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Abstract phytoplankton chlorophyll a (Chla), primary production (PP), and nutrient uptake rates are
fundamental and important parameters in marine biogeochemical studies. However, the relationships
between them are associated with much uncertainty that reflects gaps in basic understanding of ecosystem
dynamic. In this study, we simultaneously measured PP and nitrate assimilation (NA) along with
estimated concentrations of nutrients, particulate organic carbon concentrations, phytoplankton Chla,
pigments, and carbon biomass in the dynamic shelf ecosystems of the East China Sea (ECS) on four cruises
during different seasons. There were large spatial gradients of these parameters, and seasonal patterns of
phytoplankton Chla and PP varied between water masses. The results of this study and previous work
indicated that seasonal variations of Chla and PP were similar in coastal waters but opposite in off-shelf
waters. During summer in off-shelf waters, there were patches of high PP and NA associated with low Chla
concentrations; this pattern was reversed in the winter. We suggest that there is a global tendency for PP and
Chla patterns to be out of phase. This asynchrony is reflected mainly in the seasonal variations of C:Chla
ratios driven by the combined influences of light, temperature, and nutrients. Stronger grazing pressure by
microzooplankton in summer likely contributed to the high production but low biomass in the ECS. The
significant correlation between PP and NA suggested that variations of PP in the ECS were driven largely by
nitrate uptake, which may be inhibited by high ammonium concentrations in the Changjiang River plume.

1. Introduction

Photosynthesis accounts for most primary production (PP) in marine ecosystems and starts the flows of
energy and organic matter that sustain marine fish production (Field et al., 1998). Chlorophyll a (Chla) is
a photosynthetic pigment found in all phytoplankton and is an essential component of the photosynthetic
units of all eukaryotic algae and cyanobacteria. Its concentration can be conveniently measured by a variety
of techniques, including in situ probes and remote sensing of ocean color via satellites. It is thus frequently
used as a metric of phytoplankton biomass (standing stock) and as a variable in equations used to estimate
PP on regional and global ocean scales (Behrenfeld & Falkowski, 1997; Platt & Sathyendranath, 1988).

Areal phytoplankton carbon biomass, PP, and Chla concentrations are usually correlated, especially at large
time and space scales. However, Chla is not simply a measure of phytoplankton biomass but also registers
changes in intracellular pigmentation arising from light-driven (photoacclimation) and nutrient-driven
physiological responses, which are not necessarily indicative of proportional changes in productivity
(Behrenfeld et al., 2016). Thus, there is not always a clear relationship between Chla concentrations and
PP (Laws et al., 2016). In addition, the accuracy of satellite-based, productivity-carbon flux models relies
entirely on the functional relationship between Chla and PP, which is confounded by the fact that
photosynthetic rates are related to factors in addition to Chla and surface irradiance (e.g., temperature,
macronutrients, trace metals, and vitamins; Platt & Sathyendranath, 1988; Laws et al., 2016). Therefore,
reasons for the uncoupling of variations between Chla and PP are associated with much uncertainty that
reflects gaps in basic understanding of ecosystem dynamics.

To better understand the relationships between phytoplankton Chla and PP, it would be desirable to
improve estimates of the phytoplankton C-to-Chla ratio (C:Chla, weight:weight), called the F-ratio by
Strickland (1960). The F-ratio has been derived from data sets using empirical relationships

LIU ET AL.


https://orcid.org/0000-0002-7925-9618
https://orcid.org/0000-0002-4893-9311
https://orcid.org/0000-0001-9134-3604
http://dx.doi.org/10.1029/2018JG004924
http://dx.doi.org/10.1029/2018JG004924
mailto:bqhuang@xmu.edu.cn
https://doi.org/10.1029/2018JG004924
https://doi.org/10.1029/2018JG004924
http://publications.agu.org/journals/

nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Journal of Geophysical Research: Biogeosciences 10.1029/2018JG004924

(Sathyendranath et al., 2009) and has been used to enable carbon-based food web calculations and carbon-
based ecosystem models, which have often been validated using chlorophyll measurements (Li et al., 2010).
During the 58 years since the publication of Strickland's (1960) paper, numerous studies have revealed that
the C:Chla ratios of pure cultures can vary by almost 2 orders of magnitude (from single digits to several
hundred g:g) as a function of species and growth conditions (Harrison et al., 1990; Hunter & Laws, 1981;
Thompson et al., 2004). Assembling a large number of C biomass estimates in a natural community is diffi-
cult. The generally accepted method of estimating C biomass is based on microscope counts and volume
measurements of relevant species (Harrison et al., 2015). There are extensive data sets of these parameters
in well-studied regions (e.g., time series stations in the English Channel, California upwelling system, and
Hawaii and Bermuda time series), and relatively clear relationships with environmental factors have
emerged from laboratory studies. However, it is problematic to extrapolate laboratory or field results to other
circumstances because of differences in biological communities and environmental conditions, as well as the
complexity of interactions between environmental factors and biological processes in natural systems (Laws
et al., 2016). Even if the community structure is stable, the effects of light (Geider et al., 1996) and nutrient
(Geider et al., 1997) availability on C:Chla ratios are significant. Hence, there is still great uncertainty in the
quantitative relationship between carbon biomass and Chla concentration in natural environments.

Phytoplankton standing stock, whether quantified in terms of Chla or C biomass, reflects a balance between
phytoplankton production, losses due to grazing and sinking, and changes caused by advection and mixing.
On a global scale, microzooplankton grazing consumes on average 60-80% of daily PP in the ocean (Calbet &
Landry, 2004). Long-term results from the Baltic Sea transition zone have clearly shown that grazing rates
are maximal during the most productive season (Lyngsgaard et al., 2017). The potential grazing on phyto-
plankton biomass in this transition zone was ~10%/day in the winter, up to >100%/day during the summer,
and averaged 54-79%/day of the phytoplankton biomass over the course of a year (Lyngsgaard et al., 2017).
Grazing exerted such a strong and dynamic top-down control that variations of phytoplankton biomass were
not dictated by bottom-up control via abiotic factors. Instead, they reflected subtle ecosystem imbalances
between phytoplankton growth and grazing losses (Behrenfeld & Boss, 2014).

