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Abstract

The sinking of phytoplankton is critical to organic matter transportation in the ocean and it is an essential process
for the formation of coastal hypoxic zones. This study was based on a field investigation conducted during the
summer of 2022 in the Changjiang River (Yangtze River) Estuary (CJE) and its adjacent waters. The settling
column method was employed to measure the sinking velocity (SV) of different size fractions of phytoplankton at
the surface of the sea and to analyze their environmental control mechanisms. The findings reveal significant
spatial variation in phytoplankton SV (−0.55–2.41 m/d) within the CJE. High-speed sinking was predominantly
observed in phosphate-depleted regions beyond the CJE front. At the same time, an upward trend was more
commonly observed in the phosphate-rich regions near the CJE mouth. The SV ranges for different size-
fractionated phytoplankton, including micro- (>20 μm), nano- (2–20 μm), and picophytoplankton (0.7–2 μm),
were −0.50–4.74 m/d, −1.04–1.59 m/d, and −1.24–1.65 m/d, respectively. Correlation analysis revealed a
significant negative correlation between SV and dissolved inorganic phosphorus (DIP), implying that the
influence of DIP contributes to SV. The variations in phytoplankton alkaline phosphatase activity suggested a
significant increase in SV across all size fractions in the event of phosphorus limitation. Phytoplankton
communities with limited photosynthetic capacity (maximum photochemical efficience, Fv/Fm < 0.3) were found
to have higher SV than that of communities with strong capacity, suggesting a link between sinking and
alterations in physiological conditions due to phosphate depletion. The findings from the in situ phosphate
enrichment experiments confirmed a marked decrease in SV following phosphate supplementation. These
findings suggest that phosphorus limitation is the primary driver of elevated SV in the CJE. This study enhances
the comprehension of the potential mechanisms underlying hypoxic zone formation in the CJE, providing novel
insights into how nearshore eutrophication influences organic carbon migration.
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1  Introduction
As organic matter accumulates in the ocean (Huisman et al.,

2002), it frequently descends towards the seafloor owing to its
density surpassing that of seawater (Huisman and Sommeijer,

2002). This sinking speed is commonly termed the phytoplank-
ton sinking velocity (SV). Phytoplankton with high SV are a cru-
cial component of the marine biological pump, facilitating the
transfer of surface organic carbon to the deep sea (Falkowski,  
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2002). However, when the SV is excessively low, these phyto-
plankton become susceptible to fragmentation and degradation,
consequently diminishing their role in carbon sequestration. In
the vicinity of the Changjiang River (Yangtze River) Estuary (CJE),
the sinking of phytoplankton plays a significant role in hypoxic
zone formation (Sun et al., 2022; Wang et al., 2017; Zhou et al.,
2020, 2021).

An association between the sinking pattern of phytoplankton
and their physiological state has been reported (Anderson and
Sweeney, 1978; Bienfang et al., 1982; Eppley et al., 1967; Reyn-
olds, 2006; Smayda, 1970). During the exponential growth phase,
cells exhibit optimal physiological conditions and a lower SV,
while the opposite is observed during the decline phase. Environ-
mental factors, including light (Bienfang, 1984; Johnson and
Smith, 1986; Petrucciani et al., 2023; Riebesell, 1989; Waite et al.,
1992b; Waite, 1997), temperature (Eppley, 1972), salinity
(Pilkaitytë et al., 2004), nutrients (Bach et al., 2019; Bienfang,
1981a; Bienfang and Harrison, 1984; Cloern, 2001; Eppley et al.,
1967; Muggli et al., 1996; Sundareshwar et al., 2003; Waite et al.,
1992a), and acidification (Cai et al., 2022) can influence the
physiological state of phytoplankton, with nutrient limitation ex-
erting the most rapid and profound effect.

