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ABSTRACT: Field surveys of the northern South China Sea (NSCS) were conducted during the
summer of 2015 and 2016 with size-fractionated chlorophyll a (chl a) measurements and size-
specific dilution experiments for 3 phytoplankton size classes, including micro- (20 to 200 pm),
nano- (2 to 20 pm), and picophytoplankton (<2 pm). Our results suggest that phytoplankton size
structure and size-specific rates of growth and grazing mortality could vary substantially along the
coastal, transition, and oceanic zones of the NSCS. There was an elevated microphytoplankton
concentration in the inner shelf, in contrast to the dominance of nanophytoplankton over the mid-
dle and outer shelves. However, the phytoplankton community was mostly dominated by pico-
cells in the oligotrophic oceanic regions. We found a nonlinear relationship between nanophyto-
plankton and total chl a, which is different from both pico-cells (a linear decrease) and micro-cells
(alinear increase). By assessing the functional responses of the size-specific growth rates to nitrate
concentrations, we found a higher nitrate-saturated maximal growth rate and a larger half-satura-
tion constant for microphytoplankton, whereas nano- and picophytoplankton showed similar
lower maximal rates and smaller half-saturation constants. There was also much higher grazing
mortality of microphytoplankton in response to the increase in total chl a. These findings are
important for understanding plankton dynamics and the associated biogeochemical fluxes in con-

trasting marine ecosystems, as well as for future size-structure modeling of the NSCS.
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INTRODUCTION

The size of plankton is crucial in many ecological
processes, including regulating phytoplankton com-
munity compositions, determining energy flow of
plankton food webs, and controlling biogeochemical
cycles in the ocean (Ward et al. 2012). The size struc-
ture of the phytoplankton community also affects a
variety of phytoplankton metabolic processes, such
as growth, nutrient uptake, and respiration (Nielsen
2006, Maranoén et al. 2007). In contrast to phytoplank-
ton communities dominated by larger size classes in
nutrient-replete coastal regions, primary production
in oligotrophic regions is largely contributed by
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smaller-sized picoplankton (Chisholm 1992, Ciotti et
al. 2002, Liu et al. 2007). This discrepancy may be
due to the competitive advantage of large phyto-
plankton for growing in highly fluctuating nutrient
environments (Malone 1980) and the advantage of
small phytoplankton in acquiring sparse nutrients in
low-nutrient environments (Sherr et al. 2005). Field
investigations concerning size-specific phytoplank-
ton growth in contrasting marine ecosystems are thus
important for understanding the spatial and temporal
variations of phytoplankton assemblages and associ-
ated biogeochemical transformations (Maranén 2015).

Microzooplankton grazing on average accounts for
>60 % of the phytoplankton loss in the ocean (Calbet
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& Landry 2004). Grazing pressure from microzoo-
plankton can vary with the change in phytoplankton
size structure from nearshore to offshore (Landry et
al. 2009). Microzooplankton (<200 pm) selective
grazing on picophytoplankton (<2 pm), such as Pro-
chlorococcus and Synechococcus, is common in eu-
trophic coastal waters (Strom et al. 2007). The prefer-
ence of microzooplankton grazing, however, can
switch from picophytoplankton to nanophytoplankton
(2 to 20 pm), such as phytoeukaryotes, in oligotrophic
waters and contribute to the dominance of picoplank-
ton in the open seas (Céceres et al. 2013, Zhou et al.
2015). Microzooplankton can also feed on micro-
phytoplankton (20 to 200 pm) (Neuer & Cowles 1994,
Sherr & Sherr 2009), although it is commonly grazed
by mesozooplankton in the coastal ocean (Calbet &
Saiz 2005). These grazing patterns can vary with
different conditions, as microzooplankton grazing
preference is also influenced by other factors such
as phytoplankton growth rate, nutritient deficiency,
and/or taxonomic affiliation (Strom 2002, Lie & Wong
2010, Céceres et al. 2017).

The northern South China Sea (NSCS), one of the
world's largest semi-enclosed seas, is influenced by a
number of processes including seasonal monsoons,
river discharge, coastal upwelling, atmospheric depo-
sition, and Kuroshio intrusion (e.g. Jilan 2004), lead-
ing to a diverse nutrient environment over the shelf
(Li et al. 2016). In addition to light and temperature,
variations in nutrient availability driven by physical
dynamics can affect growth rates of different phy-
toplankton size classes, as a result of the size-
dependent nutrient acquisition of the phytoplankton
community (Irwin et al. 2006, Maranoén et al. 2007). It
is the dynamic interaction between size-dependent
growth and grazing that regulates the temporal
change of size-fractionated phytoplankton biomass,
and thus controls the size structure of phytoplankton
community when processes such as sinking, advec-
tion, and aggregation are neglected (Taniguchi et al.
2014a). Substantial spatial and seasonal variations of
phytoplankton size structure and taxonomy have
been found in the NSCS by field measurements and
by satellite remote sensing (Ning et al. 2005, Liu et al.
2007, Pan et al. 2013, Wang et al. 2015). However,
mechanisms for the change in phytoplankton size
structure in response to diverse environmental forc-
ing remain largely unexplored in the NSCS.

