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Abstract

Planktonic metabolism plays an important role in affecting the energy transportation and carbon cycle of the
marine ecosystem. However,  its regulation mechanism remains unclear under the continuously exogenous
nutrient inputs in nearshore waters. In this study, a mesocosm experiment was conducted in a semi-enclosed bay,
the Daya Bay, to explore the responses of plankton metabolic balance and community structure to a conce-
ntration  gradient  of  daily  nitrogen  and  phosphorus  inputs.  The  results  showed  that  nutrient  enrichments
promoted phytoplankton biomass, total primary production, and community respiration, and the promoting
effect enhanced alongwith the increase of nutrient concentration. However, the net community production
fluctuated more violently between autotrophic and heterotrophic with the increase of nutrient inputs and tended
to be more heterotrophic from the 5th day to the 10th day of the experiment. In addition, the daily flux of nitrogen
and phosphorus, 2 μmol/(L·d) and 0.066 μmol/(L·d), respectively, could be regarded as a potential threshold for
ecosystem stability and health, since most of the ecological characteristics related to plankton structure and
function have undergone significant  changes when the nutrient  level  is  higher than that.  In the nearshore
enclosed or semi-enclosed waters, nutrient from continuous terrigenous input is likely to be concentrated and
exceed this level, indicating the ecological risks due to the metabolic unbalance and the deterioration of plankton
community structure.

Key words: primary production, community respiration, community metabolism, continuous nutrient input,
mesocosm experiment, Daya Bay

Citation: Xiang Chenhui, Li Yao, Ke Zhixin, Li Gang, Huang Yadong, Su Xinying, Huang Liangmin, Song Xinyu. 2022. Effects of daily
nitrogen  and  phosphorus  input  on  planktonic  community  metabolism  in  a  semi-enclosed  bay  by  mesocosm  experiment.  Acta
Oceanologica Sinica, 41(8): 99–110, doi: 10.1007/s13131-022-1986-4

1  Introduction
The planktonic metabolism, which is mainly decided by gross

primary production (GPP) and community respiration (CR), is an
important progress affecting the oceanic carbon cycle. The net
community production (NCP) is the balance between GPP and
CR, and is crucial to identify the state of metabolism of marine
plankton community (autotrophic or heterotrophic) and estim-
ate the ability of carbon fixation of the pelagic ecosystem (del
Giorgio and Duarte, 2002; Duarte and Regaudie-de-Gioux, 2009;
Finkel et al., 2004; del Giorgio and Williams, 2005; Rochelle-Ne-

wall et al., 2007; Smith and Kemp, 2003). Both GPP and CR de-
pend on the growth and reproduction of organisms, but they are
two different ecological processes with different responses to en-
vironmental changes. GPP is mainly derived from photosynthet-
ic autotrophic activities of phytoplankton and therefore is mainly
regulated by irradiance and nutrient availability. CR is closely re-
lated to energy consumption processes such as respiration and is
influenced by temperature, dissolved organic carbon, and also
nutrients (Rochelle-Newall et al., 2007). Therefore, the different
responses of GPP and CR may lead to uncertainties in their equi-  
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librium relationship, i.e., NCP. The ecosystem tends to be auto-
trophic when the promotion effect on GPP is stronger than CR,
while the ecosystem tends to be heterotrophic when CR is
stronger than GPP. Among various environmental factors, the
impact of nutrients on aquatic metabolism has been given much
attention since eutrophication is a global ecological issue. Some
studies found that the increase of nutrient contents leads to auto-
trophic planktonic metabolism, promoting dissolved inorganic
carbon uptake and organic matter output, especially in eutroph-
ic waters (Cotovicz et al., 2015; López-Sandoval et al., 2019).
However, Wilson et al. (2017) observed that the planktonic meta-
bolism tends to shift toward heterotrophic under nutrient inputs,
especially when the terrigenous input of organic carbon was in-
cluded (Smith and Mackenzie, 1987). It suggests that large
amounts of organic inputs can cause metabolic balance shift to-
ward heterotrophs, e.g., the case of Mediterranean coastal areas
(Duarte et al., 2004; Vidussi et al., 2011), while a large amount of
inorganic nutrient input will lead to a more autotrophic ecosys-
tem (Agustí et al., 2004). The above viewpoints are also used to
explain the contrast between continental shelf as a sink and
nearshore ecosystem as a source of atmospheric CO2 since
nearshore waters are fueled by large amounts of terrestrial-de-
rived organic carbon (Cai, 2011; Chen and Borges, 2009).
However, some cases have shown that inorganic nutrient supple-
mentation can also lead to a decrease in NCP, or even a negative
value (Lagaria et al., 2011), which makes the nutrient effect on
the metabolic balance of plankton community more complic-
ated.

Coastal systems carry significant socioeconomic benefits as
aquaculture farms, port, and aquatic resource conservation
(Boesch, 2002; Conley et al., 2002). Consequently, most coastal
waters are subject to eutrophication under the influence of ter-
restrial inputs derived from urbanization and industrialization,
and excess nutrient input has become one of the most critical en-
vironmental factors that influence the metabolic balance of
coastal ecosystems (Rochelle-Newall et al., 2007; Yang et al.,
2020). Many studies have demonstrated the changes of phyto-
plankton community with nutrient concentrations and ratios of
nutrient elements, such as inorganic nitrogen (N) and phosphor-
us (P). Although the increase of exogenous nutrients promotes
phytoplankton biomass and primary production (Song et al.,
2009), the biomass of heterotrophic bacteria is enhanced (Huete-
Stauffer and Morán, 2012). Taken together, a comprehensive
study of the balance of primary production and respiration (i.e.,
NCP), which also indicates the ecosystem carbon flux under N
and P nutrient inputs, is lacking. In the global promotion of car-
bon neutrality, besides the direct carbon emissions to the atmo-
sphere, the contribution of ecosystem metabolism to the coastal
carbon budget is especially drawing more and more attention.

Furthermore, many studies on nutrient enrichments are
based on batch-culture experiments, but the coastal waters are
experiencing continuous nutrient inputs. Thus, the current nutri-
ent concentration might not reflect the riverine nutrient enrich-
ment conditions and its potential impact on the balance of auto-
trophic and heterotrophic activities of planktonic community. In
addition to that, some studies explore the relationship of nutri-
ent condition and plankton community structure and function
according to statistical analysis of various in situ observations
(Agusti et al., 2018). However, it may not reflect the actual nutri-
ent input levels in the waterbody and the nutrient preference and
intracellular storage in the planktonic community. In general, the
volatility patterns of planktonic metabolism and the underlying
regulatory mechanism under different levels of continuous nutri-

ent input are still unclear (Agusti et al., 2018; Cotovicz et al., 2015;
Song et al., 2015).

In this study, a mesocosm experiment was conducted in the
semi-enclosed coastal area of the Daya Bay to explore the com-
prehensive responses of planktonic metabolism, including GPP,
CR, and NCP, and other ecological coupling characteristics to
daily input of different inorganic nutrient concentrations. We
primarily focus on (1) whether different levels of inorganic nutri-
ent input will lead to different metabolic states; (2) whether there
are thresholds of nutrient input intensity that significantly
change the balance of GPP and CR and other ecological charac-
teristics of the phytoplankton community; (3) whether the dy-
namics of metabolism can be applied to indicate the potential
ecological risks caused by continuous nutrient inputs.

2  Materials and methods

2.1  Experimentation setups
The Daya Bay is one of the largest semi-enclosed bays along

the coast of Guangdong, China. Its hydrological conditions are
influenced by the subtropical climate, with the northeast mon-
soon prevailing from October to April of the next year, and the
southwest monsoon predominates from May to September (Ke et
al., 2019). With the increase of population and rapid economic
development, it has shifted from oligotrophic to mesotrophic,
and even partly eutrophic in the last decades (Song et al., 2015;
Wang et al., 2008; Wu and Wang, 2007; Wu et al., 2020; Yang et al.,
2020). The mesocosm experiment was conducted in Dapeng
Cove, the southwestern part of the Daya Bay (Fig. 1), from June
28 to July 8, 2018. This area is prone to eutrophication and algal
bloom under continuous nutrient input from rivers and maricul-
ture, and the relatively low water exchange rate of the semi-en-
closed Daya Bay makes eutrophication more serious (Song et al.,
2009). We chose an abandoned fish raft located in the nearshore
water region but not directly affected by the river input and used
waterproof canvas material to separate 18 pools with a volume of
13.5 m3 (3 m×3 m×1.5 m) following previously established meth-
ods (Song et al., 2019). The waterproof canvas was suspended
from the floating fish raft and slowly submerged as seawater
flowed inside each pool. Then transparent plastic films were built
at 1.5 m top above the pools to prevent precipitation.

(NO−
 ) (PO−

 )

This mesocosm experiment was designed to determine the
effect of continuously nutrient inputs on the planktonic ecology
and explore the potential nutrient concentration threshold for
changing the structure and function of planktonic community.
Nitrate  and phosphate  have proven to be the most
effective nutrient combination in promoting phytoplankton in
this region and are the primary nutrient components of river in-
puts (Song et al., 2019). In this study, N (KNO3) and P (NaH2PO4)
were kept at a 30:1 molar ratio and delivered together daily to
mimic continuous inputs of exogenous nutrients (Table 1). The
molar ratio and concentration gradient of N and P in each treat-
ment were determined according to previous annual observa-
tions in the Daya Bay (Jiang et al., 2016; Wang et al., 2009; Wu et
al., 2017). The experiment did not enrich dissolved silicate be-
cause previous in situ observations and incubation experiment
results have shown that it is not a limiting factor for the growth of
phytoplankton in the Daya Bay (Song et al., 2019; Zhao et al.,
2019). N and P were pre-weighted for each treatment, then dis-
solved by seawater and evenly spread into the pool at 9:00 every
morning right after the physical-chemical and biological samples
were collected. The control did not receive any nutrient enrich-
ments during the incubation. The mesocosms lasted ten days,
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and each treatment included three replicates.

2.2  Sample collection and measurements

2.2.1  Physical and chemical parameters
Temperature, salinity, and dissolved oxygen (DO) were meas-

ured and recorded by a multi-parameter water quality monitor
Sonde (YSI6600, Yellow Springs Instruments, USA). Water
samples were frozen and stored under −20°C, and the dissolved
inorganic nutrient concentrations in seawater were measured by
AA3 nutrients-autoanalyzer (Seal Instruments, Germany) in the
laboratory following the method by Grasshoff et al. (1983). DIN is
the sum of nitrate, nitrite, and ammonia.

2.2.2  Phytoplankton biomass and size structure
Water samples were sequentially filtered through 20 μm, 3 μm,

and 0.7 μm pore size membrane filters to collect filter samples for
micro-, nano- and pico-sized chlorophyll a (Chl a), respectively.
Total Chl a concentration is the sum of micro-, nano- and pico-
Chl a (Qiu et al., 2010; Xiang et al., 2019). Filters were wrapped in
aluminum foil, stored in liquid N, and extracted with 90% acet-
one at 4°C for 24 h, then measured by Turner Designs fluoromet-
er 10-AU (Parsons et al., 1984).