Owing to the excessive nitrogen input from the Changjiang
River runoff, the nitrogen-to-phosphate ratio is elevated in the
CJE and its adjacent waters (N/P > 80 in general) (Yang et al.,
2023; Tseng et al., 2014), particularly in the surface seawater (Liu
et al., 2016), exceeding the Redfield ratio (N/P = 16) (Redfield
et al., 1963). This leads to the possibility of the region experien-
cing a limitation in phosphate availability (Liu et al., 2016; Mo
et al., 2020; Wang et al., 2013). In seawater, phosphorus exists in
the form of dissolved inorganic phosphorus (DIP) or dissolved
organic phosphorus, with DIP being the only form directly utiliz-
able by organisms (Correll, 1998). In situations of scarce DIP,
phytoplankton resort to decomposing dissolved organic phos-
phorus to access DIP through processes such as alkaline phos-
phatase (Hoppe, 2003) or other mechanisms (Luo et al., 2017;
Zhang et al., 2020). Numerous studies have regarded the eleva-
tion of alkaline phosphatase activity (APA) (Ammerman, 1991) as
a reliable indicator of phosphorus limitation in phytoplankton
(Labry et al., 2005; Tseng et al., 2014). Phytoplankton obtain
phosphorus through diverse mechanisms because it is an essen-
tial nutrient for their growth. Limitation in phosphorus can lead
to alteration in gene expression within phytoplankton cells
(Haley et al., 2017), reduce protein and RNA content (Dyhrman
et al., 2012), modify amino acid composition (Grosse et al., 2017),
and alter enzyme quantities (Casey et al., 2016). Bienfang et al.
(1982) laboratory experiment revealed that phosphorus limita-
tion promoted phytoplankton sinking. Moreover, Wang et al.
(2022b) found that phosphorus limitation results in a 37%–44%
increase in SV. Guo et al. (2016) and Li et al. (2018) conducted
field investigations on phytoplankton SV in the CJE and its adja-
cent areas. However, they did not prioritize SV spatial distribu-
tion in their study or phosphorus limitation. The influence of
phosphorus limitation on phytoplankton SV under natural con-
ditions remains unclear.

The primary hypothesis of this study posits that phosphorus
limitation facilitates phytoplankton sinking. A scientific survey
was conducted during the summer of 2022 in the CJE and its
adjacent waters to test this hypothesis. In addition, in situ
phosphate enrichment experiments were performed. Therefore,
this study aimed to assess the intrinsic relationship between
SV and DIP concentrations by analyzing the phytoplankton sink-
ing mechanism under conditions of phosphorus limitation,

which could enhance our understanding of the potential mech-
anisms via which surface phytoplankton sink beneath the mixed
layer.

2  Materials and methods

2.1  Station selection and sample collection
The field investigation for this study was conducted in the

CJE and its surrounding waters from July 31 to August 6, 2022.
Figure 1 depicts the station layout, encompassing 23 stations dis-
tributed across six transects. A surface water sample (0.5 m
depth) was collected using a water sampler to measure chloro-
phyll a (Chl a), APA, SV, maximum photochemical efficiency
(Fv/Fm) and to conduct in situ phosphate enrichment experi-
ments. The Fv/Fm values were measured along the N, J, A, and B
transects, with separate water sampling for the enrichment ex-
periments conducted. All the measurements were performed us-
ing triplicate samples.

A conductivity-temperature-depth (CTD) sensor (SBE 911
CTD, Sea-bird Scientific, Washington, USA) was used to collect
surface temperature, salinity, and turbidity data from the sur-
veyed area. Additionally, 60 mL water samples were collected
and filtered through 0.45 μm acetate fiber filters (CAT No.
70000004, Whatman, Buckinghamshire, UK) and stored frozen at
−20℃ till further use. Subsequently, they were thawed in the
laboratory and subjected to DIP concentration measurements
using the spectrophotometric method (Grasshoff et al., 1976),
employing an automated segmented flow analyzer (SmartChem®
600, AMS Alliance, Frépillon, France). In an acidic medium con-
taining potassium antimonyl tartrate (pH < 1), the phosphates in
the water samples react with ammonium molybdate to form a
phosphomolybdic heteropolyacid. The latter is then reduced by
ascorbic acid to produce a blue-colored complex; its absorbance
is measured at a wavelength of 880 nm.

2.2  Chl a determination
The fluorescence extraction method was used to determine

Chl a concentration in various size fractions. To isolate distinct
phytoplankton fractions, 100 mL water samples were sequen-
tially filtered through 20 μm, 2 μm, and Whatman GF/F glass
fiber (approximately 0.7 μm) filter membranes under low vacu-
um pressure (≤30 kPa) during field sampling. A 20 μm nylon net
(NY2002500, Merck Millipore Ltd., T45 Carrigtwohill, Ireland),
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Fig. 1.   Station layout. Fv/Fm was measured at the deep blue sta-
tions.
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2 μm filters (unspecified model, THU, Beijing, China), and GF/F
glass microfiber filters (CAT No.1825-025, Whatman, Bucking-
hamshire, UK) were used. These fractions were categorized into
micro- (>20 μm), nano- (2–20 μm), and pico- (0.7–2 μm) sizes. All
the membranes were stored at −20℃. Upon returning to the
laboratory, the membranes were placed under low-light condi-
tions and submerged in a 90% volume fraction acetone solution
at −20℃ for 24 h before the extraction process. The extracted
solution was subsequently analyzed at 20–25℃ using a Turner-
Designs Trilogy® laboratory fluorometer. Total-Chl a concentra-
tion was determined by combining micro-Chl a, nano-Chl a, and
pico-Chl a concentration. In the following discussions, the Chl a
values for various size fractions, including the total, were ex-
pressed as absolute values, serving as the biomass metric for sub-
sequent calculations and discussions.

