42 for NO 2 – -N + NO 3 – -N, NH 3 ,
PO43– and SiO2 or SiO4, respectively) and in almost all blooms,
the ratios of nitrogen to phosphorus were remarkably different
from the classical Redfield ratio (i.e., 16:1; Table 2). Consequently, these data suggest that a combination of nutrients is
more important than its levels for diatom and dinoflagellate
bloom formations, and termination of proliferation is determined by limiting nutrients. In addition, the blooms are predominantly influenced by temperature and salinity while sufficient light
intensity and favorable amounts of nutrients exist in the water.
The spatial distribution of these blooms revealed that dense
incidents mainly arose in the coastal waters of the northern parts
of the Mediterranean. Although bloom cases have been reported,
the abundance of diatoms and dinoflagellates did not exceed 106
ind./L in the Levantine Sea. Extreme proliferations of both
groups were reported from the Black, Marmara, Aegean and Ionian Seas. However, despite the remarkable dinoflagellate abundance, incidents that exceeded 106 ind./L were reported merely for
diatoms from the Adriatic Sea since 2000 (Table 2). Because the
northern parts of the Mediterranean are richer in nutrients than
the southern parts (Ignatiades, 2005), denser phytoplankton
blooms are expected in the northern regions. In fact, the densest
dinoflagellate bloom (70×10 6 ind./L) was reported from the
Golden Horn Estuary, adjacent to the Istanbul Strait as well as the
Black and Marmara Seas, in summer 2001 (Taş and Okuş, 2011).
Besides being a semi-enclosed basin, the Golden Horn Estuary
was known for its polluted water with foul odor because of untreated industrial and domestic discharges. However, the estuary
was rehabilitated in the mid-2000s and bloom conditions have
not been reported since 2010. Another dense bloom (40×10 6
ind./L) due to proliferation of diatoms was recorded in Pesaro
coast in the north Adriatic in autumn 2000. Beside local landbased sources, the Po River was considered as the responsible
nutrient carrier for this bloom (Penna et al., 2004). Like abovementioned blooms, most cases occurred under the land based
anthropogenic inputs around the northern Mediterranean.
However, legislations, based on EU directives, were set up to prevent further deterioration, and the decreasing bloom densities
can be considered possible improvements in many Mediterranean coasts.
A comparison with blooms from nearby coastal surface waters of the Mediterranean seas showed that dinoflagellate blooms
in the Izmit Bay were the densest consecutive blooms ever reported in recent years (Table 2). Like other incidents, domestic and
industrial inputs were effective in those blooms. Additionally, unlike other incidents, wind-induced sediment resuspension
caused a dinoflagellate bloom in the Izmit Bay, and this case indicates that accumulated contaminants in the surface sediment
can be a potential nutrient source. This represents long term ef-
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fects of untreated discharges on an elongated coastal marine ecosystem.
4 Conclusions
Beside low-speed water mass movement and routinely discharged nutrients via wastewater treatment plants from a populated city, various reasons might have contributed to the occurrence of the algal bloom conditions in the Izmit Bay, such as the
inadequacy of advanced treatment technology, untreated and/or
illegal domestic and industrial discharges, agricultural runoffs,
and wind-induced resuspensions. Therefore, the results of the
present study suggest that there is a need for increased action to
prevent harmful algal blooms, in accordance with the environmental deterioration in the Izmit Bay. This can be achived by improvements to wastewater treatment technology, including nutrient removal capability, prevention of untreated discharges, illegal bilge bailing and controlling agricultural fertilizer usage. Finally, the removal of the upper layer of the eastern basin’s surface sediment should be considered to prevent undesirable effects of wind induced resuspensions.
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Abstract

The distribution of phytoplankton and its correlation with environmental factors were studied monthly during
August 2012 to July 2013 in the Yantian Bay. A total of 147 taxa of phytoplankton were identified, and the average
abundance was in the range of 0.57×104 to 7.73×104 cell/L. A total of 19 species dominated the phytoplankton
assemblages, and several species that are widely reported to be responsible for microalgae blooms were the
absolutely dominant species, such as Skeletonema costatum, Navicula sp., Thalassionema nitzschioides,
Pleurosigma sp., and Licmophora abbreviata. The monthly variabilities in phytoplankton abundance could be
explained by water temperature, dissolved oxygen, salinity, dissolved inorganic nitrogen (DIN), and suspended
solids. The results of a redundancy analysis showed that pH and nutrients, including DIN and silicate (SiO4), were
the most important environmental factors controlling phytoplankton assemblages in specific months. It was
found that nutrients and pH levels that were mainly influenced by mariculture played a vital role in influencing
the variation of phytoplankton assemblages in the Yantian Bay. Thus, a reduction of mariculture activities would
be an effective way to control microalgae blooms in an enclosed and intensively eutrophic bay.
Key words: Sansha Bay, phytoplankton, eutrophication, microalgae blooms, bioremediation, East China Sea
Citation: Huo Yuanzi, Wei Zhangliang, Liu Qiao, Yang Fangfang, Long Lijuan, Zhang Qi, Bi Hongsheng, He Qing, He Peimin. 2018.
Distribution and controlling factors of phytoplankton assemblages associated with mariculture in an eutrophic enclosed bay in the East
China Sea. Acta Oceanologica Sinica, 37(8): 102–112, doi: 10.1007/s13131-018-1238-9

