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A B S T R A C T

Sinking particles are mainly composed of phytoplankton cells and zooplankton fecal pellets, but the proportions
of these sources contribute to the overall particulate organic carbon (POC) flux are highly variable temporally
and spatially. Here, we report for the first time simultaneous estimates of the POC fluxes from phytoplankton
cells and zooplankton fecal pellets during a spring bloom in the East China Sea. The sinking rate of phyto-
plankton during the bloom event was 12 ± 2m d–1, which was more than 10 times the rate at non-bloom
stations (1.0 ± 0.8m d–1). Microscopic observations indicated that the formation of aggregates by the
Prorocentrum donghaiense (the dominant phytoplankton species) enhanced the sinking rates during the bloom.
These enhanced sinking rates and 10 times higher phytoplankton biomass during the bloom increased POC
fluxes to as high as 24 g Cm–2 d–1, about 100 times the rate at reference non-bloom stations (0.26 g Cm–2 d–1).
The POC flux of fecal pellets at bloom stations (0.95–1.4 g Cm–2 d–1) increased to only about 6 times the rates at
non-bloom stations (0.20–0.25 g Cm–2 d–1). The fecal pellet POC flux was mainly enhanced by the increase of
phytoplankton abundance, which led to higher mesozooplankton grazing rates and fecal pellet production rates
during the bloom. In summary, the majority of the enhanced sinking POC flux during the bloom was directly
associated with phytoplankton sinking. This enhanced flux sequestered carbon faster than anticipated because of
the enhancements of both phytoplankton sinking rates and abundance. Such dramatic, albeit brief, events make
very important potential contributions to the annual POC flux.

1. Introduction

The global ocean is the largest carbon reservoir on Earth's surface
and plays a dominant role in the global carbon cycle (Le Quéré et al.,
2015). About 50 Gt of carbon are fixed via photosynthesis by phyto-
plankton communities in the euphotic zone of the ocean every year
(Bach et al., 2016). However, the global ocean CO2 sink is only about
2.6 ± 0.5 Gt C yr–1, about 5% of the photosynthetically fixed carbon
(Le Quéré et al., 2016). The biological pump, which is the principal
mechanism responsible for transporting organic carbon from ocean
surface waters to the deep sea, is generally considered to be inefficient
because the flux of organic carbon to the deep sea is only about 1–3% of
the rate of primary production in the euphotic zone (Neuer et al.,
2002). Most of the particulate organic carbon (POC) is lost during the
sinking process via a complex suite of biogeochemical processes (Honjo
et al., 2014). High POC concentrations in surface waters and rapid

sinking therefore would enhance export production from surface waters
to the seabed.

Sinking POC is composed mainly of phytoplankton cells, zoo-
plankton fecal pellets, organic aggregates, and dead plankton (Turner,
2002). Overall, phytoplankton make the largest contribution to the POC
pool in the upper ocean, a significantly higher contribution than that of
zooplankton fecal pellets and other particles. However most laboratory
studies have indicated that the sinking rates of phytoplankton cells are
typically< 1–10m d–1, significantly lower than the sinking rates of
other major particles (Smetacek et al., 1978; Bienfang, 1980, 1981;
Pakhomov et al., 2002). Therefore, many studies of POC fluxes have
usually ignored direct sinking of phytoplankton cells, and in particular
of picophytoplankton (Turner, 2002). Nevertheless, recent research has
indicated that phytoplankton can be transported to the sea bottom
within large, rapidly sinking aggregations of zooplankton fecal pellets,
phytoplankton cells, and diverse assemblages of particulate organic
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matter (Waite et al., 2000; Steinberg and Landry, 2017). In brief,
sinking of POC involves two main pathways. The first is the sinking of
fecal pellets excreted by herbivorous zooplankton; the second is the
direct sinking of individual phytoplankton cells (e.g., diatoms and
coccolithophorids) or aggregations of phytoplankton cells and other
particles that stick together under certain circumstances and thereby
form larger particles that are exported into the deep sea (Turner, 2015).

The contributions of phytoplankton and zooplankton fecal pellets to
the overall POC flux vary greatly over a range of temporal and spatial
scales (Butler and Dam, 1994; Gutiérrez-Rodríguez et al., 2010). A re-
view by Turner (2002) of the contribution of zooplankton fecal pellets
to the total POC flux has revealed that it ranges from nearly 0–99% in
different plankton communities around the world. In the Gulf of St.
Lawrence, the flux of POC in fecal pellets represents 3–100% of the total
POC flux (Roy et al., 2000). In the Scotia Sea, Antarctica, the analogous
proportions range from 42% to 59% (Belcher et al., 2016). Generally,
fecal pellets account for at most 60% of the total POC flux in shelf areas
(Smith et al., 2002). In the open ocean, the contribution of fecal pellets
to the total POC flux ranges from 14% to 35% at ALOHA station (Wilson
et al., 2008). These data suggest that sinking fecal pellets may account
for the majority of the POC fluxes in marginal seas and nearshore areas,
where the high concentrations of phytoplankton are a rich source of
food for herbivorous zooplankton. However, many reports have in-
dicated that sinking of phytoplankton cells plays an important and
unique role in the POC flux in coastal areas, especially during algal
blooms (Gutiérrez-Rodríguez et al., 2010; Ebersbach et al., 2014).

During blooms, particles often form aggregates that greatly increase
the sinking rates of phytoplankton cells. This mechanism has been in-
voked to explain the mass sedimentation of phytoplankton blooms in
the ocean (Kiørboe and Hansen, 1993; Durkin et al., 2016). The size of
the aggregates can be as much as several millimeters to several cen-
timeters (Seebah et al., 2014), and their sinking rates can range from
tens to hundreds of meters per day (Turner, 2015). However, zoo-
plankton grazing and egestion rates can increase more than ten times
during a bloom (Gleiber et al., 2015). Therefore, both phytoplankton
cells and zooplankton fecal pellets are important components of sinking
POC in coastal areas (Turner, 2002).

Marginal seas play an important role in the global oceanic carbon
cycle. They account for only about 10% of the surface area of the global
ocean but contribute approximately 28% of global primary production

and about 80% of organic carbon burial (Sabine and Hood, 2003). The
East China Sea (ECS) is one of the largest marginal seas in the Western
Pacific and has a high primary production rate of 0.3–1.5 g Cm−2 d−1

(Gong et al., 2003). POC fluxes have been determined by various ap-
proaches in the ECS (Hung et al., 1999, 2009; Hoshika et al., 2003;
Oguri et al., 2003; Iseki et al., 2003; Guo and Zhang, 2005; Zhu et al.,
2006; Hung and Gong, 2011). Model-estimated organic carbon burial
on the broad ECS shelf is 7–10 Mt C yr−1 (Chen and Wang, 1999), and
the estimated rate of organic carbon offshore transport is 2–12 Mt C
yr−1 (Liu et al., 2006). Several studies have deployed sediment traps to
measure POC fluxes in the ECS (Iseki et al., 2003; Guo et al., 2010;
Hung et al., 2013). Iseki et al. (2003) have shown that POC fluxes
measured by moored sediment traps were 300–5000mg C m−2 d−1

over the continental shelf and Okinawa Trough in the ECS (Iseki et al.,
2003). Hung et al. (2013) have reported that POC fluxes estimated
directly from sediment traps were 720–7300mg C m−2 d−1 in the ECS.
After using a vertical mixing model to correct the fluxes for bottom
resuspension, they estimated the POC fluxes on the inner shelf of the
ECS to be 486–785mg C m−2 d−1.