2.3  APA determination
The p-nitrophenyl phosphate (PNP-P) technique was used to

analyze the APA with various size fractions (Li et al., 1998). Water
samples were filtered as described in Section 2.2 to obtain the re-
spective fractions. Furthermore, the filtrate obtained after
passing the water samples through 0.45 μm acetate fiber filters
was also collected. Before analysis, the filters and filtrate were
stored in the dark at −20℃. After thawing in the laboratory, the
filter was immersed in 5 mL of the corresponding filtrate from the
same station to create a composite sample. Subsequently, 675 μL
of pH 8.2 Tris-HCl buffer and 325 μL of 10 mmol/L PNP-P solu-
tion were added to the composite and a blank filtrate. For 24 h,
the reaction was conducted in a temperature-controlled water
bath shaker set at 30℃, with continuous agitation at 100 r/min.
Following that, the absorbance at 405 nm was swiftly measured
using a UV-visible spectrophotometer (752N, INESA, Shanghai,
China). Total-APA was calculated by summing the concentra-
tions of micro-, nano-, and pico-APAs.

2.4  Phytoplankton SV determination
Measurements were taken using the settling column (SETCOL)

method (Bienfang, 1981b). The SETCOLs used in the study were
1 m long and comprised non-transparent hollow cylinders with a
total volume of 1.1 L. They contained three interconnected com-
partments, each fitted with valves. During the measurements,
consistent seawater was injected into three SETCOLs, with the
compartments remaining interconnected for 4 h. Subsequently,
the valves were closed, and water samples were collected from
each of the three compartments for Chl a analysis, as described
earlier in Section 2.2, which was then used to calculate the SV as
described below.

SV =
Bs

Bt
· L
t
, (1)

Bs

Bt L
t

where  represents the biomass settled into the bottom com-
partment;  denotes the total biomass;  signifies the length of
the space inside the SETCOL; and  indicates the sinking dura-
tion.

2.5  In situ phosphate enrichment experiments
Water samples were collected from stations B8 (31.00°N,

123.00°E) and N6 (32.76°N, 123.17°E) for the in situ phosphate
enrichment experiments. At each station, 40 L of surface seawa-
ter was collected and subsequently divided equally into four
transparent containers. Two of these containers were designated
as the enrichment group, while the remaining two were con-

sidered as the control group. The DIP concentration was aug-
mented by 10 μmol/L in the two enrichment experimental
groups by adding NaH2PO4 solution [XBML-M1 f/2 medium kits
(1000x) (NaH2PO4), Pulan Biological Science and Technology
Co., Ltd., Xiamen, China]. Subsequently, all the four containers
were placed in a culture chamber on the deck and cultivated for
24 h. To replicate the light intensity observed in the mixed layer,
the culture chamber was positioned in direct sunlight and shiel-
ded with a semi-transparent membrane. Additionally, to simu-
late sea surface temperature, surface seawater was added to the
culture chamber. The SV was measured after incubation. Based
on the method described in Section 2.4, since three parallel
samples were obtained for each container for SV measurement,
resulting in six parallel samples for both the enrichment and con-
trol groups at each station .

2.6  Fv/Fm determination
In situ Fv/Fm measurements were taken at 17 stations loca-

ted on N, J, A, and B transects (depicted as the deep blue sites in
Fig. 1). Before measuring, a 10 mL sample of surface seawater
was collected. Furthermore, another 10 mL surface seawater was
filtered through a 0.45 μm acetate fiber membrane to generate a
filtrate for background determination. The optimal photochem-
ical efficiency of the sample was determined using water pulse
amplitude-modulated fluorometry (Heinz Walz GmbH, Effel-
trich, Germany). After incubating the samples in the dark for
20 min, maximum fluorescence (Fm) and minimum fluores-
cence (F0) were measured. The difference between Fm and F0
was used to compute the maximum photosynthetic quenching
capacity (Fv).