In this study, the multi-treatment dilution tech-
nique (Landry & Hassett 1982) with modification of
size-fractionated chlorophyll a (chl a) measurements
(Taniguchi et al. 2012) were applied to study the
surface phytoplankton community from coastal to

oceanic regions of the NSCS during summer 2015
and 2016. Besides hydrographic and biogeochemi-
cal measurements such as temperature, salinity,
nutrients, and chl a, the size structure of the phytop-
lankton community was also quantified by size-
fractionated chl a measurements that separated the
phytoplankton community into 3 major groups: pico-
phytoplankton, nanophytoplankton, and microphy-
toplankton. Based on these field data, we addressed
the spatial variability of phytoplankton community
size structure and the associated size-dependent
growth and grazing dynamics in the NSCS. It was
our goal to explore the underlying factors controlling
size-dependent plankton dynamics in the contrasting
coastal and oceanic ecosystems, which is essential for
understanding the trophic and biogeochemical func-
tioning of the NSCS shelf sea.

MATERIALS AND METHODS
Description of the field study

Two field studies were conducted in the NSCS, one
aboard R/V 'Shiyan III' in July 2015 and the other
aboard R/V 'Zhanjiang Kediao' in June 2016. Phyto-
plankton size-fractionated chl a measurements of the
water column were performed during the cruises
from the surface to a depth of 150 m, along with com-
prehensive hydrographic and biogeochemical meas-
urements from the inner shelf to the offshore region
(sections A and B in Fig. 1). Temperature, salinity,
and density data were obtained from a SeaBird SBE
9/11 CTD rosette sampling system, which collected
seawater samples at the standard depths of 0, 25, 50,
75, 100, and 150 m for each station. Surface photo-
synthetically active radiation (PAR) was determined
by a PAR sensor (400 to 700 nm irradiance, 2m)
attached to the CTD. Size-fractioned multi-treatment
dilution experiments were performed for the surface
waters collected by Niskin bottles at 14 stations in the
NSCS, covering the inner, middle, and outer regions
of the continental shelf outside the Pearl River Estu-
ary, as well as the offshore deep-basin regions with
bottom depths >1000 m (Fig. 1, see Table 1).

Measurements of size-fractioned chl a and nutrients

The size-fractioned chl a of micro- (20 to 200 pm),
nano- (2 to 20 pm) and picophytoplankton (<2 pm)
were analyzed for waters at each depth. After remov-
ing large grazers (>200 pm) using a 200 pm mesh, du-
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Fig. 1. Sampling map of the
northern South China Sea.
Squares and triangles: incuba-
tion stations for the summer of
2015 and 2016, respectively;
2 red lines show sections A
and B, with small dots repre- 21°
senting sampling stations; grey
lines: 40, 90, and 1000 m
isobaths; grey colors indicate
bathymetry. P, N: surface chlo- 20°
rophyll concentration greater
than or less than 0.5 pg 17,
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plicated seawater samples (1 to 2 1) were processed
through a sequence of filtration steps under a low vac-
uum (<50 kPa), including a 20 pm pore size Nylon
membrane filter, a 2 pm pore size polycarbonate filter,
and a GF/F filter. Total chl a (Tchl a) was calculated as
the sum of the chl a concentrations of the 3 different
size classes. Particle-retained filters were extracted in
90 % acetone for at least 18 h in the dark at —20°C. Af-
ter centrifugation at 4000 rpm (1792 x g) for 10 min,
the chl a concentration was determined by a Turner
Designs Model 10 Fluorometer (Parsons et al. 1984). A
100 ml seawater sample for nutrients, including
nitrate (NO;7), phosphate (PO,*"), and silicate (SiO327),
was pre-filtered through GF/F filters, frozen immedi-
ately onboard and stored in a freezer at —20°C until
analyzed in the laboratory after the cruises with a Seal
AA3 autoanalyzer (Bran-Luebbe) using colorimetric
methods (Hansen & Koroleff 1999).

Flow-cytometry analyses of picophytoplankton
community

Aliquots of 2 ml in situ seawater samples from stan-
dard depths of the water column were fixed with
0.2% v/v buffered paraformaldehyde and frozen at
—-80°C in a liquid nitrogen container onboard until
analyzed in the lab by flow cytometry (FCM) (Vaulot
et al. 1989). Cell abundances of picoplankton, such as
Prochlorococcus (PRO) and Synechococcus (SYN),
were enumerated using a FACS Calibur cytometer
(Becton-Dickinson), with different populations dis-
tinguished based on side-scattering (SS), and orange

114° 116° 118°

and red fluorescence (Olson et al. 1993). We used
1 pm diameter yellow-green fluorescent beads (Poly-
sciences) as an internal standard; the flow rate was
~1 pl s7! during the analyses based on a linear re-
gression between elapsed time and the weight dif-
ferences of the calibration tube. These data were
used to investigate the variation of picophytoplank-
ton community structure, to explain the spatial differ-
ence of the growth and grazing dynamics for pico-
phytoplankton in the NSCS.