2.2.3  Microscopic analysis of phytoplankton abundance and com-
munity structure

One-liter seawater was collected and fixed with Lugol’s solu-
tion, then concentrated to 40 mL by siphoning after 24 h of pre-
cipitation (Parsons et al., 1984). The concentrated sample was
identified under an inverted microscope (Utermöhl, 1958).

H′
Phytoplankton diversity was presented as the Shannon-Wiener
diversity index ( ).

H′ = −
S∑

i=

ni

N
ln

(ni

N

)
,

ni i N
S

where  is the abundance of the  species in the sample;  is the
total abundance of all species in the sample;  is the number of
species in the sample.

2.2.4  Picoplankton abundance
The seawater samples were prefiltered through a 20 μm pore-

size mesh, and then fixed in 2 mL cryotubes with 2% final con-
centration of formaldehyde, and then stored in liquid N. Syne-
chococcus (Syn) and picoeukaryotes (Euk) cells abundances were
measured by Accuri C6 flow cytometer (Becton-Dickinson, USA)
under FL2 (orange fluorescence) vs. FL3 (red fluorescence) and
side light scatter (SSC) vs. FL3 signals (Jiang et al., 2017). Hetero-
trophic bacteria (HBA) cells abundance was measured by Accuri
C6 flow cytometer (Becton-Dickinson, USA) based on their SSC,
FL1 (green fluorescence) and FL3 signals. Water samples of HBA
were stained with the nucleic acid dye SYBR Green I (Sigma-Ald-
rich Co., USA) (final dilution 10−4, v/v) in the dark for 15 min be-
fore analysis (Jiang et al., 2017). Unfortunately, samples of pico-
plankton from the 6th day to the 10th day (D6−D10) (in the
N16+P16/30 was D4−D10) were damaged during storage.

2.2.5  Plankton community metabolism
Planktonic metabolism was measured by the light-dark bottle

method (Serret et al., 1999, 2015). Seawater was transferred
slowly through silicon tubing and overflowed at least half the
volume of a bottle from each pool to two light bottles (340 mL
borosilicate glass bottle) and two dark bottles (light bottle
covered by aluminum foil). The bottles were suspended in the
seawater next to the mesocosm for the in situ environment and
incubated for 24 h. DO was measured at the 0 h and 24 h of in-
cubation period by Presens precision sensing Microx 4 Oxygen
meter with a detection limit of 0.01 mg/L and detection accuracy
of ±0.025 mg/L. NCP was calculated from the differences of DO
concentration after 24 h incubation of light bottle. CR was calcu-
lated from the difference of DO concentration after 24 h incuba-
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Fig. 1.   Location of the Daya Bay and mesocosms site (▲).

Table 1.   Concentrations of nutrient enrichments of each treat-
ment

Treatments KNO3-N/(μmol·L−1·d−1) NaH2PO4-P/(μmol·L−1·d−1)

Control 0 0.000
N1+P1/30 1 0.033
N2+P2/30 2 0.066
N4+P4/30 4 0.132
N8+P8/30 8 0.264

N16+P16/30 16 0.528
      Note: Subscript represents preset molar concentration of KNO3
and NaH2PO4.
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tion of dark bottle. GPP was the sum of NCP and CR. The units of
CR, GPP and NCP were converted from DO to carbon, assuming
a respiratory quotient of 1.0 (Ducklow and Doney, 2013; Nixon
et al., 2008).

2.2.6  Data analysis
Two-way repeated-measures analysis of variance was con-

ducted to test the difference of metabolic and biotic parameters
between treatments over time. Pearson’s correlation coefficient
was calculated to test the relationship of metabolic parameters.
One-way analysis of variance was conducted to determine
whether the average of environmental and biotic parameters
changed significantly between different concentrations of nutri-
ent inputs. All the analyses are performed using SPSS 18.0.

3  Results

3.1  Environmental conditions
The environmental conditions of each experimental group

are shown in Fig. 2. The temporal variability of seawater temper-
ature and salinity were consistent among all treatments during

the 10 d incubation (Figs 2a, b). The concentration of DO
changed significantly [F (50, 100)=7.21, p<0.000 1] and was gener-
ally higher than that of the control under N and P additions. DO
concentration in the N16+P16/30 treatment was the highest among
all treatments during D0−D2, reaching a peak of (10.41±0.89) mg/L
on D2, then continued to drop to (2.90±0.36) mg/L at D10. The
DO concentration in the N1+P1/30, N2+P2/30, and N4+P4/30 treat-
ments continuously increased to more than 10 mg/L and even
higher than that in the N8+P8/30 and N16+P16/30 treatment at the
end of the experiment.

PO−
 SiO−



PO−


The temporal variability of dissolved inorganic nutrient con-
centrations (DIN,  and ) showed great differences
between the control and the N8+P8/30, N16+P16/30 treatments dur-
ing D2−D10 (Figs 2d, e and f). The highest DIN concentrations
appeared in the N16+P16/30 treatment, ranging from 6.04 μmol/L
to 107.56 μmol/L with an average of (55.80±26.07) μmol/L. The
second highest DIN showed in the N8+P8/30 treatment, ranging
from 4.68 μmol/L to 47.39 μmol/L with an average of (25.79±9.96)
μmol/L. The  concentration in the N16+P16/30 treatment was
also the highest among all treatments, with a range of 0.18 μmol/L
to 1.14 μmol/L and an average of (0.58±0.32) μmol/L. The vari-
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Fig. 2.   Changes of environmental conditions in the mesocosms (vertical bars indicate the standard deviations from triplicate pools of
each mesocosms, n=3). The implications of the figure legends are listed in Table 1.
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SiO−
 PO−



SiO−


ation pattern of  was opposite to that of DIN and . The
concentration of  was always the highest in the control
group, ranging from 2.08 μmol/L to 45.84 μmol/L with an aver-
age of (18.45±13.78) μmol/L, but kept low in the N16+P16/30 treat-
ment and averaged (3.53±1.48) μmol/L during the incubation.

3.2  Plankton community metabolism
The responses of GPP, CR, and NCP to the concentration

gradient of N and P additions are shown in Fig. 3. The initial
metabolic state was autotrophic, and the GPP, CR, and NCP were
(718.23±104.80) mg/(m3·d) (in terms of C), (368.90±56.24)
mg/(m3·d) (in terms of C), and (343.38±116.21) mg/(m3·d) (in
terms of C), respectively. Both GPP and CR were promoted by N
and P additions, and the promotion effect increased with the
rising nutrient input concentrations. Differences were statistic-
ally significant for both GPP [F(50, 100)=10.76, p<0.000 1] and CR
[F(50, 100)=13.72, p<0.000 1] under different treatments during
incubation period. The highest GPP and CR were observed in the
N16+P16/30 treatment, ranging from 603.75 mg/(m3·d) (in terms
of C) to 3 900 mg/(m 3 ·d)  (in terms of  C) [average value
(1 882.71±840.73) mg/(m3 ·d) (in terms of C)] and 386.25
mg/(m3·d) (in terms of C) to 3 667.50 mg/(m3·d) (in terms of C)
[average value (1 595.38±787.71) mg/(m3·d) (in terms of C)], re-
spectively. The second greatest GPP and CR appeared in the
N8+P8/30 treatment, ranging from 622.5 mg/(m3·d) (in terms of C)
to 2 120.63 mg/(m3·d) (in terms of C) [average value (1 376.93±
393.32) mg/(m3·d) (in terms of C)] and 281.25 mg/(m3·d) (in terms of
C) to 2 261.25 mg/(m3 ·d) (in terms of C) [average value
(1 386.14±496.86) mg/(m3·d) (in terms of C)], respectively. GPP
and CR in the N1+P1/30, N2+P2/30, and N4+P4/30  treatments
changed gently and kept lower than those in the N8+P8/30 and
N16+P16/30 treatments during the 10 d incubation. GPP in the con-
trol gradually decreased from (584.38±21.67) mg/(m3·d) (in terms
of C) to (248.13±23.03) mg/(m3·d) (in terms of C) at D10, while
CR remained relatively stable and ranged between 333.69
mg/(m3·d) (in terms of C) and 377.28 mg/(m3·d) (in terms of C)
across the incubation.

The concentration gradient of nutrient inputs also caused
statistically significant different for NCP [F(50, 100)=21.13,
p<0.000 1]. However, NCP fluctuated alternately between posit-
ive and negative values after nutrient enrichment, and the fluctu-
ation range increased with the increase of N and P concentra-
tions. For example, NCP varied between −982.50 mg/(m3·d) (in
terms of C) and 2 220.00 mg/(m3·d) (in terms of C) in the
N16+P16/30 group, while it fluctuated moderately in the treat-
ments of N1+P1/30, N2+P2/30 and N4+P4/30, with the ranges of
−135.00 mg/(m3·d) (in terms of C)−686.25 mg/(m3·d) (in terms of
C), −476.25 mg/(m3·d) (in terms of C)−525.00 mg/(m3·d)
( in  terms of  C)  and −652.50 mg/(m 3 ·d)  ( in  terms of  C)
−723.75 mg/(m3·d) (in terms of C), respectively. NCP in the con-
trol was kept stable and ranged from −161.25 mg/(m3·d) (in terms
of C) to 292.50 mg/(m3·d) (in terms of C).

3.3  Chl a concentration and size structure
The response of total Chl a across the concentration gradient

of daily nutrient inputs is shown in Fig. 4a, it showed significant
differences along the concentration gradients of N and P inputs
during the experiment [F(50, 100)=11.11, p<0.000 1]. Total Chl a
concentration was promoted by N and P addition, and the pro-
motion effect was more significant with increasing nutrient con-
centration. The total Chl a of the N16+P16/30 treatment was the
highest among all experimental treatments, varying from 1.49 μg/L
to 15.95 μg/L (average value (6.41±4.86) μg/L), reaching a peak

value of (15.95±1.83) μg/L on D8. Total Chl a concentration in the

control decreased from (2.32±1.02) μg/L to (0.35±0.14) μg/L

across the incubation period. The size structure of Chl a after 10 d

incubation under different concentrations of nutrient input are

shown in Table 2. The initial total Chl a was almost equally con-

tributed by micro- (33.78%), nano- (29.79%), and pico-fraction

(36.43%). But at the end of the culture experiment, the contribu-
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Fig. 3.   Changes of planktonic metabolism of gross primary pro-
duction (GPP, a), community respiration (CR, b) and net com-
munity production (NCP, c) in the mesocosms (vertical bars in-
dicate  the  standard  deviations  from  triplicate  pools  of  each
mesocosms, n=3). The implications of the figure legends are lis-
ted in Table 1.
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tion of nano- and micro-fraction (<20 μm) increased by more
than 40%, accounting for over 90% of the total Chl a when the nu-
trient input was higher than the level of N2+P2/30, which was
higher than the control, and the portion of micro-phytoplankton
decreased to less than 10% (Table 2).