Spring phytoplankton blooms have been recurrent events in the ECS
during recent years, with Prorocentrum donghaiense the dominant spe-
cies from late April to May (Tang et al., 2006; Guo et al., 2014). Guo
et al. (2016) measured phytoplanktokn sinking rates of
0.13–1.04m day−1 using the SETCOL method (Bienfang, 1981) during
a bloom in the ECS. Phytoplankton blooms can lead to substantial
carbon export via sinking of phytoplankton cells in bloom areas
(Turner, 2002). The relative contributions of phytoplankton and zoo-
plankton fecal pellets to the total POC sinking flux during such spring
blooms are unknown. No previous study has involved simultaneous
estimation of the contributions of sinking fecal pellets and phyto-
plankton cells to the total flux of sinking POC during a spring bloom in a
marginal sea. In this study, we simultaneously estimated the POC
contents and fluxes of both phytoplankton cells and zooplankton fecal
pellets in the coast waters of the ECS. Our goals were to compare these
two main contributors to the total POC flux in the bloom and non-
bloom areas and to elucidate the underlying mechanisms responsible
for the variations of POC export in marginal seas.

Fig. 1. Study stations in the coastal of the East China Sea. Stations ECS1 and ECS2 were bloom stations (show in triangles), while ESC3 and ESC4 were reference
stations (show in circles).
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2. Materials and methods

2.1. Study area and sampling methods

We studied a phytoplankton bloom that occurred in the coastal
waters of the ECS during 1–6 May 2016. The depths of all the stations in
this study were less than 50m (Fig. 1). Based on chlorophyll a (Chl a)
concentration and cell abundances, we defined stations ECS1 and ECS2
as the bloom stations; stations ECS3 and ECS4 were nearby non-bloom
stations used for reference purposes.

All water samples were collected at three water depths (2 m, 15m,
and 35m) using a Seabird conductivity-temperature-depth (CTD) ro-
sette system (SBE 9/11 plus) equipped with twelve Niskin bottles
(12 L). The water samples were analyzed for Chl a, phytoplankton
abundance, and sinking rates. Seawater samples (100–500mL, ac-
cording to concentration) for Chl a analysis were filtered onto GF/F
filters (0.25 cm, Whatman) under a vacuum pressure less than 75mm
Hg and in dim light and then kept frozen in liquid nitrogen until ana-
lysis. Chl a concentrations were determined by the acidification method
with a Turner Designs fluorometer after extraction in 90% acetone at
4 °C in the dark for 20 h (Strickland and Parsons, 1972). Integral
average Chl a concentrations were calculated by numerical integration
of the concentrations at the three sample depths. Temperature, salinity,
and depth were recorded by CTD. Fluorescence Chl a and turbidity data
were recorded by the fluorescent probe and turbidimeter attached to
the CTD, respectively.

2.2. Sample analysis methods

Phytoplankton seawater samples were carefully transferred to
SETCOL columns (Bienfang, 1981) for measurement of sinking rates.
We used a SETCOL length of 0.6 m and a water volume of about 2 L. The
phytoplankton cell abundances were measured by counting phyto-
plankton cells observed at 8× magnification with an optical Zoom-
stereo microscope (Rixin-SZM). The column integral average cell
abundance was estimated by numerical integration of the abundances
at the sampling depths.

We used Eq. (1) to calculate the cell volumes of dinoflagellates. The
linear dimensions of the cells were estimated by microscopic ex-
amination. Volumes of other phytoplankton were determined using the
methodology of Sun and Liu (2003). The linear dimensions of 30 or
more individual cells were measured to obtain precise estimates. Then,
we estimated the average cell carbon content of the phytoplankton
using Eq. (2) from Eppley et al. (1970). The final POC content of the
phytoplankton samples was estimated from the product of cell carbon
content and cell concentration (Eq. (3)).

= × ×C π a bell volume : V
12

2
(1)

= × −−Log C(pg C cell ) 0.94 Log V 0.6010
1

10 (2)

= × ×PC(mg C L ) N C 10–1 –6 (3)

where V is the volume of a Prorocentrum cell, a is the cell length
(transapical section), b is the cell width (cross section), C is the POC
content of a phytoplankton cell, N is the concentration of phyto-
plankton cells (number per liter), and PC is the POC concentration as-
sociated with phytoplankton.

In this study, the average sinking rate of the phytoplankton popu-
lation was measured in a settling column by the SETCOL method
(Bienfang, 1981; Liu and Wu, 2016). The SETCOL columns were iden-
tical to the columns described by Bienfang (1981) and filled with sea-
water samples. Sinking rates were calculated according to Eq. (4):

= ×N N L
t

ψ /s t (4)

where ψ is the average sinking rate (m d–1); L is the height of the

SETCOL column (0.6 m); t is the duration of the trial (0.021 d or about
30min); Nt is the total number of phytoplankton cells in the SETCOL
column; and Ns is the total number of phytoplankton cells that settled
during the trial time.

We examined three replicate samples of seawater under the mi-
croscope to obtain the concentration of phytoplankton cells, which was
multiplied by the volume of the column.

Bloom seawater phytoplankton aggregates samples were diluted in
different proportions with 0.2-μm capsule filtered seawater from the
same aliquot. The number of aggregates counted under the microscopic
did not change significantly before dilution. The dilution factors were 1,
2, 4, 8, 16, and 32. Then the sinking rates of the aggregates diluted by
the different dilution factors were measured by the SETCOL method to
determine how the sinking rates of the phytoplankton aggregates
changed with aggregate abundance.

Phytoplankton POC fluxes were estimated as the product of the
average of the SETCOL sinking rates and the average phytoplankton
POC content integrated through the water column (Shanks and Trent,
1980; Guo et al., 2016):

= ×

= ⎡⎣ ⎤⎦ ×+ + + × − + + × −

CF average Ψ Integral average
2

P

Ψ Ψ Ψ
3

C C Z2 Z1 2 C C Z3 Z2
Z3

p p

[( ) ( ) / ( ) ( ) / ]Z1 Z2 Z3 Z1 Z2 Z2 Z3

(5)

where − −CF (g m d )P
2 1 is the POC flux of phytoplankton, −CC (g m )P

3 is
the average carbon content of the phytoplankton cells, and −Ψ (m d )p

1 is
the phytoplankton sinking rate. Ψz m is the sinking rate of the phyto-
plankton at depth Z meters (Z1, Z2, Z3=5m, 15m, and 35m, re-
spectively), and the CZ is the corresponding POC content of phyto-
plankton at depth Z meters.