Size-specific multi-treatment dilution experiments

All the bottles, tubing, and carboys for the dilution
experiment were soaked in 10 % HCl for at least 24 h
and rinsed with deionized water and in situ surface
seawater before each experiment. At each of the
selected stations, ~30 1 of surface seawater was col-
lected using an acid-washed polyethylene bucket;
the contents of the bucket were gently drained
through silicone tubing enclosed with a 200 pm Nitex
screen (to remove meso- and macrozooplankton) into
polycarbonate carboys. Particle-free water was pre-
pared by gravity filtration of the above seawater
through a 0.2 pm filter. The whole seawater was gen-
tly siphoned into 2.4 1 polycarbonate bottles contain-
ing specific volumes of particle-free water to obtain a
dilution series of 8, 37, 79, and 100 % whole seawater.
Each dilution treatment was duplicated during the
experiment. Eight incubation bottles were enriched
with dissolved inorganic nutrients of 0.5 pmol 17
NH,CI, 0.03 pmol 1"t KH,PO,, 0.5 pmol 1! Na,SiOs,
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and 1 nmol 17! FeCl; to ensure an adequate availabil-
ity of these nutrients for phytoplankton growth. Two
additional bottles of the whole seawater served as
controls without nutrient addition. All these bottles
were tightly capped and incubated for 24 h in a deck
incubator with a neutral density screen to effectively
reduce the impact of photoacclimation during the
experiments (Zhou et al. 2015). The temperature was
controlled by running surface seawater pumped from
the sea surface. Aliquots of 1000 ml samples were
taken from each bottle for chl a and nutrient meas-
urements. The initial chl a concentrations of the
diluted bottles were estimated from the whole sea-
water multiplied by the dilution factor.

Estimates of nutrient-amended phytoplankton growth
rates (u, d~!) and microzooplankton grazing rates (g,
d™') for each phytoplankton size class (Landry & Has-
sett 1982, Taniguchi et al. 2012) were calculated with
least-square regression between the net growth rates
(M, d7') and the dilution factors (D) as:

1 [Ch ] 1
m—tln[cmi(o)} Wy ~D-m, (1)

where chl; (0) and chl; (t) represent the initial and
final concentrations of chl a for the phytoplankton
size-class i (1, 2, and 3 for micro-, nano-, and pico-
phytoplankton, respectively); n; U, and m; are the
size-specific rates at the size-class i, and tis the incu-
bation time, which is 24 h in our experiment. The nat-
ural phytoplankton growth rate (1) was calculated as
the sum of the net growth rate without nutrient en-
richment (N,.,,) and the grazing rate (m).

The data of the multi-treatment dilution experi-
ments in the coastal and offshore regions of the NSCS
were well fitted by the above linear regression model,
as demonstrated by an r? of 0.7-1 (see Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/m599
p035_supp.pdf). We did not include the growth and
grazing rates of micro- and nano-cells in the oceanic
zone and in some parts of the transition zone, as the
initial chl a concentrations of micro- and nano-cells in
these waters were close to the detection limit of our
method (0.01 ng17Y).

Size-fractionated maximal growth rate and
hali-saturation constant

Since the surface of the NSCS is generally nitrogen-
limited (Chen et al. 2004), we focused on exploring
the relationship between phytoplankton growth rate
and nitrate concentration for all stations. We assumed
the growth rate for each size class followed Michaelis-

Menten kinetics, with a maximal growth rate p;™**
and a half-saturation constant K; (Li et al. 2010):

[NOs]
K; +[NOs]

max

W= ul @)
where I represents the size class. Therefore, the
growth rate will increase monotonically with nitrate
concentration before reaching a saturation value of
the maximal rate.

The best fit of Eq. (2) to the data (growth rate and ni-
trate) was accomplished in MATLAB (MathWorks)
with ‘fminsearch’, which uses multidimensional un-
constrained nonlinear optimization. The script finds
the minimum of a cost function, starting at the initial
estimate, and iterates the computations to return pa-
rameter values that minimize the cost function. We
randomly assigned different initial guess values and
found that the final optimal parameters (1" and K;)
were unchanged.

Statistical analysis

Data analysis was performed using the statistical
software SPSS v.13.0 (SPSS) with figures constructed
using Microsoft Excel 2003. A Student's t-test with a
2-tailed hypothesis was used when comparing 2 in-
dependent means. Pearson correlation analysis was
applied to measure the strength and direction of the
relationship between 2 environmental variables, and
results were considered significant at p < 0.05. Com-
parisons between environmental variables were con-
ducted using reduced major axis model II regression
with 12 representing the square of the Pearson coeffi-
cient of correlation. We assumed both regression
variables were independent of each other. A permu-
tation test was carried out to determine the signifi-
cance of the slopes and to calculate the square of the
Pearson correlation coefficients.

All the data used in the main article and Supple-
ment, including water properties, growth and graz-
ing rates, are available upon request (contact Q.P.L.).

RESULTS AND DISCUSSION

Spatial variations of water properties and
phytoplankton size structure

Based on hydrographic and biogeochemical prop-
erties, surface waters in the NSCS can be roughly
divided into 3 geographically distinct zones: the
nearshore coastal zone, transition zone, and offshore
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oceanic zone (Li et al. 2016). The coastal zone, char-
acterized by high surface concentrations of nutrients
and chl q, is subjected to the direct influences of both
river outflow and coastal upwelling. The transition
zone mostly encompasses the middle and outer
shelves and can be affected by the Pearl River plume
and its extension waters, whereas the offshore
oceanic zone is close to the deep basin of the NSCS,
with typical oligotrophic conditions in the upper
euphotic zone. There was a relatively constant sur-
face temperature of 29.7 + 1.6°C (mean + SD, here-
after) over the shelf during both summers. Surface
PAR was also similar for the incubation stations, with
a mean of 47.3 + 2.0 Em™ d™! (Table 1), despite the
broad sampling area. However, as a result of the
river impact, surface salinity of 21.5 + 10.7 in the
coastal zone was much lower (t=-2.67, p < 0.05) than
in the transition zone (31.3 + 2.2) and oceanic zone

(34.0 £ 0.1) (Table 1). We also found generally
decreasing trends (r? > 0.75, p < 0.05) of surface
nitrate and silicate concentrations with salinity from
the coast to offshore, although the phosphate con-
centration was less variable (Table 1). The impact of
the river plume was evident in the surface layer
(<10 m), with strong salinity fronts over the edge be-
tween the coastal and transition zones (see Fig. S2a,d
in the Supplement at www.int-res.com/articles/suppl/
mb99p035_supp.pdf).

