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Abstract

Chlorophyll a (Chl a), particulate organic carbon (POC) and biogenic silica (BSi) were determined in coastal
waters adjacent to the Zhujiang (Pearl) River Estuary (ZRE) during summer, in order to examine the C:Chl a ratio
of phytoplankton and phytoplankton carbon in the plume-impacted coastal waters during summer, as well as to
assess the relative contribution of diatoms to the phytoplankton biomass, by the regression between Chl a, POC
and BSi. Our results showed that the C:Chl a ratio (g/g) of phytoplankton was high (up to 142), likely due to high
light intensity and nutrient limitation. The river plume input stimulated phytoplankton growth, especially
diatoms, resulting in higher relative contribution of phytoplankton carbon (55%) and diatoms (34%) to POC in the
plume-impacted region than those (33% and 13%) in high salinity area, respectively. Phytoplankton carbon (up to
538 pg/L) in the plume-impacted region was much higher than that (<166 pg/L) in high salinity area. Our findings
were helpful to improve the biogeochemical model in coastal waters adjacent to the ZRE.
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1 Introduction

Chlorophyll a (Chl a) is extensively used as a proxy of phyto-
plankton biomass, since Chl a is unique to plants and easily
measured. However, the concentrations of pigments in phyto-
plankton cells vary with light and nutrient supply (Chan, 1980;
Neale et al., 1989). It is desirable to characterize phytoplankton
biomass in form of organic carbon instead of Chl g, in order to
compare phytoplankton biomass with the biomass of other
plankton such as viruses, bacteria and zooplankton (Buck et al.,
1996). Furthermore, carbon content is the only variable to ex-
press phytoplankton biomass in the biogeochemical or ecologic-
al model. However, particulate organic carbon (POC) cannot be
used to characterize phytoplankton biomass because it is not
specific to phytoplankton and furthermore phytoplankton may
not dominate in POC in terms of carbon content in unproductive
regions. However, it is difficult to estimate phytoplankton carbon
(PC) in marine environments as there is not an approach to sep-
arate phytoplankton carbon and non-phytoplankton carbon.
Phytoplankton carbon can be estimated by Chl a concentration
and the C:Chl a ratio of phytoplankton since Chl a is routinely
measured as a robust parameter of phytoplankton biomass in
practice. The C:Chl a ratio can be obtained by the linear regres-
sion of POC vs. Chl a concentrations (Cho and Azam, 1990;

Chang et al., 2003).

The C:Chl a ratio varies in a wide range across marine envir-
onments because of different environmental conditions (Geider,
1993; Buck et al., 1996; Chang et al., 2003; Vazquez-Dominguez et
al.,, 2013). Hence, it is necessary to study the C:Chl a ratio across
marine environments, in order to estimate the carbon content of
the phytoplankton community. In coastal waters, diatoms are of-
ten the dominant species of the phytoplankton community,
which contribute up to 75% of primary production (Nelson et al.,
1995; Tréguer and De La Rocha, 2013). It was ecologically import-
ant to quantify the contribution of diatoms to phytoplankton bio-
mass in coastal waters, to better understand the role of diatoms
in carbon export in biological pump.

The coastal waters in the northern South China Sea are sub-
jected to the influence of the Zhujiang River discharge during
summer (Xu et al., 2008). The Zhujiang River is the second largest
river in China in terms of freshwater discharge, with an annual
average freshwater discharge of 1.05x10* m3/s (Yin et al., 2000).
Around 80% of the river discharge occurs in the wet season
(April-September). The river plume improved phytoplankton
biomass dramatically in coastal waters (Xu et al., 2008). In the
plume-impacted coastal waters, phytoplankton carbon and the
C:Chl a ratio of phytoplankton has never been quantified, which

Foundation item: The National Natural Science Foundation of China under contract No. 41476137; the project of Qingdao National
Laboratory for Marine Science and Technology under contract No. QNLM20160RP0305.

*Corresponding author, E-mail: xujie@scsio.ac.cn



124

was of significance to improve a biogeochemical model for the
northern South China Sea. In this study, the objectives were to
compare the C:Chl a ratios of phytoplankton and phytoplankton
carbon between the plume-impacted coastal waters and the wa-
ters with no influence of the plume during summer, as well as the
relative contribution of diatoms to the phytoplankton biomass.

2 Materials and methods

2.1 Study sites

A cruise was conducted in June 14 to 29, 2016 in the Zhujiang
River Estuary and its adjacent coastal waters aboard the R/V
Haike 68. A total of 58 stations were visited and vertical profiles of
temperature, salinity and fluorescence were measured with a
CTD (Sea-bird) at each station. At twenty stations of which, nutri-
ents, chlorophyll a (Chl a), particulate organic carbon/nitrogen
(POC/N) and biogenic silica (BSi) were collected at the surface
(Fig. 1).