Zooplankton copepods were collected with a vertical tow from the
bottom (35m, consistent with the maximum depth of the CTD) to the
surface using zooplankton nets with mesh sizes of 200 µm and a non-
filtering cod end (Svensen et al., 2014). In the shipboard laboratory,
zooplankton samples were divided into three body-length groups based
on mesh size: a large group (> 1000 µm), medium group
(500–1000 µm), and a small group (200–500 µm) (Wang and Fan, 1997;
Møller et al., 2010). Fecal pellets were picked from the vertical trawl
samples from the bottom (35m, consistent with the maximum depth of
CTD) to the surface with a 60-μm mesh net (Manno et al., 2015). The
water was then filtered through 500-μm–mesh netting to remove large
zooplankton and other detritus. In accord with the Manno et al. (2015)
method, the fecal pellet samples were divided into five kinds of shapes
(ovoid, round, cylindrical, tabular, and ellipsoidal). Fecal pellets were
randomly collected under a dissecting microscope with a fine-mouthed
pipette, and their volumes were estimated with geometric formulae at
the same time. The pellets were classified into three groups based on
their volumes: a small (200–500× 103 μm3), medium
(500–5000× 103 μm3), and large group (> 5000×103 μm3). We
trawled three times at each site, and the number of fecal pellets ex-
ceeded 600 per group. These pellets were used to determine the sinking
rates and carbon contents of fecal pellets. Fecal pellets were rinsed with
filtered (< 0.2 µm) seawater on a 60-μm sieve before being used to
measure sinking rates. The fecal pellets were then carefully mixed into
60-micron filtered seawater in the SETCOL columns. After 5min, the
fecal pellets at the lower end of the SETCOL columns were collected and
counted to determine their average sinking rate.

The fecal pellets in each group were filtered onto Whatman GF/F
filters after being rinsed three times with Milli-Q water. All the GF/F
filters were precombusted combusted at 500℃ for 6 h in muffle burner
(Hung et al., 2013). The fecal pellets on the GF/F filters were sealed in a
10-mL polycarbonate column and kept frozen (− 20 °C) prior to de-
termination of their POC content in the lab with an elemental analyzer
(Perkin Elmer model 2400 CHN Analyzer). The fecal pellet POC content
in the seawater, PFP (g m–3), was calculated with Eq. (6):
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= ÷ ×P C (M D)FP FP (6)

where CFP is the mass of fecal pellet POC in the net cod end (g); M is the
mesh area of the zooplankton net (m2); and D is the depth of the trawl
net (m).

The total fecal pellet POC flux was calculated as the sum of the
product of the fecal pellet POC content in each size category and the
corresponding average sinking rate for that category (Dagg et al.,
2014):

= × + × + ×F C averageΨ C averageΨ C averageΨFP S S M M L L (7)

where FFP is the total POC flux of zooplankton fecal pellets (g C m–2

d–1), CS, Cm, and CL are the POC contents of the small, medium, and
large fecal pellets (g C m–3), respectively, and ΨS, Ψm, and ΨL are the
corresponding average fecal pellet sinking rates (m d–1), respectively.

Fecal pellet production experiments were carried out with the
dominant copepod Calanus sinicus picked from the trawl net. A surface
seawater sample from a bloom station containing many phytoplankton
aggregates was diluted to different gradient concentrations (dilution
factors were 1, 2, 4, 8, 16, and 32), and the particle sinking rates were
measured in the SETCOL columns in triplicate. Calanus sinicus was al-
lowed to feed in seawater from bloom stations diluted to different de-
grees with filtered seawater (triplicates). Fecal pellets excreted by C.
sinicus were filtered onto a 10 µm mesh net and then gently washed in
distilled water. Fecal pellets were filtered onto a 60-μmmesh and rinsed
carefully with distilled water before being used to measure sinking rates
and POC contents. Finally, the fecal pellets were filtered onto GF/F
filters for fecal pellet POC analysis and estimation of fecal pellet pro-
duction rates (Paffenhoefer and Knowles, 1979; Marty et al., 2009). In
situ zooplankton grazing rates were measured with the gut pigment
method, which was initially reported by Mackas and Bohrer (1976) and
subsequently improved by Wang and Conover (1986). According to the
equations derived in those reports,

= ×Ι G r (8)

where I is the grazing rates of the zooplankton, G is the evacuation rate,
and r is the gut pigment content.

3. Results

3.1. Phytoplankton abundance, Chl a concentration, and carbon biomass

The phytoplankton bloom we observed in the ECS lasted about one
week, from 1 May 2016–6 May 2016. At both bloom and non-bloom
stations, the temperature decreased gradually from the surface to a
depth of 20m; it then increased gradually to the bottom (15.6–19.7 °C,
Fig. 2a, b); The salinity increased gradually with depth from the surface
and reached a maximum at about 20m (27.8–34.2, Fig. 2c, d). Max-
imum values of Chl a fluorescence at the study stations were observed
at a depth of about 5m. The range of Chl a at bloom stations and non-
bloom reference stations were 0.4–56.6mgm–3 and 0.1–2.8 mgm–3,
respectively (Fig. 3a, b). From the surface to a depth of about 20m, the
turbidity values were positively correlated with the Chl a concentra-
tions, but turbidity increased abruptly at a depth of 20m and remained
high to the bottom (Fig. 3c, d). The surface phytoplankton cell abun-
dance and Chl a concentration on 3 May 2016 during the bloom ECS2
were as high as 18× 106 cell L–1 and 58.1 μg L–1, respectively (Fig. 4a).
These values were more than 20 times the corresponding values during
the post-bloom period (860× 103 cell L–1 and 2.57 μg L–1, respec-
tively). Phytoplankton cell abundance and Chl a concentration during
the bloom at bloom stations ECS1 and ECS2 were more than 10 times
the corresponding values at non-bloom reference stations ECS3 and
ECS4 (t-test, p < 0.05, Fig. 4c). Coincidently, phytoplankton carbon
biomass at bloom station ECS1 (average ± SD, 21 ± 1 g C m–3) and
ECS2 (24 ± 1.4 g C m–3) were also more than 10 times the corre-
sponding values at non-bloom stations ECS3 and ECS4 (t-test,

p < 0.05). Prorocentrum donghainese (Dinoflagellates) was the domi-
nant phytoplankton species at all stations during this study. P. don-
ghainese contributed up to 99% of the total phytoplankton cell abun-
dance in the surface layer during the bloom (Fig. 4b). This percentage
was significantly higher at the bloom stations ECS1 and ECS2 than at
control stations ECS3 and ECS4 (t-test, p < 0.05).

3.2. Phytoplankton sinking rates and POC fluxes

During the bloom, the sinking rate (Y) of phytoplankton increased
with cell abundance (X). The relationship was logarithmic and statis-
tically significant [Y= 4.62 *ln(X)–32.59, n= 42, R2 = 0.76,
p < 0.05, Fig. 5]. The maximum sinking rate was almost 16m d–1,
almost 100 times the sinking rate when cell abundance was low (0.17m
d–1, Fig. 5). The average sinking rate of phytoplankton during the
bloom was more than 10 times the average rate at non-bloom stations,
12.0 ± 1.5 and 1.0 ± 0.8m d–1, respectively (Fig. 8).