3.4  Phytoplankton community structure
The phytoplankton communities in all treatments were

primarily contributed by diatoms, accounting for 94.38%±15.79%
of the total abundance during the incubation period (Fig. S1a).
The initial phytoplankton community was predominated by Aste-
rionella glacialis, Cylindrotheca closterium and Rhizosolenia sin-
ensi. The contribution of Rhizosolenia sinensis to the total phyto-
plankton abundance increased from 18.34%±6.70% on D0 to
84.36%±27.63% on D10 under nutrient enrichment conditions
(Fig. 4d), while in the control, Chaetoceros sp. and Thalas-
sionema nitzschioides became the most abundant species at the
end of the experiment. Rhizosolenia sinensis was the most abund-
ant species in the N8+P8/30 and N16+P16/30 treatments on D10, and
the abundance of dinoflagellate also increased (majorly Scrippsi-
ella trochoidea) in these two treatments (Fig. S1b, Table S1),

which might contribute to the rebound of the diversity index dur-
ing D8−D10 of incubation (Fig. 4c).

H′

The response of micro-phytoplankton abundance and commun-
ity diversity to nutrient enrichments is shown in Figs 4b and c.
The total abundance of micro-phytoplankton was promoted by N
and P additions (Fig. 4b), but the community structure was sim-
plified with the decrease of the  (Fig. 4c). In the N8+P8/30 and
N16+P16/30 treatments, the abundance increased and peaked at
(1 174.17×103±477.33×103) cells/L and (1 016.33×103±278.33×103)
cells/L on D4, respectively, then it started decreasing or re-
mained stable. But in the treatments with lower concentration of
nutrient inputs (the N1+P1/30 and N2+P2/30), the abundance in-
creased across the incubation period and peaked at (1 499.17×
103±100.64×103) cells/L and (1 582.67×103±154.38×103) cells/L on
D10, respectively. The micro-phytoplankton diversity index (H′ )
in the N1 6+P1 6 / 3 0  treatment decreased dramatically from
1.79±0.17 on D2 to 0.14±0.07 on D6, but H′ remained higher in
the N1+P1/30 treatment than that of the other treatment with nu-
trient addition until D6. Although the total abundance of the con-
trol group decreased during the incubation, the diversity index
kept higher than that of the other treatments with nutrient in-
puts.

3.5  Euk, Syn and HBA
The responses of Euk, Syn and HBA to the N and P concentra-

tion gradient are shown in Fig. 5. The abundances of Euk, Syn
and HBA in the treatments with nutrient enrichments were pro-
moted and remained higher than those in the control. The pro-
motion effect increased with the increase of nutrient input con-
centrations. Euk responded quickly, and the highest abundance
((40.00±0.83) cells/μL) was recorded in the N16+P16/30 treatment
on D1. The abundance of Syn peaked in the N4+P4/30 treatment
on D3 ((1 164.00±657.86) cells/μL) and the N8+P8/30 treatment on
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Fig. 4.   Changes of total chlorophyll a (Chl a) concentration (a), micro-phytoplankton total abundance (b), Shannon-Wiener diversity
index (c), and relative abundance of Rhizosolenia sinensis (d) in the mesocosms (vertical bars indicate the standard deviations from
triplicate pools of each mesocosms, n=3). The implications of the figure legends are listed in Table 1.

Table 2.   Chlorophyll a size structure in the mesocosms after the
10 d incubation

Treatments Micro/% Nano/% Pico/% <20 μm/%

Control 12.72±8.03 29.04±7.84 58.24±14.75 87.28±8.03
N1+P1/30 17.18±8.81 41.16±4.06 41.66±7.63 82.82±8.81
N2+P2/30 5.47±1.95 47.55±13.86 46.98±12.37 94.53±1.95
N4+P4/30 2.65±1.66 30.33±12.67 67.02±14.29 97.35±1.66
N8+P8/30 8.89±4.51 47.82±3.35 43.28±1.98 91.11±4.51

N16+P16/30 10.15±3.45 43.25±9.58 46.6±9.05 89.85±3.45

     Note: The implications of the subscripts are listed in Table 1.
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D4 ((1 087.00±300.02) cells/μL), respectively. The abundance of
HBA peaked at (574.00±55.15) cells/μL in the N8+P8/30 treatment
and (641.00±97.09) cells/μL in the N16+P16/30, respectively, on
D2.

4  Discussion

4.1  Response of community metabolism to daily nutrient inputs
The results of this study show that the community metabol-

ism was initially autotrophic in the study region, and inorganic
nutrient enrichments promoted both GPP and CR. However,
NCP fluctuated between positive and negative values during the
incubation period. Furthermore, the oscillation amplitude of
NCP was stronger in the treatments with higher concentration of
nutrient inputs (the N8+P8/30 and the N16+P16/30 treatments).

The fluctuation of NCP is attributed to the different responses
of GPP and CR to nutrient addition. Our correlation analysis fur-
ther clarifies the complexity of NCP regulation between GPP and
CR with the increase of nutrient input (Table 3). NCP was posit-
ively correlated with GPP when nutrient input was absent or
weak, but it became more negatively correlated with CR when

nutrient inputs increased. However, no significant correlation
between NCP and GPP or CR was observed under the highest
concentration of nutrient input (the N16+P16/30 treatment) during
the incubation, indicating that the metabolic balance was dis-
turbed with increasing eutrophication levels.

GPP and CR are affected by different ecological processes,
and their responses to environmental changes are not always
synchronized or in the same amplitude level, which may result in
a complicated mechanism for regulating NCP (Rochelle-Newall
et al., 2007). GPP is mainly contributed by phytoplankton and
promoted by nutrient supplementation (Krause-Jensen et al.,
2012; Xie et al., 2019). The promotion of nutrient inputs on GPP
or phytoplankton biomass has been reported in river-coastal sys-
tems (Caffrey et al., 2014; Kemp et al., 1997; Malone et al., 2015).
For example, GPP in the coastal region was the highest when up-
welling prevailed, and the ecosystem shifted from heterotrophic
to autotrophic (Arbones et al., 2008). However, the predomina-
tion of GPP over CR cannot be sustained and generally occurred
in a short period (3−4 d) under continuous nutrient inputs. It
may be because that GPP does not increase linearly with the in-
crease of nutrient concentration, since there is a saturation con-
centration of nutrient for phytoplankton growth and utilization
(Morel, 1987), and the carbon fixation efficiency is also impacted
by the variation of species composition and size structure of
phytoplankton community (Marañón, 2015; Zwart et al., 2015).
In our study, the phytoplankton size structure shifted toward a
smaller size (<20 μm) after incubation, especially the fraction of
nano-Chl a (Table 2). Furthermore, we estimated the size-frac-
tioned primary production according to the assimilation coeffi-
cient of phytoplankton with different cell sizes in the same re-
search area (Zhu et al., 2008), and also found that nano-phyto-
plankton was the major contributor of the community primary
production after incubation under high concentration nutrient
input (Fig. S2b).

The community respiration is generally contributed by bac-
teria respiration and various planktonic heterotrophic actives.
The accumulation of organic matters during the planktonic
growth and metabolism progress could inhibit primary produc-
tion while enhancing CR (Joint et al., 2002). Brussaard et al.
(2005) has demonstrated that organic matters released during
phytoplankton bloom could activate bacterial metabolism and
supply 85% of the carbon demand of bacteria. Some studies also
observed that ecosystems were heterotrophic in the growing sea-
son (del Giorgio and Peters, 1994). CR is also contributed by vari-
ous heterotrophic actives associated with the microbial food web,
including microzooplankton and protist grazing (Strayer, 1988;
Vázquez-Domínguez et al., 2007). For example, some small-sized
mixotrophic protists are able to obtain energy from phagocytosis
and cause grazing pressure on small primary producers (Huang

Table 3.   Pearson’s correlations between the net community pro-
duction (NCP), the gross primary production (GPP) and the com-
munity respiration (CR)

Treatment GPP and NCP CR and NCP

Control 0.898** 0.011
N1+P1/30 0.707* −0.474
N2+P2/30 −0.092 −0.801*
N4+P4/30 0.263 −0.666*
N8+P8/30 0.464 −0.694*

N16+P16/30 0.525 −0.358
      Note: Asterisks represent the level of significance: *p<0.05, **p<0.01.
The implications of the subscripts are listed in Table 1.
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Fig. 5.   Changes of Euk (a), Syn (b) and HBA (c) abundance in the
mesocosms (vertical bars indicate the standard deviations from
triplicate pools of each mesocosms, n=3). The implications of the
figure legends are listed in Table 1.

  Xiang Chenhui et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 8, P. 99–110 105



et al., 2008; Yu et al., 2007; Zhang et al., 2017), and their photo-
synthetic efficiency is weakened in a mixotrophic strategy (Adolf
et al., 2006). Li et al. (2021) also found that plankton of 1−200 μm
was the main contributor to CR in the Daya Bay in summer, ac-
counting for 65.52% of the total CR, while bacterial metabolism
only contributed 23.61%. Therefore, these heterotrophic activit-
ies may have a cascade effect of GPP, which causes a time lag
between GPP and CR (Dodds and Cole, 2007; Sommer and Le-
wandowska, 2011; Stange et al., 2017; Wiltshire et al., 2008).

4.2  Biogeochemical feedback of planktonic metabolism
Planktonic metabolism has a complex relationship with the

environment. It is regulated by multiple environmental paramet-
ers in the ocean, while the metabolic activities could conversely
influence the environment, such as DO and nutrient concentra-
tion in the water. Planktonic metabolism can affect the DO con-
centration directly. For example, the excessive organic matters
accumulation and community respiration caused large oxygen-
consuming under a high concentration of nutrient inputs
(Malone, 1991). In the present study, the higher GPP over CR in-
duced by nutrient input causes a rapid increase of DO during the
first two days of incubation, while the increasing CR and negat-
ive NCP values are closely related to heterotrophic activities,
leading to a decrease in DO concentration after D6 in the
N8+P8/30 and the N16+P16/30 treatments of the mesocosm experi-
ment. The concentration of DO was lower than that of the con-
trol under intense nutrient input (the N8+P8/30 and the N16+P16/30

treatment) after 10-d incubation, even dropping to (2.90±
0.36) mg/L under the highest concentration of nutrient inputs
(the N16+P16/30 treatment), which is lower than the water quality
standard (5 mg/L) and the requirements in sustaining aquatic life
(Davis, 1975; USEPA, 2000), suggesting the risk of intensified hyp-
oxia under higher concentration of nutrient inputs with accumu-
latively heterotrophic feedback of plankton metabolism.

The biochemical cycle of N and P is closely determined by the
planktonic metabolism, and the utilization and storage ability of
plankton. In our study, the nutrient concentrations kept low and
showed no significant changes when the nutrient inputs were
less than or equal to the N4+P4/30 treatment due to a relative high-
er nutrient uptake rate by phytoplankton production (Figs 6K, L).
However, the nutrient concentrations increased significantly un-
der a higher level of nutrient inputs, indicating that the exogen-
ous nutrient has exceeded the ability of phytoplankton on nutri-
ent utilization and caused irreversible damage to the planktonic
ecosystem (Dodds et al., 1989; Scheffer et al., 2001).