1 Introduction
Many coastal regions are at risk from eutrophication, which is
a process resulting from an increase in anthropogenic nutrient
inputs and other biogenic elements in estuarine waters, intensive mariculture activities, and other serious disasters (Picart et
al., 2015). Mariculture has expanded in recent years, with an increased output to meet the growing global demand for aquatic
products (Halwart et al., 2007; Wilfart et al., 2013; Chen and Qiu,
2014; Ferreira et al., 2014). However, the intensive mariculture of
fish, shrimp, shellfish, and other economically important aquatic
animals can lead to dissolved inorganic nutrients being released
directly into seawater, and can also result in feces and pseudo feces depositing into sediments, which would subsequently increase the nutrient concentration in sea water due to decomposition. Intensive mariculture could lead to changes in the structure
of dissolved inorganic nutrients and the sedimentary environ-

ment in coastal waters, especially in semi-enclosed and enclosed
marine areas (de Jonge et al., 2002; Neori et al., 2004). The high
nutritional status can change the characteristics of the ecosystem and cause a series of adverse ecological events, including
phytoplankton blooms, macroalgae blooms, and other serious
disasters (Nagasoe et al., 2010; Glibert and Burkholder, 2011; Huo
et al., 2012; Schumacher et al., 2014).
Phytoplankton blooms cause mass mortalities of wild and
farmed animals worldwide, with catastrophic impact on aquaculture and local economies (Richlen et al., 2010). Harmful phytoplankton blooms also contaminate shellfish with toxins, making
them unsafe for human consumption and can cause a variety of
health problems (Flewelling et al., 2005; Peng et al., 2012). The
distribution of phytoplankton assemblages is primarily influenced by environmental factors, such as water temperature and
nutrient levels (Byun et al., 2007; Paerl et al., 2011). Several previ-
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ous studies have described the relationships between the phytoplankton distribution and environmental factors in coastal waters. Silicate (SiO4) and soluble reactive phosphorus (SRP), which
are both influenced by hydrodynamic conditions, were the most
important environmental factors influencing the phytoplankton
distribution in the semi-enclosed environment of the Bohai Bay
(Peng et al., 2012). Dissolved nitrate and pH have been shown to
control the seasonal fluctuations of phytoplankton along the
eastern coast of the Gulf of Suez in Egypt (Nassar et al., 2015).
Shen et al. (2011) reported that temperature and turbidity had
significant effects on the pattern of phytoplankton assemblages
during wet and dry seasons in the Zhujiang (Pearl River) Estuary
in China. Therefore, understanding the relationship between
phytoplankton and environmental factors is of fundamental importance in studies of the mechanisms that distribute phytoplankton assemblages and the establishment of control measures (Peng et al., 2012).
The Sansha Bay is a typical enclosed bay along the coast of
the East China Sea and is one of the most important aquaculture
bases in southeastern China. It is seriously impacted by both
poor hydrological exchange and anthropogenic activities (Wu et
al., 2015). There are 220 000 fish cages in the Sansha Bay, with
Pseudosciaena crocea (Su, 2009). Crassostrea gigas and
Apostichopus japonicus were also cultivated on a large scale in recent decades. The excess nutrients from mariculture activities,
which enter the environment as dissolved ammonia, feces, and
uneaten feed can stimulate rapid phytoplankton growth (Li et al.,
2010). Yu et al. (2014) demonstrated that anthropogenic disturbance is the major controlling factor of habitat degradation in the
115°
41°
N