Microscopic analysis revealed that most Prorocentrum donghainese
cells in the bloom water had formed aggregations. The linear dimen-
sions of the aggregations exceeded 400 µm; some were even macro-
scopic, with linear dimensions up to several centimeters (Fig. 6). Di-
lution of the surface bloom water by as much as a factor of 32 had no
significant effect on the particle sinking rates (t-test, p > 0.05, Fig. 7).
Based on Eqs. (1)–(5), the phytoplankton POC flux at bloom stations
ECS1 and ECS2 were 21 ± 1.1 and 24 ± 1.4 g C m–2 d–1, respectively.
These were about 100 times the fluxes at non-bloom stations ECS3 and
ECS4 (0.26 ± 0.04 and 0.21 ± 0.03 g C m–2 d–1, t-test, p < 0.05,
n=6, Fig. 8a). Phytoplankton POC fluxes contributed more than 90%
and only 40% of the total POC fluxes at bloom and non-bloom stations,
respectively (Fig. 8b). The contributions of phytoplankton POC flux to
total POC flux were significantly different during different phases of the
bloom (t-test, p < 0.05) and varied from less than 40% to more than
90% of the total POC flux (about 0.3–24 g C m–2 d–1, Fig. 8c). Phyto-
plankton POC concentrations at depths of 5m and 15m (Fig. 9a) were
more than 10 times the concentrations at a depth of 35m at the bloom
stations ECS1 and ECS2 (2.2–2.8 g C m–3, Fig. 9a). The sinking rates
were obviously lower at a depth of 35m (average sinking rates< 10m
d-1) than at 5m and 15m at (average sinking rates> 15m d-1) the
bloom stations (Fig. 9b, t-test, p < 0.05). Based on phytoplankton POC
content and sinking rates at 5m, 15m and 35m, we estimated the POC
fluxes in each water layer of bloom stations (Fig. 9c) and non-bloom
stations (Fig. 9d) according to Eq. (5) and make a linear regression
curve. The relationship between depth and phytoplankton POC flux was
a binary linear equations regression curve in both bloom and non-
bloom stations. The regression curve in the bloom stations and non-
bloom station was y=− 15.952x2 + 30.529x+ 41,192, R2 = 0.96
and y=− 0.287x2 + 9.9296x+ 239.4, R2 = 0.78, respectively.

3.3. Zooplankton grazing rates and fecal pellet production rates

The copepod Calanus sinicus was the dominant species in the me-
sozooplankton community (in terms of both abundance and biomass) at
bloom and non-bloom stations. The grazing rates and fecal pellet pro-
duction rates of the large mesozooplankton (> 1000 µm) were
208mg C m–3 d–1 and 141mg C m–3 d–1, respectively, significantly
higher than the corresponding rates for the other groups (Fig. 10). In
addition, mesozooplankton grazing rates and fecal pellet production
rates at bloom stations were significantly higher than the corresponding
rates at non-bloom stations (Fig. 10a, b). The mesozooplankton grazing
rates and fecal pellet production rates were therefore both enhanced by
the increased phytoplankton cell abundance during the bloom. The
results of the C. sinicus culture experiment were consistent with this
observation (Fig. 10c). The significant decrease of the egestion rates
and egestion-body ratios of C. sinicus with increasing dilution of the
phytoplankton samples during the boom (p < 0.05) indicated that
there was a positive correlation between egestion rate and

Y. Qiu et al. Continental Shelf Research 167 (2018) 32–45

35



phytoplankton abundance.

3.4. Zooplankton fecal pellet sinking rates, POC content, and POC fluxes

Zooplankton fecal pellet sinking rates ranged from 30 to 349m d–1

(192 ± 86m d–1 in mean) at station ECS1 and from 41m d–1 to 320m
d–1 (188 ± 74m d–1 in mean) at station ECS2 during the bloom
(Fig. 10a). The medium group (FP volume 500–5000× 103 μm3) and
large group fecal pellet ( FP volume>5000×103 μm3) sinking rates
were both significantly higher at the bloom stations than at the non-
bloom stations (Fig. 11a). But the sinking rates of total zooplankton
fecal pellets were not significantly higher at the bloom stations than at
the non-bloom stations (n=60, p > 0.05). Those rates ranged from 32
to 280m d–1 (mean ± SD: 147 ± 69m d–1) and 20–290m d–1

(mean ± SD: 140 ± 77m d–1) at reference stations ESC3 and ES4,
respectively (Fig. 11a).

However, fecal pellet POC contents at the bloom stations were 3.4
and 4.7mg C m–3, about 3 times the content at non-bloom stations (1.4
and 1.2 mg C m–3, Fig. 11b). Large-volume copepod fecal pellets with

the highest sinking rates were the most important contributor to the
total fecal pellet POC content at both the bloom and non-bloom sta-
tions. The contributions of these large group fecal pellets to the total
fecal pellet POC content exceeded 44% at both the bloom and non-
bloom stations (Fig. 10b). These contributions were significantly higher
than the contributions from the medium group and small group (t-test,
p < 0.05, Fig. 11b). In addition, the contributions of large fecal pellets
to the total fecal pellet POC fluxes were greater at the bloom stations
than at the non-bloom stations, and the sinking rates were significantly
higher as well (Fig. 11c). But the percentages of total POC content and
total POC flux (including phytoplankton, fecal pellets, and other par-
ticulate debris) contributed by fecal pellets was significantly lower at
bloom stations than at non-bloom stations (Fig. 12).

Similar to the phytoplankton fluxes, the zooplankton fecal pellet
POC fluxes were estimated with Eqs. (6) and (7) from the sinking rates
and POC contents. At bloom stations ECS1 and ECS2, these fluxes were
0.95 and 1.4 g C m–2 d–1, respectively, 4–6 times the values at non-
bloom stations ECS3 (0.25 g C m–2 d–1) and ECS4 (0.20 g C m–2 d–1)（t-
test, p < 0.05, Fig. 12c). At the non-bloom stations, the contributions

Fig. 2. Vertical CTD profiles of temperature and salinity. a) Temperature profiles at bloom stations ECS1 and ECS2; b) Temperature profiles at non-bloom stations
ECS3 and ECS4; c) Salinity profiles at bloom stations ESC1 and ESC2; d) Salinity profiles at non-bloom stations.
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of the fluxes of phytoplankton cells and zooplankton fecal pellets to the
total POC flux were about 45% and 43%, respectively (Fig. 12b). The
POC fluxes of both phytoplankton cells and zooplankton fecal pellets
increased significantly at the bloom stations; however, the contribution
of phytoplankton cells increased up to 95%, whereas that of fecal pel-
lets decreased to less than 5% (Fig. 12b).

