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Abstract
In order to study the effects of latitudinal change in physical and chemical environments on phytoplankton cells, we
investigated the early summer phytoplankton biomass, species composition and size-fractioned productivity in surface water
from the Java Sea to the South China Sea (from 68S to 208N) from 18 May to 27 May 2010. Chlorophyll a (Chl a)
concentration decreased latitudinally from 0.18 (�68S) to 0.05 mg l�1 (�108N). The dominant species, the cyanobacteria
Trichodesmium erythraeum, dinof lagellates (e.g. Gyrodinium dominans, Amphidinium carterae and Gonyaulax spp.) and
diatoms (e.g. Thalassionema nitzschioides, Rhizosolenia spp. and Chaetoceros spp.) changed to only the dinof lagellate species.
Also, the Chl a biomass increased to 0.14 mg l�1 towards the end of the survey (�208N) with the dinof lagellates as the most
abundant group. Productivity of phytoplankton assemblages coincided with Chl a concentration, and decreased accordingly
from 9.24 9 0.71 to 2.87 9 0.41 mg C l�1 day�1, then increased to 5.4591.1 mg C l�1 day�1. Chl a concentration and
productivity were significantly correlated (PB0.05) with microplankton cell abundance, as well as nutrient concentrations,
which appeared to exert a strong influence over latitudinal variation in primary production.
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Introduction

Marine phytoplankton plays an important role in

the oceanic biological CO2 pump, resulting in

continuous dissolution of CO2 from the atmo-

sphere into the oceans. These autotrophic organ-

isms sustain the largest ecosystems on the earth,

accounting for less than 1% of photosynthetic

biomass, but contributing to about half of primary

production on our planet (Field et al. 1998).

According to Pianka (1966), any spatial or tem-

poral variations in phytoplankton biomass, com-

munity structure or productivity would be an

important feature in regulating the marine ecosys-

tems; therefore, many researchers have focused on

such dynamics of phytoplankton assemblages

(Marañón et al. 2001; Eilertsen & Frantzen

2007; Li et al. 2009; Li et al. 2011a).

Several factors have been identified as being

responsible for the dynamics of phytoplankton

species in the oceans (Eilertsen & Frantzen 2007).

Light intensity can be a crucial environmental factor

by driving or photoinhibiting algal photosynthesis,

and thus controlling growth or production (Colern

1999; Gao et al. 2007a, b), while vertical mixing

impacts a series of physiological responses to solar

radiation (Helbling et al. 2003; Li et al. 2009) and

further alters their community structure (Eilertsen &

Frantzen 2007). Temperature regulates ocean sur-

face stratification and reduces the exchange of

nutrients between the deeper nutrient-rich waters
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and the surface waters. A reduction in nutrient

delivery from the deep ocean can significantly alter

phytoplankton species composition in the surface

waters (Chen & Chen 2006). In some cases, the

availability of trace metals (mainly iron) can also

result in the variability of phytoplankton standing

stock or size distribution (Helbling et al. 1991; Coale

et al. 1996). Changes in the physical (e.g. tempera-

ture, light penetration and mixing) and chemical

(e.g. nutrients and trace metals) environments are

known to influence the phytoplankton communities

(Helbling et al. 1991, 2003; Li et al. 2009, Li et al.

2011b; Qiu et al. 2010). These factors mostly likely

change latitudinally from the Java Sea to the South

China Sea. The biomass or size distribution as well

as production of phytoplankton would thus change

accordingly in this area; however, few studies have

documented such geographical changes.