119°

123°

103

Sansha Bay.
This study was conducted in the Yantian Bay, which has an
area of approximately 405.86 km 2 (Wu et al., 2015). In recent
years, the Yantian Bay has experienced serious eutrophication
mainly due to intensive mariculture (Hu et al., 2014; Yu et al.,
2014), which is a weak source of CO2, resulting in low pH values
(Wei et al., 2016). The rate of habitat degradation in the Yantian
Bay, one of the six sub-bays of the Sansha Bay, is more severe
(33.50%) than in the other sub-bays mainly due to mariculture
activities. To the best of our knowledge, little information is available regarding the relationship between phytoplankton assemblages and environmental factors in enclosed and intensively eutrophic mariculture sea areas.
In this study, the composition and distribution of phytoplankton assemblages and the relationships between the environmental factors and phytoplankton were evaluated based on data
obtained from 12 continuous cruises conducted during the period from August 2012 to July 2013 in the Yantian Bay. The aims of
this study are to investigate phytoplankton assemblages and their
relationship with environmental properties in intensively eutrophic mariculture areas and to identify the most important
variables that determine the distribution of phytoplankton in
these areas.
2 Materials and methods
2.1 Study area and survey methods
The Yantian Bay (26.72°–26.84°N, 119.76°–119.83°E), which is
an enclosed sub-bay inside the Sansha Bay at the coast of the
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Fig. 1. The locations of the Sansha Bay on the coast of the East China Sea (a), the Yantian Bay inside the Sansha Bay (b) and ten
sampling sites in the Yantian Bay during the period of August 2012 to July 2013 (c).
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East China Sea (Fig. 1). During our investigations, P. crocea, C.
gigas and A. japonicus were cultured all year round. In this area,
the macroalgae, Gracilaria lemaneiformis, is most commonly
cultivated during September and December, and Laminaria japonicais typically cultivated during January and May. There are
no macroalgae cultivated during June and August in the Yantian
Bay. Ten sampling sites were selected in the Yantian Bay, and
samples were taken monthly during the period of August 2012 to
July 2013 (Fig. 1). Sampling Site 1 was located in a non-mariculture area; sampling Site 3 was located in an area where C.
gigaswas cultured; sampling Site 4 was located in an area where
P. crocea was cultured; while the other sampling sites were distributed in seaweed cultivation areas. A total of 12 cruises were
conducted in this study. Sampling activities were conducted onboard a local fishing boat. Water samples and phytoplankton
samples were collected using Niskin bottles controlled by a
hand-operated winch (Widco, Fort Lauderdale, FL, USA) in the
middle of every month.
2.2 Physico-chemical properties
During each survey, the surface temperature, salinity, suspended solids (SS), pH and dissolved oxygen (DO) were measured in the field using a multi-parameter kit (MS5, HACH. Loveland, CO, USA). Seawater samples were taken at each sampling
site during the slack tide period at a depth of 15–20 cm below the
surface, and were analyzed for the determination of ammonium
(NH4-N), nitrite (NO2-N), nitrate nitrogen (NO3-N), soluble reactive phosphorus (PO 4 -P), silicate (SiO 4 ), chemical oxygen demand (COD) and chlorophyll a (Chl a). Seawater samples for the
measurement of dissolved inorganic nutrients were filtered
through cellulose membranes (0.45 μm), which were pre-immersed in 10% HCl for at least 10 h and rinsed with distilled water many times before use, and one to two drops of mercury (II)
chloride was also added. Water samples used for Chl a determination were filtered onto GF/F glass-fiber filters onboard and
wrapped in tinfoil. All seawater samples were preserved in a
freezer at –30°C onboard and then transported to the laboratory
under cold conditions and preserved in a freezer at –30°C in the
laboratory. NH4-N, NO2-N, NO3-N, PO4-P and SiO4 concentrations were measured according to the GB/T 12 763.4 (2007) protocol. COD was measured directly according to the GB/T17378.4
(2007) protocol. Chl a was extracted from samples using 90%
aqueous acetone, and the concentration of Chl a was determined using a fluorometer (Turner Designs, San Jose, CA, USA)
(Parsons et al., 1984).
2.3 Phytoplankton community structure
At each sampling site, 1 000 mL seawater was sampled at a
depth of 15–20 cm below the surface using Niskin bottles. These
samples were immediately preserved with neutralized formaldehyde at a final concentration of 4% for the determination of
phytoplankton. The samples were transported back to the laboratory under cool conditions, and 250 mL seawater samples were
then placed in an Utermöhl counting chamber. Phytoplankton
cells of greater than 5 μm diameter were identified and counted
using an inverted microscope (Eclipse 100, Nikon, Tokyo, Japan)
at 200× and 400× magnification. The entire chamber was examined and each cell was counted as a unit. At least 400 individuals of the more abundant species were counted from each
sample with a 10% error. Diatoms were identified to species level
if possible. The density of phytoplankton was recorded as cell/L
and was calculated based on the volume of seawater examined.
The dominance index (Y) of the phytoplankton species, species