The East China Sea (ECS) lies over the world's most extensive continental shelf and has experienced a variety
of environmental changes. Based on a large data set from satellites and fieldwork, our previous study has
synthesized current knowledge of seasonal variations of phytoplankton biomass and community structure
in the ECS (Liu et al., 2016). Seasonal fluctuations of several water masses make the ECS shelf a highly
dynamic region in which the seasonal patterns of phytoplankton biomass vary from one subarea to another.
In addition, Liu et al. (2016) have noted that there might be a mismatch between PP and Chla biomass. The
PP over the shelf in summer averages 939 mg C-m™~>-day ', about 3 times the rates measured in other sea-
sons, which are lower because of light limitation (Gong et al., 2003). This pattern differs from the seasonal
variations of Chla concentrations, regardless of whether the latter are determined via remote sensing or
direct measurements (Liu et al., 2016; Yamaguchi et al., 2013).

In this study, we simultaneously estimated PP, 15N-based nitrate assimilation (NA), and particulate organic
carbon (POC) concentrations on four cruises during different seasons in the dynamic shelf ecosystems of the
ECS. To complement these data, ancillary measurements of nutrient concentrations, phytoplankton carbon
biomass, Chla, and pigment-based community structure were made during the same cruises. We combined
our results with previously reported simultaneous estimates of Chla, PP, and NA (Table 1). Our goal was to
test the null hypothesis that there are no differences in the seasonal patterns of phytoplankton biomass and
PP in the ECS. Our rejection of this hypothesis may reflect a universal phenomenon that is explained mainly
by seasonal variations of C:Chla ratios (Behrenfeld et al., 2016; Jakobsen & Markager, 2016) and grazing
impacts (Behrenfeld & Boss, 2014; Lyngsgaard et al., 2017). Through this study, we hoped to gain insights
into the factors and processes that regulate phytoplankton communities and to better understand the
dynamics of continental shelf ecosystems.

2. Materials and Methods

Four cruises were conducted as a part of the National Basic Research Programs of China (The 973 Programs:
CHIOIC-C) in the ECS from August 2009 to May 2011 (Table 1). Hydrographic measurements and water
samples were taken using Niskin bottles attached to a rosette sampler with a conductivity-temperature-
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Table 1

Summary of Cruise Information Related to Simultaneous Measurements of Primary Production and Nitrate Assimilation in the East China Sea

No Cruises Year/month Seasons Study area/station number Reference

1 K-92-09 1993/02 Late Winter PN line/4 Kanda et al. (2003)
2 K-93-05 1993/10 Autumn PN line/6 Kanda et al. (2003)
3 K-94-04 1994/08 Summer PN line/5 Kanda et al. (2003)
4 416 1995/04 Spring South of the ECS/3 Chen et al. (1999)
5 124 1995/06 Summer South of the ECS/5 Chen et al. (1999)
6 431 1995/09 Early Autumn South of the ECS/3 Chen et al. (1999)
7 SE-96-01 1996/04 Spring PN line/3 Kanda et al. (2003)
8 449 1996/05 Late Spring The ECS/9 Chen et al. (1999)
9 RV/OR1-493 1997/07 Summer The ECS/8 Chen et al. (2001)
10 RV/OR1-511 1997/12 Early Winter The ECS/9 Chen et al. (2001)
11 RV/OR1-515 1998/03 Early Spring The ECS/9 Chen and Chen (2003)
12 RV/OR1-532 1998/10 Autumn The ECS/9 Chen and Chen (2003)
13 RV/OR1 1998/07 Summer The ECS/9 Chen et al. (2004)
14 CHOICE-C1 2009/08 Summer The ECS/10 This study

15 CHOICE-C2 2009/12-2010/01 Winter The ECS/11 This study

16 CHOICE-C3 2010/11-12 Late Autumn The ECS/10 This study

17 KT-10-19 2010/09 Autumn Out shelf of the ECS/3 Liu et al. (2013)

18 CHOICE-C4 2011/05-06 Late Spring The ECS/9 This study

Note. ECS = East China Sea. The PN line is a typical section from the Yangtze Estuary to the Kuroshio area.

depth (CTD) profiler (Seabird SBE CTD 911 or 917). The samples used for determination of nutrient and
Chla concentrations were collected from 3 to 8 depths within the upper 200 m of the water column,
including surface water, the Chla maximum, and the bottom of the euphotic zone. The euphotic zone was
defined as the water column down to a depth at which the downward flux of photosynthetically active
radiation (PAR) was 1% of the value just below the surface. Vertical profiles of PAR were obtained at each
station using a PAR sensor (Biospherical Instruments Inc., USA) attached to a CTD. Average values
within the euphotic zone of Chla, PP, and NA were determined by trapezoidal integration using the same
depths. For convenience, surface, integral, and mean values are abbreviated throughout the manuscript,
such as S-Chla, I-Chla, and M-Chla, respectively.

2.1. Chla, POC, C Biomass, and Community Structure

The methods used to determine phytoplankton Chla concentrations and community structure have been
previously described by Liu et al. (2016). Briefly, phytoplankton pigments were extracted in N,N-dimethyl-
formamide and analyzed using an Agilent series 1100 HPLC system fitted with a 3.5-um Eclipse XDB Cg col-
umn (4.6 X 150 mm, Agilent Technologies, Waldbronn, Germany; Zapata et al., 2000). Quantification was
performed with standards that were purchased from DHI Water & Environment, Horsholm, Denmark.
Based on pigment concentrations, we estimated the relative abundance of different phytoplankton groups
using CHEMTAX (Mackey et al., 1996). The CHEMTAX calculations were performed using the improved
procedures described by Latasa (2007). The pigment-based phytoplankton groups were classified into the fol-
lowing size categories: microphytoplankton (diatoms + dinoflagellates), nanophytoplankton (haptophytes
+ chlorophytes + cryptophytes), and picophytoplankton (Prochlorococcus + Synechococcus + prasino-
phytes) in accord with Uitz et al. (2006).