4.3  Indicative function of metabolic disorders in ecosystem in-
stability and potential risks
Coastal waters are facing various ecological risks under the

interference of anthropogenic activities. The most common eco-
logical risks include algal blooms, especially harmful algal
blooms, and hypoxia (Ganf and Viner, 1973), which are associ-
ated with plankton metabolisms. In this study, the variation of
GPP was coupled with phytoplankton biomass, and the boost of
GPP was accompanied by the predominance and high abund-
ance of certain phytoplankton species, such as R. sinensis, and
noticeable decline in biodiversity, which indicated a phytoplank-
ton bloom event (Fig. 4). A similar situation has been observed
that the nearshore waters are often lower in biodiversity index
but higher in GPP than that of the offshore waters of the Daya
Bay, which is possibly related to the long-term impact of river in-
put and mariculture (Song et al., 2009; Sun et al., 2006). Our study
demonstrated that higher nutrient inputs caused the coupling

events of the drastic increase of GPP, the outbreak of R. sinensis
bloom and the further decreased species diversity. Furthermore,
some small dinoflagellates, including S. trochoidea and Pro-
toperidinium sp. were promoted, and the proportion of dinofla-
gellate to the whole phytoplankton biomass also increased after
D8 of the mesocosm experiment. Scrippsiella trochoidea is a
common causative bloom species in eutrophic coastal waters
(Song et al., 2009; Yang et al., 2020; Yin et al., 2008). Dinoflagel-
lates may become dominant and even induce bloom after an out-
break of diatom species under continuous N and P inputs (Song
et al., 2019), which further reduces the stability of plankton com-
munities and the health of ecosystems.

The eutrophic level of aquatic ecosystem is conventionally as-
sessed by detecting the in situ environmental and biological
parameters and comparing them with water quality standards for
the early warning ecological risks. However, as we suggested
above, the ecosystem health is more closely related with the dy-
namic community metabolism since the environmental and bio-
logical parameters are often associated with the biogeochemical
feedback of these metabolic progresses, such as the algal bloom
induced by a rapid increase in GPP, or hypoxia induced by accu-
mulative heterotrophic metabolism. For example, Chl a of 10 μg/L
is generally regarded as the criterion for phytoplankton blooms
(Watson et al., 2017). In this study, Chl a exceeded this value after
4 d incubation under the highest level of nutrient inputs (Fig. 4a).
However, our results show that NCP could indicate an abnormal
signal by its intensified fluctuation faster than the observed Chl a
meets this criterion value. GPP has been suggested as an index of
coastal eutrophication (Liu et al., 2013), while a comprehensive
consideration of GPP and CR would be more effective to reflect
phytoplankton physiological processes in the changing environ-
ment according to our experiment. The metabolic balance can be
used to assess the stability of an ecosystem, i.e., in a relatively
stable and healthy ecosystem, NCP does not deviate too far from
the zero level, or in some studies, the GPP to CR ratio is approx-
imately equal to 1 (Duarte et al., 2013; Williams et al., 2013). Sim-
ilar recommendations were made by Ferreira et al. (2020) for
ecosystem assessment by reviewing the published survey results,
and our research further proved this viewpoint through in situ ex-
periments. In summary, we suggest the community metabolic
characteristics, including GPP, CR and NCP, as effective indicat-
ors for ecosystem health and warning of potential ecological risks
since they can provide a wealth of information as mentioned
above.

4.4  Potential nutrient input threshold associated with ecosystem
health and metabolic balance
The nutrient criteria of eutrophication vary widely in differ-

ent water regions (Table S2). It is difficult to find a general
threshold that can reflect the qualitative impact of nutrient addi-
tion on ecosystem stability and health due to a complex relation-
ship between nutrient input and ecological response. In this
study, the experimental conditions are more similar to nutrient
inputs in natural nearshore waters. On this basis, and including
the indicative role of plankton metabolism on ecosystem health
as mentioned above, the daily input nutrients of 2 μmol/(L⋅d) (in
terms of N) and 0.066 μmol/(L⋅d) (in terms of P) can be regarded
as the threshold, since GPP, CR, and most biotic factors changed
significantly when daily nutrient inputs exceed this level accord-
ing to the statistical result in both D0−D5 period (Fig. 6) and the
whole 10 d incubation period (Fig. S3). Although the environ-
mental nutrient concertation did not change significantly until
the inputs exceeded 4 μmol/(L⋅d) (in terms of N) and 0.066
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μmol/(L⋅d) (in terms of P), the significant change of metabolism,
biotic factors, and phytoplankton diversity has indicated a severe
disorder of metabolic balance and disruption of the planktonic
ecosystem. Therefore, planktonic metabolism is suggested as a
more indicative index than environmental nutrient concentra-
tion to evaluate ecosystem health, and 2 μmol/(L⋅d) (in terms of
N) and 0.066 μmol/(L⋅d) (in terms of P) could be considered the
critical nutrient thresholds for ecosystem health management in
the Daya Bay.

The total dissolved N and P fluxes of major rivers in the Daya
Bay are 3 690.39 t/a and 80.63 t/a respectively (averaged 0.109
μmol/(L⋅d) (in terms of N) and 0.002 μmol /(L⋅d) (in terms of P),
respectively) (Huang et al., 2019), which are much lower than the
potential criteria indicated in this study (Table 4). However, eu-
trophication along the nearshore regions is much more severe
than the average level of the whole bay. The Daya Bay is a sub-
tropical drowned valley bay, and its hydrological conditions vary
significantly between the monsoonal wet and the dry season. For

example, more than 70% of annual precipitation occurs during
the wet season (March to August) (Ke et al., 2019), which causes
excessive nutrients from riverine input. Therefore, the semi-en-
closed Aotou Cove receive 4.45 μmol/(L⋅d) (in terms of N) and
0.08 μmol/(L⋅d) (in terms of P) (Table 4) due to high nutrient in-
puts from the Dan’Ao River and its neighboring terrestrial
sources in the northwest nearshore of the Daya Bay, and the sea-
sonal water stratification and the lack of seawater-exchange fur-
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Fig. 6.   Comparison of the ecological responses to nutrient input of different concentrations (different lowercase, a to e, indicate
statistically significant differences between treatments at p<0.05; vertical bars indicate the standard deviations from triplicate pools of
each mesocosms; data from the D0−D5 period). The implications of the subscripts are listed in Table 1.

Table 4.   Dissolved nitrogen (N) and phosphorus (P) fluxes from
major rivers and sewage outlets in the Daya Bay

Water region Period
Daily input/
μmol·(L·d)−1 Reference

N P

Aotou Cove yearly 2.845 0.051 Huang et al. (2019)

wet season 4.45 0.080 Huang et al. (2019)

Whole Daya Bay yearly 0.109 0.002 Huang et al. (2019)

      Note: The water volume of the Daya Bay is 6.6 km3 (600 km2×11 m),
and that of Aotou Cove is 0.195 km3 (39 km2×5 m).
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ther prolong the residence time of exogenous nutrients (Sun et
al., 2011). Since in the Daya Bay, the plankton community is
more sensitive to N or N+P enrichment than P enrichment (Song
et al., 2019), the excessive N input (more than 2 μmol/(L⋅d))
mentioned above emphasize the instability and ecological risk of
the nearshore aquatic ecosystems. Frequently reported harmful
algal blooms and hypoxia events also proved the vulnerability of
nearshore waters affected by continuously exogenous nutrient
inputs in this bay (Song et al., 2004, 2009).

5  Conclusions
Based on a mesocosm experiment with daily nutrient inputs

in a semi-enclosed bay, this study indicates the potentially differ-
ent responses of GPP and CR to nutrient input at various concen-
tration levels. Continuously high nutrient inputs caused drastic
fluctuation of metabolism balance with frequent shifts between
autotrophic and heterotrophic states, which further affected the
functional stability of the planktonic ecosystem and increased
the risk of algal bloom and hypoxia event in semi-enclosed and
stable waters. Moreover, continuous nutrient inputs minimized
and simplified phytoplankton communities in the nearshore wa-
ters. This study also indicates that nutrient inputs of 2 μmol/(L⋅d)
(in terms of N) and 0.066 μmol/(L⋅d) (in terms of P) could be con-
sidered as a potential criterion for eutrophication management
in nearshore waters with insufficient water exchange, as signific-
ant changes of planktonic metabolism, community structure and
biomass appeared when nutrient input exceeded this level. It is
suggested that the metabolic responses of plankton community
to dynamic nutrient inputs have important implications for fur-
ther assessment of coastal ecosystem health and carbon budget.

Acknowledgements
We acknowledge Jiaxing Liu, Meiting Tan, Jie Ma and Kaizhi

Li for their assistance during the experiments in the Daya Bay.
We thank Gang Li for helping us revise and polish the language of
this paper.

References
Adolf J E, Stoecker D K, Harding L W Jr. 2006. The balance of auto-

trophy and heterotrophy during mixotrophic growth of Kar-
lodinium micrum (Dinophyceae). Journal of Plankton Re-
search, 28(8): 737–751, doi: 10.1093/plankt/fbl007

Agustí S, Satta M P, Mura M P. 2004. Summer community respiration
and pelagic metabolism in upper surface Antarctic waters.
Aquatic Microbial Ecology, 35(2): 197–205, doi: 10.3354/ame
035197

Agusti S, Vigoya L, Duarte C M. 2018. Annual plankton community
metabolism in estuarine and coastal waters in Perth (Western
Australia). PeerJ, 6: e5081, doi: 10.7717/peerj.5081

Arbones B, Castro C G, Alonso-Pérez F, et al. 2008. Phytoplankton
size structure and water column metabolic balance in a coastal
upwelling system: the Ría de Vigo, NW Iberia. Aquatic Microbi-
al Ecology, 50(2): 169–179, doi: 10.3354/ame01160

Boesch D F. 2002. Challenges and opportunities for science in redu-
cing nutrient over-enrichment of coastal ecosystems. Estuaries,
25(4): 886–900, doi: 10.1007/BF02804914

Brussaard C P D, Mari X, Van Bleijswijk J D L, et al. 2005. A meso-
cosm study of Phaeocystis globosa (Prymnesiophyceae) popula-
tion dynamics: II. Significance for the microbial community.
Harmful Algae, 4(5): 875–893, doi: 10.1016/j.hal.2004.12.012

Caffrey J M, Murrell M C, Amacker K S, et al. 2014. Seasonal and
inter-annual patterns in primary production, respiration, and
net ecosystem metabolism in three estuaries in the northeast
gulf of Mexico. Estuaries and Coasts, 37(S1): S222–S241, doi:
10.1007/s12237-013-9701-5

Cai Weijun. 2011. Estuarine and coastal ocean carbon paradox: CO2

sinks or sites of terrestrial carbon incineration?. Annual Review
of Marine Science, 3: 123–145, doi: 10.1146/annurev-marine-
120709-142723