diversity index (H′), richness index (D), Margalef index (d), and
evenness index (J) were calculated according to Wang et al.
(2005), Shannon and Wiener (1963), Margalef (1968), and Pielou
(1975). A species with Y>0.02 was considered to be a dominant
phytoplankton species.
2.4 Statistical analysis
Based on the results of a test of normality, Pearson correlation analyses were used to determine correlations between environmental factors and total phytoplankton abundance, total diatom abundance and total dinoflagellate abundance in the Yantian Bay throughout the whole period investigated. Significant
and highly significant correlations were defined at P<0.05 and
P<0.01, respectively. Statistical analyses were conducted using
SPSS 19.0. Multivariate ordination techniques were used to determine the relationship of environmental factors with the phytoplankton community in each month investigated using CANOCO
for Windows 4.5 (Lepš and Šmilauer, 2003). Selected environmental parameters (sea surface temperature, pH, salinity, DO,
Chl a, COD, DIN, dissolved inorganic phosphorus (DIP), SiO4,
DIN/SRP ratio and DIN/SiO4 ratio) were adopted as the explanatory variables. Three forms of nitrogen were integrated as dissolved inorganic nitrogen (DIN), whereas PO4-P was regarded as
DIP in this study. All environmental parameters were transformed (log10x) before analysis except for pH. In the data matrix
of phytoplankton species abundance, only those species with an
abundance greater than 5% in at least one sample were used in
the analysis (Peng et al., 2012). The phytoplankton species data
were transformed (log10(x+1)) before analysis to obtain consecutive distributions. A detrended correspondence analysis (DCA)
was applied to the phytoplankton species data to determine
whether linear or unimodal ordination methods should be applied. The DCA revealed that the maximum gradient length of the
four axes was less than three; therefore, linear methods were considered to be suitable ordination techniques in this study and a
redundancy analysis (RDA) was applied to assess the relationships between phytoplankton and environmental parameters
(Lepš and Šmilauer, 2003). A Monte Carlo simulation was used to
test the significance of the environmental parameters when explaining the phytoplankton data by the RDA using CANOCO for
Windows 4.5 (Lepš and Šmilauer, 2003).
3 Results
3.1 Physico-chemical properties
During the study period, the spatio-temporal distribution of
the environmental factors varied among the investigation months. The results observed for these environmental factors were reported by Wu et al. (2015).
3.2 Phytoplankton composition
A total of 147 taxa of phytoplankton belonging to six taxonomic groups, were identified in the Yantian Bay during the investigation period. Diatoms and dinoflagellates accounted for 78.23%
and 14.97% of the phytoplankton taxa, respectively, and there
were 10 phytoplankton taxa belonging to Cyanophyta, Chlorophyta, Myzozoa and Ochrophyta (Table 1). The number and
abundance of phytoplankton taxa varied in the different investigation months. Based on the Y values, 18 diatoms and only one
dinoflagellate were identified as the dominant species
throughout the whole year in the Yantian Bay (Table 2), and the
dominant species and their abundance varied substantially in
the different investigation months. Only Skeletonema costatum
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Table 1. The number and average abundance (×104 cell/L) of phytoplankton taxa in specific taxonomic groups across ten sampling
sites
Taxonomic
group

2013
Mar.
Apr.
May
Jun.
Jul.
Diatom
n
35
41
38
42
47
N
0.53
0.85
5.18
2.92
4.76
Dinoflagellate
n
3
5
9
9
4
N
0.026 0.006 7 0.069
0.072 0.007 8
Cyanophyta
n
1
1
1
N
0.000 4 0.000 4
0.018
Chlorophyta
n
2
1
1
1
2
1
1
2
N
0.007 4
0.003 0
0.002 2 0.007 4 0.004 8 0.005 6 0.001 5 0.054
Myzozoa
n
1
1
1
1
1
N
0.002 6 0.001 5 0.005 6 0.002 2
0.000 4
Ochrophyta
n
1
1
1
1
N
0.000 4
0.000 4 0.000 7
0.000 4
Total
n
63
60
51
54
62
53
52
42
51
48
54
54
N
7.73
1.45
2.60
0.78
2.10
6.52
0.64
0.57
0.87
5.26
3.00
4.84
Note: n indicates the number of phytoplankton species in specific taxonomic groups and N the average abundance of phytoplankton in
specific taxonomic groups across ten sampling sites.
Item

Aug.
54
7.71
9
0.029

Sep.
53
1.40
5
0.039

2012
Oct.
48
2.58
3
0.027

Nov.
48
0.76
4
0.017

Dec.
59
2.1
3
0.009 6

Jan.
50
6.47
2
0.047

Feb.
46
0.63
4
0.007 8

Table 2. Monthly dominant phytoplankton species and the average abundance (×104 cell/L) of each dominant species across ten
sampling sites
Species
Skeletonema costatum
Navicula sp.
Pleurosigma sp.
Cylindrotheca closterium
Licmophora abbreviata
Detonula pumila
Bacillaria paxillifera
Pseudo-nitzschia delicatissima
Thalassionema nitzschioides
Ditylum brightwellii
Rhizosolenia setigera
Paralia sulcata
Climacosphenia moniligera
Cerataulina pelagica
Chaetoceros abnormis
Thalassiosira rotula
Nitzschia sigma
Grammatophora undulata
Prorocentrum gracile