There was considerable spatial variation of surface
chl a during our studies in the NSCS (Fig. 2). Tchla
was the highest in the coastal zone with a mean of
3.63 + 1.68 ng I, followed by 0.59 + 0.19 ng 1! in the
transition zone and 0.15 + 0.05 ng 17! in the oceanic
zone. Size-fractionated chl a structure seemed quite
variable, although there was a declining trend in the
fraction of microphytoplankton (r* = 0.35, p < 0.05)

Table 1. Hydrographic and biogeochemical properties of the surface and bottom waters in the northern South China Sea

(NSCS). Location of each station is shown in Fig. 1; sampling depth of surface water is always 1 m, but the depth of bottom

water varies upon the local bathymetry. PAR: photosynthetically active radiation; Tchla: total chlorophyll a; PRO: Prochloro-
coccus; SYN: Synechococcus; (—) no data

Stn Depth T S PAR, Tchla NO; PO, SiOy PRO SYN
(m) (°C)  (psu) (Em?dl) (uglh (uM) (UM) (uM)  (10°cells ml™!) (10°cells ml™?)

Coastal zone

P1 1 29.5 21.0 45.9 4.36 9.4 0.12 9.3 — —
32 222 340 — 0.18 17.1 0.34 16.9 — —

P2 1 294 235 47.4 4.43 5.3 0.12 4.9 — —
27 221 347 — 0.42 2.3 0.25 8.5 — —

P3 1 31.8 7.8 46.2 4.60 44 .4 0.07 69.7 — —

4 31.7 7.8 — 1.70 39.0 0.09 61.8 — —

P4 1 26.2  33.7 50.5 1.11 10.0 0.08 10.3 — —
24 217 346 — 1.40 16.5 0.20 14.0 — —

Transition zone

P5 1 31.3 315 49.1 0.79 0.51 0.09 0.64 — —
44 211 345 — 0.40 5.80 0.40 7.20 — —

P6 1 274 341 47.0 0.63 1.21 0.16 1.24 0.8 130.0
40 18.8 34.6 — 0.42 13.5 0.69 10.1 67.8 0.9

P7 1 30.8 31.6 50.3 0.76 2.95 0.04 2.68 — —
85 20.1 347 — 0.00 4.73 0.28 7.05 — —

N1 1 31.3 28.0 46.2 0.38 0.62 0.06 0.69 1.0 616.5
74 19.1 348 — 0.05 3.08 0.36 3.28 — —

N2 1 31.2  31.0 47.9 0.41 2.90 0.10 2.65 0.7 80.9
38 21.7 346 — 0.83 2.15 0.17 6.32 — —

Oceanic zone

N3 1 29.9 339 47.8 0.24 0.37 0.01 1.55 661.4 109.5
85 19.6 346 — 0.40 11.4 0.73 10.5 — —

N4 1 294 339 46.0 0.12 0.60 0.08 1.95 111.9 65.7
1507 16.1  34.6 — 0.03 15.5 0.81 11.5 6.4 1.1

N5 1 29.5 340 44.2 0.13 0.24 0.08 2.58 — —
75 204 346 — 0.49 9.06 0.48 8.67 — —

N6 1 29.8 339 441 0.11 0.11 0.10 1.52 — —
119 176  34.6 — 0.10 7.92 0.52 7.44 —

N7 1 28.3  34.1 48.9 0.16 0.91 0.10 1.36 324.7 48.6
150 18.8  34.7 — 0.06 13.5 0.66 9.90

“These stations have bottom depths >1000 m (only data of 150 m are shown)
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Table 2. Size-specific chl a, growth and grazing rates at the surface of the northern South China Sea (NSCS). nd: not detectable due to low

chl a; dilution data for micro- and nano at Stn P3 were excluded due to lack of dilution factors <0.5; errors of the surface means are standard

deviations; mean values and standard errors of u3 are calculated with negative rates excluded; location of each station is shown in Fig. 1;
(—) no data

Stn Micro (20 to 200 um) Nano (2 to 20 um) Pico (0.7 to 2 um)