Chen Chen-Tung Arthur, Borges A V. 2009. Reconciling opposing
views on carbon cycling in the coastal ocean: continental
shelves as sinks and near-shore ecosystems as sources of atmo-
spheric CO2. Deep-Sea Research Part II: Topical Studies in
Oceanography, 56(8−10): 578–590, doi: 10.1016/j.dsr2.2009.
01.001

Conley D J, Markager S, Andersen J, et al. 2002. Coastal eutrophica-
tion and the Danish national aquatic monitoring and assess-
ment program. Estuaries, 25(4): 848–861, doi: 10.1007/BF0280
4910

Cotovicz Jr L C, Knoppers B A, Brandini N, et al. 2015. A strong CO2
sink enhanced by eutrophication in a tropical coastal embay-
ment (Guanabara Bay, Rio de Janeiro, Brazil). Biogeosciences,
12(20): 6125–6146, doi: 10.5194/bg-12-6125-2015

Davis J C. 1975. Minimal dissolved oxygen requirements of aquatic
life with emphasis on Canadian species: a review. Journal of the
Fisheries Research Board of Canada, 32(12): 2295–2332, doi:
10.1139/f75-268

del Giorgio P A, Duarte C M. 2002. Respiration in the open ocean.
Nature, 420(6914): 379–384, doi: 10.1038/nature01165

del Giorgio P A, Peters R H. 1994. Patterns in planktonic P: R ratios in
lakes: Influence of lake trophy and dissolved organic carbon.
Limnology and Oceanography, 39: 772–87, doi: 10.4319/lo.
1994.39.4.0772

del Giorgio P A, Williams P J L B. 2005. Respiration in Aquatic Ecosys-
tems. New York: Oxford University Press

Dodds W K, Cole J J. 2007. Expanding the concept of trophic state in
aquatic ecosystems: it’s not just the autotrophs. Aquatic Sci-
ences, 69(4): 427–439, doi: 10.1007/s00027-007-0922-1

Dodds W K, Johnson K R, Priscu J C. 1989. Simultaneous nitrogen and
phosphorus deficiency in natural phytoplankton assemblages:
theory, empirical evidence, and implications for lake manage-
ment. Lake and Reservoir Management, 5(1): 21–26, doi:
10.1080/07438148909354677

Duarte C M, Agustí S, Vaqué D. 2004. Controls on planktonic meta-
bolism in the Bay of Blanes, northwestern Mediterranean littor-
al. Limnology and Oceanography, 49(6): 2162–2170, doi: 10.
4319/lo.2004.49.6.2162

Duarte C M, Regaudie-de-Gioux A. 2009. Thresholds of gross primary
production for the metabolic balance of marine planktonic
communities. Limnology and Oceanography, 54(3): 1015–1022,
doi: 10.4319/lo.2009.54.3.1015

Duarte C M, Regaudie-de-Gioux A, Arrieta J M, et al. 2013. The oligo-
trophic ocean is heterotrophic. Annual Review of Marine Sci-
ence, 5: 551–569, doi: 10.1146/annurev-marine-121211-172337

Ducklow H W, Doney S C. 2013. What is the metabolic state of the oli-
gotrophic ocean? A debate. The Annual Review of Marine Sci-
ence, 5: 525–533, doi: 10.1146/annurev-marine-121211-172331

Ferreira V, Elosegi A, Tiegs S D, et al. 2020. Organic matter decom-
position and ecosystem metabolism as tools to assess the func-
tional integrity of streams and rivers—a systematic review. Wa-
ter, 12(12): 3523, doi: 10.3390/w12123523

Finkel Z V, Irwin A J, Schofield O. 2004. Resource limitation alters the
3/4 size scaling of metabolic rates in phytoplankton. Marine
Ecology Progress Series, 273: 269–279, doi: 10.3354/meps
273269

Ganf G G, Viner A B. 1973. Ecological stability in a shallow equatorial
lake (Lake George, Uganda). Proceedings of the Royal Society
B: Biological Sciences, 184(1076): 321–346, doi: 10.1098/rspb.
1973.0051

Grasshoff K, Ehrhardt M, Kremling K, 1983. Methods of Seawater
Analysis. 2nd ed. Weinheim: Verlag Chemie

Huang Xiaoping, Huang Liangmin, Song Jinming, et al. 2019. Process
and Mechanism of Nutrient Inputs on Bay Ecological Environ-
ment (in Chinese). Beijing: Science Press

Huang Bangqin, Lan Wenlu, Cao Zhenrui, et al. 2008. Spatial and
temporal distribution of nanoflagellates in the northern South
China Sea. Hydrobiologia, 605(1): 143–157, doi: 10.1007/s10750-

108 Xiang Chenhui et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 8, P. 99–110  

http://dx.doi.org/10.1093/plankt/fbl007
http://dx.doi.org/10.3354/ame035197
http://dx.doi.org/10.3354/ame035197
http://dx.doi.org/10.7717/peerj.5081
http://dx.doi.org/10.3354/ame01160
http://dx.doi.org/10.1007/BF02804914
http://dx.doi.org/10.1016/j.hal.2004.12.012
http://dx.doi.org/10.1007/s12237-013-9701-5
http://dx.doi.org/10.1146/annurev-marine-120709-142723
http://dx.doi.org/10.1146/annurev-marine-120709-142723
http://dx.doi.org/10.1016/j.dsr2.2009.01.001
http://dx.doi.org/10.1016/j.dsr2.2009.01.001
http://dx.doi.org/10.1007/BF02804910
http://dx.doi.org/10.1007/BF02804910
http://dx.doi.org/10.5194/bg-12-6125-2015
http://dx.doi.org/10.1139/f75-268
http://dx.doi.org/10.1038/nature01165
http://dx.doi.org/10.4319/lo.1994.39.4.0772
http://dx.doi.org/10.4319/lo.1994.39.4.0772
http://dx.doi.org/10.1007/s00027-007-0922-1
http://dx.doi.org/10.1080/07438148909354677
http://dx.doi.org/10.4319/lo.2004.49.6.2162
http://dx.doi.org/10.4319/lo.2004.49.6.2162
http://dx.doi.org/10.4319/lo.2009.54.3.1015
http://dx.doi.org/10.1146/annurev-marine-121211-172337
http://dx.doi.org/10.1146/annurev-marine-121211-172331
http://dx.doi.org/10.3390/w12123523
http://dx.doi.org/10.3354/meps273269
http://dx.doi.org/10.3354/meps273269
http://dx.doi.org/10.1098/rspb.1973.0051
http://dx.doi.org/10.1098/rspb.1973.0051
http://dx.doi.org/10.1007/s10750-008-9330-3
http://dx.doi.org/10.1093/plankt/fbl007
http://dx.doi.org/10.3354/ame035197
http://dx.doi.org/10.3354/ame035197
http://dx.doi.org/10.7717/peerj.5081
http://dx.doi.org/10.3354/ame01160
http://dx.doi.org/10.1007/BF02804914
http://dx.doi.org/10.1016/j.hal.2004.12.012
http://dx.doi.org/10.1007/s12237-013-9701-5
http://dx.doi.org/10.1146/annurev-marine-120709-142723
http://dx.doi.org/10.1146/annurev-marine-120709-142723
http://dx.doi.org/10.1016/j.dsr2.2009.01.001
http://dx.doi.org/10.1016/j.dsr2.2009.01.001
http://dx.doi.org/10.1007/BF02804910
http://dx.doi.org/10.1007/BF02804910
http://dx.doi.org/10.5194/bg-12-6125-2015
http://dx.doi.org/10.1139/f75-268
http://dx.doi.org/10.1038/nature01165
http://dx.doi.org/10.4319/lo.1994.39.4.0772
http://dx.doi.org/10.4319/lo.1994.39.4.0772
http://dx.doi.org/10.1007/s00027-007-0922-1
http://dx.doi.org/10.1080/07438148909354677
http://dx.doi.org/10.4319/lo.2004.49.6.2162
http://dx.doi.org/10.4319/lo.2004.49.6.2162
http://dx.doi.org/10.4319/lo.2009.54.3.1015
http://dx.doi.org/10.1146/annurev-marine-121211-172337
http://dx.doi.org/10.1146/annurev-marine-121211-172331
http://dx.doi.org/10.3390/w12123523
http://dx.doi.org/10.3354/meps273269
http://dx.doi.org/10.3354/meps273269
http://dx.doi.org/10.1098/rspb.1973.0051
http://dx.doi.org/10.1098/rspb.1973.0051
http://dx.doi.org/10.1007/s10750-008-9330-3
http://dx.doi.org/10.1093/plankt/fbl007
http://dx.doi.org/10.3354/ame035197
http://dx.doi.org/10.3354/ame035197
http://dx.doi.org/10.7717/peerj.5081
http://dx.doi.org/10.3354/ame01160
http://dx.doi.org/10.1007/BF02804914
http://dx.doi.org/10.1016/j.hal.2004.12.012
http://dx.doi.org/10.1007/s12237-013-9701-5
http://dx.doi.org/10.1146/annurev-marine-120709-142723
http://dx.doi.org/10.1146/annurev-marine-120709-142723
http://dx.doi.org/10.1016/j.dsr2.2009.01.001
http://dx.doi.org/10.1016/j.dsr2.2009.01.001
http://dx.doi.org/10.1007/BF02804910
http://dx.doi.org/10.1007/BF02804910
http://dx.doi.org/10.5194/bg-12-6125-2015
http://dx.doi.org/10.1139/f75-268
http://dx.doi.org/10.1038/nature01165
http://dx.doi.org/10.4319/lo.1994.39.4.0772
http://dx.doi.org/10.4319/lo.1994.39.4.0772
http://dx.doi.org/10.1007/s00027-007-0922-1
http://dx.doi.org/10.1080/07438148909354677
http://dx.doi.org/10.4319/lo.2004.49.6.2162
http://dx.doi.org/10.4319/lo.2004.49.6.2162
http://dx.doi.org/10.4319/lo.2009.54.3.1015
http://dx.doi.org/10.1146/annurev-marine-121211-172337
http://dx.doi.org/10.1146/annurev-marine-121211-172331
http://dx.doi.org/10.3390/w12123523
http://dx.doi.org/10.3354/meps273269
http://dx.doi.org/10.3354/meps273269
http://dx.doi.org/10.1098/rspb.1973.0051
http://dx.doi.org/10.1098/rspb.1973.0051
http://dx.doi.org/10.1007/s10750-008-9330-3
http://dx.doi.org/10.1093/plankt/fbl007
http://dx.doi.org/10.3354/ame035197
http://dx.doi.org/10.3354/ame035197
http://dx.doi.org/10.7717/peerj.5081
http://dx.doi.org/10.3354/ame01160
http://dx.doi.org/10.1007/BF02804914
http://dx.doi.org/10.1016/j.hal.2004.12.012
http://dx.doi.org/10.1007/s12237-013-9701-5
http://dx.doi.org/10.1146/annurev-marine-120709-142723
http://dx.doi.org/10.1146/annurev-marine-120709-142723
http://dx.doi.org/10.1016/j.dsr2.2009.01.001
http://dx.doi.org/10.1016/j.dsr2.2009.01.001
http://dx.doi.org/10.1007/BF02804910
http://dx.doi.org/10.1007/BF02804910
http://dx.doi.org/10.5194/bg-12-6125-2015
http://dx.doi.org/10.1139/f75-268
http://dx.doi.org/10.1038/nature01165
http://dx.doi.org/10.4319/lo.1994.39.4.0772
http://dx.doi.org/10.4319/lo.1994.39.4.0772
http://dx.doi.org/10.1007/s00027-007-0922-1
http://dx.doi.org/10.1080/07438148909354677
http://dx.doi.org/10.4319/lo.2004.49.6.2162
http://dx.doi.org/10.4319/lo.2004.49.6.2162
http://dx.doi.org/10.4319/lo.2009.54.3.1015
http://dx.doi.org/10.1146/annurev-marine-121211-172337
http://dx.doi.org/10.1146/annurev-marine-121211-172331
http://dx.doi.org/10.3390/w12123523
http://dx.doi.org/10.3354/meps273269
http://dx.doi.org/10.3354/meps273269
http://dx.doi.org/10.1098/rspb.1973.0051
http://dx.doi.org/10.1098/rspb.1973.0051
http://dx.doi.org/10.1007/s10750-008-9330-3


