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Abstract

Size-based partitioning of phytoplankton is a useful tool for monitoring key phytoplankton traits, and it provides a
better understanding of phytoplankton dynamics. Our aim is to determine the variation in the different size
classes of phytoplankton to the total phytoplankton biomass during the spring and autumn of 2010 and examine
the relationship between phytoplankton size structure and environmental variables and zooplankton community
structure near the Changjiang Estuary. In the spring, phytoplankton populations were predominantly consisted of
nanophytoplankton throughout the study region. In the autumn, picophytoplankton and nanophytoplankton
collectively dominated the phytoplankton community. A Pearson correlation analysis highlighted the role of
temperature and trophic conditions on the contributions of nanophytoplankton and picophytoplankton. The
grazing  pressure  exerted  by  mesozooplankton  could  have  played  an  important  role  in  determining  the
microphytoplankton community structure.
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1  Introduction
Phytoplankton accounts for nearly half of the total global

primary production (Falkowski et al., 1998). As the basis of the
food web, phytoplankton serves as a bridge connecting inorganic
compounds with organic matter that is available to higher troph-
ic levels (Lohrenz et al., 1997; Yin et al., 2004). Thus, phytoplank-
ton community dynamics remain a significant topic in the study
of marine ecosystems (Cloern and Dufford, 2005; Butrón et al.,
2009; Fu et al., 2016).

The size structure of phytoplankton assemblages controls the
trophic organization of planktonic communities and their ability
to export biogenic materials to the ocean’s interior (Marañón,
2015). In addition, phytoplankton size structure responds to en-
vironmental variations (Malone, 1980; Platt and Silvert, 1981;
Tamigneaux et al., 1999; Huete-Ortega et al., 2011). For example,
phytoplankton communities are predicted to shift to smaller
primary producers being dominant in response to warming
(Morán et al., 2010; Polovina and Woodworth, 2012). In contrast,
eutrophication may favor larger-sized cells because of their high-
er photosynthetic efficiency and higher growth rate (Tamigneaux
et al., 1999; Cermeño et al., 2006; Fu et al., 2009). Thus, size-
based partitioning of phytoplankton is a useful tool for monitor-
ing key phytoplankton traits and provides a better understand-
ing of phytoplankton dynamics (Fu et al., 2009).

Abiotic environmental factors, such as temperature, light, nu-
trient supply in the water and hydrodynamic conditions, have

been considered important factors affecting the distribution of
phytoplankton size structure in various marine ecosystems (Rieg-
man et al., 1993; Agawin et al., 2000; Cermeño et al., 2005;
Marañón et al., 2007). Furthermore, zooplankton grazing is im-
portant for regulating the size distribution of phytoplankton as-
semblages (Banse, 1992; Kiørboe, 1993).

The Changjiang Estuary is located in the East China Sea. The
Changjiang River is the largest river in China in terms of volume.
It plays an important role in the terrestrial inputs to the East
China Sea, with a value of 9.32×1011 m3/a (Chen et al., 2001; Chai
et al., 2006; Zhou et al., 2012). Since the 1960s, high rates of popu-
lation growth and economic development in the Changjiang
Basin have resulted in a rapid increase in nutrient fluxes into the
Changjiang Estuary. Consequently, eutrophication has become a
more serious problem. Meanwhile, harmful algal blooms are a
frequent occurrence in the adjacent East China Sea (Zhou et al.,
2008, 2012; Wang et al., 2014). In addition, the impoundment of
the Three Gorges Dam has resulted in notable hydrological vari-
ations, i.e., a decrease in river runoff and a lower current velocity
in the Changjiang River, which may affect the phytoplankton
community structure in the Changjiang Estuary and the adjacent
sea (Jiao et al., 2007; Jia et al., 2014; Lian et al., 2014; Mei et al.,
2015). Therefore, the marine ecological status of the Changjiang
Estuary and the adjacent waters has garnered increased atten-
tion.

Many studies on phytoplankton size structure, including their  
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spatial and temporal variations, have been carried out in the East
China Sea (e.g., Li and Luan, 1998; Huang et al., 2006; Deng et al.,
2008). However, near the Changjiang Estuary, dominant species
were believed to be one of the main factors affecting the size frac-
tion of phytoplankton biomass (Song et al., 2008; Zhou et al.,
2012), and few studies are available that report on the response of
phytoplankton size structure to environmental factors especially
biotic factors. This study includes an investigation of the size-
fractionated phytoplankton biomass in terms of chlorophyll a
(Chl a) content and is aimed at (1) determining the variation in
the size composition of phytoplankton to the total phytoplank-
ton biomass during the spring and autumn of 2010 and (2) ex-
ploring the variation in phytoplankton size structure in relation
to both abiotic (temperature and nutrients) and biotic (zooplank-

ton) factors.