Based on cell abundance and carbon content, we estimated phytoplankton C biomass. Observations contem-
poraneous with our study for cell abundances of microphytoplankton and picophytoplankton have been
published by S. J. Guo, Feng, et al. (2014) and C. Guo, Liu, et al. (2014), respectively. Samples for species
and abundance analyses of diatoms and dinoflagellates were fixed with 2% buffered formalin and kept in
a dark place. Phytoplankton cells were concentrated with 100-ml settling columns for 1-2 days and then
identified and counted with an Olympus inverted microscope at 400X magnification (Utermdhl, 1958).
Harrison et al. (2015) have determined phytoplankton cell volumes and carbon contents for 214 of the most
common species found in globally distributed coastal areas, including the ECS. In addition, Chang et al.
(2003) have presented cell volume and abundance data for the dominant species in 5-m depth intervals at
three selected stations located in the coastal, midshelf, and Kuroshio regions of the ECS. Samples for flow
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cytometric analysis were fixed with buffered paraformaldehyde (0.5% final concentration) and stored at —80
°C until analysis. Abundances of autotrophic picophytoplankton (Prochlorococcus, Synechococcus, and
picoeukaryotes) were enumerated using a FACS Vantage SE flow cytometer (Becton Dickinson).
Phytoplankton cells were delineated on the basis of side scattering and the red/orange autofluorescence
emitted by chlorophyll/phycoerythrin (Olson et al., 1993). Based on published relationships between cell
size and carbon content (Chen et al., 2011; Harrison et al., 2015), we calculated the carbon biomass of dia-
toms, dinoflagellates, Prochlorococcus, Synechococcus, and picoeukaryotes. The total C:Chla ratios were cal-
culated from these carbon estimates and the measured Chla concentration.

Many previous studies have compared C:Chla and POC:Chla ratios with the goal of developing simple, rea-
sonably accurate equations for converting Chla concentrations into carbon-based biological parameters
(Eppley et al., 1977; Legendre & Michaud, 1999). In this study, POC concentrations were determined in
accord with U.S. Joint Global Ocean Flux Study (JGOFS) protocols using an elemental analyzer
(PerkinElmer 2400 series II CHNS/O, Waltham, USA; Knap et al., 1996). Each sample was corrected for a
C (or N) blank and treated via acid fuming to remove carbonates. The precision of the POC determinations
was better than 10% based on replicate analyses (Cai et al., 2015).

2.2. PP and NA

The PP and NA measurements were made in the ECS during four “CHOICE-C” cruises of the R/V
Dongfanghong2 during the four seasons of the year (Table 1). Details of the PP and NA measurement pro-
tocols have been described previously (Liu et al., 2013; Xie et al., 2015). The procedures were in accord with
those used by Gong et al. (2003) and Chen et al. (1999), respectively. Briefly, seawater samples were collected
from 3 to 5 depths (depending on the depth of the euphotic zone) from the surface to the bottom of the
euphotic zone (e.g., 100%, 50%, 25%, 10%, and 1% of surface irradiance). The water was prescreened through
200-pwm mesh and then added to 250-ml acid-cleaned polycarbonate bottles (Nalgene, Rochester, USA). The
samples were then wrapped in neutral-density screens (LEE, London, UK) to adjust each light level to the
desired irradiance. The bottles were incubated in an on-deck incubator cooled by flowing surface seawater
for 4 hr. Photosynthetic carbon fixation was determined from the uptake of inorganic *C added as
NaH'*COj; (Steemann Nielsen, 1952). Carb-Sorb E (Packard, Germany) was used to determine the total
radioactivity of the samples. Before the radioactivity was counted on a Tri-Carb 2800TR liquid scintillation
counter (PerkinElmer), the filters were fumed with acid to remove residual inorganic carbon and then sub-
mersed in 10 ml of Ultima Gold scintillation cocktail (Perkin Elmer) overnight. Productivity-irradiance
curves were determined based on incubations conducted at nine light levels for each depth. The I-PP over
the euphotic zone was calculated using a productivity-irradiance model (Xie et al., 2015).

NA rates were estimated based on 3-hr incubations conducted during the day. The samples to be incubated
were collected in duplicate, acid-cleaned, 2-L polycarbonate bottles, and *°N-labeled nitrate (99.21 at.% **N)
was added to each bottle to give final tracer concentrations of 30-1,000 nM, depending on the ambient
nitrate concentrations. The N additions amounted to 30-100% of ambient nitrate concentrations.
Samples were filtered through 25-mm GF/F filters (Whatman, ~0.7 um), and POC, particulate nitrogen,
and the N/"N isotopic ratios were determined using an elemental analyzer (Carlo Erba NC 2500, CE,
Wigan, UK) connected to a mass spectrometer (MAT DELTAplus XL, Finnigan, Ringoes, USA). The assim-
ilation rates were calculated assuming Michaelis-Menten kinetics to correct for overestimation caused by
perturbation of the ambient nitrate concentration by the '°N spike (Kanda et al., 2003). This correction
was especially important in nitrate-depleted surface water (<0.1 uM). The daily results were calculated based
on the ratio between the daytime and nighttime assimilation rates in a 2-year study at the Bermuda Atlantic
Time Series site in the subtropical North Atlantic Ocean (Lipschultz, 2001). Nitrate-based new production
(NP) in units of carbon was calculated from the NA rate and the Redfield Ratio (C:N = 6.6 atom:atom),
and the f-ratio was defined as NP/PP (Dugdale & Goering, 1967; Eppley & Peterson, 1979).