008-9330-3
Huete-Stauffer T M, Morán X A G. 2012. Dynamics of heterotrophic

bacteria in temperate coastal waters: similar net growth but dif-
ferent controls in low and high nucleic acid cells. Aquatic Mi-
crobial Ecology, 67(3): 211–223, doi: 10.3354/ame01590

Jiang Tao, Chen Feiyu, Yu Zonghe, et al. 2016. Size-dependent deple-
tion and community disturbance of phytoplankton under in-
tensive oyster mariculture based on HPLC pigment analysis in
Daya Bay, South China Sea. Environmental Pollution, 219:
804–814, doi: 10.1016/j.envpol.2016.07.058

Jiang Xin, Li Jiajun, Ke Zhixin, et al. 2017. Characteristics of pico-
plankton abundances during a Thalassiosira diporocyclus
bloom in the Taiwan Bank in late winter. Marine Pollution Bul-
letin, 117(1−2): 66–74, doi: 10.1016/j.marpolbul.2017.01.042

Joint I, Henriksen P, Fonnes G A, et al. 2002. Competition for inorgan-
ic nutrients between phytoplankton and bacterioplankton in
nutrient manipulated mesocosms. Aquatic Microbial Ecology,
29(2): 145–159, doi: 10.3354/ame029145

Ke Zhixin, Tan Yehui, Huang Liangmin, et al. 2019. Significantly de-
pleted 15N in suspended particulate organic matter indicating a
strong influence of sewage loading in Daya Bay, China. Science
of the Total Environment, 650: 759–768, doi: 10.1016/j.scitotenv.
2018.09.076

Kemp W M, Smith E M, Marvin-DiPasquale M, et al. 1997. Organic
carbon balance and net ecosystem metabolism in Chesapeake
Bay. Marine Ecology Progress Series, 150: 229–248, doi: 10.
3354/meps150229

Krause-Jensen D, Markager S, Dalsgaard T. 2012. Benthic and pela-
gic primary production in different nutrient regimes. Estuaries
and Coasts, 35(2): 527–545, doi: 10.1007/s12237-011-9443-1

Lagaria A, Psarra S, Lefèvre D, et al. 2011. The effects of nutrient addi-
tions on particulate and dissolved primary production and
metabolic state in surface waters of three Mediterranean ed-
dies. Biogeosciences, 8(9): 2595–2607, doi: 10.5194/bg-8-2595-
2011

Li Yao, Xiang Chenhui, Jiang Zhijian, et al. 2021. Production and
metabolism characteristics of planktonic community and their
influencing factors in Daya Bay during summer. Journal of
Tropical Oceanography, 40(6): 83–92

Liu Huaxue, Hu Zifeng, Huang Liangmin, et al. 2013. Biological re-
sponse to typhoon in northern South China Sea: A case study of
“Koppu”. Continental Shelf Research, 68: 123–132, doi:
10.1016/j.csr.2013.08.009

López-Sandoval D C, Rowe K, Carillo-de-Albonoz P, et al. 2019. Rates
and drivers of Red Sea plankton community metabolism.
Biogeosciences, 16(15): 2983–2995, doi: 10.5194/bg-16-2983-
2019

Malone T C. 1991. River flow, phytoplankton production and oxygen
depletion in Chesapeake Bay. Geological Society, London, Spe-
cial Publications, 58(1): 83–93

Malone T, Azzaro M, Bode A, et al. 2015. Chapter 6: primary produc-
tion, cycling of nutrients, surface layer and plankton. In: Na-
tions U, ed. First Global Integrated Marine Assessment, Also
Known as the First World Ocean Assessment: World Ocean As-
sessment I. Cambridge: Cambridge University Press, 119–148

Marañón E. 2015. Cell size as a key determinant of phytoplankton
metabolism and community structure. Annual Review of Mar-
ine Science, 7(1): 241–264, doi: 10.1146/annurev-marine-
010814-015955

Morel F M M. 1987. Kinetics of nutrient uptake and growth in phyto-
plankton. Journal of Phycology, 23(2): 137–150, doi: 10.1111/
j.1529-8817.1987.tb04436.x

Nixon S W, Buckley B A, Granger S L, et al. 2008. Nitrogen and phos-
phorus inputs to narragansett bay: past, present, and future. In:
Desbonnet A, Costa-Pierce B A, eds. Science for Ecosystem-
Based Management. New York: Springer, 101–175

Parsons T R, Maita Y, Lalli C M. 1984. A Manual of Chemical and Bio-
logical Methods for Seawater Analysis. Oxford: Pergamon Press

Qiu Dajun, Huang Liangmin, Zhang Jianlin, et al. 2010. Phytoplank-
ton dynamics in and near the highly eutrophic Pearl River Estu-
ary, South China Sea. Continental Shelf Research, 30(2):

177–186, doi: 10.1016/j.csr.2009.10.015
Rochelle-Newall E J, Winter C, Barrón C, et al. 2007. Artificial neural

network analysis of factors controlling ecosystem metabolism
in coastal systems. Ecological Applications, 17(S5): S185–S196,
doi: 10.1890/05-1769.1

Scheffer M, Carpenter S, Foley J A, et al. 2001. Catastrophic shifts in
ecosystems. Nature, 413(6856): 591–596, doi: 10.1038/35098000

Serret P, Fernández E, Sostres J A, et al. 1999. Seasonal compensation
of microbial production and respiration in a temperate sea.
Marine Ecology Progress Series, 187: 43–57, doi: 10.3354/
meps187043

Serret P, Robinson C, Aranguren-Gassis M, et al. 2015. Both respira-
tion and photosynthesis determine the scaling of plankton
metabolism in the oligotrophic ocean. Nature Communica-
tions, 6: 6961, doi: 10.1038/ncomms7961

Smith E M, Kemp W M. 2003. Planktonic and bacterial respiration
along an estuarine gradient: responses to carbon and nutrient
enrichment. Aquatic Microbial Ecology, 30(3): 251–261, doi:
10.3354/ame030251

Smith S V, Mackenzie F T. 1987. The ocean as a net heterotrophic sys-
tem: implications From the carbon biogeochemical cycle.
Global Biogeochemical Cycles, 1(3): 187–198, doi: 10.1029/
GB001i003p00187

Sommer U, Lewandowska A. 2011. Climate change and the phyto-
plankton spring bloom: warming and overwintering zooplank-
ton have similar effects on phytoplankton. Global Change Bio-
logy, 17(1): 154–162, doi: 10.1111/j.1365-2486.2010.02182.x

Song Xingyu, Huang Liangmin, Zhang Jianlin, et al. 2004. Variation of
phytoplankton biomass and primary production in Daya Bay
during spring and summer. Marine Pollution Bulletin,
49(11−12): 1036–1044, doi: 10.1016/j.marpolbul.2004.07.008

Song Xingyu, Huang Liangmin, Zhang Jianlin, et al. 2009. Harmful
algal blooms (HABs) in Daya Bay, China: an in situ study of
primary production and environmental impacts. Marine Pollu-
tion Bulletin, 58(9): 1310–1318, doi: 10.1016/j.marpolbul.
2009.04.030

Song Xingyu, Liu Huaxue, Zhong Yu, et al. 2015. Bacterial growth effi-
ciency in a partly eutrophicated bay of South China Sea: implic-
ation for anthropogenic impacts and potential hypoxia events.
Ecotoxicology, 24(7−8): 1529–1539, doi: 10.1007/s10646-015-
1497-6

Song Xingyu, Tan Meiting, Xu Ge, et al. 2019. Is phosphorus a limit-
ing factor to regulate the growth of phytoplankton in Daya Bay,
northern South China Sea: a mesocosm experiment. Ecotoxico-
logy, 28(5): 559–568, doi: 10.1007/s10646-019-02049-7

Stange P, Bach L T, Le Moigne F A C, et al. 2017. Quantifying the time
lag between organic matter production and export in the sur-
face ocean: implications for estimates of export efficiency. Geo-
physical Research Letters, 44(1): 268–276, doi: 10.1002/2016GL
070875

Strayer D. 1988. On the limits to secondary production. Limnology
and Oceanography, 33(5): 1217–1220, doi: 10.4319/lo.1988.
33.5.1217

Sun Cuici, Wang Youshao, Sun Song, et al. 2006. Dynamic analysis of
phytoplankton community characteristics in Daya Bay, China.
Acta Ecologica Sinica, 26(12): 3948–3958, doi: 10.1016/S1872-
2032(07)60005-5

Sun Cuici, Wang Youshao, Wu Meilin, et al. 2011. Seasonal variation
of water quality and phytoplankton response patterns in Daya
Bay, China. International Journal of Environmental Research
and Public Health, 8(7): 2951–2966, doi: 10.3390/ijerph8072951

USEPA. 2000. Ambient Water Quality Criteria for Dissolved Oxygen
(Saltwater): Cape Cod to Cape Hatteras. Washington: United
States Environmental Protection Agency, 44

Utermöhl H. 1958. Methods of collecting plankton for various pur-
poses are discussed. SIL Communications, 9(1): 1–38

Vázquez-Domínguez E, Vaqué D, Gasol J M. 2007. Ocean warming
enhances respiration and carbon demand of coastal microbial
plankton. Global Change Biology, 13(7): 1327–1334, doi: 10.
1111/j.1365-2486.2007.01377.x