4. Discussion

4.1. Phytoplankton sinking rates

Our results revealed that the Chl a concentration and phytoplankton
cell abundance were extremely high during the bloom (Table 1 and
Fig. 4). Meanwhile, the phytoplankton sinking rates at bloom stations
were more than 10 times the rates at non-bloom stations (p < 0.05,
Fig. 5). The SETCOL method is a simple and reliable method that is
suitable for both heterogeneous field populations and in vitro unialgal
cultures and is based on a sound theoretical foundation (O'Brien et al.,
2006; Bach et al., 2016). SETCOL is a member of the homogeneous-

sample family of methods (Bienfang et al., 1977). The procedure in-
volves the use of settling columns of known height, initially containing
a uniform distribution of cells. The population's mean sinking rate is
calculated based on the change in the vertical distribution of biomass
after a given time (Bienfang, 1981). The SETCOL sinking rate calcula-
tion methodology has currently been cited in 126 papers. Stokes de-
rived an expression, now known as Stokes' law (Zwanzig, 1964), that
suggests that particle sinking rates are regulated mainly by particle
content and size. Although environmental changes affect cell size and
composition, it is impossible for the individual cells of one species to
undergo order-of-magnitude changes in both cell size and content
during a bloom (Fig. 6). However, the sinking rates of particles can vary
over several orders of magnitude because of differences of fluid visc-
osity, particle source material, morphology, porosity, and other vari-
able particle characteristics (O'Brien et al., 2006; McDonnell, 2011). In
the inner shelf of the ECS, diatoms and dinoflagellates are perennially
the dominant taxa (Liu et al., 2016), especially Skeletonema costatum
and Prorocentrum dentatum. The cell sizes of these two species are ty-
pically 4–12 µm (Sarno et al., 2005) and 15–17 µm (Lu et al., 2003),

Fig. 3. CTD profiles of fluorescence Chl a and turbidity in study stations. a) Chl a profiles at bloom stations ECS1 and ECS2; b) Chl a profiles at non-bloom stations
ECS3 and ECS4; c) Turbidity profiles at bloom stations ESC1 and ESC2; d) Turbidity profiles at non-bloom stations ECS3 and ECS4. Chl a: Chlorophyll a; Turbidity:
Formazan Turbidity Unit.
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respectively. Phytoplankton sinking rates average 0.13 and 1.71m d−1

when dinoflagellates and diatoms dominate the phytoplankton com-
munity in the ECS during the spring and summer, respectively (Guo

et al., 2016). We therefore suggest that the much higher sinking rates
we observed during the bloom were a result of the extremely high cell
abundance, which led to the aggregation of phytoplankton cells.

While they are growing, phytoplankton cells secrete a mucus com-
posed of polysaccharides. The mucus is sticky and can bind the phy-
toplankton cells to form an aggregation (Passow, 2002). Some reports
have indicated that Prorocentrum produces copious amounts of mucous
that can form mucous plugs (Tang et al., 2008; Han et al., 2016) that
would promote the formation of aggregates (Riemann, 1989). Indeed,
our microscopic observations were consistent with this scenario; many
cells formed aggregations that sank rapidly at bloom stations (Fig. 6).
The positive correlation between phytoplankton sinking rates and cell
abundances from different seawater samples (Fig. 5) does not conform
to Stokes' law (Fowler and Small, 1972). Generally, the sinking rate of
particles is independent of abundance. Moreover, the sinking rates of
these particles were still very high, even when the bloom water was
diluted by as much as a factor of 32 (Fig. 7). This result of the dilution
experiments showed that phytoplankton sinking rate and cell abun-
dance were related, not because of increased abundance but because
the phytoplankton cells were aggregated.

The sinking rate calculated with Eq. (4) was based on the change in
the vertical distribution of cells after a given time. The results are
therefore not the sinking rates of individual phytoplankton cells but
rather the average sinking rates of the phytoplankton community
(McDonnell and Buesseler, 2012). In this study, the sinking rate of
phytoplankton increased tenfold due to aggregation of phytoplankton
cells. The implication is that phytoplankton did not sink as individual
cells, but rather as aggregations. These results provide further indica-
tion that the P. donghainese cells aggregated during the development of
the bloom. In previous studies of aggregates, most of the aggregates
ranged in size from 0.4mm to a few tens of mm, and sinking rates
ranged from tens to hundreds of meters per day (Shanks and Trent,
1980; Turner, 2015). Asper and Smith (2003) observed sinking rates of
aggregates in the Ross Sea that equaled 288m d–1. Nowald et al. (2009)
have also reported massive sinking of phytoplankton in the form of
aggregates rather than individual cells at stations where blooms were
occurring. We therefore hypothesize that at the bloom stations the
formation of aggregates significantly increased the sinking rates of
phytoplankton cells and promoted the export of phytoplankton POC.
Our results are consistent with previous studies and indicate that ag-
gregation was the cause of the rapid sinking of the phytoplankton cells
(Figs. 5–7).

However, the cells within an aggregate are loosely packed, and the
large amount of intercellular water reduces the average density of the
phytoplankton aggregate. In fact, phytoplankton cells need to remain in
the euphotic zone to receive adequate light for photosynthesis
(Reynolds, 2006). Phytoplankton have therefore evolved over millennia
in ways that tend to minimize sinking. The sinking rates of some dia-
toms, such as Eucampia zodiacus and Rhizosolenia stoleterforthii, are in-
versely proportional to their chain lengths (Peperzak et al., 2003).
Perhaps better known is the fact that Trichodesmium thiebautii can re-
main within the euphotic zone for long periods of time via the buoy-
ancy provided by bubbles between filaments (Walsby, 1978). The
consequences of aggregation may therefore differ as a function of the
dominant species in a bloom. According to Stokes’ law, when the effect
of this density reduction is greater than the effect of the increase of
volume, the phytoplankton sinking rate should decrease. However, if
the phytoplankton aggregate adsorbs other high-density particles, the
average density of the agglomerate will increase, and the sinking rate
will increase. With few exceptions, aggregation is therefore an efficient
way to increase the sinking rates of phytoplankton and their transport
to the deep sea (Bach et al., 2016; Durkin et al., 2016).

4.2. Phytoplankton POC flux

The ECS is a unique marginal sea that includes a large area of

Fig. 4. Change of phytoplankton cell abundance and Chl a during a spring
bloom in the ECS. a),b) Change of surface phytoplankton cell abundance pro-
cess during the spring bloom in the bloom station ECS2. c) Phytoplankton
surface cell abundance and Chl a in bloom stations (stations ECS1 and ECS2)
and non-bloom reference stations (stations ECS3 and ECS4) in the East China
Sea.