Aug.
3.51

0.45
2.45

Sep.
0.41
0.054
0.086

0.12
0.20

2012
Oct.
0.60
0.074
0.064
0.11
0.18
1.19

Nov.
0.24
0.08
0.11
0.021
0.018
0.038

0.021
0.029
0.031

Dec.
1.39
0.29
0.063

Jan.
5.62
0.59

Feb.
0.24
0.15
0.063

Mar.
0.035
0.15
0.067
0.035

0.13

2013
Apr.
0.13
0.12
0.054
0.043
0.13

May
4.94

Jun.
2.41
0.075
0.063

Jul.
0.52

0.13
1.82

0.018

0.32
0.15

0.033
0.030

0.086
0.030

0.046
1.19
0.18
0.22

0.058
0.021
0.033

dominated the phytoplankton community in May 2013, while
nine species dominated the phytoplankton community during
September and November in 2012. Skeletonema costatum dominated the phytoplankton community in all investigation months,
and accounted for 6.75%–93.98% of the total phytoplankton
abundance. Navicula sp. and Pleurosigma sp. were the dominant species in eight investigation months, and accounted for
2.58%–27.30% and 2.11%–14.67% of the phytoplankton abundance, respectively. Pseudo-nitzschia delicatissima accounted for
29.39%, 14.41% and 46.91% of the phytoplankton abundance during August, September and October in 2012, respectively.
Detonula pumila, Thalassionema nitzschioides, Cerataulina pelagica and Licmophora abbreviate accounted for 37.67%, 36.94%,
25.12% and 15.12% of the phytoplankton abundance during July,
April, July and April in 2013, respectively. The other ten domin-

0.024

ant diatoms accounted for less than 8% of the phytoplankton
abundance in the investigation months. Prorocentrum gracile,
the only dominant dinoflagellate, accounted for 2.30% and 4.25%
of the phytoplankton abundance in September 2012 and March
2013, respectively.
3.3 Phytoplankton diversity
The average Shannon–Wiener index (H′) value varied from
0.89 to 3.54 among the different investigation months throughout
the study period (Table 3). The average H′ was as low as 0.89 in
January 2013, increased to 3.00 in March 2013, and decreased
gradually to 1.52 in June 2013. The average H′ was maintained at
a relatively high value of 2.66–3.54 from September to November
in 2012. The Pielou index (J) was in the range of 0.21–0.75 during
the study period, and the J values varied in the same way as the
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Table 3. Three indexes of the phytoplankton community in the different investigation months in the Yantian Bay
Month
2012
Aug.
Sep.
Oct.
Nov.
Dec.
2013
Jan.
Feb.
Mar.
Apr.
May
Jun.
Jul.

Shannon-Wiener index (H′)
Min.
Max.
Average

Min.

Pielou index (J)
Max.

Average

Min.

1.41
2.88
2.09
2.58
1.11

3.07
4.24
3.77
3.84
2.45

2.14
3.54
2.66
3.25
1.77

0.32
0.59
0.46
0.61
0.25

0.60
0.86
0.80
0.84
0.57

0.44
0.75
0.57
0.74
0.40

1.83
2.27
1.84
1.73
1.60

3.15
3.25
3.11
2.94
2.96

2.35
2.62
2.34
2.27
2.16

0.58
1.72
2.67
1.97
0.31
1.19
2.35

1.17
3.73
3.46
3.54
3.26
2.09
3.28

0.89
2.74
3.00
2.67
1.49
1.52
2.81

0.14
0.41
0.65
0.54
0.07
0.25
0.51

0.27
0.84
0.80
0.74
0.81
0.51
0.71

0.21
0.70
0.73
0.67
0.37
0.33
0.62

1.39
1.20
1.59
0.83
1.25
1.59
1.75

1.86
2.58
2.52
3.03
1.90
2.56
2.60

1.71
1.74
1.91
1.79
1.75
2.26
2.14

H' values among the different investigation months (Table 3).
The lowest value of the Margalef index (d) of 1.71 was recorded in
January 2013, and was maintained at 1.74–1.91 from February to
May in 2013. The d values were in the range of 2.14–2.62 during
the period of August to December in 2012 and June to July in
2013.
3.4 Phytoplankton distribution
The average phytoplankton density was 3.00×10 4 cell/L
throughout the whole year. The highest average density of
7.73×104 cell/L was recorded in August 2012, and the lowest average density of 0.57×104 cell/L was recorded in March 2013. The
average phytoplankton density across all sampling sites was in
the range of 0.78×104 cell/L to 6.52×104 cell/L in the other ten investigation months.
The geographical distribution of phytoplankton during the
study period is shown in Fig. 2. In the spring months of March
and April, the phytoplankton were distributed relatively uniformly throughout the Yantian Bay, but in May there was an increase from sampling Site 1 with 0.27×104 cell/L inside the bay to
sampling Site 10 with 18.76×104 cell/L at the mouth of the bay.
During summer, the phytoplankton were distributed relatively
uniformly between different sampling sites in June, and the
phytoplankton abundance decreased from inside the bay to the
mouth of the bay in July and August, with the highest density of
16.23×104 cell/L at sampling Site 7 in August 2012. During autumn, the phytoplankton were also distributed relatively uniformly in September and November, but the density was as high
as 5.10×104 cell/L at sampling Site 2 and continuously decreased
to 1.04×104 cell/L at sampling Site 10 in October 2012. During
winter, the phytoplankton abundance was relatively high at
sampling sites inside the bay and at the mouth of the bay compared with the abundance at sampling sites in the middle of the
bay in December 2012. The density increased to 4.22×10 4 –
9.75×104 cell/L, with no obvious pattern in the spatial distribution in January 2013. It then decreased to 0.16×10 4 –2.00×10 4
cell/L, with the lowest phytoplankton abundance occurring at
the mouth of Yantian Bay in February 2013.
3.5 Relationships between phytoplankton abundance and environmental factors
The results of the Pearson correlation analysis across the
whole study period showed that total phytoplankton abundance