2  Materials and methods

2.1  Sampling
Field cruises were conducted in April 2010, May 2010 and Oc-

tober 2010 in the Changjiang Estuary and its adjacent sea. As il-
lustrated in Fig. 1, the sampling sites were located at approxim-
ately 27.5°–32.5°N, 120°–124.2°E. A total of eight transects were
conducted. Due to marine conditions and unfavorable weather
conditions, the sampling stations and transects were not fixed.
Detailed information about the cruises, sampling stations and
transects are listed in Table 1.
 

A CTD (Seabird 19 plus, Sea-Bird Electronics, USA) was used
to measure seawater salinity and temperature. Surface samples
for Chl a, nutrient, and phytoplankton were collected using 30 L
Niskin bottles. The data on temperature, salinity, nutrients and
zooplankton community are from a project supported by the Na-
tional Basic Research Program of China.

2.2  Size-fractionated Chl a
The phytoplankton biomass was size-fractionated into meso-

(>200 μm), micro- (20–200 μm), nano- (2–20 μm) and pico-
phytoplankton (<2 μm). First, water samples were filtered
through 200 μm and then 20 μm Nitex filters by gravity. The fil-
trates were serially filtered through 2 μm millipore polycarbon-
ate nuclepore filters and 0.7 μm Whatman GF/F filters. The
chlorophyll retained on the 200 μm filters was mesophytoplank-
ton, and the chlorophyll remaining on the 20, 2.0 and 0.7 μm fil-
ters constituted the micro-, nano- and pico-phytoplankton frac-

tions, respectively. For the total Chl a concentration, 200–1 000
mL of seawater was filtered through a 0.7 μm GF/F filter. Filtrates
were immediately frozen in liquid nitrogen until the laboratory
analysis. Pigments were extracted (in the cold and dark) for 16–24
h in 10 mL of 90% acetone. Chl a was measured fluorometrically
by a Turner designs fluorometer (BWT2X7200) before and after
acidification with 10% HCl (Parsons et al., 1984). The value of the
meso-sized phytoplankton was considerably lower than the oth-
er size classes; therefore, the size classes of 20–200 μm and great-
er than 200 μm were combined into the micro-sized class (>20
μm) for data analysis.

2.3  Nutrients analyses
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Seawater samples for the analyses of nutrients were filtered
through precombusted GF/F filters. Filtrates were then analyzed
onboard immediately for nitrate (N- , nitrite (N- ), am-

monium (N- ), inorganic phosphorus (P- ) and dis-

solved silicon (Si- ) using manual colorimetric methods ac-

cording to the marine investigation criterion of China (State
Oceanic Administration, 2008).

2.4  Trophic conditions
To characterize the trophic conditions of coastal marine wa-

ters, a parameter called the trophic state index (TRIX), put for-
ward by Vollenweider et al. (1998) and modified by Giovanardi
and Vollenweider (2004), was adopted. The TRIX is a linear com-

Table 1.   Cruise information and the number of stations where
size-fractionated Chl a was measured
Date of the

cruise
Number of stations of size-fraction-

ated Chl a measurement
Transects

Apr. 8–26 16 Ra, Rb, Za, Zb, Zc

May 7–26 22 Ra, Rb, Za, Zb, Zc,
Da, Db, Dc

Oct. 7–13 24 Ra, Rb, Za, Zb, Zc,
Da, Db, Dc
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Fig. 1.   Sampling stations in the Changjiang Estuary and adjacent coastal waters in the East China Sea. a. April 2010, b. May 2010, and
c. October 2010. The circle dots indicate the stations where size-fractionated Chl a and environmental factors were measured during
each cruise, while the stars indicate the stations where only environmental factors were measured during each cruise.
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bination of four variables related to eutrophication: Chl a, oxy-
gen as absolute percent deviation from saturation conditions, ni-
trogen and phosphorus. Details for the TRIX (itr) are as follows:

itr=
[lg (cca £ cdo£ cdin£ cpo4) + 1:5]

1:2
;

cpo4where cca, cdo, cdin and  represent Chl a, DO%, DIN and PO4

concentrations, respectively.
Values more than six TRIX units mean that the coastal waters

are hypereutrophic, whereas values lower than four TRIX units
are usually associated with oligotrophic coastal waters. In the
open sea, values are generally less than three TRIX units.