Fig. 5. Relationship between phytoplankton sinking rates and cell abundance
(Y=4.62 *ln(X)− 32.59, R2 = 0.76), Sinking rates of different phytoplankton
cell abundance were from the bloom and non-bloom stations.
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shallow continental shelf, with obvious effects of bottom resuspension
(Pilskaln et al., 1998). Phytoplankton blooms vary greatly both in time
and space within the inner shelf of the ECS. Although sediment traps
are the most direct way to estimate the downward flux of particulate
matter, POC fluxes estimated with sediment traps in shallow shelf
waters can be seriously affected by resuspension of bottom sediment
(Hung et al., 2013). In addition, in coastal waters there is a strong tidal
current that can easily tilt the sediment trap and affect its collection
efficiency (Gardner, 1985). More importantly, the bloom water mass
can move horizontally, and the sediment trap may not be located in the
area of the bloom throughout the bloom. The method of estimating POC
fluxes in this study does not directly account for losses of POC through

solubilization and mineralization (Kiørboe et al., 1996). Nevertheless,
according to Eq. (4), the POC content in estimating carbon flux is ac-
tually subtracted from the loss of POC. Guo et al. (2015) found that POC
fluxes estimated from sediment traps and the SETCOL method were
similar near our study area. Based on trap measurements and vertical
mixing models, the POC export fluxes are 486–785mg C m−2 d−1 in
the coastal waters of the ECS (Hung et al., 2013). Hung et al. (2016)
using the rare earth elements (REEs) mixing model found active sedi-
ment resuspension may significantly affect POC export flux (30–80%)
in the East China Sea. Our results are consistent with this range of fluxes
at the non-bloom stations (Table 1). The SETCOL method consequently
can play an important role in estimating carbon fluxes in coastal areas
during blooms. In addition, due to the shallowness of the water and
short sinking time, any losses due to solubilization and mineralization
during sinking can be neglected compared with the huge flux of sinking
POC. The product of the POC concentration and sinking rate that we
used to estimate the POC flux should therefore provide an accurate
estimate of carbon fluxes in coastal areas during blooms.

Phytoplankton POC fluxes are usually less than 10mg C m–2 d–1 in
the open ocean (Pesant et al., 2002) and tens to hundreds of mg C m–2

d–1 in coastal areas (Smetacek et al., 1978; Peinert et al., 1982; Gowing
et al., 2001; Pakhomov et al., 2002). Trap measurements and vertical
mixing models indicate that POC export fluxes are 486–785mg C m−2

d−1 in the coastal waters of the ECS (Hung et al., 2013). Our results are
consistent with this range of fluxes at the non-bloom stations (Table 1).
However, the phytoplankton POC fluxes were about 24 g C m–2 d–1 at
bloom stations (Fig. 8a), much greater than the range of fluxes pre-
viously reported in similar coastal waters (Table 1). Our results, how-
ever, are within the range of values reported from studies of sinking
aggregates and marine snow (Asper, 1987; Alldredge and Gotschalk,
1988). In this study, the abundance of phytoplankton increased by
roughly a factor of 10 during the Prorocentrum donghaiense bloom
(Fig. 3b). In different areas of the ECS, the euphotic zone Chl a con-
centrations range from 1.6 to 55.3 μg L–1 in spring, and the annual

Fig. 6. In-situ phytoplankton samples photograph from bloom stations in the East China Sea, samples (Prorocentrum donghaiense) under 40× objective lens
microscopy photograph (a), Under 5× objective lens microscopy photograph (b and d), and bloom seawater samples unaided eye photograph 1× by camera (c).

Fig. 7. Determination of sinking rates after different dilution radio of the
Prorocentrum donghaiense bloom seawater samples.
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average values range from 0.11 to 8.03 μg L–1 (Gong et al., 2003). In
this study, the Chl a concentrations at the bloom stations were as much
as 58 μg L–1, dozens of times the average Chl a concentration reported
in any previous study in non-bloom sea area (Liu et al., 2016). Fur-
thermore, the sinking rates increased by more than a factor of ten be-
cause of aggregation (Figs. 5 and 6). Consequently, the phytoplankton
POC fluxes were enhanced more than 100 times at the bloom stations as
a result of the combined effects of the increases in both phytoplankton
cell abundance/biomass and sinking rates (Fig. 8). A comparison with
the phytoplankton C biomass indicates that the POC export flux was
sufficient to completely deplete the phytoplankton C biomass in 3 days.
But this very large POC flux was a very short-term event that exported
POC that had accumulated over a longer period of time. It should be
emphasized that the contribution of phytoplankton to the POC flux was
greatly magnified because the export occurred at the end of a bloom.
The POC fluxes at the bloom stations were extreme values in a small
area in a short time interval during a particular event.

However, it is provocative to estimate the contribution of this epi-
sodic event to the annual POC flux. The blooms in the ECS can extend
from the estuary of the Changjiang River down to the coastal waters of

Fujian Province. The area impacted by the blooms is more than
10,000 km2, and the blooms typically last for about 1 month from late
April to early June (Tang et al., 2006). The primary production over the
entire shelf of the ECS is quite high, 17–2079mg C m–2 d–1, with an
annual average of 145 g C m–2 y−1 (Gong et al., 2003). Because the ECS
shelf is so productive, it has been regarded as an important sink of at-
mospheric CO2 (13.2 Tg C yr−1) based on measurements of CO2 air–sea
exchange (Guo et al., 2015). In the coastal area (41,000 km2), the
average CO2 flux from the atmosphere into the water during the spring
is 10.7 ± 3.5mmol m−2 d−1, and the annual amount of CO2 absorbed
from the atmosphere is 0.9 ± 0.4 Tg yr−1 (Guo et al., 2015). The
spring blooms have been reported in the ECS every year in the last
decades and the blooms often spread to more than 1000 km2 (Tang
et al., 2006; Lou and Hu, 2014). The largest bloom on record occurred
over an area of 10,000 km2 in 2004. Prorocentrum donghaiense was
dominant from 2000 to 2004 and has caused large blooms in May. If the
bloom event that we observed occurred in an area of 1000 km2 and
lasted for about 7 days, the potential POC flux from this episodic event
would have been 0.15 Tg C, 17% of the CO2 sequestered from the at-
mosphere each year in the coastal zone of the ECS.

4.3. Zooplankton fecal pellet sinking rates and POC fluxes

In this study, the fecal pellet sinking rates were 19.8–349m d–1

(Fig. 11a), within the range of previous reports (Yoon et al., 2001;
Turner, 2002; Wilson et al., 2013). Overall, the average fecal pellet
sinking rate during the bloom (191 ± 77m d–1 in mean) was not sig-
nificantly higher than the rate at non-bloom stations (143 ± 73m d–1)
(Fig. 11a). However, changes of the composition of the phytoplankton
community can lead to changes of zooplankton diets (Calanus sinicus
dominant), and the latter changes affect the rate of production and
sinking characteristics of fecal pellets (Hansen et al., 1996a). Both the
production rates and sizes of zooplankton fecal pellets are strongly
dependent on the phytoplankton community (Haney and Trout, 1990).
When Acartia tonsa was fed under simulated phytoplankton bloom
conditions, its rate of fecal pellet production increased with increasing
phytoplankton abundance (Butler and Dam, 1994). Bienfang (1980)
have reported that herbivore diet affects zooplankton fecal pellet
sinking rate. Fecal pellet length, width, volume, sinking rate would be
change under different die populations. In this manuscripts, the sinking
rates of zooplankton fecal pellets in bloom stations were not sig-
nificantly higher than those in non-abloom stations, but the sinking
rates of large size fecal pellets (volume>500×103 µm3) were sig-
nificantly higher than those in non-bloom stations.