2.2 Nutrients, Chl @, POC/N and BSi

Water samples for nutrients were filtered through the glass
fiber filters (GF/F) and immediately frozen (-20°C) until ana-
lyzed. Inorganic nutrient concentrations were measured colori-
metrically with a Seal AA3 auto analyzer (Bran-Luebbe, GmbH).
The low concentrations of NO,+NO, and soluble PO, (ortho-
phosphate) within the euphotic zone were measured by the long-
cell method (Li et al., 2008; Li and Hansell, 2008) by incorporat-
ing a 50 cm liquid waveguide cell to AA3 with detection limits of
0.02 and 0.01 pmol/L, respectively.

For Chl a samples, 250 mL to 1 L seawater was filtered on the
glass fiber filters (GF/F) and stored at -20°C immediately until
analyzed. Chl a samples were sonicated for 20 min and extracted
in 90% acetone at 4°C in the dark for 24 h. The samples were de-
termined using a Turner Designs Model 10 Fluorometer after be-
ing centrifuged at 4 000 r/min for 10 min (Parsons et al., 1984).

The 250 mL to 1 L seawater for POC and PON samples were
filtered onto precombusted (4 h at 460°C) 25 mm Whatman GF/F
filters. Filters were dried at 60°C in an oven overnight and POC/N
was determined with a CHN analyzer (Elementar, Vario El Cube).

Biogenic silica in suspended matter was determined using al-
kaline extraction method (Ragueneau et al., 2005). Biogenic silica
samples were collected on GE polycarbonate membranes (47-mm
in diameter, 1 pm in pore size) in situ by filtering 250 mLto 1 L
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seawater. The filters were kept at -20°C immediately until ana-
lyzed. The filter was extracted using 0.2 mol/L NaOH (4.0 mL, pH
13.3) in polypropane centrifuge tube (Corning, polypropane, 15 mL)
at 100°C for 40 min. After being cooled down to room temperat-
ure, 1.0 mL 1.0 mol/L HCl was added to neutralize the pH. Dissol-
ved silicate [Si], and aluminum [Al], concentrations were determ-
ined after the supernatant was centrifuged for 10 min at 2 500 r/min.
Subsequently, the filter was rinsed with deionized water for three
times and dried at 60°C. The filter was digested again following
the above digestion procedure. [Si], and [Al], were determined.
(Si:Al), ratio was calculated from [Si],/[Al], in the second step.

Dissolved silicate concentrations in the supernatant were de-
termined according to the method described by Grasshoff et al.
(1999). The dissolved aluminum concentrations were determ-
ined with a fluorescence spectrophotometer following the ap-
proach described by Ren et al. (2001). The corrected concentra-
tion of biogenic silica [BSi] was obtained using the following
equation:

(sil,

BSi) = [51) — A1), x 2.

M

2.3 Estimate of the C:Chl a ratio, phytoplankton carbon, the relat-
ive contribution of phytoplankton to POC, the relative contri-
bution of diatoms to phytoplankton biomass and POC
The average C:Chl a ratio of phytoplankton was derived from

the slope in the regression of POC vs. Chl a. Phytoplankton car-

bon was calculated by multiplying Chl a concentration by the av-
erage C:Chl a ratio of phytoplankton for each sample. The relat-

ive contribution of phytoplankton to POC was obtained by divid-

ing PC by POC.

The average Chl a:BSi ratio for diatoms was estimated by the
slope in the regression of Chl a and BSi. The Chl a derived from
diatoms was obtained by multiplying BSi concentration by the
average Chl a:BSi ratio for each sample. The relative contribu-
tion of diatoms to phytoplankton was obtained by dividing Chl a
derived from diatoms by Chl a. Similarly, the average C:BSi ratio
for diatoms was estimated by the slope in the regression of POC
and BSi. The POC derived from diatoms was obtained by mul-
tiplying BSi concentration by the average C:BSi ratio for each
sample. The relative contribution of diatoms to POC was ob-

113° 114° 115° 116° 117°E
T T T T v T
9
=T 7 .4;50
N China o:?
30 6 @52
16 @31 ®45 53
. . o e17 32 o5t
Zhujiang River 2 .$8 0 LXE 44 5
i 3 .
o 5 < 43 55
Estuary T 1 20 o5 ° o
d o2 o2 @28 ®37 £ o
®3 @15 22 3.839 ’
220 e T 023 g7 ®40 58
- 5 20 41
.0 6 ; i 25
3 @14 -
.. 9.
y ®
o
C\\"“a 0 )3
an
Sov
21°

Fig. 1. Location of all sampling stations in coastal waters in the northern South China Sea in June 2016. Circles () denote the stations
where salinity and temperature were collected. Asterisks (7%) represent the stations where salinity, temperature, nutrients, Chl q,

POC/N and BSi were taken.
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tained by dividing POC derived from diatoms by POC.