Chl; % M1 m, My Chl,% Uno m, U Chl;% Mn3 mgy M3
Coastal zone
P1 63.8 2.9 3.8 2.4 24.5 2.4 2.9 1.6 11.7 2.1 2.3 1.7
P2 14.4 2.6 1.9 2.5 21.0 2.7 2.7 2.1 64.6 0.2 2.3 -0.2
P3 1.3 — — — 47.6 — — — 51.1 — — —
P4 34.2 4.5 3.4 2.9 28.8 3.7 3.1 2.5 37.8 3.0 2.5 1.7
Mean 284 +271 33+1.0 3.0+x1.0 26+03 30.5+11.8 29+0.7 29+0.2 21+05 413+224 18x14 24+0.1 1.7x0.1
Transition zone
P5 16.5 0.4 0.7 0.4 43.9 1.1 0.9 0.9 39.2 1.3 1.0 1.1
P6 20.6 1.1 0.3 1.1 33.3 1.4 0.6 1.5 46.0 0.5 0.7 0.6
P7 2.6 nd nd nd 38.2 2.1 0.5 0.9 59.2 1.0 0.3 0.0
N1 7.9 nd nd nd 81.6 2.9 1.0 1.0 10.5 0.6 0.8 0.1
N2 4.9 nd nd nd 31.7 1.4 0.6 1.2 63.4 1.1 0.8 0.7
Mean 10.5+78 0.8+0.5 05+03 07+0.5 458+205 18+0.7 07+02 1.1+02 43.7+209 09+03 07+03 06=x04
Oceanic zone
N3 2.8 nd nd nd 12.5 nd nd nd 85.3 0.4 0.2 1.2
N4 5.7 nd nd nd 114 nd nd nd 82.9 0.4 0.1 0.2
N5 3.7 nd nd nd 10.0 nd nd nd 86.4 0.6 0.2 0.4
N6 4.3 nd nd nd 12.0 nd nd nd 81.8 0.3 0.2 0.2
N7 3.1 nd nd nd 15.3 nd nd nd 84.0 0.7 0.6 0.7
Mean 39x1.1 — — — 12.1+1.9 — — — 839+19 05+02 02+02 05+x04

and an increasing trend in the fraction of picophyto-
plankton (r2 = 0.38, p < 0.05) with salinity from the
coast to offshore when Stn P3 was excluded (very low
salinity) (Table 2, Fig. 2). On average, picophyto-
plankton could make up 84 % of the Tchl a in the
oceanic zone during the summer, which was consis-

B>20 ym m2-20 ym EW<2 um
100 - ! H H 5
80 - 4
S T
© 60 3 2
o', ~
8 ©
= =
g 40 2 %
@ 5
20 - '
0 - 0
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—p | | — >
Coastal Transition Oceanic
zone zone zone

Fig. 2. Total chl a and size-fractionated percentage of the
surface phytoplankton of the northern South China Sea
during summer 2015 and 2016. Black line: chl a concentra-
tion; columns indicate percentages. Data are grouped into
coastal, transition, and oceanic zones based on Fig. 1

tent with that of ~80 % found at the central NSCS (Liu
et al. 2007). The cross-shelf variation of community
size-structure could be more clearly seen from 2
additional 2-dimensional (2D) sections, with higher
resolution sampling from the inner shelf to the outer
shelf (see Fig. S2 in the Supplement). There were high
concentrations of TChl a and high percentages of
microphytoplankton in the coastal zone (Fig. S2b,e)
associated with the low salinity river plume (Fig. S2a,d).
At ~20 m depth in the water column, we also found
subsurface intrusion of the oceanic community, with
a high percentage of picophytoplankton but low
percentages of micro- and nanophytoplankton while
crossing the shelf toward the coast (Fig. S2c,f). There
were large increases in the picophytoplankton pro-
portion from 11 to 76 % at section A and 27 to 78 %
at section B, respectively. The increased fraction of
picophytoplankton was accompanied by a decreased
fraction of microphytoplankton during both transects.

Prior work reported that the dominant phytoplank-
ton group shifted from diatoms in the inner shelf to
small phytoplankton such as Prochlorococcus and
Synechococcus in the open NSCS (Pan et al. 2013).
Although picophytoplankton was the dominant class
in the oceanic regions of the NSCS, its community
structure varied substantially in the surface waters
during our surveys. Offshore stations over the transi-
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tional zone (such as Stns P6, N1, and N2) had high
surface Synechococcus abundance, but negligible
Prochlorococcus, whereas low Synechococcus and
high Prochlorococcus were found in the surface
waters at oceanic Stns N3, N4, and N7 (Table 1). For
the vertical pattern of picophytoplankton, previous
studies have found that Synechococcus may concen-
trate in the surface layers, while Prochlorococcus
concentrates at the bottom of the euphotic zone in the
open NSCS (Chen et al. 2009). At Stns P6 and N4, we
indeed found an increase in Prochlorococcus at the
base of the euphotic zone but a general decrease in
Synechococcus with depth within the euphotic zone
(Fig. S3).

Size-specific phytoplankton growth and
microzooplankton grazing rates

There were large spatial variabilities in the size-
specific growth and grazing rates in the NSCS
(Table 2). Growth rates of microphytoplankton and
nanophytoplankton in the nearshore coastal zone
were 2.6 = 0.3 and 2.1 + 0.5 d7%, respectively, which
were much higher (¢t >3.97, p < 0.05) than their rates
of 0.7 + 0.5 and 1.1 + 0.2 d! in the transition zone,
likely reflecting the high nutrient input nearshore by
river plume and coastal upwelling (Huang et al.
2011). There was also an increase in the growth rate
of picophytoplankton (t = 3.06, p < 0.05) from the
transition and oceanic zones to the coastal zone of the
NSCS. We did not find significant differences in
picoplankton growth rates (p = 0.44, 1-tailed (-test)
between the transition zone (Synechococcus com-
prised >90% of abundance) and the oceanic zone
(Prochlorococcus comprised >65% of abundance),
although it has been previously suggested that Syne-
chococcus might grow much faster than Prochloro-
coccus in the NSCS (Chen et al. 2009).