The Changjiang River plume, shelf, and Kuroshio waters were defined on the basis of their surface salinities:
<31, 31-33.5, and >33.5, respectively (Liu et al., 2016). A one-way analysis of variance (ANOVA) was used
for statistical analyses. If means were judged to be significantly different (p < 0.05) based on ANOVA, post
hoc tests were conducted using the least significant difference criterion. If the variances were different, a
nonparametric Kruskal-Wallis (KW) test based on the ranks of the data was used instead of ANOVA.
Correlations between two variables were tested for significance using a Spearman rank correlation
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Figure 1. Map of sampling stations in the East China Sea during cruises CHOICE C1-C#4 of different seasons (a-d indicate results during four cruises of CHOICE
C1-C4 in the Table 1), with isobaths of 100, 200, and 1,000 m. Open icons denote stations of measuring temperature, salinity, nutrients, and chlorophyll concen-
tration and solid icons indicating primary and new production measurement stations.

coefficient (Rg) to avoid artifacts when data did not appear to be normally distributed (Anscombe, 1973). All
statistical tests were conducted using statistical packages for social sciences software (SPSS 16.0). To contrast
the overall seasonal difference in S-Chla, I-PP, and I-NP, we used a generalized linear mixed-effects model
using salinity (water mass) as a random effect with the lme4 package for R (Bates et al., 2015). The
significance level was set at p < 0.05. Linear functions were normally used to describe the relationship
between I-PP and S-Chla concentrations and between I-PP and I-NA rates during the four CHOICE
cruises (C1-C4) and all cruises in Table 1. Because the estimates of the slope and intercept from ordinary
least squares regression are biased when the independent variable is uncontrolled (Laws et al., 2016), the
linear regressions were conducted using the Model II geometric mean method with the package
“Imodel2” of R software (R Core Team, 2016).

3. RESULTS
3.1. Seasonal Variations

PP and NA were measured at 9, 10, 10, and 11 stations during the cruises in late spring, summer, late
autumn, and winter, respectively (Figure 1). There were large seasonal and spatial variations of the euphotic
zone I-PP and I-NA (Figures 2 and 3). The ranges of I-PP during May-June, August, November-December,
and December-January were 87-5,327, 167-3,710, 92-1,005, and 72-896 mg C~m_2oday_1, respectively. The
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Figure 2. The spatial variations on the water column integrated primary production (mg C~m_2-day_1) of different seasons (a-d indicate results during four cruises
of CHOICE C1-C4 in the Table 1), with isobaths of 100, 200, and 1,000 m.

maximum I-PP (5,327 mg C-m™~>-day'; Figure 2a) occurred in June at Station PN10 near the Changjiang
(Yangtze) River estuary, where the S-Chla concentration reached 25.5 mg/m’® during a bloom of
Prorocendrum dentatum. Outside the Changjiang estuary in August, the I-PP rates were only 170 and 244
mg C-m~>day ™" (Figure 2b).

The range of the I-NA was 2-417 mg N-m™~2-day ™", and the distributions were generally consistent with
those of PP (Rg = 0.56, n = 38, p < 0.01; Table 2). The average f-ratio was 0.46 (Figure 4b). The NA rates
decreased gradually from the inner shelf to the outer shelf in warm seasons and from south to north during
cold seasons (Figure 3). I-PPs were positively correlated with S-Chla concentrations (Table 2 and Figure 4a),
but the Rg was only 0.38. The corresponding Rg values between I-PP and I-Chla concentrations were not sig-
nificant (Table 2).

Combined with the results of published studies (Table 1), the mean I-PP in all stations during summer was
115+1.19¢g C-m~%day ™! (mean + SD, n = 40), 3 times the mean rate in winter (0.41 + 0.32 g C-m~2day™!;
Figure 5b). The overall M-PP measured in late autumn and winter were significantly lower than the M-PP
measured in summer (KW Test, Table 3). The seasonal pattern of NP was similar to that of PP (Rg = 0.70,
n =117, p < 0.01, Table 2), with significantly higher values in summer (0.51 + 0.65 g C-m~%day ™) than
in winter (0.14 +£0.15 g C~m_2-day_1, KW Test, Table 3 and Figure 5c). These patterns differed from the sea-
sonal variations of the Chla concentrations, which were highest in the spring but lowest in the summer (KW
Test, Table 3), when PP and NA were high. We also noted that there was more than a 100-fold range of Chla
concentrations during the summer, an indication of great spatial variability (Figure 5a). In summer, the
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Figure 3. The spatial variations on the water column integrated nitrate assimilation (mg N-m_2~day_1) of different seasons (a-d indicate results during four cruises
of CHOICE C1-C4 in the Table 1), with isobaths of 100, 200, and 1,000 m.

Chla concentrations were high in coastal waters because of nutrient inputs from rivers and upwelling but
very low in off-shelf waters because of strong stratification.

We used a generalized linear mixed-effect model using salinity (water mass) as a random effect to contrast
the overall seasonal differences in S-Chla, I-PP, and I-NP (Table 3). The results showed that if spatial varia-
tions were eliminated, there was no significant variation of Chla concentrations between summer and win-
ter. However, PP and NP were significantly higher in summer than in autumn and winter (Table 3).

We examined in detail the seasonal variations in the different water masses (Table 4). In the plume and mid-
dle shelf waters, the seasonal variations of M-Chla concentrations were in phase with those of PP. The high-
est M-Chla concentration (5.18 ug/L) and I-PP (2.11 g C-m~2-day ") in the plume were observed during the
spring. The corresponding values of I-PP in shelf waters were highest in summer and were associated with
relatively high Chla concentrations. However, the seasonal variations of Chla were out of phase with the
variations of PP in off-shelf waters, where the highest M-PP (0.83 g C-m~*.day ") was associated with the
lowest S-Chla concentration (0.31 pg/L), both of which were measured in the summer.