Our results revealed that zooplankton ingestion and fecal pellet
production rates increased during the bloom (Fig. 10). The result was a
higher content of fecal pellet POC in the water compared to non-bloom
stations (Fig. 11b). These results are consistent with previous reports of
ingestion rates measured using the gut pigment content method during
January off the Western Antarctic Peninsula (Gleiber et al., 2015). In
addition, the production of more large fecal pellets (Fig. 11b) during
the bloom indicates that high phytoplankton biomass could also alter
the size distribution of the fecal pellets. There is no doubt that the
greater number of large fecal pellets with faster sinking rates (Fig. 11a)
significantly increased the POC flux (Fig. 11c). As Bienfang (1981) re-
ported if no particle sink faster than l/t, and it has a negligible effect on
sinking rates (Ψ) for even somewhat longer periods than t, because the
distribution of specific sinking velocities in populations shows an ex-
ponential-type decline in cohort fractions having rates considerably
greater than the mean. It has been noted that when the sinking rate of
fecal pellets is higher than l/t, the sinking rate may be some under-
estimation.

Overall, the fecal pellet POC flux during the bloom was enhanced
because higher zooplankton grazing rates led to higher rates of fecal
pellet production and higher fecal pellet POC content (Fig. 10). How-
ever, because of the much greater increase of the flux of sinking

Fig. 8. Comparison of phytoplankton POC flux estimated with SETCOL-mea-
sured sinking rates and POC content. a) Phytoplankton POC flux and sinking
rates; b) the percentage of phytoplankton, fecal pellets and other particle to the
total POC flux; c) Comparison changed of phytoplankton POC flux during the
bloom process (From 16:00 1-May to 12:00 6-May).
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phytoplankton cells, the relative proportion of fecal pellets to the total
flux decreased to less than 5% during the bloom (Fig. 11b). Because the
estimates of these two fluxes were carried out simultaneously, it is
possible that a time lag in the production of fecal pellets may have
caused the impact of the bloom on the flux of fecal pellets to be un-
derestimated. For example, Butler and Dam (1994) have reported a
significant increase of fecal pellet POC fluxes between early-bloom and
late-bloom conditions, 37 mg C m–2 d–1 and 500mg C m–2 d–1, respec-
tively, based on a compilation of results obtained using the same
methods as this study. Moreover, the exports of phytoplankton cells and
zooplankton pellets are not independent. Because the zooplankton
pellet samples were trawled up from 35m in this study, the results in
Fig. 3 imply that the POC flux of zooplankton fecal pellets would be
overestimated due to the influence of resuspension at both bloom sta-
tion and reference non-bloom stations. The increased biological pro-
duction during a bloom can trigger the production of transparent exo-
polymer particles (Passow, 2002), which can cause phytoplankton cells
and detrital particles to aggregate into much larger particles (Wilson
et al., 2008). In the open ocean, the material that can potentially form
aggregates is very extensive and includes phytoplankton cells, zoo-
plankton fecal pellets, mucus, detritus, and other particles (Hansen
et al., 1996b; Alldredge et al., 2002). In addition, zooplankton fecal
pellets not only increase the size and sinking rates of aggregations, but
if the aggregates are consumed by larger zooplankton, the POC may be

repackaged into even larger fecal pellets with faster sinking rates
(Vaillancourt et al., 2003).

4.4. Effects of particles degradation and bottom resuspension on measured
sinking rates and estimated POC

The SETCOL method using a 60-cm column to measure sinking rates
of phytoplankton assemblages, aggregates, and fecal pellets on a short
time scale. It may overestimate sinking rates to the extent that particles
become smaller because of microbial degradation. Indeed, the faster the
sinking rate, the shorter time a particle stays in the upper water column
where degradation occurs most rapidly. The magnitude of the POC
vertical flux is determined by the difference between the sinking ve-
locity and the degradation rate of the sinking aggregates. Microbial
degradation rates in terms of microbial carbon-specific respiration rates
for a range of different particle types from the surface ocean seem to be
converging on ~ 13% d–1 (Ploug et al., 2008; Neuer et al., 2004). The
magnitude of microbial degradation in the upper ocean is determined
mainly by the retention time of the aggregates, i.e. their sinking velo-
cities (Neuer et al., 2004). In this study, the sinking rate of phyto-
plankton increased by 10 times compared to non-bloom stations due to
the aggregation of phytoplankton cells. Such phytoplankton aggregates
may even absorb additional particles during the sinking process and
thereby increase their volume and sinking rate. In such a shallow area,

Fig. 9. Phytoplankton POC content (a) and sinking rates; (b) in 5 m, 15m, 35m layers at bloom stations. Phytoplankton POC content (a) and sinking rates; (b) in 5 m,
15m, 35m layers at bloom stations. The regression curve of the relationship between depth and phytoplankton POC flux in bloom (c) and non-bloom reference
stations (d). Phyto-POC: phytoplankton particular organic carbon.

Y. Qiu et al. Continental Shelf Research 167 (2018) 32–45

41



such a rapid sinking rate will minimize the effects of degradation.
In order to assess the effect of resuspension on the phytoplankton

and zooplankton samples obtained from the water column, we com-
pared the vertical profiles of Chl a fluorescence and turbidity at the
study stations (Fig. 3). The Chl a fluorescence was significantly higher
in the upper 15m than in waters below 15m at both bloom and non-
bloom stations (t-test, p < 0.001). The vertical profiles of turbidity,
however, displayed two peaks at the bloom stations. The good corre-
spondence between the upper peak and the high Chl a concentrations in
the upper 15m indicated the upper peak was contributed mainly by the
increase of phytoplankton abundance. The lower peak, which increased
from about 20m and extended to the bottom, was probably the result of
resuspension at depths below 20m. We estimated POC fluxes by using
the integral average POC content at 5m, 15m, and 35m multiplied by
the average sinking rates at those depths (Eq. (5)). Consistent with the
Chl a results, phytoplankton POC concentrations were more than 10
times higher at 5m and 15m than at 35m (Fig. 9a). In contrast, the
sinking rates were clearly slower at 35m than at 5m and 15m at the
bloom stations (Fig. 9b, t-test, p < 0.05). Therefore, the POC con-
centrations at 5m and 15m made by far the most important

contribution to the export flux of the whole water column. The overall
impact of resuspension on the calculated export flux was therefore very
small. Fig. 9c and d showed that the relationship between depth and
estimated phytoplankton POC flux was binary linear equations in both
bloom and non-bloom stations. The results showed that when phyto-
plankton was sinking exported into the water layer below 35m, the
phytoplankton POC flux would decrease and significantly less than that
in upper 35m water layer. In addition, the actual POC flux in 35m
layer may be lower due to the strong resuspension effect on the bottom.
Nonetheless, the potential contribution of phytoplankton POC to the
export flux at bloom stations were still significantly higher than that of
non-algal blooms (Fig. 9c, d).

4.5. Effect of swimming behavior of Prorocentrum donghaiense on
measured sinking rates

To meet their physiological requirements, individual dinoflagellates
can meet their requirements for nutrients and light by swimming down
and up, respectively (Smayda, 1997). The swimming speeds of dino-
flagellates, up to 31m d−1 (Kamykowski et al., 1989), allow dino-
flagellates to exploit the nutrient resource gradient and other micro-
habitat features (Smayda, 1997). Here we discuss the effect of the
dinoflagellate's (P. donghaiense) swimming behavior on the sinking rates
measured with SETCOL.