In agreement with the growth rates, microzoo-
plankton grazing on the 3 size classes all showed
higher rates in the coastal zone and lower rates in the
transition and oceanic zones, probably due to the
tight prey—predator interaction (Chen et al. 2009). In
general, there was a positive correlation between
growth and grazing rates in the NSCS (r?= 0.46, p <
0.05) (Fig. S4), which should reflect the important
role of microzooplankton grazing on primary produc-
tion lost in the ocean (Calbet & Landry 2004). Large
residuals around the regression line could be caused
by processes that would lead to uncoupling between
growth and grazing rates, such as chemical, morpho-
logical, and nutrient deficit defenses of phytoplank-

ton to microzooplankton grazing (Strom 2002, Strom
et al. 2007). The average high coupling of ~80 % (the
slope of the regression) during our study was consis-
tent with previous results (e.g. Huang et al. 2011).
The remaining ~20% of daily primary production
could be consumed by mesozooplankton grazing
(Chen et al. 2015) or lost by other processes such as
sinking and advection.

Size-selective grazing by microzooplankton is
important for shaping phytoplankton community
structure, and thus regulates the primary production
of the ocean (Kuipers & Witte 1999). In the coastal
NSCS, we did not find the general decrease in micro-
zooplankton grazing impact (m/p ratio) with phyto-
plankton cell size suggested by Chen & Liu (2010).
The average grazing impact for picophytoplankton
was 1.4 + 0.1 in the coastal zone with the negative
values excluded. This value was not significantly dif-
ferent (p > 0.25, 1-tailed t-test) from that of nanophy-
toplankton (1.4 + 0.5) and microphytoplankton (1.1 +
0.4), although it had been previously suggested that
microzooplankton might prefer to graze on small
cells such as picophytoplankton in the eutrophic
coastal ocean (Strom et al. 2007). Interestingly, we
found a clear decrease (t < -2.28, p < 0.05) of grazing
impact for picophytoplankton, from 1.4 + 0.1 in the
coastal zone to 1.0 = 0.1 in the transition zone, and to
0.6 = 0.3 in the oceanic zone. The reduced grazing
pressure on smaller cells from coastal to oceanic
zones is consistent with the observed shift of phyto-
plankton size structures, from large phytoplankton-
dominated nearshore to picoplankton-dominated off-
shore, which is also in agreement with previous
reports in the subtropical Northeast Atlantic (Céce-
res et al. 2013). A low grazing impact of microzoo-
plankton on picophytoplankton in the oceanic zone
would result in its slow turnover rate, thus favorable
for biomass buildup of small cells in the open seas
(Zhou et al. 2015). In contrast, the enhanced grazing
impact of pico-cells in the coastal zone should sup-
port the dominance of larger cells there (Strom et al.
2007).

Relationship between phytoplankton size structure
and Tchl a

An understanding of the factors regulating size
structure of the phytoplankton community has long
been of interest to oceanographers (e.g. Thingstad
1998). Existing knowledge suggests that phytoplank-
ton size structure could vary as a function of the con-
centration of Tchl a, which was believed to reflect a
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community response to the change of total nutrients
in the planktonic ecosystem (Chisholm 1992, Thing-
stad 1998, Goericke 2011a). Ideally, when the upper
limit of a certain phytoplankton size class is reached,
biomass can be further added to the next largest size
class until its biomass upper limit is reached as well
(Thingstad 1998), which will result in dominance of
the smallest cells at low biomass.

Indeed, when Tchl a is low, small-sized picophyto-
plankton dominate the phytoplankton community in
many parts of the ocean (e.g. Chisholm 1992). There
is also evidence suggesting that with an increase in
Tchl a, the fraction of picophytoplankton decreases
substantially along with a large increase of micro-
phytoplankton (Brewin et al. 2010, Goericke 2011b).
In agreement with many of these field results
(Chisholm 1992, Brewin et al. 2010, Goericke 2011b),
we found a lower percentage (r>= 0.13, p < 0.05) of
picophytoplankton Tchl a when the Tchl a was
>1.0 pg 17!, which was mirrored by a higher per-
centage (r? = 0.31, p < 0.05) of microphytoplankton
(Fig. 3A,B). The threshold value of 1.0 pg 1! we
found for picophytoplankton in the NSCS was in
agreement with previous findings (Raimbault et al.
1988, Goericke 2011b).

The response of the intermediate size class (nano-
phytoplankton) to increasing Tchl a is still debated.
There are some studies indicating a linear increase of
the nanophytoplankton fraction with respect to Tchl
a (e.g. Goericke 2011b), while others have found a
sinusoidal relationship between the nanophyto-
plankton fraction and Tchl a with the presence of a
discrete biomass threshold (Raimbault et al. 1988,
Brewin et al. 2010). Accurate determination of the
relationship between the nanophytoplankton frac-
tion and Tchl a could be essential for modelling the
spatial and temporal change of phytoplankton size
structure from remote sensing observations (Brewin
et al. 2010). However, neither the linear relationship
(Goericke 2011b) nor the sinusoidal relationship
(Thingstad 1998, Brewin et al. 2010) for nanophyto-
plankton is supported by our data. In fact, the plot of
the nanophytoplankton fraction versus Tchl a was
rather scattered and showed the combined features
of both picophytoplankton and microphytoplankton
(Fig. 3A,B). In particular, there were some high per-
centages of nanophytoplankton found when Tchl a
was <1.0 pg 1'%,