2.4 Statistical analysis

Statistical analysis was performed using the Origin 8.5 soft-
ware. A Pearson’s test was conducted to determine the signific-
ant correlation between variables (salinity, Chl a, POC, BSi,
PC:POC) (p<0.05).

3 Results

Salinity and temperature exhibited clear spatial variations
(Fig. 2). Surface salinity varied in a wide range from 23.5 to 34.
High salinity (>33) and low temperature (<29°C) were observed
in upwelling region near the shore. The plume-impacted region
was defined as the area with surface salinity of <32 (Mao et al.,
1963). In twenty stations chosen (Table 1), six stations (Stas 13,
16, 30, 46, 49 and 51) with high surface salinity (>32) were con-
sidered to be not influenced by the river plume (Fig. 2).

Nutrients, Chl a, POC and BSi varied spatially, showing the
pattern opposite to salinity. The highest nutrient concentration
(NOy: 14.8 pmol/L, PO,: 0.12 umol/L and SiO,: 4.95 pmol/L) oc-
curred at Sta. 1 with the lowest salinity (23.5) (Table 1). At high
salinity (>32) stations, nutrients remained low (NO,: <0.7 pmol/L,
PO,: <0.12 umol/L, Table 1). Similarly, the concentrations of Chl
a, POC, PON and BSi were generally high (Chl a: 0.92-3.79 pg/L,
POC: 21.5-67.9 pmol/L, PON: 2.81-13.1 umol/L and BSi: up to
15.0 pmol/L) at low salinity stations and low (Chl a: <1.30 pg/L,
POC: <33.0 pmol/L, PON: <8.89 pmol/L and BSi: mostly
<1.70 pmol/L) at high salinity stations (Table 1, Fig. 3). C:N ratios
(mol/mol) varied from 2.84 to 7.65 at all stations and did not con-
siderably differ between the plume-impacted region and the high

salinity area (Table 1). In addition, there was a significant negat-
ive correlation between salinity and these variables (Chl a, POC
and BSi) (Fig. 4).

A regression between Chl a, BSi and POC in the plume-im-
pacted region and high salinity area was observed, respectively
(Table 2, Fig. 5). The average ratio of BSi to Chl a for diatoms was
0.19 and 0.14 in the plume-impacted region and high salinity
area, respectively (Table 2). The relative contribution of diatoms
to Chl a was on average 51% (14.1%-75.1%) in the plume-im-
pacted region and 29% (11.2%-66.2%) in the high salinity area
(Fig. 6, Table 2). The average ratio of BSi to POC was 2.80 and
1.91 in the plume-impacted region and the high salinity area, re-
spectively (Table 2). The relative contribution of diatoms to POC
was on average 34% (8.9%-61.8%) in the plume-impacted region
and 13% (3.1%-33.6%) in the high salinity area (Fig. 6, Table 2).
The average C:Chl a ratio (g/g) of phytoplankton was 142 in the
plume-impacted region and 135 in the high salinity area, respect-
ively (Table 2). The relative contribution of phytoplankton to
POC was 55% (35.0%-72.9%) in the plume-impacted region and
33% (21.5%-48.5%) in the high salinity area (Fig. 6, Table 2).
Phytoplankton carbon (PC) varied spatially, with high (up to
538 pg/L) in the plume-impacted region and low (<166 pg/L) in
the high salinity area (Fig. 7).

4 Discussion

In summer, a large area of the coastal waters in the northern
South China Sea is subjected to the effect of the Zhujiang River
Estuary, which delivers huge amount of nutrients. As a result,
there was a clear environmental gradient along the inshore-off-
shore transect, as indicated by spatial variations in salinity. The
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Fig. 2. Changes in temperature (a) and salinity (b) at the surface in coastal waters in the northern South China Sea in June 2016 (®:

sampling stations).
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Table 1. The concentrations of nutrients, POC, PON and C:N ratios at the surface

Station North latitude Eastlongitude Nitrate/pumol-L-! Phosphate/umol-L-! Silicate/pmol-L-1 POC/pmol-L-1 PON/pmol-L-! C:N ratio