Margalef index (d)
Max.
Average

and total diatoms were significantly correlated with water temperature, DIN, and DIN/SiO4 (P<0.01, Table 4) and DO (P=0.016
and 0.017, Table 4). The total dinoflagellate abundance was significantly correlated with salinity and suspended solids (P=0.002
and P<0.001, Table 4).
The relationship between environmental factors and phytoplankton abundance in each month investigated was analyzed by
RDA (Table 5 and Fig. 3). The results of Monte Carlo tests showed
that only the first canonical axis was significant during these investigation months, which indicated that these environmental
factors may be important for explaining the phytoplankton community compositions. The first axis explained 20.1% to 43.4% of
the phytoplankton variations in the investigation months. There
were different significant environmental factors that explained
the variability of the phytoplankton composition in the investigation months according to the RDA with forward selection. Silicate levels were found to statistically explain the variation in the
composition of phytoplankton in November 2012 and July 2013,
while pH was the significant environmental factor in August
2012, September 2012, February 2013, and April 2013. In December 2012, March 2013 and May 2013, the significant environmental factors were DO, DIN and salinity, respectively. During
the study period in October 2012, January 2013 and June 2013, no
environmental factor was significantly correlated with phytoplankton abundance in the Yantian Bay.
4 Discussion
The composition and abundance of phytoplankton in the
Sansha Bay in May, August and November in 1990, and in February 1991, sampled using a conical phytoplankton net, was reported by Lin (1993). It is difficult to compare the phytoplankton
abundance in this study with the results reported by Lin (1993)
because of the different sampling methods, but the difference in
the dominant phytoplankton species over the 20 years can be
evaluated. Skeletonema costatum, Ditylum brightwellii and Nitzschia sigma, which were the dominant species in the early 1990s
also dominated the phytoplankton community in our study,
while Biddulphia sinensis, Biddulphia regia, Coscinodiscus centralis, Coscinodiscus oculusiridis, Chaetoceros decipiens, Bacillaria
paradoxa, Thalassiothrix frauenfeldii, Ceratium fusus and
Noctiluca scintinllans were dominant species in the early 1990s,
but not in the early 2010s. Noctiluca scintinllans was the dominant dinoflagellate in the early 1990s in the Sansha Bay (Lin, 1993),
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Fig. 2. Geographical distribution of phytoplankton abundance (×104 cell/L) across ten sites in the Yantian Bay during the period of
August 2012 to July 2013.
but P. gracile was the only dominant dinoflagellate in September
and March in the 2010s in the Yantian Bay. The H′ values in the

current study were much smaller than in the corresponding
months in the 1990s (Lin, 1993), which indicated that the phyto-
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Table 4. Pearson correlation between total phytoplankton abundance, total diatom abundance, total dinoflagellate abundance and
environmental factors across the whole study period in the Yantian Bay
Environmental factor
Temperature
Salinity
pH
DO
SS/mg·L–1
COD
DIN
PO4-P
SiO4
DIN/PO4-P
DIN/SiO4

Total
0.315 **
0.164
–0.058
–0.221*

Diatom
0.313 **
0.167
–0.059
–0.219 *

Dinoflagellate
0.106
–0.277 **
–0.019
–0.046

n
120
120
120
120

–0.157
–0.079
–0.399 **
–0.150
–0.055
–0.176
–0.402 **

–0.154
–0.083
–0.397 **
–0.147
–0.055
–0.177
–0.399 **

–0.336 **
0.088
–0.176
–0.079
–0.079
–0.012
–0.155

120
120
120
120
120
120
120

Note: ** Highly significant correlation at the 0.01 level (2-tailed); * significant correlation at the 0.05 level (2-tailed).

Table 5. Apartitioning analysis of environmental factors influencing phytoplankton assemblages in the Yantian Bay during the period
of August 2012 to July 2013
Month
2012
Aug.
Sep.
Nov.
Dec.
2013
Feb.
Mar.
Apr.
May
Jul.