3.2. Relationships With Community and Size Structure

The phytoplankton communities in the ECS were dominated by microphytoplankton and/or nanophyto-
plankton (Figure 6a). Their contributions to Chla varied widely, from <30% in the off-shelf waters to
>70% in the coastal area. Picophytoplankton contributed mainly in the surface off-shelf waters during the
summer, but their contribution was still less than 50% (mostly less than 30%) of the I-Chla in all the samples.
The two highest Chla concentrations were accounted for primarily by microphytoplankton (>80%) and were
associated with algal blooms that occurred in the spring and autumn. During the spring, high Chla concen-
trations were the result of a dinoflagellate bloom, whereas in autumn, diatoms dominated.
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Table 2 Although microphytoplankton usually accounted for the majority of the

Spearman Correlation Coefficients (Ry), Significance Levels (p), and Samples high Chla concentrations, the relationship between Chla concentrations
Numbers (N) Between the Main Parameters During Cruises CHOICE C1-C4 . . ) . . .
and community structure was not a simple linear relationship, and in

(A) and all cruises in Table 1 (B)
some cases, high Chla concentrations were associated with phytoplank-

Data Parameters NA S-Chla et ton communities dominated by nanophytoplankton during autumn and
A PP Rg 0.56™* 0.38* 0.23 spring (more than 50%). Seasonal variations of Chla concentrations
p <0.01 <0.05 0.16 were different in communities dominated by nanophytoplankton; in
ul . - 27 those communities, the lowest Chla concentrations were observed
NA Rg 0.16 0.18 .
D 0.32 013 in summer.
N 39 38 Ternary plots of PP and NA (Figure 6) were similar, but there were
S Rs 0<.?)0(’)“;‘ some obvious differences with the ternary plot of Chla. During the sum-
II\JI 3;9 mer, there were two high PP and NA patches, both of which were asso-
ciated with low Chla concentrations. One was dominated by
B PP Rg 0.70%* 0.41%* microphytoplankton (>80%) and the other by nanophytoplankton
p <0.01 <0.01 (~70%). Patches were also observed during late autumn and winter,
N 17 117 but those patches were characterized by high Chla concentrations and
NA Rs B low PP rates.
p <0.01
N 118

3.3. Variations of C:Chla and f-Ratios in Different Water Masses

Note. PP = integrated primary production; NA = integrated nitrate assim-

ilation, S-Chla = surface chlorophyll a concentrations; I-Chla = inte- Based on cell abundance and carbon content, the mean carbon biomasses
grated chlorophyll a concentrations. o of diatoms and dinoflagellates in surface waters were 18.9 and 12.7 ug
*Correlation is significant at the 0.05 level. **Correlation is significant . X i .

at the 0.01 level. C/L, respectively. Consistent with the pigment analyses, they were the

two dominant groups in the ECS, especially in coastal areas. The mean
carbon biomasses of Prochlorococcus, Synechococcus, and picoeukaryotes in surface waters were lower by
roughly an order of magnitude: 0.57, 2.27, and 3.50 ug C/L, respectively.

The ratios of phytoplankton carbon to total Chla in both summer and winter were relatively stable in the
plume and shelf waters, where they averaged about 30 (Figure 7a). In contrast, the significantly higher cor-
responding ratios in off-shelf waters during the summer than winter suggested that the Chla-normalized
carbon biomass was higher in summer. This conclusion is consistent with the high values of the Chla

6.0 2.5
A: PP vs. Chla (this study) B: NP vs. PP (this study) o
5.0 20 4
4.0
1.5 4
3.0
—~ 1.0 A
< 20 k)
b o
Y 10 v =0.20x + 052 o 007 y =0.42x
£ Rs =0.38, N = 38, p<0.05 IS Rs =0.56, N =38, p<0.01
o 00 : . T 0.0 o r . .
> 6.0 © 30
3 C: PP vs. Chla (all results) . < D: NP vs. PP (all results)
o 5.0 1 — 2.5 1 °
o ° Z o Published Data
401 20 1 |e This Study
3.0 o Published Data 15 4 %o
@ This Study
2.0 1.0
o ° ego 4
1.0 y=0.27x+0.53 054 2% y = 0.46x - 0.04
Rs =0.41, N = 117, p<0.01 Rs =0.70, N = 117, p<0.01
0.0 ; . £ 0.0 ’ - . . ;
0.0 5.0 10.0 15.0 20.0 0.0 1.0 2.0 3.0 4.0 5.0 6.0
Chl-a (mg m'3) PP (mg C m 2 d'1)

Figure 4. The relationship between integrated primary production (PP, mg C~m_2~day_1) and (a and c) surface chlorophyll a concentrations (Chla, mg/m3) and (b
and d) integrated new production (NP, mg C-m_z-day_l) during four cruises of CHOICE C1-C4 (a and b) and all cruises in the Table 1 (c and d). Nonparametric
Spearman correlation coefficient (Rg) is significant (p) at the 0.05 or 0.01 level (two-tailed).
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normalized PP (PP/Chla) in the off-shelf area during summer (Table 4).
Despite the very significant correlation between PP and NP (Table 3),
the f-ratios (NP/PP) were generally lower in the coastal region (especially
the plume, Table 4) than in off-shelf waters.

n=27 Because of the uncertainty in the calculated phytoplankton carbon bio-
n=24 mass, we calculated POC:Chla ratios at the same times. Those ratios were

Chla ratios were as much as 2-3 times C:Chla, ratios, and there was no

% also significantly higher during the summer (Figure 7b). However, POC:

significant difference between coastal and off-shelf POC:Chla ratios in
the summer.