First, the swimming ability of a dinoflagellate may cause its sinking
rate to be lower than that of other phytoplankton of a similar size at
non-bloom stations. In this study, the four stations were all dominated
by dinoflagellates (Fig. 4), and the phytoplankton sinking rates at non-
bloom stations were< 1m d–1 (Fig. 8), lower than that of diatom-
dominated communities (0–3.05m d–1) (Waite et al., 1992a, 1992b).
Based on laboratory tests, Pitcher and Mitchell-Lnnes (1989) concluded

Fig. 10. Comparison of different length group zooplankton grazing rate, eges-
tion rates between bloom stations and reference stations. a). and b).
Zooplankton grazing rates and fecal pellets production separately. c) The
egestion: body radio of zooplankton, which were fed in different dilution ratio
of bloom surface seawater phytoplankton samples.

Fig. 11. Comparison of zooplankton fecal pellets sinking rates, POC content
and POC flux between bloom stations and reference stations. a). Fecal pellets
mean sinking rates and mean POC content. b). Fecal pellets sinking rates and
mean POC content in different size group. c). Fecal pellets mean POC flux.
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that when the phytoplankton community is dominated by dino-
flagellates, sinking rates are lower than when diatoms dominate. In
contrast, during the late stages of a phytoplankton blooms, the surface
water becomes depleted in nutrients. The downward swimming beha-
vior of dinoflagellates in the late stages of a P. donghaiense bloom would
cause the downward movement of the cells to exceed the sinking rates
at bloom stations. Therefore, the downward swimming behavior of
dinoflagellates may increase the measured sinking rate during the late
stages of an algal bloom. However, the water in our SETCOL columns
was well mixed; there was no nutrient gradient in the SETCOL columns.
Therefore, the effective sinking rate of the phytoplankton may have
been higher than the sinking rate we measured.

Second, in this study the dominant dinoflagellates, P. donghaiense,
were concentrated into aggregates and therefore had lost any ability to

swim freely during the bloom (Fig. 6). The abundances of phyto-
plankton in the seawater at the bloom stations were as high as 20× 103

cells mL–1. Microscopic observations showed that P. donghaiense was
not present in the form of individual cells but instead was aggregated
into large floc aggregates. In the floc aggregates, the dinoflagellates
could no longer swim freely or may have already died (Fig. 6). In ad-
dition, individual dinoflagellates cells that are swimming freely may be
more easily aggregated by sticky, sinking aggregates (Hansen et al.,
1996b). The result would be an increase of the density of aggregates
and further increase of their sinking rates.

Third, because the depths at all stations were< 50m (Fig. 1), it
would have been impossible for dinoflagellates to swim either upward
or downward continuously for even two days at 31m d−1. It is there-
fore reasonable to assume that the dinoflagellates were swimming both
up and down. We would therefore expect that the average rate of
vertical movement of the motile dinoflagellates was close to zero.
Bienfang et al. (1977) argued that the sinking rate measured by SETCOL
is the ecologically relevant sinking rate because it implicitly assigns a
sinking rate of zero to all positively buoyant cells. Because the height of
the SETCOL columns was 0.6m, cells sinking at 12m d–1 would sink
from the top to the bottom in about 72min. Dinoflagellates swimming
at 31m d–1 (Kamykowski et al., 1989) could swim from the top to the
bottom of the column in about 28min. They would then have to either
turn around and swim upward or stop swimming. Our assessment is
therefore that the swimming ability of the dinoflagellates actually helps
to explain our experimental results.

5. Conclusions

In this paper, we studied the sinking rates of phytoplankton cells,
zooplankton fecal pellets, and the potential fluxes of POC during a
spring P. donghaiense bloom in the coastal area of the ECS. The total
POC fluxes associated with both phytoplankton cells and zooplankton
fecal pellets significantly increased during the bloom. The phyto-
plankton POC flux, in particular, showed an unexpectedly large in-
crease because of the enhancement of both the sinking rates and con-
centration of POC. The phytoplankton sinking rates were faster than
anticipated, mainly because the cells were repackaged into aggregates
with sizes larger than 4mm at coastal bloom stations. In the meantime,
the dramatic increase of phytoplankton biomass changed the zoo-
plankton diet during the bloom process. Zooplankton ingestion rates
and fecal pellet production rates were enhanced, and the fecal pellet
POC flux significantly increased, mainly because of the increase of their
POC content. The majority of the total sinking POC came directly from
phytoplankton. Such dramatic, albeit brief, events may make a very
important potential contribution to the annual POC flux. If the bloom
event that we observed occurred in an area of 1000 km2 and lasted for

Fig. 12. Comparison of POC content and POC flux between bloom stations and
reference stations. Fecal pellets and other particles were pick up from net,
phytoplankton POC content and POC flux estimated from seawater samples.

Table 1
Summary phytoplankton POC flux in difference marine environment.

Location Dominant Phytoplankton Chl a
(μg L−1)

POC flux (mg C m-2

day−1)
Bloom/non-
bloom

Method Reference

East China Sea Coast Dinoflagellates(Prorocentrum donghaiense) 52.1 24.0× 103, 21.5×103 Bloom SETCOL This study
Coast Dinoflagellates(Prorocentrum donghaiense) < 1 256, 213 Non-bloom SETCOL This study
Coast Diatom/ Dinoflagellates (Skeletonema

dorhnii/ Prorocentrum dentatum)
30.2 63.13 ± 48.16 Bloom SETCOL (Guo et al., 2016)

Coast Diatom(Skeletonema costatum) 0.3–8.9 785 ± 438 Non-bloom Trap (Hung et al., 2013)
Outer Shelf Pico-phytoplankton 58 ± 33
Coast Diatom/ Dinoflagellates < 4 48–292 Non-bloom Traps (Hung et al., 2016)

Atlantic coast Coast Chaetoceros spp. Diatom 20 10–200 Bloom: SETCOL (Kiørboe et al., 1996)
Southern Ocean The Lazarev Sea Flagellates(nano- and pico-size classes) 0.8–1.6 24–48 Non-bloom Trap (Pakhomov et al.,

2002)
The Ross Sea Haptophyte, Diatom(Phaeocystis Antarctica) – 4.5–21.1 Non-bloom Trap (Gowing et al., 2001)

Baltic Sea. Kiel Bight Diatom(Detonula confervacea) < 20.5 460 Bloom Trap (Peinert et al., 1982)
Bornholm Basin Diatom(Skeletonema costatum) 3.6 182.35 Bloom Trap (Smetacek et al.,

1978)
Greenland Sea Polynya Diatom(Phaeocystis Antarctica) < 3 0.27–2.94 Non-bloom SETCOL (Pesant et al., 1998)
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about 7 days, the potential POC flux from this episodic event would
have been 0.15 Tg C, 17% of the CO2 sequestered from the atmosphere
each year in the coastal zone of the ECS.
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