2.5  Microscopic analysis of phytoplankton composition
One thousand milliliters of seawater samples were placed in

Pyrex bottles, and fixed with Lugol’s solution (4% final concentra-
tion). For microscopic observation, a volume of 10 mL of each
sample was settled in a settling chamber for at least 24 h and ex-
amined under a Nikon E200 microscope to identify and enumer-
ate phytoplankton taxa following the Utermöhl method
(Utermöhl, 1958).

2.6  Zooplankton analysis
Samples for zooplankton analysis were collected with a

plankton net (mesh size 505 μm, diameter 50 cm). The net was
hauled vertically from the bottom to the surface. The samples
were immediately fixed with 5% formalin for further identifica-
tion of species under the microscope.

2.7  Data analysis
Seasonal differences among the various variables were ana-

lyzed by one-way ANOVA tests. Prior to the test, the homogen-
eity of a variance test was performed to check the validation of
the ANOVA tests. If this test failed, data were log-transformed.
The chlorophyll content of each phytoplankton size class was re-
lated to various variables reported on the basis of the Pearson
correlation analysis.

3  Results

3.1  Overview
The cruise time series during the spring of 2010 covered two

different phases. No dinoflagellate blooms were observed during
April 2010. The average abundance of phytoplankton was
1.99×105 cell/L. The phytoplankton community was dominated
by diatoms, consisting primarily of chain-forming species, such
as Pseudo-nitzschia spp. and Skeletonema spp. In addition, dino-
flagellates, such as Prorocentrum donghaiense, were occasionally
abundant in the southern part of the study area. During May
2010, P. donghaiense blooms, peaking at 3.7×106 cell/L at Station
Zc13, were observed in almost the entire study area, accounting
for more than three quarters of the total phytoplankton abund-
ance.

In the autumn of 2010, the average abundance of phytoplank-
ton was 2.37×104 cell/L, ranging from 1.35×102 to 1.17×105 cell/L.
Although dinoflagellates dominated the phytoplankton com-
munity, their abundance was one or more orders of magnitude
lower than that in May 2010. P. donghaiense were numerically
predominant, occupying 26.9% of the total phytoplankton
abundance.

3.2  Hydrological factors
In April 2010, the water temperature increased gradually from

nearshore to offshore (Fig. 2a), ranging from 11.1 to 16.6°C. The
salinity followed a similar trend as the temperature (Fig. 2d), ran-
ging from 24.0 and 33.2. In May 2010, the water temperature in-
creased to above 15°C. High water temperature values were ob-
served in the eastern locations of the Changjiang Estuary (Fig. 2b).
In October 2010, the water temperatures were notably higher
than those recorded during the other two cruises (P<0.01), aver-
aging 23.3°C. The highest temperature was observed in the
southeastern part of the study area. Lower temperature waters
were distributed near the mouth of the Hangzhou Bay (Fig. 2c).
The salinity was influenced by the diluted water of the Changji-
ang River; values from the near-shore waters were consistently
lower than those from offshore waters (Figs 2d–f). In May 2010
and October 2010, the salinity at Station Db5, close to the mouth
of the Changjiang Estuary, was only 5.7 and 10.0, respectively.

3.3  Nutrients
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The distribution patterns of the nutrient concentrations dur-
ing the three cruises are illustrated in Fig. 3. Since Si-  and

P-  concentrations showed a similar spatial pattern to that of

N- , while N-  and N-  in general constituted a smal-
ler proportion (less than 10% at most stations) of the dissolved in-
organic nitrogen (DIN) and displayed no perceptible spatial pat-
terns, only the spatial distribution of the N-  concentrations
was described in detail for the three cruises. With respect to the
other inorganic nutrients, only the range, the mean and standard
deviation values are presented in Table 2.
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As illustrated in Fig. 3, the general spatial patterns of N-
concentrations decreased from nearshore to offshore. In May
2010, the higher concentrations of N-  were in the northwest-
ern part of the study area (Fig. 3b). In October 2010, high levels of
N-  were observed in the middle part of the study area (Fig. 3c).