1o e

10 4
n=28
[ ]

4. Discussion
4.1. Uncoupling Between Chla and PP

]
[
N
o

Our results indicate that I-PP was correlated with S-Chla concentrations,
but no significant correlation was found with I-Chla values (Table 2). This
n=22 result is not surprising, because the vertical distributions of PP and Chla
differ. The maximum of PP tends to occur at the surface or, because of

n=27

X
_bl

photoinhibition (Behrenfeld & Falkowski, 1997), just below the surface
(about 50% of surface PAR). However, the Chla maximum is typically
.l. found deep in the euphotic zone and sometimes as deep as 100 m in oligo-

ol — —be

Falkowski (1997), the modeled PP could explain more than 80% of the

l trophic areas (Cullen & Eppley, 1981). As indicated by Behrenfeld and

variability in the measured values, because the optimal production

C: NP

n=31
°

.01 4

Integrated New Production (g C m-2 d'1) Integrated Primary Production (g C m-2 d‘1)

usually occurred in the near-surface location, and previous studies have
n=40 pointed out that Chla at a depth within the euphotic zone is a function
of Chla at the surface in most instances (Morel & Berthon, 1989; Uitz
n=28 =23 et al., 2006). A similar relationship in the ECS would imply that a
depth-integrated PP model like Vertically Generalized Production Model
T (VGPM) using satellite data could be applied successfully.

Our results indicated that the phytoplankton C:Chla ratios in off-shelf
i_ waters were significantly higher during summer (Figure 7a). This pattern
o ':' is consistent with the high photosynthetic rates normalized to Chla (PP/
° .l. Chla) in the off-shelf area during the summer (Table 4). Our results also

suggested that the increase of Chla concentrations preceded the increase

Spring

Figure 5. Seasonal variations of (a) surface chlorophyll a concentrations

of PP rates in coastal waters, but in off-shelf areas, the seasonal variations
of Chla were completely out of phase with the variations of PP
(Figure 8b). A similar seasonal pattern of Chla and PP has been observed

Summer  Autumn Winter

(Chla, pg/L), (b) integrated primary production (PP, g C-m %day ), and in the temperate Western English Channel (Xie et al., 2015), Danish
(c) integrated new production (NP, g C-m ™~ >-day ') in the East China Sea.  waters (Jakobsen & Markager, 2016; Lyngsgaard et al., 2017), and the
Numbers on the box are the sample number during all cruises in the Table 1. Cantabrian Sea (Calvo-Diaz et al., 2008). In the Western English

Channel, although the Chla concentrations are high in the spring, PP
during the spring bloom is limited by the low Chla-normalized production rate of Phaeocystis sp., a reflec-
tion of the low temperatures at that time of year (Barnes et al., 2015; Xie et al., 2015). Lyngsgaard et al.
(2017) have reported Chla concentrations in the Baltic Sea transition zone during the spring are higher
than at other times of year, whereas C and PP are much lower in spring than in summer. In the southern
Bay of Biscay, different seasonality of Chla and C biomass resulted in a clear temporal pattern of picophy-
toplanktonic C:Chla ratios, which ranged from 10 in winter to 140 in summer (Calvo-Diaz et al., 2008). The
similarity of these patterns in the ECS, the Western English Channel, the Baltic Sea, and the Bay of Biscay
indicates that Chla is not a good indicator for PP, particularly during the summer, and it is often not a good
proxy for phytoplankton C biomass either. This lack of correlation between Chla and both PP and C may be
a global phenomenon and, if so, further challenge satellite-based estimates of global C biomass and PP
from Chla.
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Table 3

Sample Number (N) and Significance Levels (p) of Overall Seasonal Differences in the East China Sea on Surface Chlorophyll a Concentration (Chla), Integrated
Primary Productivity (PP) and New Production (NP), Used Kruskal-Wallis Test, and a Generalized Linear Mixed-Effect Model (GLMM) Using Salinity (Water
Masses) as a Random Effect During All Cruises in Table 1

Kruskal-Wallis GLMM
Seasons N Mean Rank Chi-Square Sig. Summer Autumn Winter
Chla
Spring 28 72.89 0.57 0.58 0.21
Summer 40 47.51 0.74 0.27
Autumn 27 73.76 0.01*
Winter 24 50.29
Total 119 15.51 0.001**
PP
Spring 28 61.07 0.39 0.04* 0.08
Summer 40 69.22 0.05* 0.01*
Autumn 27 56.87 0.12
Winter 22 40.39
Total 117 10.54 0.014*
NP
Spring 31 67.56 0.14 0.01* 0.08
Summer 40 69.82 0.02* 0.01*
Autumn 28 58.77 0.18
Winter 23 42.17
Total 122 10.49 0.015*

*Correlation is significant at the 0.05 level.

4.2. Variations of C:Chla Ratios

**Correlation is significant at the 0.01 level.

The uncoupling can be attributed mainly to the phytoplankton community's response to environmental
changes, especially the combined effects of variations of light, nutrient availability, and temperature, on the
seasonal patterns of C:Chla ratios. Behrenfeld et al. (2016) have shown that physiological changes in cellular

Table 4

Definitions of Surface Water Masses (<5 m) in the East China Sea During All Cruises in Table 1

‘Water masses S N Temp Sal Bot. Ze PP NP f Chla PP/Chla NP/Chla

Plume S 4 165(28) 30.2(0.5) 41(13) 19(11) 211(2.19) 0.59(1.00) 0.25(0.18) 5.18(7.85) 0.67(0.29) 0.14 (0.12)
S 10 26.2(2.3) 28.6(1.9) 46 (12) 18(10) 1.84(1.67) 0.68(0.80) 0.35(0.20) 3.79(4.80) 1.03(0.93) 0.38(0.44)
A 17.7 29.9 16 20 047(047) 0.31(0.35) 0.60(0.10) 1.07(0.89) 0.39(0.19) 0.37(0.23)
W 14.1(1.3) 30.1(0.4) 40 (5) 12(6) 0.21(0.19) 0.06 (0.06) 0.24 (0.06) 0.65(0.38) 0.30(0.22) 0.08 (0.05)