2.7  Data analysis
Ocean Data View (ODV 5.5.1) was utilized in this study to

generate site maps and environmental parameter plots. It was
also employed to create spatial distribution maps for various size
fractions of Chl a, APA, and SV. R (4.3.0) (R Core Team, 2011) was
used to calculate the Pearson correlation coefficients among dif-
ferent parameters, construct correlation plots, and present the
results of the Fv/Fm measurements and phosphate enrichment
experiments. SPSS (27) (IBM Corp, 2020) was used to perform t-
test and regression analyses.

3  Results

3.1  Distribution of environmental factors
Figure 2 illustrates the surface temperature, salinity, and DIP

concentration distribution in the study area. The temperature de-
creased from 31.61℃ to 25.22℃ as the dilution of the Changjiang
River plume spread outward, while the salinity increased rapidly
and significantly from 0.18 to 33.32. Concurrently, the DIP con-
centration plummeted from 0.89 μmol/L at the CJE mouth to
<0.1 μmol/L, potentially imposing phosphorus limitation for
phytoplankton in the eastern study area. Furthermore, the con-
centration of the dissolved inorganic nitrogen at all stations sur-
passed 2 μmol/L.

3.2  Distribution of Chl a
Figure 3 depicts the surface distribution of Chl a in the study

area. A phytoplankton bloom was observed at station B7, with
micro-Chl a, nano-Chl a, and pico-Chl a concentrations recor-
ded at 45.16 mg/m3, 11.27 mg/m3, and 8.72 mg/m3, respectively.
Apart from this station, the average micro-Chl a, nano-Chl a, and
pico-Chl a concentrations in the surveyed area were (1.28 ±
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0.67) mg/m3, (0.85 ± 0.72) mg/m3, and (0.39 ± 0.30) mg/m3, re-
spectively. The distribution of Chl a displayed a west-to-east pat-
tern of increase followed by decrease, with higher values recor-
ded at station B7 and its adjacent waters and lower values recor-
ded near the CJE and the eastern part of the surveyed area
(123.4°E). Across most of the study area, pico-Chl a concentra-
tions consistently remained <1 mg/m3.

3.3  Distribution of APA
Figure 4 depicts the spatial distribution of APA in the sur-

veyed area. In the surveyed area, the mean concentrations of mi-
cro-, nano-, pico- and total APAs were (47.41 ± 43.56) nmol/(L·h),
(33.67 ± 21.72) nmol/(L·h), (33.01 ± 33.02) nmol/(L·h), and

(114.09 ± 83.81) nmol/(L·h), respectively. Lower and higher APA
values were observed at the mouth of the Changjiang River and,
in the northeastern region of the surveyed area and near station
A5, respectively. The overall distribution of APA exhibited an in-
creasing trend from southwest to northeast.

3.4  Distribution of SV
The average SV of micro-, nano-, pico-, and total-phytoplank-

ton in the surveyed area were (1.09 ± 1.14) m/d, (0.32 ± 0.68)
m/d, (−0.03 ± 0.79) m/d, and (0.65 ± 0.74) m/d, respectively, with
ranges of −0.50–4.74 m/d, −1.04–1.59 m/d, −1.24–1.65 m/d, and
−0.55–2.41 m/d, respectively. Figure 5 depicts the spatial distri-
bution of these SV. High SV zones for micro- and total-phyto-
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Fig. 2.   Spatial distributions of sea surface temperature (a) and salinity (b) in the survey area, with black circles representing DIP con-
centrations.
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Fig. 3.   Spatial distribution of surface micro- (a), nano- (b), pico- (c), and total- (d) Chl a concentrations in the surveyed area. Station
B7 is square-marked.
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Fig. 4.   Spatial distribution of surface micro- (a), nano- (b), pico- (c), and total- (d) APA concentrations in the surveyed area.
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Fig. 5.   Spatial distribution of surface micro- (a), nano- (b), pico- (c), and total- (d) SV in the surveyed area.
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plankton were observed in the northeastern part of the surveyed
area. Nano-SV increased from southwest to northeast, whereas
pico-SV increased from west to east.

3.5  Correlations between various environmental and biological
parameters
Figure 6 shows the Pearson correlation matrix for various en-

vironmental and biological parameters. In this study, most SV
values across different particle size classes exhibited no statistic-
ally significant correlation with temperature. Moreover, in all
particle size classes, no significant association was observed
between SV or the corresponding Chl a concentration. However,
the SVs of micro- and picophytoplankton were not significantly
consistent, indicating that SV variation trends differed between
phytoplankton fractions. While micro-SV was generally high
(Fig. 5), the findings of this study do not suggest that a greater
abundance of large-sized phytoplankton leads to higher SV. This
is supported by the fact that the micro-phytoplankton propor-
tion in the entire phytoplankton community did not exhibit a sig-
nificant correlation with total-SV (not shown in Fig. 6).