The temporal variability revealed that the N-  and Si-

concentrations in April 2010 were higher than those in October
2010 (P<0.05) (Table 2). For the P-  concentrations, no signi-

ficant differences were found between April 2010 and October
2010 (P>0.05). When comparing the nutrient concentrations dur-
ing the two phases in the spring of 2010, the results showed that
the P. donghaiense bloom significantly decreased the P-

concentrations (P<0.01), whereas the N-  and Si-  con-

centrations showed no significant differences between the two
phases (P>0.05).

The TRIX varied between 4.02 and 6.44 in the spring of 2010,
with 20% of the values being higher than 6 (threshold values of
hypereutrophic). In the autumn of 2010, the TRIX ranged from
2.96 to 5.55. The seasonal variability revealed that the TRIX in the
spring were higher than those in autumn (P<0.01).

3.4  Total Chl a and size-fractionated Chl a concentrations
In April 2010, the total Chl a values varied from 0.25 to 6.15 μg/L,

with a mean of 2.16 μg/L. The lowest values of phytoplankton Chl
a were found at the mouth of Hangzhou Bay and in the near-
shore waters of the survey area. Higher Chl a concentrations
were found in the southeastern part of the study area (Fig. 4a).
Micro-Chl a content ranged between 0.02 and 1.25 μg/L. High
microphytoplankton biomass was found in the central waters of
the study area (Fig. 4b). The nano- and pico-sized Chl a exhib-
ited similar trends (Figs 4c and d).

In May 2010, the total Chl a concentration varied between
0.07 and 18.7 μg/L. The breakout of the P. donghaiense bloom
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considerably elevated the Chl a concentration, with a mean value

up to 4.29 μg/L. The region of high Chl a shifted towards the

nearshore waters of the southern part of the study area (Fig. 4e).

A high concentration of micro-Chl a was found near the mouth of

the Hangzhou Bay (Fig. 4f). Nano-Chl a concentrations, in the

range of 0.17 to 15.7 μg/L, exhibited a similar trend as the total

Chl a concentration, with the Chl a concentration distribution

gradually decreasing seaward (Fig. 4g).

In the autumn of 2010, the Chl a concentrations were mark-

edly lower than the values in the spring and were highly variable

throughout the study area. The total Chl a concentration varied

from 0.01 to 0.65 μg/L, with a mean value of 0.30 μg/L. The high

Chl a concentrations were usually located in the southwestern

part of the study area (Fig. 4i). An additional patch of high Chl a
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Fig. 2.   Spatial distribution patterns of temperature (°C) (a, b, c) and salinity (d, e, f) at the surface layer.
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Fig. 3.   Spatial distribution patterns of nitrate concentrations (μmol/L) at the surface layer.
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concentration was observed near 30°N, 123°E. The lowest Chl a
concentrations were observed near the Changjiang Estuary
(Fig. 4i). High concentrations of microphytoplankton Chl a were
east of the Changjiang Estuary (Fig. 4j). In the remaining study
area, the micro-Chl a concentration generally varied between
0.01 and 0.12 μg/L, and the nano-Chl a concentrations varied
between 0.02 and 0.25 μg/L.

3.5  Contributions of size-fractionated Chl a
As illustrated in Fig. 5, the phytoplankton community in April

2010 was dominated by nanophytoplankton, comprising over
60% of the phytoplankton biomass at most of the sampling sta-

tions (Fig. 5).
In May 2010, nanophytoplankton was the absolutely predom-

inant fraction; more than 90% of the Chl a biomass was com-
posed of the nanoplankton fraction (33.4%–97.7%) (Fig. 5). The
percentages of microphytoplankton and picophytoplankton were
0%–53.7% (12.6%) and 0%–46.1% (13.8%), respectively.

In the autumn of 2010, nano- (37.0%) and picophytoplankton
(34.4%) collectively dominated the phytoplankton community. It
can be seen that nanophytoplankton decreased its predomin-
ance and constituted (2.5%–58.0%) considerably lower fractions
than those of the two spring cruises (P<0.01) (Fig. 5). Excluding a
few of the stations, the percentage of the nano-sized fraction was

Table 2.   Nutrient concentrations measured during the three cruises at the surface layer