The marginal area of the Java Sea to South China

Sea covers the equatorial and subtropical regions

(�30 latitudinal degrees from 68S to 248N) and

supports millions of people living along the coasts

based on its fishery and other natural resources

(Morton & Blackmore 2001). It also plays a poten-

tially important role in regulating the global climate

change (Qu et al. 2009). In recent years, extensive

studies on physical oceanographic processes have

been performed in this area (see the review by Qu

et al. 2009 and literature therein). To the best of our

knowledge, however, little is known about its marine

biota and ecology, especially the latitudinal dynamics

of phytoplankton, even though a few studies have

been conducted in some limited areas, such as Xisha

and Zhongsha Islands (Cheng & Liu 1997), Nansha

Islands (Huang 1991; Huang & Chen 1997; Yang &

Jiao 2004), the central basin (Liu et al. 2007) and

the coastal (Gin et al. 2000; Song et al. 2009) or

pelagic waters (Ning et al. 2004; Chen & Chen

2006, Li et al. 2011a). Moreover, there have been

few latitudinal studies that have measured the

species composition and size structure of the

community or its activity. Here, we showed the

latitudinal dynamics of phytoplankton species, size-

fractioned production as well as nutrient concentra-

tions [i.e. dissolved inorganic nitrogen (NO3
�, NO2

�)

and phosphate (PO4
3�)] in surface waters from the

Java Sea to the South China Sea (68S to 208 N).

Materials and methods

Study area and sampling protocol

This study was carried out during a cruise from 18

May to 27 May 2010 from Sunda Strait (Java Sea) to

northern South China Sea (Figure 1), which covered

about 26 latitudinal degrees (68S to 208N) with the

water depth varying from 30 to 3000 m. Surface

seawater samples (up to 20 cm depth) were obtained

every morning (8:30) and evening (21:30) using a 5-l

acid-cleaned (1 mol l�1 HCl) polycarbonate bucket

with a cap. The water samples were collected at an

interval of approximately 2 latitudinal degrees and

were used immediately (within 15 min) for determi-

nation of size-fractioned photosynthetic carbon fixa-

tion, chlorophyll a, species composition, nutrients,

as well as temperature and salinity as described

below.

Determination of photosynthetic carbon fixation

To determine the rate of photosynthetic carbon

fixation, the water samples were pre-filtered through

200-mm pore-size mesh (to remove large zooplank-

ton), divided into triplicate 500-ml polycarbonate

tubes (Nalgene†), inoculated with 400 ml of 4 mCi

(0.148 MBq) NaH14CO3 solution (ICN Radioche-

micals, USA) and incubated beneath the surface (5

cm) of a shade-free water tank in which the

temperature was controlled within a range of 30�
328C [the same range as sea-surface temperature

(SST)] by continuously pumping surface seawater.

The incubations were exposed to solar radiation and

lasted for 24 h. Additional duplicate tubes wrapped

in black foil were incubated as the dark control. After

the incubation, the cells were sequentially filtered

onto 20- and 3-mm pore-size polycarbonate filters

(25 mm, Osmonics Inc.) and a 0.7-mm pore-size

glass fibre filter (25 mm, Whatman GF/F), which

was immediately frozen and stored at �208C for later

analysis. The frozen filter was placed into a 20-ml

scintillation vial, thawed and inoculated with 0.5 ml

of 0.5 mol l�1 HCl, and left uncapped for 24 h in a

fume hood to expel non-fixed 14C. Scintillation

cocktail (5 ml) was added to each vial and radio-

activity was measured with a liquid scintillation

counter (LS 6500, Beckman Coulter, USA). The

photosynthetic carbon fixation was calculated ac-

cording to the JGOFS 14C-protocol (Knap et al.

1996). A total of 14 incubations were performed

during the survey.

Chlorophyll a and species analyses

At the beginning of each experiment, chlorophyll a

(Chl a) concentration of three cell-size fractions was

determined by sequentially filtering 800 ml of sur-

face seawater onto 20-, 3- and 0.7-mm filters

described above, which were then wrapped in

aluminum foil and stored at �208C for later extrac-

tion and measurement. Chl a concentration was

determined by fluorescence with a Turner Design 10

fluorometer following the equations of Parsons et al.
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Figure 1. Map of the South China Sea and Java Sea, with the stars (*) showing the sampling sites where the experiments were performed

from 18 May to 27 May 2010.
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(1984). After complete extraction with 90% acetone

(v/v) in the dark for 24 h at 48C, total Chl a was

obtained by adding together the three size fractions.