1 22.33° 114.67° 14.8 0.12 4.95 67.9 10.6 6.40

7 21.87° 115.13° 0.01 0.15 0.75 41.7 11.1 3.76
13 21.50° 115.50° 0.69 ud 0.57 25.4 3.41 7.45
16 22.64° 115.05° 0.09 0.12 5.08 33.0 5.76 5.72
22 22.17° 115.50° 0.15 0.08 ud 61.7 12.0 5.13
26 21.88° 115.85° 0.21 ud 0.30 215 2.81 7.65
30 22.70° 115.70° 0.11 0.100 7.77 20.8 8.89 2.34
32 22.57° 115.85° 3.19 0.07 1.36 33.3 9.55 3.49
34 22.44° 115.99° 14.2 0.07 0.24 30.4 4.50 6.76
36 22.32° 116.14° 8.52 0.06 ud 42.2 6.22 6.79
38 22.19° 116.28° 3.56 0.10 0.14 50.0 10.1 4.96
41 22.00° 116.50° 2.92 0.07 ud 37.7 13.1 2.88
42 22.27° 116.54° 8.22 0.07 0.20 45.6 7.34 6.21
44 22.53° 116.59° 4.71 0.04 0.20 36.0 6.69 5.38
46 22.79° 116.64° ud ud ud 23.2 8.15 2.84
49 23.07° 116.75° 0.05 0.04 5.15 25.1 4.49 5.60
51 22.86° 116.85° 0.06 0.05 7.15 20.8 3.39 6.13
53 22.64° 116.95° 1.08 ud ud 33.0 7.96 4.15
55 22.43° 117.05° 1.66 0.05 0.86 43.7 6.28 6.96
58 22.10° 117.20° 3.39 0.06 ud 32.4 7.48 4.33

Note: ud means undetectable.
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Fig. 3. Chla (a), POC (b) and BSi (c) concentrations at the surface in coastal waters in the northern South China Sea in June 2016.
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Table 2. Correlation analysis between POC, Chl a and BSi concentrations at the surface

Location Correlation formula

Correlation coefficient Average relative contribution

POC = 142xChl a + 222
POC =135xChl a + 197
Chl a =0.19xBSi + 0.89
Chl a =0.14xBSi + 0.49
POC =2.80xBSi + 26.2
POC =1.91xBSi + 21.2

Plume-impacted region
High salinity area
Plume-impacted region
High salinity area
Plume-impacted region
High salinity area

r?=0.526 6, p<0.01
r?>=0.635 0, p<0.05
r?>=0.756 5, p<0.01
r?=0.583 2, p<0.05
r?=0.627 8, p<0.01
r2=0.679 5, p<0.05

phytoplankton to POC: 55%
phytoplankton to POC: 33%
diatoms to phytoplankton: 51%
diatoms to phytoplankton: 29%
diatoms to POC: 34%
diatoms to POC: 13%

Zhujiang River discharge input not only increased nutrient con-
centrations but also altered nutrient structure, leading to poten-
tial phosphorus limitation (Xu et al., 2008). Chl a, BSi and POC
exhibited the same spatial pattern. Furthermore, salinity was sig-
nificantly correlated with Chl a, BSi and POC (Fig. 4). These res-
ults suggested that riverine nutrient input triggered algal growth.
Nutrient enrichment favored diatom blooms, resulting in the
dominance of diatoms in the phytoplankton community. In nu-
trient-rich waters, the predominance of diatoms has been repor-
ted (Tréguer and De La Rocha, 2013). In addition, a significant
correlation between Chl a and BSi concentrations in the plume-
impacted region (Table 2, Fig. 5) was observed, confirming that
the riverine nutrient input preferentially stimulated diatom
growth. BSi and Chl a are the robust proxy of diatoms and phyto-
plankton biomass, respectively. According to the relationship
between Chl a and BSi, it was estimated that diatoms contrib-
uted to on average 51% of Chl a-based phytoplankton biomass in
the plume-impacted region, which was higher than that (29%) in
the high salinity region. Correspondingly, it was estimated that
diatoms made up 34% and 13% of POC in the plume-impacted