Apart from that with nano-APA, the DIP concentration re-
vealed varying degrees of statistically significant negative correla-
tions with both APA and SV across different phytoplankton
particle size categories (including total). Furthermore, for micro-
phytoplankton, a strong and highly significant positive correla-
tion was observed between APA and SV, whereas the correlation
was attenuated slightly for nanophytoplankton. According to the
regression analysis results, the impact of micro-APA on total-SV
(p = 0.042 < 0.05) is more substantial than the influence of nano-
APA on total-SV (p = 0.096). Therefore, the influence of micro-
phytoplankton likely contributed to the highly significant strong
positive correlation observed between total-APA and total-SV in
the surveyed area.

3.6  Relationship between Fv/Fm and total-SV
Figure 7 depicts the relationship between Fv/Fm and the cor-

responding total-SV. While Pearson correlation analysis revealed
no significant correlation between Fv/Fm and total SV, a signific-
antly higher SV was observed when Fv/Fm < 0.3 (single-tailed t-
test p = 0.047) than the SV at Fv/Fm > 0.3. This suggests that the
relationship between the two may be nonlinear.

3.7  The impact of phosphate enrichment on phytoplankton SV
The SV of phytoplankton in the enrichment groups exhibited

varying degrees of reduction compared to the control group. The
results of the single-tailed t-test showed statistically significant
differences in the experimental outcomes of micro-SV (p = 0.004 0)
and total-SV (p = 0.001 7). It also exhibited statistically significant
differences in nano-SV (p = 0.039 4) and pico-SV (p = 0.026 3).

4  Discussion

4.1  Results comparison with other studies
The SETCOL method (Bienfang, 1981b), known for its opera-

tional simplicity, reliable outcomes, and suitability for field ex-
periments, has gained widespread utility (Table 1). In this study,
the phytoplankton SV was determined using the SETCOL meth-
od.

In the CJE and its adjacent waters, research on summer
phytoplankton SV has been conducted using the SETCOL meth-
od. Guo et al. (2016) reported results in late August, ranging from
0.28 m/d to 1.71 m/d, while Li et al. (2018) obtained results in Ju-
ly and September, with values range of 0.13–1.90 m/d and 0.27–
3.49 m/d, respectively. The SV values of this study showed relat-
ive agreement with the values obtained from these studies.

However, they exhibited discrepancies when compared to
measurements from other geographical regions, potentially at-
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Fig. 6.   Pearson correlation matrix of various environmental and biological parameters. *: p < 0.05; **: p < 0.01; ***: p < 0.001.
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tributed to different variables. Pitcher et al. (1989) discovered in
St. Helena Bay that micro flagellates thrive in nutrient-poor en-
vironments, whereas diatoms become the dominating com-
munity in the presence of nutrient-rich, low-oxygen upwelling,
leading to an increase in SV. Nevertheless, inferring SV based
solely on nutrient conditions or dominant phytoplankton spe-
cies may be inaccurate. Culver and Smith (1989) found that the
Greenland Sea is dominated by diatoms and dinoflagellates, with
an SV ranging from −0.04 m/d to 0.63 m/d (average, 0.14 m/d),
significantly lower than that in the CJE and its adjacent waters.
Peperzak et al. (2003) conducted multiple measurements at the
same location in the Dutch North Sea coastal zone and dis-
covered that SV is higher when DIP and silicon (Si) concentra-
tions are low. Therefore, conclusions drawn from diverse regions
cannot be simply applied universally.

This study focuses on the CJE and its adjacent waters, where

the spatial distribution of SV throughout the surveyed area exhib-
ited discrepancies (Fig. 5). DIP concentrations were low in the
northeastern region (Fig. 2b), while SV was high (Fig. 5d). The
differences in their distribution and significant negative correla-
tion (Fig. 6) indicate that the spatial variability of SV was possibly
influenced by DIP distribution in the surveyed region.