Vidussi F, Mostajir B, Fouilland E, et al. 2011. Effects of experimental

  Xiang Chenhui et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 8, P. 99–110 109

http://dx.doi.org/10.1007/s10750-008-9330-3
http://dx.doi.org/10.3354/ame01590
http://dx.doi.org/10.1016/j.envpol.2016.07.058
http://dx.doi.org/10.1016/j.marpolbul.2017.01.042
http://dx.doi.org/10.3354/ame029145
http://dx.doi.org/10.1016/j.scitotenv.2018.09.076
http://dx.doi.org/10.1016/j.scitotenv.2018.09.076
http://dx.doi.org/10.3354/meps150229
http://dx.doi.org/10.3354/meps150229
http://dx.doi.org/10.1007/s12237-011-9443-1
http://dx.doi.org/10.5194/bg-8-2595-2011
http://dx.doi.org/10.5194/bg-8-2595-2011
http://dx.doi.org/10.1016/j.csr.2013.08.009
http://dx.doi.org/10.5194/bg-16-2983-2019
http://dx.doi.org/10.5194/bg-16-2983-2019
http://dx.doi.org/10.1146/annurev-marine-010814-015955
http://dx.doi.org/10.1146/annurev-marine-010814-015955
http://dx.doi.org/10.1111/j.1529-8817.1987.tb04436.x
http://dx.doi.org/10.1111/j.1529-8817.1987.tb04436.x
http://dx.doi.org/10.1016/j.csr.2009.10.015
http://dx.doi.org/10.1890/05-1769.1
http://dx.doi.org/10.1038/35098000
http://dx.doi.org/10.3354/meps187043
http://dx.doi.org/10.3354/meps187043
http://dx.doi.org/10.1038/ncomms7961
http://dx.doi.org/10.3354/ame030251
http://dx.doi.org/10.1029/GB001i003p00187
http://dx.doi.org/10.1029/GB001i003p00187
http://dx.doi.org/10.1111/j.1365-2486.2010.02182.x
http://dx.doi.org/10.1016/j.marpolbul.2004.07.008
http://dx.doi.org/10.1016/j.marpolbul.2009.04.030
http://dx.doi.org/10.1016/j.marpolbul.2009.04.030
http://dx.doi.org/10.1007/s10646-015-1497-6
http://dx.doi.org/10.1007/s10646-015-1497-6
http://dx.doi.org/10.1007/s10646-019-02049-7
http://dx.doi.org/10.1002/2016GL070875
http://dx.doi.org/10.1002/2016GL070875
http://dx.doi.org/10.4319/lo.1988.33.5.1217
http://dx.doi.org/10.4319/lo.1988.33.5.1217
http://dx.doi.org/10.1016/S1872-2032(07)60005-5
http://dx.doi.org/10.1016/S1872-2032(07)60005-5
http://dx.doi.org/10.3390/ijerph8072951
http://dx.doi.org/10.1111/j.1365-2486.2007.01377.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01377.x
http://dx.doi.org/10.1007/s10750-008-9330-3
http://dx.doi.org/10.3354/ame01590
http://dx.doi.org/10.1016/j.envpol.2016.07.058
http://dx.doi.org/10.1016/j.marpolbul.2017.01.042
http://dx.doi.org/10.3354/ame029145
http://dx.doi.org/10.1016/j.scitotenv.2018.09.076
http://dx.doi.org/10.1016/j.scitotenv.2018.09.076
http://dx.doi.org/10.3354/meps150229
http://dx.doi.org/10.3354/meps150229
http://dx.doi.org/10.1007/s12237-011-9443-1
http://dx.doi.org/10.5194/bg-8-2595-2011
http://dx.doi.org/10.5194/bg-8-2595-2011
http://dx.doi.org/10.1016/j.csr.2013.08.009
http://dx.doi.org/10.5194/bg-16-2983-2019
http://dx.doi.org/10.5194/bg-16-2983-2019
http://dx.doi.org/10.1146/annurev-marine-010814-015955
http://dx.doi.org/10.1146/annurev-marine-010814-015955
http://dx.doi.org/10.1111/j.1529-8817.1987.tb04436.x
http://dx.doi.org/10.1111/j.1529-8817.1987.tb04436.x
http://dx.doi.org/10.1016/j.csr.2009.10.015
http://dx.doi.org/10.1890/05-1769.1
http://dx.doi.org/10.1038/35098000
http://dx.doi.org/10.3354/meps187043
http://dx.doi.org/10.3354/meps187043
http://dx.doi.org/10.1038/ncomms7961
http://dx.doi.org/10.3354/ame030251
http://dx.doi.org/10.1029/GB001i003p00187
http://dx.doi.org/10.1029/GB001i003p00187
http://dx.doi.org/10.1111/j.1365-2486.2010.02182.x
http://dx.doi.org/10.1016/j.marpolbul.2004.07.008
http://dx.doi.org/10.1016/j.marpolbul.2009.04.030
http://dx.doi.org/10.1016/j.marpolbul.2009.04.030
http://dx.doi.org/10.1007/s10646-015-1497-6
http://dx.doi.org/10.1007/s10646-015-1497-6
http://dx.doi.org/10.1007/s10646-019-02049-7
http://dx.doi.org/10.1002/2016GL070875
http://dx.doi.org/10.1002/2016GL070875
http://dx.doi.org/10.4319/lo.1988.33.5.1217
http://dx.doi.org/10.4319/lo.1988.33.5.1217
http://dx.doi.org/10.1016/S1872-2032(07)60005-5
http://dx.doi.org/10.1016/S1872-2032(07)60005-5
http://dx.doi.org/10.3390/ijerph8072951
http://dx.doi.org/10.1111/j.1365-2486.2007.01377.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01377.x
http://dx.doi.org/10.1007/s10750-008-9330-3
http://dx.doi.org/10.3354/ame01590
http://dx.doi.org/10.1016/j.envpol.2016.07.058
http://dx.doi.org/10.1016/j.marpolbul.2017.01.042
http://dx.doi.org/10.3354/ame029145
http://dx.doi.org/10.1016/j.scitotenv.2018.09.076
http://dx.doi.org/10.1016/j.scitotenv.2018.09.076
http://dx.doi.org/10.3354/meps150229
http://dx.doi.org/10.3354/meps150229
http://dx.doi.org/10.1007/s12237-011-9443-1
http://dx.doi.org/10.5194/bg-8-2595-2011
http://dx.doi.org/10.5194/bg-8-2595-2011
http://dx.doi.org/10.1016/j.csr.2013.08.009
http://dx.doi.org/10.5194/bg-16-2983-2019
http://dx.doi.org/10.5194/bg-16-2983-2019
http://dx.doi.org/10.1146/annurev-marine-010814-015955
http://dx.doi.org/10.1146/annurev-marine-010814-015955
http://dx.doi.org/10.1111/j.1529-8817.1987.tb04436.x
http://dx.doi.org/10.1111/j.1529-8817.1987.tb04436.x
http://dx.doi.org/10.1016/j.csr.2009.10.015
http://dx.doi.org/10.1890/05-1769.1
http://dx.doi.org/10.1038/35098000
http://dx.doi.org/10.3354/meps187043
http://dx.doi.org/10.3354/meps187043
http://dx.doi.org/10.1038/ncomms7961
http://dx.doi.org/10.3354/ame030251
http://dx.doi.org/10.1029/GB001i003p00187
http://dx.doi.org/10.1029/GB001i003p00187
http://dx.doi.org/10.1111/j.1365-2486.2010.02182.x
http://dx.doi.org/10.1016/j.marpolbul.2004.07.008
http://dx.doi.org/10.1016/j.marpolbul.2009.04.030
http://dx.doi.org/10.1016/j.marpolbul.2009.04.030
http://dx.doi.org/10.1007/s10646-015-1497-6
http://dx.doi.org/10.1007/s10646-015-1497-6
http://dx.doi.org/10.1007/s10646-019-02049-7
http://dx.doi.org/10.1002/2016GL070875
http://dx.doi.org/10.1002/2016GL070875
http://dx.doi.org/10.4319/lo.1988.33.5.1217
http://dx.doi.org/10.4319/lo.1988.33.5.1217
http://dx.doi.org/10.1016/S1872-2032(07)60005-5
http://dx.doi.org/10.1016/S1872-2032(07)60005-5
http://dx.doi.org/10.3390/ijerph8072951
http://dx.doi.org/10.1111/j.1365-2486.2007.01377.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01377.x
http://dx.doi.org/10.1007/s10750-008-9330-3
http://dx.doi.org/10.3354/ame01590
http://dx.doi.org/10.1016/j.envpol.2016.07.058
http://dx.doi.org/10.1016/j.marpolbul.2017.01.042
http://dx.doi.org/10.3354/ame029145
http://dx.doi.org/10.1016/j.scitotenv.2018.09.076
http://dx.doi.org/10.1016/j.scitotenv.2018.09.076
http://dx.doi.org/10.3354/meps150229
http://dx.doi.org/10.3354/meps150229
http://dx.doi.org/10.1007/s12237-011-9443-1
http://dx.doi.org/10.5194/bg-8-2595-2011
http://dx.doi.org/10.5194/bg-8-2595-2011
http://dx.doi.org/10.1016/j.csr.2013.08.009
http://dx.doi.org/10.5194/bg-16-2983-2019
http://dx.doi.org/10.5194/bg-16-2983-2019
http://dx.doi.org/10.1146/annurev-marine-010814-015955
http://dx.doi.org/10.1146/annurev-marine-010814-015955
http://dx.doi.org/10.1111/j.1529-8817.1987.tb04436.x
http://dx.doi.org/10.1111/j.1529-8817.1987.tb04436.x
http://dx.doi.org/10.1016/j.csr.2009.10.015
http://dx.doi.org/10.1890/05-1769.1
http://dx.doi.org/10.1038/35098000
http://dx.doi.org/10.3354/meps187043
http://dx.doi.org/10.3354/meps187043
http://dx.doi.org/10.1038/ncomms7961
http://dx.doi.org/10.3354/ame030251
http://dx.doi.org/10.1029/GB001i003p00187
http://dx.doi.org/10.1029/GB001i003p00187
http://dx.doi.org/10.1111/j.1365-2486.2010.02182.x
http://dx.doi.org/10.1016/j.marpolbul.2004.07.008
http://dx.doi.org/10.1016/j.marpolbul.2009.04.030
http://dx.doi.org/10.1016/j.marpolbul.2009.04.030
http://dx.doi.org/10.1007/s10646-015-1497-6
http://dx.doi.org/10.1007/s10646-015-1497-6
http://dx.doi.org/10.1007/s10646-019-02049-7
http://dx.doi.org/10.1002/2016GL070875
http://dx.doi.org/10.1002/2016GL070875
http://dx.doi.org/10.4319/lo.1988.33.5.1217
http://dx.doi.org/10.4319/lo.1988.33.5.1217
http://dx.doi.org/10.1016/S1872-2032(07)60005-5
http://dx.doi.org/10.1016/S1872-2032(07)60005-5
http://dx.doi.org/10.3390/ijerph8072951
http://dx.doi.org/10.1111/j.1365-2486.2007.01377.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01377.x


warming and increased ultraviolet B radiation on the Mediter-
ranean plankton food web. Limnology and Oceanography,
56(1): 206–218, doi: 10.4319/lo.2011.56.1.0206