Shelf water S 7 179(3.3) 32.8(0.5) 64(22) 32(10) 0.61(0.27) 0.37(0.61) 0.31(0.20) 0.92(0.46) 0.69 (0.35) 0.20 (0.14)
S 12 268(22) 329(0.6) 88(33) 54(27) 1.07(0.94) 0.53(0.77) 043(025) 1.22(241) 2.74(2.73) 1.13(1.29)
A 6 23.5(3.5) 32.7(0.8) 81 (76) 12(7) 0.63(0.61) 0.21(0.23) 0.25(0.11) 1.02(043) 0.57(040) 0.11(0.13)
W 16.1 (3.2) 32.6(0.8) 53(39) 20(21) 0.36(0.28) 0.10(0.08) 0.30(0.07) 0.49(0.19) 0.65(0.46) 0.19 (0.16)

Off-shelf water S 17 20.0(3.0) 342(03) 155(244) 60(19) 0.72(0.69) 0.34(0.32) 0.60(0.72) 0.61(0.53) 1.47(1.27) 0.63(0.52)
S 18 26.8(2.5) 34.0(0.3) 171 (145) 6428) 0.83(0.88) 0.39(047) 0.52(0.39) 0.31(0.34) 3.69(4.17) 1.29(0.63)
A 18 23.0(1.9) 34.1(03) 117(114) 52(19) 0.67(0.38) 0.24(022) 0.40(0.27) 0.66(0.35) 1.16(0.67) 0.42 (0.44)
W 15 19.6(29) 342(03) 201(279) 49(28) 047(0.35) 0.16(0.17) 0.40(0.39) 0.43(0.14) 0.99(0.89) 0.33(0.36)

Note. Samples of different seasons are arranged in the order spring, summer, autumn, and winter (S, S, A, and W, respectively), with comparisons of their sample
number (N) of simultaneous measurements, means, and standard deviations (in parentheses) of surface temperature (Temp, °C), salinity (Sal), station bottom
depth (Bot., m), euphotic zone depth (Ze, m), integrated primary production (PP, mg C~m_2~day_1) and new production (NP, mg C-m™ -day_l), f-ratios
(NP/PP), surface chlorophyll a concentration (Chla, pg/L), and ratios of PP and NP to Chla.
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Figure 6. The ternary plot of (a) seasonal integrated chlorophyll a (Chla, mg/mz), (b) integrated primary production (PP, mg C-m_z-day_l), and (c) integrated
nitrate assimilation (NA, mg Nvm_2~day_1) as function of phytoplankton community structure (relative abundance of different groups on Chla biomass) during
four cruises of CHOICE C1-C4 (Table 1).

pigmentation are often responses to changing mixed-layer light conditions (photoacclimation). Controlled
laboratory experiments have shown that phytoplanktons increase their Chla concentrations under low-light
conditions to maximize light absorption (Beardall & Morris, 1976; Falkowski & Owens, 1980), whereas under
high-light conditions, they tend to accumulate more carbon, and C:Chla ratios increase (Terry et al., 1983).
Jakobsen and Markager (2016) have also stated that changes of C:Chla ratios in Danish waters are due mainly
to physiological acclimations induced by seasonal changes of irradiance and nutrient (nitrogen) availability, in
the latter case especially during the period of water column stratification in the summer.

Indeed, the supply of nutrients affects the C:Chla ratio, which increases and decreases under nitrogen-
limited and nitrogen-replete conditions, respectively (Geider et al., 1997). The decline of photosynthetic rates
normalized to Chla in the oligotrophic subtropical gyres is presumably due to nutrient limitation
(Behrenfeld & Falkowski, 1997). Marafion et al. (2003) have also indicated that PP rates in the subtropical
Atlantic gyre are not associated with variations in incident surface irradiance, chlorophyll concentrations,
phytoplankton C biomass, or size structure but rather with the rate of nutrient supply to the euphotic zone.
A previous study of the ECS has shown that surface C:Chla ratios during summer are higher in the outer-
shelf oligotrophic waters than the nutrient-rich coastal waters (Chang et al., 2003). In addition, laboratory
studies have suggested that PP normalized to Chla should be positively correlated with temperature within
the ecologically relevant range of temperatures, although the empirical equation reported by Behrenfeld and
Falkowski (1997) indicates that they reach a maximum on a global scale at a temperature of 20 °C
(Eppley, 1972).
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Our results are consistent with previous laboratory and open-ocean stu-
dies that have revealed how C:Chla ratios vary so as to balance the rates
of the light and dark reactions of photosynthesis in response to changes
of light, nutrient supplies, and temperature (Laws & Bannister, 1980;
Laws & Chalup, 1990; Shuter, 1979). In fact, it is the combination of high
irradiance, high temperature, and low nutrient supply rate during sum-
mer that causes Chla-normalized PP rates to be high. Those high rates
are associated with high C:Chla ratios. Variations of the amplitudes of
the C:Chla ratio cycles between regions reflect overall offsetting responses
to changing environmental conditions (Behrenfeld et al., 2016).

p<0.05

We also found that there was great uncertainty in the estimation of phyto-
plankton biomass based on cell volume because of differences in geo-
metric shape, especially for cells with a complex shape, and the carbon
per cell volume (carbon density). In this study, our use of the average cell
volume for each species led to an underestimation of seasonal differences
because we overlooked the changes in cell volume associated with varia-
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tions of environment factors such as temperature and nutrients. In addi-
tion, we observed a limited number of phytoplankton species under the
microscope; small and nondominant species were omitted. The seasonal
variations of C:Chla and POC:Chla were similar in shelf and off-shelf
waters (Figure 7). The POC concentrations were roughly 5-10 times the
C concentrations because the former included detritus as well as hetero-
trophs such as zooplankton and bacteria, whereas C values were based
on microscopic measurements of phytoplankton only.