Environmental factor

Eigenvalues

Variation explains solely/%

F

pH
pH
SiO4
DO

0.434
0.295
0.201
0.227

43.4
29.5
20.1
22.7

6.129
3.351
2.015
2.355

0.002
0.002
0.042
0.030

pH
DIN
pH
salinity
SiO4

0.264
0.271
0.311
0.357
0.256

26.4
27.1
31.1
35.7
25.6

2.872
2.978
3.613
4.448
2.756

0.002
0.022
0.004
0.014
0.020

plankton composition and abundance had changed substantially over the 20 years.
The phytoplankton abundance was significantly different
among the different months investigated. The monthly variations of the phytoplankton community and their abundance in
the Yantian Bay were greatly influenced by environmental factors
(Table 4). The most important environmental factor influencing
the monthly variations of phytoplankton abundance was water
temperature. Water temperature can control the seasonal dynamics of phytoplankton successions (Dupuis and Hann, 2009).
Some researchers have reported that the abundance of diatoms
is inversely related to temperature, with a high abundance of diatoms at temperatures below 18°C (da Silva et al., 2005; Turner et
al., 2009). In the Yantian Bay, the highest total diatom abundance probably occurs during periods with a relatively high water
temperature, which differs from the situation in the Bohai Bay
(Peng et al., 2012). The abundance of small-celled diatoms, such
as S. costatum, Navicula sp. and Pleurosigma sp., increases during warm water periods, because warm water is well known to be
less viscous than cold water, favoring a species with a small cell
size (Tunin-Ley et al., 2007).
Nutrient availability is one of key factors influencing the
monthly variations of the phytoplankton community (Llope et
al., 2009; Ward et al., 2011; Peng et al., 2012). Under normal conditions, phytoplankton takes up N and P at the Redfield ratio
(16:1). In the Yantian Bay, the observed molar ratio of N/P was
higher than the Redfield ratio, indicating either a Nsurplus or a Plimited system (Wu et al., 2015). There was no significant correlation between phytoplankton abundance and the PO4-P concen-

p

tration, which was mostly higher than the eutrophication
threshold value of 0.045 mg/L (Wu et al., 2015). These results indicated that phytoplankton abundance was not limited by P
availability in the Yantian Bay during the study period. Total
phytoplankton and total diatom abundance were significantly
negatively correlated with the DIN concentration in this study.
This may be explained by the increasing phytoplankton abundance, which led to nitrogen being rapidly depleted. These results
differed from those results reported by Lin (1993), who reported a
negative correlation between phytoplankton abundance and
PO4-P in the 1990s in the Sansha Bay.
Salinity is another important environmental factor that can
influence the seasonal variations of phytoplankton (McQuoid,
2005). In this study, total dinoflagellate abundance was significant negatively correlated with salinity (Table 4). A relatively low
salinity is favorable for the explosive growth of dinoflagellates,
which increases the possibility of red tide outbreaks (Yuan et al.,
2014). There was a significant correlation between total dinoflagellate abundance and the concentration of SS in this study.
Dinoflagellates are unable to survive in very turbulent water
(Margalef, 1978). Wang and Huang (2003) reported that low turbidity may also favor the growth of Karenia mikimotoi and Prorocentrum dentatum. The fine particles remain in suspension, resulting in high level so flight scattering and considerably reducing
light penetration into the water column (Oliver et al., 2010),
which would limit the growth and photosynthesis of phytoplankton (Shen et al., 2011).
The phytoplankton composition and abundance varied
between different sampling sites, which were due to different
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Fig. 3. Correlation plots of the redundancy analysis (RDA) for the relationship between the environmental variables and
phytoplankton taxa. The numbers with letters represent the following species: n1 represents Cerataulina pelagica, n2 Chaetoceros
abnormis, n3 Chaetoceros lauderi, n4 Chaetoceros sp., n5 Coscinodiscus sp., n6 Cylindrotheca closterium, n7 Detonula pumila, n8
Ditylum brightwellii, n9 Melosira nummuloides, n10 Skeletonema costatum, n11 Thalassiosira rotula, n12 Bacillaria paxillifera, n13
Chaetoceros curvisetus, n14 Pseudo-nitzschia delicatissima, n15 Chaetoceros debilis, n16 Melosira granulata, n17 Navicula sp., n18
Nitzschia sigma, n19 Pleurosigma sp., n20 Rhizosolenia setigera, n21 Thalassionema nitzschioides, n22 Thalassiosira sp., n23
Prorocentrum gracile, n24 Licmophora abbreviata, n25 Grammatophora undulata, n26 Melosira granulata, n27 Nitzschia lorenziana,
n28 Nitzschia sp., n29 Pseudo-nitzschia pungens, n30 Asteroplanus karianus, n31 Climacosphenia moniligera, n32 Paralia sulcata, n33
Planktoniella blanda, n34 Scenedesmus quadricauda, n35 Coscinodiscus jonesianus, n36 Triceratium alternans, and n37 Thalassiosira
nordenskiöeldii.
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phytoplankton species adapting to changes in the physico-chemical environment in the specific investigation months. Although
water samples were collected in different functional areas, all
sampling sites were impacted by mariculture activities, as shown
by the geographical distribution of dissolved inorganic nutrients
(Wu et al., 2015).
During the whole investigation period, the phytoplankton
community was mainly composed of neritic diatom species, such
as the diatom S. costatum, Navicula sp., P. delicatissima and the
dinoflagellate P. gracile. The concentration of SiO4 could influence the structure of phytoplankton assemblages, with diatoms
becoming the dominant species when the SiO 4 concentration
was higher than 2 μmol/L and the levels of all other nutrients
were sufficient (Egge, 1998). Skeletonema costatum dominated
the phytoplankton community during the whole year. According
to the results of the RDA analysis, its abundance was significantly correlated to high SiO4 and DIN concentrations, suggesting
that S. costatum prefers water with high levels of nutrients. The
results of this study are consistent with other studies that have
found that S. costatum prefers nutrient-rich seawater (Patil and
Anil, 2011; Peng et al., 2012). Navicula sp., Pleurosigma sp., C.
closterium and P. sulcata also have a preference for seawater containing high nutrient concentrations, and their abundance has
been shown to be significantly correlated with levels of nutrients
and/or SiO4 (Du et al., 2016; El-Kassas and Gharib, 2016; Zhang
et al., 2016). These diatom species could be considered as bioindicators for assessing environmental quality in specific ecosystems. Detonula pumila was one of the dominant species in the
phytoplankton assemblage in November 2012 and July 2013 (Table 2 and Fig. 3), and its abundance was significantly correlated
to the SiO4 concentration in the RDA. The results of this study
were consistent with those of Yuan et al. (2014) who found that
the abundance of D. pumila was strongly related to silicate levels
in the Sanggou Bay, Ailian Bay, and Lidao Bay at the coast of the
Yellow Sea. Pseudo-nitzschia delicatissima was one of the dominant species in the summer period in the Yantian Bay, and is considered to be an estuarine species that is typically observed in the
high flow season, which is characterized by a relatively high salinity (Zhang et al., 2014). In the RDA with forward selection, the
abundance of Chaetocerosabnormis, L. abbreviata, S. costatum
and P. gracile, were not only significantly correlated with nutrient levels, but also had a strong correlation with pH, dissolved
oxygen and salinity in the specific months investigated in the
Yantian Bay (Table 2 and Fig. 3). This was consistent with the results of Rai and Rajashekhar (2014) who found that the abundance of C. curvisetus, L. abbreviata, S. costatum and P. micans
had significant positive correlation with pH and salinity in the Arabian Sea off Kerala along the southeast coast of India. Prorocentrum gracile was the only dinoflagellate that dominated the
phytoplankton community in the Yantian Bay in September 2012
and March 2013, and is also considered to prefer the relatively
low turbidity and low nutrient concentrations in the upper mixed
layers of stratified seawater (Smayda, 1997; Wang and Huang,
2003; Wu et al., 2015). The results of the present study indicate
that DIN, SiO 4 , pH, and salinity are important environmental
factors that regulate phytoplankton assemblages in specific
months in the Yantian Bay.
During the study period, several phytoplankton species,
which have been widely reported as microalgae-bloom-forming
organism (Liu et al., 2005; Peng et al., 2012) dominated the
phytoplankton community in the Yantian Bay. These species include S. costatum, Navicula sp., T. nitzschioides, Pleurosigma sp.
and L. abbreviata. Although these species do not produce toxic