region and high salinity area, respectively. Furthermore, the rel-
ative contribution of diatoms to POC and Chl a-based phyto-
plankton biomass was enhanced in the plume-impacted region,
corroborating that diatoms outcompeted other phytoplankton
groups as nutrients increased. Hence, the riverine nutrient input
shifted the phytoplankton community composition and en-
hanced the contribution of diatoms to primary production.
POC:PON ratio (mol/mol) was on average 5.27 in this study.
Meyer et al. (1994) suggested that the C:N ratio was 4-10 for
phytoplankton, 6-8 for freshwater algae, approximately 5 for
marine algae and more than 20 for terrestrial plants. Hence, POC
primarily originated from marine organisms in the study area. In
estuarine and coastal waters, POC origins were complicated and
resulted from both phytoplankton-derived carbon and non-
phytoplankton-derived carbon (Wienke and Cloern, 1987). It was
very difficult to separate phytoplankton-derived carbon from
non-phytoplankton-derived carbon. However, it was ecologic-
ally important to quantify the phytoplankton-derived carbon in
aquatic environments. The regression of POC and Chl a is often
used to estimate the phytoplankton-derived carbon by the C:Chl
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a ratio (Chang et al., 2003; Jakobsen and Markager, 2016). In our
study, the C:Chl a ratio of phytoplankton at the surface was on
average 142 in the plume-impacted region and 135 in high salin-
ity area with no effect of the river plume, respectively.

The C:Chl a ratios of phytoplankton in aquatic environments
are generally regulated by numerous factors, such as temperat-
ure, light, nutrient concentrations (Zeitzschel, 1970). Laws and
Bannister (1980) found that algae were able to adjust cellular car-
bon and chlorophyll quota according to the light levels. Nutrient
limitation is regarded as an important factor for high C:Chl a ra-
tio, which induces an increase in the C:Chl a ratios of phyto-
plankton (Hunter and Laws, 1981; Taylor et al., 1997). Generally,
C:Chl a ratio was low in the light-limited conditions and high in
high light levels and low nutrient conditions (Hunter and Laws,
1981; Taylor et al., 1997). The high salinity area was character-
ized by the pristine seawater with low nutrient concentrations

(NO4<1 pmol/L, PO,<0.15 pmol/L; Table 1). In the plume-im-
pacted region, despite of high nutrient input, phosphorus limita-
tion occurred, while nitrogen limitation occurred in regions with
no influence of the river plume in the South China Sea (Xu et al.,
2008). Phosphorus limitation improved the C:Chl a ratio of
phytoplankton. Redalje and Laws (1981) found that the C:Chl a
ratios of phytoplankton increased to 200-300 for diatoms under
nutrient-limited conditions. Furthermore, light levels in summer
were high at the surface in tropical coastal waters we studied.
Hence, high C:Chl a ratios of phytoplankton at the surface were
attributed to high light intensity and nutrient limitation.

The C:Chl a ratios of phytoplankton reported were variable in
a wide range across environments, such as 18.0-94.4 in the East
China Sea (Chang et al., 2003), (>100) in the Columbia Estuary
(Small and Prahl, 2004), (>100) in the surface zone in the North
Atlantic Ocean (Buck et al., 1996) and 250 in the Jiaozhou Bay (Lii
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etal., 2009). Compared to the C:Chl a ratio (94) of phytoplankton  coastal waters adjacent to the Zhujiang River Estuary. The study
in oligotrophic offshore waters of the East China Sea (Chang et  area was located in a tropical region, where light intensity should
al., 2003), the C:Chl a ratios of phytoplankton were higher in  be higher than that in the East China Sea, which was partly re-
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sponsible for higher C:Chl a ratio of phytoplankton in pristine
high salinity area than offshore waters in the East China Sea.

Based on the C:Chl a ratios of phytoplankton, phytoplankton
carbon (up to 538 pg/L) in the plume-impacted region was high-
er than that (<166 pg/L) in high salinity area. In addition, the
fraction of PC to POC was significantly negatively correlated with
salinity (Fig. 8). These results suggested that the riverine nutri-
ents stimulated phytoplankton growth and improved the relative
contribution of phytoplankton carbon to POC.

08 r
0.7 r

0.6

05

PC:POC

04 r

03

02 | Rucroc=-0.036 5xS+1.57 .
12=0.426 3 p<0.01

1 1 L L |

0.1
22 24 26 28 30 32 34 36

Salinity

Fig. 8. Correlation analysis between PC:POC (Rp.poc) and salin-
ity at the surface.

5 Conclusions

In summary, the C:Chl a ratio of phytoplankton was high in
coastal waters adjacent to the ZRE, likely because of high light in-
tensity and nutrient limitation. The Zhujiang River discharge in-
put triggered algal blooms, especially diatom blooms, improved
phytoplankton carbon content and its relative contribution to
POC. To our knowledge, this was the first time to report the C:Chl
aratio of phytoplankton, phytoplankton carbon, the relative con-
tribution of phytoplankton and diatoms to POC in coastal waters
influenced by the Zhujiang River discharge. Our findings would
be useful to improve the biogeochemical model in the northern
South China Sea.
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