4.2  Phosphorus limitation promoted phytoplankton sinking
The investigated area exhibited a highly significant negative

correlation between surface seawater salinity and DIP concentra-
tion (Fig. 6), indicating that DIP was rapidly reduced at the front
of the Changjiang River diluted seawater. According to Xu et al.
(2021), the physical and chemical properties of the Changjiang
River diluted water frontal zone make it a crucial “barrier” for nu-
trient movement, resulting in a rapid reduction of surface DIP
concentrations in the Changjiang River diluted water frontal
zone. Additionally, Ning et al. (2004) demonstrated that prolific
phytoplankton growth could almost entirely deplete DIP in the
primary productivity front of the CJE. According to these reports,
the investigated area lies beyond the productivity front (Fig. 3,
outskirts of station B7), with lower DIP concentrations (Fig. 2),
especially in the northeastern region beyond the Changjiang
River diluted waterfront, potentially imposing phosphorus limit-
ations on phytoplankton.

Phytoplankton SV correlated negatively with DIP concentra-
tion (Fig. 6), with high SV values largely observed in the open sea
(Fig. 5), particularly in regions where DIP concentrations were
<0.1 μmol/L (Fig. 2), reflecting the impact of phosphorus limita-
tion on SV. Within the investigated area, a significant positive
correlation between SV and APA was observed (Fig. 6), especially
in the micro-phytoplankton fraction (0.71, p < 0.001), suggesting
that phytoplankton tended to sink more rapidly under phos-
phate-limited conditions. The non-linear relationship between
Fv/Fm and SV indicates suboptimal physiological states in the
high-SV phytoplankton, potentially because of phosphorus limit-
ation, which could be attributed to differences in the capacity of
phytoplankton of different sizes (Section 4.3) and species to cope
with phosphorus limitation.
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Fig. 7.   Relationship between Fv/Fm and total-SV.

 

Table 1.   Results of historical research on the SETCOL method
Location SV/(m·d−1) Dominant phytoplankton Influencing factor Reference

Friday Harbor Washington 0.96 Large and long-chained diatom / Bienfang and Harrison (1984)
Oligotrophic water near Oahu 0.22 Diatoms, coccolithophorids and

dinoflagellates
/

Bienfang and Harrison (1984)

Resurrection Bay 0.07 Small flagellates, pennate diatoms, and
coccolithophorids

N Bienfang (1984)

Upwelling Pond (nutrient-rich
water)

0.43 Large centric and pennate diatoms N Bienfang (1984)

Weddell Sea 0–2.73 Diatoms Fe and Light Johnson and Smith (1986)

Narragansett Bay 0–0.8 Diatoms / Riebesell (1989)

Greenland Sea −0.04–0.63 Diatoms and dinoflagellates N and Light Culver and Smith (1989)

St. Helena Bay (S. Africa) 0–0.91 Flagellates and diatoms / Pitcher et al. (1989)

Auke Bay, Alaska 0–3.05 Chain diatoms N Waite et al. (1992a)

Southern Ocean −0.5–2.4 Diatoms Fe Waite and Nodder (2001)
Dutch coastal zone of the

North Sea
−0.4–2.2 Phaeocystis globosa and chain diatoms

Light, temperature, DIP,
and Si

Peperzak et al. (2003)

CJE 0.13–1.71 Diatoms and dinoflagellates Phytoplankton species Guo et al. (2016)

CJE 0.02–3.49 Diatoms and dinoflagellates Phytoplankton species Li et al. (2018)

Western South China Sea 0.12–3.17 Trichodesmium thiebautii Temperature and nutrients Mao et al. (2021)

Eastern Indian Ocean −0.29–2.19 Trichodesmium thiebautii Temperature and nutrients Wang et al. (2022a)

North-eastern South China Sea −0.51–2.07 Trichodesmium thiebautii / Mao et al. (2023)

CJE −0.55–2.41 Diatoms DIP This Study

      Note: / represents no data.
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Guo et al. (2016) proposed that the planktonic dinoflagellate
Prorocentrum donghaiense Lu, characterized by active motility,
exhibits greater resistance to sinking than diatoms. According to
Li et al. (2018) and Mao et al. (2023), when P. donghaiense dom-
inates the phytoplankton community, the SV of the planktonic
flora tends to be lower. Moreover, P. donghaiense exhibits a signi-
ficantly higher tolerance to low phosphate levels of tp = 2.08 (Lv
and Li, 2006), indicating that they can sustain a maximum growth
rate for 2.08 d by utilizing stored phosphate under phosphorus
limitation compared to diatoms (such as Skeletonema costatum
with tp = 0.53). In low-phosphate environments, dinoflagellates
are more competitive (Bi et al., 2021) and die slower (Wang et al.,
2006) than those in high-phosphate environments. This discrep-
ancy in tolerance to low phosphate levels could be one of the ex-
planations for the potential impact of the community structure
on SV. Although Wang et al. (2022a) also observed higher SV in
diatoms, they proposed that under optimal nutrient conditions in
the environments, the phytoplankton community structure re-
mained stable (diverse and uniform), leading to ideal cellular
physiological states that were more resistant to sinking. Acuña et
al. (2010) found that diatom SV approaches zero under favorable
environmental conditions through an in situ experiment.