The major nanophytoplankton occupying the NSCS
shelf are Cryptophytes and Haptophytes (mainly
Prymnesiophytes), as revealed by pigment taxonomy
(Wang et al. 2015). While Cryptophytes increases
linearly with Tchl a just like with diatoms, Prymne-
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Fig. 3. Relationships of the (A) size-fractionated chl a and (B)
corresponding percentage with total chl a in the northern
South China Sea

siophytes generally decreases with Tchl a when Tchl a
is >1 pg 17! (Goericke 2011a), similar to what we
found for picophytoplankton. We thus expect to have
2 sub-groups within the nano-cell, one resembling
microphytoplankton and the other, picophytoplank-
ton, in response to increasing Tchl a. Indeed, the
intermediate size class of 2-20 pm could be divided
into 2 additional groups of 2-5 and 5-20 pm with
very different slopes when plotted against Tchl a
(Ciotti et al. 2002). Therefore, our results of nanophy-
toplankton from size-fractionated chl a measure-
ments are in agreement with the pigment taxonomy
of the NSCS. These results also imply that pigment
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taxonomy should be considered for accurately
predicting phytoplankton size-structure from sea
surface chl a concentration.

Responses of size-specific phytoplankton growth to
varying nutrient concentrations

The growth rate of phytoplankton is controlled by
factors such as temperature, light, nutrients, and
community structure (Li et al. 2010). The environ-
mental setup of the surface NSCS, with relatively
constant surface PAR and temperature during our
study periods, provides an opportunity to assess the
functional response of the size-fractioned growth
rate to the ambient nutrient concentration in the
NSCS. There was a shift in the phytoplankton com-
munity from phosphorus stress off the coast to nitro-
gen stress offshore, as indicated by the surface N:P
ratio (Table 1). In the coastal region, the most defi-
cient nutrient will not become limiting as long as it
remains replete (Moore et al. 2013). Since nitrogen is
the most limiting nutrient over the large area of the
NSCS shelf (Wu et al. 2003, Chen et al. 2004), we
thus focused on exploring the relationship between
growth rate and nitrate. We did not include ammo-

nium in our analyses since the ammonium concentra-
tion tend to be much lower than nitrate in the surface
NSCS (e.g. Wu et al. 2003). We fitted the data of
growth rates and nitrate concentrations to the nonlin-
ear Eq. (2) for each phytoplankton size class. All 3
size classes could be well fitted by the model (p < 0.05),
with r? values of 0.51, 0.46, and 0.96 for pico-, nano-,
and microphytoplankton, respectively (Fig. 4A-C).
Based on the nonlinear fitting exercises, we also
estimated the values of u™® and K; for each size
class, as well as their uncertainties.

There was an increase (t > 1.8, p < 0.05) of phyto-
plankton maximal growth rate with cell size, from
1.9 + 0.2 d~! for pico-, to 2.1 £ 0.2 d~! for nano-, and to
3.5 + 0.3 d7! for microphytoplankton in the NSCS.
These values are comparable to their nutrient-
amended growth rates of u, in the coastal zone
(Table 2), given that the high level of nutrients there
would lead to their nutrient-saturated growths. Our
results support the increase of maximal specific pho-
tosynthetic rate for large phytoplankton under high
nutrient, sufficient light, and constant temperature
conditions (Cermeno et al. 2005). The deviation from
the general allometric scaling theory (large sizes cor-
respond to lower rates) with an increase in growth
rate with cell size had been attributed to taxonomic
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changes in the phytoplankton community along the
size spectrum (Maranén et al. 2007, Chen & Liu
2010). Large phytoplankton such as diatoms could
override the constraints of cell size with several
strategies, including chain formation, changing cell
shape, forming a vacuole, and increasing nutrient
storage capacity (Stolte et al. 1994, Pahlow et al.
1997, Thingstad et al. 2005, Verdy et al. 2009). The
half-saturation constant of 2.6 + 0.6 pM for microphy-
toplankton in the NSCS is much higher (t > 5.1, p <
0.05) than 0.8 + 0.2 uM for nanophytoplankton, and
1.2 + 0.4 pM for picophytoplankton, which is also in
agreement with a previous finding of an increase of
the half-saturation constant with cell size for phyto-
plankton nutrient uptake (Litchman et al. 2007).

In the coastal zone, large phytoplankton (high p™e)
would grow faster than small phytoplankton (lower
n™®) when nutrients are replete. This would be an
advantage for microphytoplankton to compete against
other phytoplankton since the grazing impact was
not significantly different among various size classes
in the coastal zone. Hence, microphytoplankton can
dominate the phytoplankton community in the eu-
trophic coastal waters of the NSCS. However, large
phytoplankton with a greater K would be at a disad-
vantage in the transition and oceanic zones due to a
stronger nutrient limitation. Small phytoplankton,
such as nano- and picophytoplankton, can more
easily survive in these waters, as their low K would
allow them to attain a low resource requirement in
the nutrient-deficient environments. Therefore, the
lower K of small phytoplankton is responsible for
their dominance in the offshore NSCS. For pico-
plankton, their success in the oceanic zone was also
attributed to a reduced grazing impact compared to
that of the coastal zone. Thus, picoplankton growth
could still balance their grazing loss in the oceanic
waters leading to tight coupling between growth and
grazing. These findings support the previous argu-
ment that the most universally successful strategy of
phytoplankton is one that can simultaneously opti-
mize nutrient uptake and predator defense in the
pelagic marine food web (Thingstad et al. 2005).