chemical substances, they may cause fish mortality when blooms
decay and produce high ammonia levels or entrainment within
the gills (Engström-Öst et al., 2002). The results of present study
show that pH and nutrient levels (DIN, SiO4) are the most important environmental factors influencing the variations of
phytoplankton assemblages. In the Yantian Bay, the annual output of P. crocea is approximately 9 670 t, and the annual output of
C. gigas and A. japonicus is 5 790 t and 32.5 t, respectively. The
total N production generated by the culturing of these aquatic
animals is 305.12 t per year (Wu et al., 2015), which would maintain high concentrations of nutrients in the water column in the
Yantian Bay. In seawater, the variation of pH is directly influenced by CO 2 levels because of the carbon dioxide–carbonic
acid–bicarbonate system. The phytoplankton community structure was influenced by interactions between ocean acidification,
solar radiation, and warming (Gao et al., 2012). In the seawater of
the Yantian Bay, the annual concentration of CO2 is in the range
of 11.4–39.78 μmol/L, which makes it a weak source of atmospheric CO2 (Wei et al., 2016) and keeps pH levels in the water
column in the range of 7.53–7.89 (Wu et al., 2015). Carbon levels
in the seawater can also be greatly impacted by the decomposition of fish feces and uneaten feed in mariculture sea areas as indicated by Mahmood et al. (2016). Wu et al. (2015) reported that
the nutrient level in the Yantian Bay coming from rivers and tides
was very low compared with other sources because of small
rivers located upstream and weak exchange with open waters. So
nutrients introduced by mariculture are a very important factor
causing high concentrations of inorganic nutrient in the Yantian
Bay (Wu et al., 2015).
The results of this study indicate that the nutrient and pH
levels in the Yantian Bay were mainly greatly impacted by mariculture activities, and they play a vital role in influencing the
growth and production of microalgae-bloom-forming phytoplankton. Based on the results of this study, there is a large potential for microalgae blooms to occur in the Yantian Bay, especially in seasons with a high water temperature. Thus, a reduction in the impact of mariculture activities is an effective way to
control the occurrence of microalgae blooms in such an enclosed and intensively eutrophic bay.
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