Many studies have used DIP concentrations that induce a
rapid increase in APA levels as the threshold for phosphorus lim-
itation. Yamaguchi (2004) determined the phosphorus limitation
threshold for S. costatum, a dominant phytoplankton species in
the CJE, to be 0.25 μmol/L (Chen et al., 2021). Similarly, Wang et
al. (2022c) determined a phosphorus limitation threshold of
0.159 μmol/L for the phytoplankton community in the CJE, while
Justić et al. (1995) proposed an empirical threshold of 0.1 μmol/L.
Other relevant studies yielded values averaging 0.2 μmol/L (Kang
et al., 2019; Zhang et al., 2018, 2021). Given that DIP concentra-
tions at stations B8 and N6 were both <0.1 μmol/L, the phyto-
plankton at these locations were possibly already experiencing
phosphorus limitation. The findings from the phosphate enrich-
ment experiments (Fig. 8) indicated that compared to the SV of
the control group, the phytoplankton SV in the enrichment group
decreased, demonstrating statistically significant differences.
Hence, it can be inferred that phosphorus limitation enhances
the sinking of phytoplankton.

4.3  SV of phytoplankton in different size fractions
While particle size distribution did not significantly affect

total-SV, larger phytoplankton may be less tolerant to phosphor-
us limitation. While micro-phytoplankton generally exhibited

higher SV in the surveyed area (Fig. 5), the proportion of their
biomass within the total-phytoplankton community did not show
a significant correlation with total-SV (Section 3.5). According to
Bienfang (1984), the influence of cell size on sinking is noticeable
only under specific physiological conditions. In the Resurrection
Bay study, Bienfang (1984) observed that during periods of ample
nutrient availability in spring, the SV of micro-phytoplankton was
lower than that of the total population (>0.4 μm), but it was signi-
ficantly higher during the summer. This study revealed that
changing environmental conditions accelerate phytoplankton
community sinking beyond the Changjiang River diluted water
frontal zone. Hence, micro-phytoplankton descends earlier and
demonstrates a higher SV during this process than do other
groups of phytoplankton, possibly owing to the reduced adaptab-
ility of larger-sized phytoplankton to phosphorus limitation. A
plausible explanation is that nutrient absorption by cells results
in the creation of nutrient-depleted zones on the cell surface.
Owing to their low surface-to-volume ratio, efficient nutrient dif-
fusion to larger phytoplankton cells occurs only when the sur-
rounding environment contains a substantial concentration
gradient (Karp-Boss et al., 1996).

Picophytoplankton demonstrate a tendency to resist sinking.
Bienfang and Harrison (1984) proposed that this could be an in-
nate survival strategy owing to their relatively inefficient nutrient
delivery, enabling them to counteract sinking to maintain bio-
mass. This phenomenon was reported in individual Synechococ-
cus cells that exhibited difficulty in sinking (Deng et al., 2015).
Similarly, Walsby (1972) demonstrated that Cyanobacteria that
sink under high light conditions move upwards under low light
circumstances, with Microcystis moving upward as a result of car-
bohydrate control (Thomas and Walsby, 1985). This may be an
important area of future research, given the potential import-
ance of small phytoplankton in carbon production (Richardson,
2018).

Notably, in certain offshore areas of the CJE, although the
surface seawater exhibit low DIP concentrations, it is not the
case beneath the mixed layer (Wang et al., 2009). In natural
water bodies, the variations in the SV of phytoplankton, which
sink due to phosphorus limitation after passing through the
mixed layer, are yet to be explored. In future research, the tem-
poral and spatial scope of observations should be broadened to
gain a comprehensive understanding of the mechanisms of
phytoplankton SV. Furthermore, simultaneous investigations
of phytoplankton community structure would provide valuable
insights.
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5  Conclusions
Phytoplankton plays a dual role as a fundamental compon-

ent of the marine biological pump and a key contributor to hyp-
oxia in the CJE and its adjacent waters, underscoring its substan-
tial scientific importance. This study revealed that phosphorus
limitation enhances phytoplankton SV, which could enhance our
understanding of the potential mechanisms underlying hypoxic
zone formation in the CJE. The key findings are summarized as
follows:

(1) Considerable spatial disparities in phytoplankton SV were
observed in the CJE and its adjacent waters in August. Low SV
values were observed near the mouth of the Changjiang River,
but higher values were observed in the northeastern region of the
Changjiang River diluted waterfront. Furthermore, phytoplank-
ton SV varied across different size fractions, with micro-phyto-
plankton generally exhibiting higher SV.