4.3. Grazing Impact

In the absence of variations of C:Chla ratios, top-down control by micro-
zooplankton grazing would explain the mismatch between biomass and
productivity, because most of the daily production of phytoplankton can
be consumed by microzooplankton (Calbet & Landry, 2004). Zheng
et al. (2015) have indicated that the mean rates of phytoplankton growth
(0.77 + 0.53 day ") and microzooplankton grazing (0.69 + 0.42 day™") in
summer are significantly higher than the analogous rates in winter (0.39
+ 0.18 day ! and 0.21 + 0.08 day™*, respectively). Similarly, microzoo-
plankton also consume 60-70% of the daily production by picophyto-

Figure 7. The ratios of (a) phytoplankton carbon biomass and (b) particu-  plankton, particularly in summer (C. Guo, Liu, et al., 2014). All these
late organic carbon (POC) to chlorophyll a (Chla) concentrations in differ-  studies indicate that phytoplankton growth and microzooplankton graz-

ent wzjtt.er masses during summer and winter crui.ses in CHOICE C1 and C2. ing rates are significantly higher in summer than in winter.
Definitions of surface water masses were shown in the Table 4. The p values

(significant levels) on the column show the results of variance analysis. The seasonal variations of phytoplankton growth rates are consistent with

the seasonality of photosynthetic rates normalized to Chla (PP/Chla),
which were high in surface waters and in summer (Table 4). Our results indicate that the increase of Chla
concentrations in coastal waters preceded the increase of PP rates (Figure 8a). The explanation may be that
the increase of microzooplankton grazing lags behind that of phytoplankton growth. The result would lead
to positive net community productivity in the early spring and an accumulation of biomass. By summer,
despite high PP, higher grazing pressure (grazing rate/growth rate) reduces the Chla concentration
(Zheng et al., 2015).

In the off-shelf region, the pattern between Chla and PP was different (Figure 8b). Temperature in summer
was significantly higher than in winter. Temperature would be expected to affect both rates, but grazing
rates should be more sensitive to temperature than phytoplankton growth rates (Chen et al., 2012). The
higher impact of grazing in summer may therefore have been caused by a greater increase of microzooplank-
ton grazing versus phytoplankton growth rates. Although the nutrient concentrations were low in the off-
shelf region during summer, microzooplankton excretion may have contributed a substantial part of the
nutrient supply for the phytoplankton (Landry, 1993), but this contribution is difficult to quantify directly.
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Figure 8. The schematics of seasonal variations on temperature (°C), nitrate (uM/L), chlorophyll a (Chla, ug/L) concen-
tration, and primary production (integrated PP, g C-m_z-day_l) in the plume and shelf waters (a, Salinity < 33.5) and
off-shelf (b, Salinity > 33.5) areas. To smooth the data, we used R, and the solid line and shadows indicate the average and
95% confidence interval. The small box in (b) is the diagram of PP and Chla enlarging scale in the off-shelf water.

4.4. Relationships Between PP and NA

NA is also affected by light, nutrients, and temperature. Although the mechanisms are different for NA and
PP, the effects of environmental factors are similar. High light, temperature, and high nutrient concentra-
tions within a certain range can significantly increase both C and N uptake rates. Thus, there is a significant
positive correlation between PP and NP in our data set and the published literature (Table 1; Rg = 0.56 and
0.70, n = 38 and 117; Figure 4). They were much higher than the analogous correlations between PP and
Chla concentrations (Table 2). However, the f-ratio may not be affected by grazing pressure as much as
Chla. Our results showed that f-ratios changed from 0.1 (coastal area) to very close to 1 at some sites in
the upwelling area northeast of Taiwan. In the Changjiang River plume, a few stations were characterized
by relatively low NA but high PP, and the f-ratio in all seasons except autumn was smaller in the
Changjiang River plume than in Kuroshio Current water (Table 3). It may seem surprising that the f-ratio
was relatively low in an area where nutrient concentrations and PP were relatively high.

There is, however, a nontrivial amount of new nitrogen entering the ECS from the Changjiang River in the
form of ammonium. Previous studies have revealed a concentration of ammonium in the Changjiang River
of 14.6 uM, about half the average concentration of nitrate in runoff (Liu et al., 2009; Zhang, 1996).
Therefore, the low f-ratio in the plume may be attributable to the negative effect of ammonium on NA.
That effect can be divided into two quite distinct mechanisms, preference for ammonium and inhibition
of nitrate uptake by ammonium (Dortch, 1990; Flynn et al., 1997). In any case, the ammonium in the
Changjiang River is new nitrogen for the ECS, and NA may be a misleading metric of NP in such ecosystems.
In addition, a large percentage of nitrate taken up may be nitrate that was recycled on the shelf as a result of
ammonification followed by nitrification (Dore & Karl, 1996; Yool et al., 2007). Therefore, although varia-
tions of PP in the ECS are driven largely by nitrate uptake, nitrate is by no means the only source of new
nitrogen in this dynamic ecosystem.

5. Conclusions

The present study focused on the similarities and differences of the seasonal variations of phytoplankton
Chla, C biomass, PP, and NA. Some valuable insights were obtained by considering the effects of environ-
mental factors and microzooplankton grazing on these metrics of biomass and production. Surface Chla
concentrations were more highly correlated with integrated PP than with integrated Chla. The seasonal pat-
tern of phytoplankton Chla biomass did not match that of PP, and the relationship between Chla and PP
varied widely between different water masses. Significantly higher phytoplankton C:Chla ratios driven by
environmental factors (light, nutrients, and temperature) were observed in the off-shelf waters during the
summer. We suggest that the uncoupling of seasonal patterns of Chla and PP in the ECS was associated
mainly with the seasonal variations of phytoplankton C:Chla ratios and prey-predators dynamics. Similar
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patterns have been reported, and this may be an important global feature which indicates uncertainties in
estimates of global satellite-based C biomass and PP from Chla.
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