NO¡
3N- /μmol·L–1 NO¡

2N- /μmol·L–1 NH+
4N- /μmol·L–1 SiO2¡

3Si- /μmol·L–1 PO3¡
4P- /μmol·L–1

April range 4.18–45.8 0.22–0.63   0.2–2.25   2.00–33.22 0.05–1.04

mean±SE 18.76±10.99 0.45±0.13 0.80±0.52 18.07±10.06 0.47±0.32

May range     0.2–71.92 0.03–1.22 0.38–1.59   9.49–76.44 0.04–1.32

mean±SE 13.89±14.14 0.47±0.24 1.04±0.33 20.98±13.54 0.19±0.28

October range        0–15.72 0.16–1.57 0.36–2.06 2.26–17.8 0.02–1.16

mean±SE 9.58±5.31 0.80±0.39 0.99±0.47 10.79±5.17 0.45±0.35

           Note: SE is abbreviated from standard error.
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Fig. 4.   Spatial distribution of total Chl a and the micro-, nano- and pico-sized fractionated Chl a concentrations (μg/L) at the surface
layer.
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generally less than 50.0% (Fig. 5). Conversely, the pico-sized and
micro-sized fraction tended to increase in contribution, account-
ing for 4.5%–70.8% (34.4%) and 7.5%–66.5% (26.1%) of the phyto-
plankton biomass, respectively.

3.6  Zooplankton abundance and dominant species
The zooplankton abundance ranged from 10.8 to 2.4×

103 ind./L. The maximum zooplankton abundance was observed
during April 2010 at Station Za1, while the minimum zooplank-
ton abundance occurred during October 2010 at Station Db5.
The abundance of zooplankton during October 2010 was approx-
imately one-sixth of the quantity of the other two cruises. The
dominant population of zooplankton exhibited an obvious sea-
sonal transition. During the two spring cruises, the total abund-
ance of zooplankton ranged from 37.6 to 2.4×103 ind./L and 16.3
to 1.9×103 ind./L. The dominant taxon was the copepod, Calanus
sinicus, averaging 76.6% (range of 33%– 97%) and 67.4% (range of

6.3%–97.9%) of the total abundance for the two cruises (Fig. 6).
The zooplankton community shifted from the ubiquitous C. sini-
cus towards Sagitta enflata in autumn (Fig. 6). However, the con-
tribution of S. enflata to the total abundance averaged 23.8%
(range of 0%–61.7%), which was much lower than that of C. sini-
cus in the other two spring cruises. Other major taxa included
Euchaeta larvae (18.0%), Eucalanus subcrassus (8.8%), C. sinicus
(5.8%) and Sagitta bedoti (5.0%) (Fig. 6).

3.7  Relationship between Chl a concentration and environmental
factors

PO3¡
4

The results of the Pearson relation analyses of the relation-
ships between the Chl a concentration of the size-fractionated
Chl a and various environment properties are listed in Table 3.
The Chl a concentrations of all of the three fractions showed sig-
nificant, negative correlations with the P-  concentrations

(P<0.01 or less than 0.05). Furthermore, nano-Chl a concentra-
tions was positively correlated with the TRIX, copepod abund-
ance as well as zooplankton abundance (P<0.01) (Table 3).

SiO2¡
3

SiO2¡
3

SiO2¡
3

For the relative contribution of different Chl a variables, the
micro-sized fraction Chl a displayed a negative correlation with
Si- , TRIX, copepod abundance and zooplankton abund-

ance (P<0.01 or less than 0.05) (Table 3). The nano-sized fraction
was correlated positively with DIN, Si- , TRIX, copepod

abundance and zooplankton abundance (Table 3) (P<0.01 or less
than 0.05); it was negatively correlated with the temperature
(P<0.01). A significant negative correlation between the pico-
sized fraction and some nutrients (DIN, Si- ) concentration,

TRIX as well as copepod abundance (P<0.01 or P<0.05) was ob-
served. In addition, the relative contribution of picophytoplank-
ton was positively correlated with the temperature (P<0.01).

4  Discussion

4.1  Seasonal shift in the phytoplankton size structure
It appeared that there was a seasonal shift in the ratio of the

different size classes of phytoplankton to the total Chl a concen-

Table 3.   Pearson correlation coefficients and significance between size-fractionated Chl a concentrations and their contributions to
the total Chl a versus environmental variables

T DIN PO3¡
4P- SiO2¡

3Si- TRIX Copepod abundance Zooplankton abundance
Micro-Chl a/μg·L–1 –0.204n.s.   0.001n.s. –0.295*      0.027n.s. 0.080n.s. 0.024 –0.020

Nano-Chla/μg·L–1 –0.223n.s.   0.001n.s. –0.309*      0.195n.s. 0.439**   0.450** 0.352**