(2) Phytoplankton SV negatively correlated with DIP concen-
tration and positively correlated with APA, particularly notable in
micro-phytoplankton. When Fv/Fm < 0.3, a high phytoplankton
SV was observed. DIP concentration regulates phytoplankton SV,
with intensified phosphorus limitation resulting in higher SV,
specifically influencing micro-phytoplankton sensitivity the
most.

(3) The in situ phosphate enrichment experiments revealed
that DIP supplementation led to a reduction in phytoplankton
SV. Therefore, it became clear that phosphorus limitation was the
primary factor driving phytoplankton sinking in the study area.
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Appendix
 

Table A1.   Results of in situ phosphate enrichment experiments. In the experimental group with data loss, total-SV is calculated using
the remaining data

Station
Control Enrichment

micro-SV/
(m·d−1)

nano-SV/
(m·d−1)

pico-SV/
(m·d−1)

total-SV/
(m·d−1)

micro-SV/
(m·d−1)

nano-SV/
(m·d−1)

pico-SV/
(m·d−1)

total-SV/
(m·d−1)

B8 1.42 0.37 −0.15 0.68 2.56 0.36 1.63 1.22

B8 2.48 0.76 1.00 1.55 2.49 / −0.63 0.65

B8 2.09 0.75 1.49 1.50 1.84 0.23 −0.79 0.23

B8 2.88 0.41 0.84 1.21 1.07 0.31 −0.85 −0.17

B8 / 0.06 0.83 0.40 1.15 0.56 −0.73 0.20

B8 2.03 2.41 0.17 1.22 0.46 −0.28 0.27 0.20

N6 2.23 0.62 −0.48 0.96 1.07 / 0.00 0.87

N6 2.33 0.92 0.62 1.72 1.59 −0.14 −0.03 0.81

N6 2.03 1.01 1.67 1.70 1.49 0.40 0.76 1.07

N6 1.95 0.29 0.81 1.22 / 1.24 −0.45 −0.03

N6 2.27 1.20 1.83 1.94 1.32 0.82 −0.38 0.82

N6 3.21 1.22 −0.80 0.89 2.08 0.57 0.92 1.36

      Note: / represents no data.

  You Xinchi et al. Acta Oceanol. Sin., 2024, Vol. 43, No. 6, P. 131–141 141

https://doi.org/10.3390/plants11121534
https://doi.org/10.3389/fmars.2022.860222
https://doi.org/10.2331/suisan.70.123
https://doi.org/10.1007/s13131-022-2104-3
https://doi.org/10.1007/s13131-022-2104-3
https://doi.org/10.1007/s13131-022-2104-3
https://doi.org/10.1007/s13131-022-2104-3
https://doi.org/10.1007/s13131-022-2104-3
https://doi.org/10.1007/s13131-022-2104-3
https://doi.org/10.1007/s13131-022-2104-3
https://doi.org/10.1111/1462-2920.14944
https://doi.org/10.1111/1462-2920.14944
https://doi.org/10.1111/1462-2920.14944
https://doi.org/10.1111/1462-2920.14944
https://doi.org/10.1016/j.marpolbul.2018.05.008
https://doi.org/10.1016/j.marpolbul.2018.05.008
https://doi.org/10.1016/j.csr.2021.104602
https://doi.org/10.3389/fmars.2020.00259
https://doi.org/10.3389/fmars.2020.00259

	1 Introduction
	2 Materials and methods
	2.1 Station selection and sample collection
	2.2 Chl a determination
	2.3 APA determination
	2.4 Phytoplankton SV determination
	2.5 In situ phosphate enrichment experiments
	2.6 Fv/Fm determination
	2.7 Data analysis

	3 Results
	3.1 Distribution of environmental factors
	3.2 Distribution of Chl a
	3.3 Distribution of APA
	3.4 Distribution of SV
	3.5 Correlations between various environmental and biological parameters
	3.6 Relationship between Fv/Fm and total-SV
	3.7 The impact of phosphate enrichment on phytoplankton SV

	4 Discussion
	4.1 Results comparison with other studies
	4.2 Phosphorus limitation promoted phytoplankton sinking
	4.3 SV of phytoplankton in different size fractions

	5 Conclusions
	References