Our size-specific maximal growth rates of picophy-
toplankton are higher than those reported in the
open Arabian Sea (Goericke 2002) and in the Cali-
fornia Current Ecosystem (Taniguchi et al. 2014b),
which could be due to the high temperature of our
system during the summer. It has been suggested
that both micro- and picophytoplankton would
increase their maximal photosynthesis rate with tem-
perature (Andersson et al. 1994). Furnas & Crosbie
(1999) reported maximal in situ growth rates of

2.1 d7! for Synechococcus and 1.4 d~! for Prochloro-
coccus at the relatively high temperature of 22 to
30°C. These values are close to our estimate of the
size-specific maximal growth rate for picoplankton
(1.9 £ 0.2 d™}) in the NSCS. The high temperature in
the NSCS during the summer compared to other sys-
tems in the subtropical oceans could well explain the
observed high contribution of picoautotrophs to bio-
mass, as the size of the phytoplankton community
would generally decrease with temperature (Chen &
Liu 2010). The high temperature might have also
resulted in the high grazing rate of microzooplankton
on phytoplankton, which will be further discussed in
the next section.

The size-dependent phytoplankton grazing
mortality on Tchl a

We also analyzed the responses of phytoplankton
grazing mortality to the ascending Tchl a for the 3
phytoplankton size classes in the NSCS (Fig. 4D).
There were general increases (r?> = 0.57, p < 0.05) of
the size-specific grazing mortality rates with Tchl a
when Tchl a was <1 pg 17!, The grazing mortality rates
become somewhat saturated for all 3 size classes as
the concentration of Tchl a continues to increase be-
yond 1 g 1! in the coastal zone of the NSCS (Fig. 4D).
These results can be explained by the relationship
between mass-specific grazing rate (m) and phyto-
plankton biomass (P)in the following equation:

goZ
my P 3)

where Z is microzooplankton biomass; g, and A are
the maximal grazing rate and half-saturation con-
stant for Holing II grazing, respectively. (Li et al.
2011). In the oceanic zone where P << A, we will have
m =(gyZ) / A Thus, m will increase with P as Z in-
creases with P. In contrast, when P>> A such as in the
productive coastal zone, we should have m =(gyZ) /
P, which may be relatively conservative as the Z:P
ratio here could decrease with P (Gasol et al. 1997).
Saturation grazing was found at Stn P4, as implied by
a relatively constant apparent growth rate in the less
diluted treatment (D > 0.7) for each size class (see
Fig. S1). We should point out that the value of A could
be very different between different size classes.
Unfortunately, we could not assess A for various size
classes, since we did not have zooplankton biomass
data available.

For the entire study region, the maximal grazing
rates of different phytoplankton size classes by
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microzooplankton can be roughly estimated from our
data (Fig. 4D) with 3.1, 2.9, and 2.4 d-! for micro-,
nano-, and picophytoplankton, respectively. We can-
not group the size-specific grazing rates by different
zones since microphytoplankton was mostly not
present in the transition and oceanic zones. High
maximal grazing rates found in the NSCS may be
due to the high temperature of our system, as grazing
rates may increase with seawater temperature (Tani-
guchi et al. 2014b). Interestingly, our results suggest
a higher maximal grazing mortality rate for larger
phytoplankton in the NSCS (Fig. 4D). This finding is
consistent with the observed increase of phytoplank-
ton maximal growth rate with cell size. The coupling
between growth and grazing should also explain the
relatively small variations in grazing impacts for
different size classes shown in the previous sections.
Indeed, it was suggested that the temperature-
corrected phytoplankton grazing mortality rate
would generally increase with phytoplankton cell
size based on a global dataset of dilution experiments
(Chen & Liu 2010). The positive relationship between
phytoplankton grazing mortality rate and cell size
might also reflect the spatial change of microzoo-
plankton grazers. The main microzooplankton graz-
ers could be pico- and nano-flagellates in oligo-
trophic waters dominated by small phytoplankton,
whereas heterotrophic and mixotrophic dinoflagel-
lates generally become the major grazers of phyto-
plankton in productive waters (Calbet 2008).

CONCLUSIONS

Based on data from the size-fractionated chl a meas-
urements and size-specific dilution experiments, we
found substantial variations in phytoplankton size
structure and size-specific phytoplankton growth and
grazing mortality rates in the coastal, transition, and
oceanic zones of the NSCS. We found high concentra-
tions of microphytoplankton in the inner shelf, in con-
trast to nanophytoplankton taking over the phyto-
plankton community in the middle and outer shelves,
which could be explained by the enhanced grazing
impact on small phytoplankton in the coastal regions.
Slow-growing picophytoplankton (mainly Prochloro-
coccus and Synechococcus) were the dominant phyto-
plankton group in the oligotrophic oceanic region of
the NSCS. Our results also suggest that the size class
of nanophytoplankton in the NSCS might need to be
separated into 2 additional subgroups to better repre-
sent the variations of Cryptophytes and Prymnesio-
phytes with the ascending Tchl a.

By examining the functional responses of the size-
specific growth rates to the varying ambient nitrate
concentrations, we found a much higher maximal
growth rate and a larger half-saturation constant for
microphytoplankton compared to those for nano- and
picophytoplankton. We also assessed the responses
of phytoplankton grazing mortality to Tchl a for the
3 size classes and found an increase in maximal
grazing mortality rate with phytoplankton cell size.
These results could provide better parameterizations
of size-structured ecosystem models, and thus im-
prove the size-structure modeling of plankton eco-
system and biogeochemical cycles in the NSCS.
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