Pico-Chl a/μg·L–1 –0.236n.s. –0.064n.s. –0.361**     –0.085n.s.   0.130n.s. 0.250* 0.221

Micro-Chl a/%   0.153n.s. –0.051n.s. 0.062n.s. –0.252*      –0.279*      –0.338** –0.290*

Nano-Chl a/% –0.425**   0.272*  0.028n.s. 0.551**   0.445**   0.363** 0.287*

Pico-Chl a/% 0.331** –0.257*   –0.091n.s.   –0.450**     –0.362**     –0.296* –0.229

           Note: n.s. represents P>0.05; * P<0.05; ** P<0.01.
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Fig.  5.     Temporal  distribution  of  percentages  of  the  micro-,
nano- and pico-sized fractionated Chl a  concentrations to the
total Chl a concentration.
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Fig. 6.   Zooplankton community structure in the Changjiang Estuary.
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tration in the area near the Changjiang Estuary. Nanophyto-
plankton were the dominant contributor in the spring (Fig. 5), ac-
counting for more than 60.0% of the phytoplankton biomass in
most of the sampling stations. In October, the phytoplankton
community was primarily composed of picophytoplankton and
nanophytoplankton. It is common for seasonal variations to oc-
cur in phytoplankton community structures in estuaries and the
adjacent areas. Qiu et al. (2010) observed this type of shift in the
Zhujiang Estuary and the adjacent near shore oceanic water,
which was similar to the results of Buchanan et al. (2005) for the
Chesapeake Bay.

4.2  Environmental regulation of phytoplankton size structure
The size-fractionated biomass of the phytoplankton changed

according to temperature; small cells increased with increasing
temperature (Mousing et al., 2014). This result might explain why
picophytoplankton increases in importance in the autumn when
temperatures were considerably higher than those in the spring.
The Pearson correlation analysis indicated a significantly posit-
ive correlation between the percent contribution of pico-Chl a
and temperature (P<0.01) when data from all seasons were
pooled. Furthermore, the relative abundance of nanophyto-
plankton decreased with increasing temperature (P<0.01). This
result is consistent with the results from a previous study in Arc-
tic waters, which showed a significant relationship between size
classes of phytoplankton biomass (decrease in nanoplankton and
increase in picoplankton) and an increase in water temperature
(Li et al., 2009; Hilligsøe et al., 2011). This correlation indicates
that water temperature might play a fundamental role in con-
trolling the size distribution of phytoplankton communities.
However, it is still controversial whether temperature has a dir-
ect effect on phytoplankton size structure, since temperature and
nutrient supply are strongly negatively correlated in the ocean
(Kamykowski and Zentara, 1986; Agawin et al., 2000).

SiO2¡
3

It is widely accepted that the contribution of picophytoplank-
ton biomass to total phytoplankton biomass increased from eu-
trophic waters to oligotrophic waters (Agawin et al., 2000;
Marañón et al., 2001; Gaulke et al., 2010; Kulk et al., 2012). In the
present study, when the Chl a values from all cruises were
pooled, the percent contribution of picophytoplankton Chl a to
total Chl a was negatively correlated with DIN, Si-  and TRIX

(Table 3), which is relatively consistent with the general patterns
observed in previous studies.

SiO2¡
3

The microphytoplantkon species have higher nutrient uptake
rates, allowing them to have a competitive advantage for nutri-
ents relative to the smaller cells in eutrophic systems (Riegman et
al., 1993; Gaulke et al., 2010). Thus, the lower nutrient concentra-
tions and lower TRIX in the autumn of 2010 relative to the spring
of 2010 led to the expectation that microphytoplankton would
contribute less to the total phytoplankton biomass. In contrast,
the relative contribution of microphytoplankton biomass to the
total phytoplankton biomass in the autumn of 2010 increased
significantly compared to that in the spring of 2010. The result of
the Pearson correlation analysis indicated that a significantly
negative correlation among Si- concentrations, TRIX and

the contribution of microphytoplankton to total Chl a. This res-
ult is consistent with those obtained in previous studies in the
Zhujiang Estuary (Li et al., 2013), and the Mdloti and Mhlanga es-
tuaries (Thomas et al., 2005). The reason why the microphyto-
plankton increase in its importance under lower trophic condi-
tion may be explained by the grazing pressure of zooplankton. As
previously mentioned, zooplankton grazing plays an important