Wang Youshao, Lou Zhiping, Sun Cuici, et al. 2008. Ecological envir-
onment changes in Daya Bay, China, from 1982 to 2004. Mar-
ine Pollution Bulletin, 56(11): 1871–1879, doi: 10.1016/j.mar-
polbul.2008.07.017

Wang Zhaohui, Zhao Jiangang, Zhang Yujuan, et al. 2009. Phyto-
plankton community structure and environmental parameters
in aquaculture areas of Daya Bay, South China Sea. Journal of
Environmental Sciences, 21(9): 1268–1275, doi: 10.1016/S1001-
0742(08)62414-6

Watson S B, Zastepa A, Boyer G L, et al. 2017. Algal bloom response
and risk management: on-site response tools. Toxicon, 129:
144–152, doi: 10.1016/j.toxicon.2017.02.005

Williams P J L B, Quay P D, Westberry T K, et al. 2013. The oligotroph-
ic ocean is autotrophic. Annual Review of Marine Science, 5:
535–549, doi: 10.1146/annurev-marine-121211-172335

Wilson J, Abboud S, Beman J M. 2017. Primary production, com-
munity respiration, and net community production along oxy-
gen and nutrient gradients: environmental controls and
biogeochemical feedbacks within and across “marine lakes”.
Frontiers in Marine Science, 4: 12, doi: 10.3389/fmars.2017.
00012

Wiltshire K H, Malzahn A M, Wirtz K, et al. 2008. Resilience of North
Sea phytoplankton spring bloom dynamics: an analysis of long-
term data at Helgoland Roads. Limnology and Oceanography,
53(4): 1294–1302, doi: 10.4319/lo.2008.53.4.1294

Wu Meilin, Wang Youshao. 2007. Using chemometrics to evaluate an-
thropogenic effects in Daya Bay, China. Estuarine, Coastal and
Shelf Science, 72(4): 732–742, doi: 10.1016/j.ecss.2006.11.032

Wu Meilin, Wang Yutu, Cheng Hao, et al. 2020. Phytoplankton com-
munity, structure and succession delineated by partial least
square regression in Daya Bay, South China Sea. Ecotoxicology,
29(6): 751–761, doi: 10.1007/s10646-020-02188-2

Wu Meilin, Wang Youshao, Wang Yutu, et al. 2017. Scenarios of nutri-
ent alterations and responses of phytoplankton in a changing
Daya Bay, South China Sea. Journal of Marine Systems, 165:

1–12, doi: 10.1016/j.jmarsys.2016.09.004
Xiang Chenhui, Tan Yehui, Zhang Huangchen, et al. 2019. The key to

dinoflagellate (Noctiluca scintillans) blooming and outcompet-
ing diatoms in winter off Pakistan, northern Arabian Sea. Sci-
ence of the Total Environment, 694: 133396, doi: 10.1016/j.
scitotenv.2019.07.202

Xie Fuwu, Song Xingyu, Tan Yehui, et al. 2019. Impact of simulated
warming and nutrients input on plankton community metabol-
ism in Daya Bay. Journal of Tropical Oceanography, 38(2):
48–57

Yang Xi, Tan Yehui, Li Kaizhi, et al. 2020. Long-term changes in sum-
mer phytoplankton communities and their influencing factors
in Daya Bay, China (1991−2017). Marine Pollution Bulletin,
161: 111694, doi: 10.1016/j.marpolbul.2020.111694

Yin Kedong, Song Xiuxian, Liu Sheng, et al. 2008. Is inorganic nutri-
ent enrichment a driving force for the formation of red tides? A
case study of the dinoflagellate Scrippsiella trochoidea in an
embayment. Harmful Algae, 8(1): 54–59, doi: 10.1016/j.hal.2008.
08.004

Yu Jing, Tang Danling, Oh I S, et al. 2007. Response of harmful algal
blooms to environmental changes in Daya Bay, China. Ter-
restrial Atmospheric and Oceanic Sciences, 18(5): 1011–1027,
doi: 10.3319/TAO.2007.18.5.1011(Oc

Zhang Xia, Shi Zhen, Huang Xiaoping, et al. 2017. Abiotic and biotic
factors influencing nanoflagellate abundance and distribution
in three different seasons in PRE, South China Sea. Continental
Shelf Research, 143: 1–8, doi: 10.1016/j.csr.2017.05.012

Zhao Xiufeng, Yang Weifeng, Ma Haoyang, et al. 2019. Seasonal vari-
ations in the abundance and sinking flux of biogenic silica in
Daya Bay, northern South China Sea. Oceanologia, 61(2):
239–251, doi: 10.1016/j.oceano.2018.11.003

Zhu Aijia, Huang Liangmin, Xu Zhanzhou. 2008. Impacts of nitrogen
and phosphorus on phytoplankton community structure in
Dapeng’ao area of Daya Bay I. Chlorophyll a and primary pro-
ductivity. Journal of Tropical Oceanography, 27(1): 38–45

Zwart J A, Solomon C T, Jones S E. 2015. Phytoplankton traits predict
ecosystem function in a global set of lakes. Ecology, 96(8):
2257–2264, doi: 10.1890/14-2102.1

Supplementary information:

　　Fig. S1. Changes of diatom (a) and dinoflagellate (b) abundances in the mesocosms.
　　Fig. S2. Size structure of Chl a (a) and primary production (b) in the mesocosms on D10.
　　Fig. S3. Comparison of the ecological responses to nutrient input of different concentrations.
　　Table S1. Changes of dominant phytoplankton species (the three most dominant) before (the initial) and after 10 d incubation in
different treatments.
　　Table S2. Nutrient criteria for eutrophication in different regions.
　　The supplementary information is available online at https://doi.org/10.1007/s13131-022-1986-4 and www.aosocean.com. The
supplementary information is published as submitted, without typesetting or editing. The responsibility for scientific accuracy and
content remains entirely with the authors.

110 Xiang Chenhui et al. Acta Oceanol. Sin., 2022, Vol. 41, No. 8, P. 99–110  

http://dx.doi.org/10.4319/lo.2011.56.1.0206
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/j.toxicon.2017.02.005
http://dx.doi.org/10.1146/annurev-marine-121211-172335
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.4319/lo.2008.53.4.1294
http://dx.doi.org/10.1016/j.ecss.2006.11.032
http://dx.doi.org/10.1007/s10646-020-02188-2
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.marpolbul.2020.111694
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.3319/TAO.2007.18.5.1011(Oc
http://dx.doi.org/10.1016/j.csr.2017.05.012
http://dx.doi.org/10.1016/j.oceano.2018.11.003
http://dx.doi.org/10.1890/14-2102.1
http://dx.doi.org/10.4319/lo.2011.56.1.0206
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/j.toxicon.2017.02.005
http://dx.doi.org/10.1146/annurev-marine-121211-172335
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.4319/lo.2008.53.4.1294
http://dx.doi.org/10.1016/j.ecss.2006.11.032
http://dx.doi.org/10.1007/s10646-020-02188-2
http://dx.doi.org/10.4319/lo.2011.56.1.0206
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/j.toxicon.2017.02.005
http://dx.doi.org/10.1146/annurev-marine-121211-172335
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.4319/lo.2008.53.4.1294
http://dx.doi.org/10.1016/j.ecss.2006.11.032
http://dx.doi.org/10.1007/s10646-020-02188-2
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.marpolbul.2020.111694
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.3319/TAO.2007.18.5.1011(Oc
http://dx.doi.org/10.1016/j.csr.2017.05.012
http://dx.doi.org/10.1016/j.oceano.2018.11.003
http://dx.doi.org/10.1890/14-2102.1
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.marpolbul.2020.111694
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.3319/TAO.2007.18.5.1011(Oc
http://dx.doi.org/10.1016/j.csr.2017.05.012
http://dx.doi.org/10.1016/j.oceano.2018.11.003
http://dx.doi.org/10.1890/14-2102.1
http://dx.doi.org/10.4319/lo.2011.56.1.0206
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/j.toxicon.2017.02.005
http://dx.doi.org/10.1146/annurev-marine-121211-172335
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.4319/lo.2008.53.4.1294
http://dx.doi.org/10.1016/j.ecss.2006.11.032
http://dx.doi.org/10.1007/s10646-020-02188-2
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.marpolbul.2020.111694
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.3319/TAO.2007.18.5.1011(Oc
http://dx.doi.org/10.1016/j.csr.2017.05.012
http://dx.doi.org/10.1016/j.oceano.2018.11.003
http://dx.doi.org/10.1890/14-2102.1
http://dx.doi.org/10.4319/lo.2011.56.1.0206
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/j.toxicon.2017.02.005
http://dx.doi.org/10.1146/annurev-marine-121211-172335
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.4319/lo.2008.53.4.1294
http://dx.doi.org/10.1016/j.ecss.2006.11.032
http://dx.doi.org/10.1007/s10646-020-02188-2
http://dx.doi.org/10.4319/lo.2011.56.1.0206
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/j.marpolbul.2008.07.017
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/S1001-0742(08)62414-6
http://dx.doi.org/10.1016/j.toxicon.2017.02.005
http://dx.doi.org/10.1146/annurev-marine-121211-172335
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.3389/fmars.2017.00012
http://dx.doi.org/10.4319/lo.2008.53.4.1294
http://dx.doi.org/10.1016/j.ecss.2006.11.032
http://dx.doi.org/10.1007/s10646-020-02188-2
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.marpolbul.2020.111694
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.3319/TAO.2007.18.5.1011(Oc
http://dx.doi.org/10.1016/j.csr.2017.05.012
http://dx.doi.org/10.1016/j.oceano.2018.11.003
http://dx.doi.org/10.1890/14-2102.1
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.jmarsys.2016.09.004
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.scitotenv.2019.07.202
http://dx.doi.org/10.1016/j.marpolbul.2020.111694
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.1016/j.hal.2008.08.004
http://dx.doi.org/10.3319/TAO.2007.18.5.1011(Oc
http://dx.doi.org/10.1016/j.csr.2017.05.012
http://dx.doi.org/10.1016/j.oceano.2018.11.003
http://dx.doi.org/10.1890/14-2102.1
https://doi.org/10.1007/s13131-022-1986-4
www.aosocean.com

	1 Introduction
	2 Materials and methods
	2.1 Experimentation setups
	2.2 Sample collection and measurements
	2.2.1 Physical and chemical parameters
	2.2.2 Phytoplankton biomass and size structure
	2.2.3 Microscopic analysis of phytoplankton abundance and community structure
	2.2.4 Picoplankton abundance
	2.2.5 Plankton community metabolism
	2.2.6 Data analysis


	3 Results
	3.1 Environmental conditions
	3.2 Plankton community metabolism
	3.3 Chl a concentration and size structure
	3.4 Phytoplankton community structure
	3.5 Euk, Syn and HBA

	4 Discussion
	4.1 Response of community metabolism to daily nutrient inputs
	4.2 Biogeochemical feedback of planktonic metabolism
	4.3 Indicative function of metabolic disorders in ecosystem instability and potential risks
	4.4 Potential nutrient input threshold associated with ecosystem health and metabolic balance

	5 Conclusions
	Acknowledgements
	References