role in controlling the phytoplankton size structure. Mesozo-
oplankton dominated by copepods are more likely to ingest large
phytoplankton (Uye, 1986; Bautista and Harris, 1992; Nejstgaard
et al., 1995; Hansen et al., 2000; Tan et al., 2004). In the present
study, the abundance of copepods displayed a negative correla-
tion with the relative abundance of microphytoplankton. In the
spring of 2010, copepods were the most abundant mesozo-
oplankton, while their abundance as well as their contribution to
total abundance significantly decreased in the autumn of 2010.
Thus, during the autumn of 2010, the grazing pressure of meso-
zooplankton on microphytoplankton was relatively low. The low
grazing pressure is the most likely reason for the increasing im-
portance of microphytoplankton under lower nutrient concen-
trations conditions during the autumn of 2010. For nanophyto-
plankton, a strong positive correlation was observed between the
percentage of nanophytoplankton and TRIX (Table 3), suggest-
ing that changes in the nanophytoplankton community structure
could reflect nanophytoplankton responses to the trophic condi-
tions.

4.3  Relationship between phytoplankton size structure and an-
thropogenic perturbations
Because of the rapid development of the economy and the ag-

riculture, as well as an increase in the population, the continent-
al nutrient fluxes into the East China Sea have notably increased
over the past few decades (Zhang et al., 1999; Zhou et al., 2001,
2003; Li et al., 2014). However, the nitrogen and phosphorus due
to anthropogenic loading of nutrients usually increased dispro-
portionately (e.g., Chai et al., 2006; Zhou et al., 2008), which res-
ulted in a shift in the nutrient regime in the study area. A high N:P
ratio and phosphate limitation have been characteristics of the
Changjiang Estuary and adjacent coastal areas in the spring
(Zhou et al., 2008). According to Justić et al. (1995), phosphorus
limitation occurs if the ratio of silicon to phosphorus concentra-
tions is greater than 22 and the ratio of nitrogen to phosphorus
concentrations is greater than 22 (Justić et al., 1995). During our
study, in the spring, the ratio of nitrogen to phosphorus concen-
trations generally exceeded 16:1 (22.4% even more than 100:1),
and more than 80% of stations exhibited potential phosphorus
limitation.

PO3¡
4

A high ratio of nitrogen to phosphorus and phosphorus limit-
ation are believed to be responsible for the shift of HAB causative
species from diatoms to dinoflagellates (Zhou et al., 2008). To
date, large-scale dinoflagellate blooms of P. donghaiense in the
study area in the late spring and early summer have been recur-
rent for no less than 10 a (Lu et al., 2005, 2014). It has been repor-
ted that flagellates are highly efficienct in the absorption of phos-
phorus (Egge, 1998), which might explain why the P-  con-

centrations significantly decrease during the P. donghaiense
blooms in our study.

Prorocentrum donghaiense (asymmetric and elongated,
18.6–21.6 μm long, and 9.6–13.0 μm wide) is a type of nano-sized
phytoplankton (Lu et al., 2005). The bloom during the study peri-
od significantly increased the Chl a concentrations of nano-
phytoplankton, as well as their contribution to the total phyto-
plankton biomass. Nano-sized Chl a concentrations increased
from 1.08 to 4.53 μg/L, and contributions to the total Chl a ranged
from 59.3% to 76.2%. Therefore, variations in phytoplankton size
structure might be an indicator of the ecological effects of anthro-
pogenic perturbations, and high-frequency sampling is required
to capture the response of phytoplankton size structure to envir-
onmental changes.

  Li Li et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 1, P. 151–159 157



5  Conclusions
In summary, the variations of size-fractionated Chl a during

the spring and autumn of 2010 and the response of different size
classes to environmental disturbances are presented for the
Changjiang Estuary.

The highlights of this study include the following:
(1) The dominance of nanophytoplankton and/or picophyto-

plankton over microphytoplankton reflecs the eutrophic condi-
tions in the Changjiang Estuary.

(2) A different pattern of the phytoplankton size structure
with nanophytoplankton dominance occurs in the spring and
nanophytoplankton and picophytoplankton co-dominance oc-
curs in the autumn.

(3) Water temperature and trophic conditions are the main
factors influencing the importance of nano- and pico-sized Chl a.

(4) The potential link between the contribution of micro-
phytoplankton increases in the autumn as well as the grazing
pressure exerted by mesozooplankton (copepods).
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