In this article, phytoplankton larger than 20 mm cell-

diameter was defined as microplankton, 3�20 mm as

nanoplankton and 0.7�3 mm as picoplankton.
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Figure 3. Biological characteristics in surface seawater from 68S to 208N: (A) Chl a biomass (mg l�1) of micro- (� 20 mm), nano- (3�20

mm) and pico-plankton (B 3 mm); (B) carbon fixation (mg C l�1 day�1); and (C) assimilation number [mg C (mg Chl a)�1 h�1] of three cell-
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Figure 4. Variability of surface phytoplankton community structure from the Java Sea to the South China Sea.
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For species analysis, phytoplankton samples were

fixed with Lugol’s solution according to Parsons

et al. (1984). The subsample of 800 ml was

concentrated down to 20 ml by settling for at least

24 h and siphoning the supernatant, then qualitative

and quantitative analyses were carried out with a

compound microscope for the whole 0.5 ml sample

using Utermöhl’s (1958) method.

Measurements of environmental factors

For nutrient measurements, the water sample was

pre-filtrated through a Whatman GF/F filter, and

concentrations of nitrate (NO3
�), nitrite (NO2

�),

phosphate (PO4
3�) and silicate (SiO3

2�) were analysed

with a nutrients autoanalyser (Quickchem 8500,

Lachat Instruments, USA) following the description

of Kirkwood et al. (1996). This equipment has

detection limits of 0.014, 0.005 and 0.075 mmol l�1

for NO3
� � NO2

�, PO4
3� and SiO3

2�, respectively. It

was calibrated regularly with the support of the

manufacturer against CSK standard solutions, and

also calibrated before and during the measurements

of each of the eight samples. Analyses of errors were

less than 10%; the silicate concentrations were not

reported here due to the contamination by glass fibre

filters.

Surface seawater temperature (SST) and salinity

(SSS) were measured with a multi-parameter water

quality monitor SONDE (YSI 6600, Yellow Springs

Instruments, USA) during the cruise.

Statistics

Mean and standard deviations were calculated and

the correlation between variables was established

using a Kendall’s t test with 95% confidence limit.

Results

Surface seawater salinity (SSS) increased latitudin-

ally from 32.61 at L1 station (�68S) to 34.05 at L9

station (�88N), then decreased gradually to the end

of the survey to 33.16 at L14 station (�208N)

(Figure 2A). SST showed the same trend as SSS,

with the values gradually increasing from 30.58 (L1)

to 31.118C (L12), then sharply decreasing to

29.148C (L14) (Figure 2A). Phosphate concentra-

tions increased northwards from 0.10 to 0.16

mmol l�1 (Figure 2B). Dissolved inorganic nitrogen

(NO3
� � NO2

�) concentration also displayed a high

geographical variability, with the maximum and

minimum being 10.0 and 0.39 mmol l�1 at station

L1 and L12, respectively (Figure 2C).

Latitudinal variations in phytoplankton biomass

(Chl a) and size distributions throughout the in-

vestigation are shown in Figure 3. The highest Chl a

concentration of 0.18 mg l�1 was observed at L1

station, which sharply decreased to 0.09 mg l�1 at L3

station, then to 0.05 mg L�1 at L8 station (Figure 3A).

The lower Chl a appeared at L8 to L12 station where

concentrations ranged from 0.048 to 0.053 mg l�1;

however, it sharply increased to 0.14 mg l�1 at L14

station (Figure 3A). Higher concentrations of Chl a

(e.g. L1 station) were observed in near-shore waters

(Figure 3A), indicating the influence of land-derived

runoffs. In most cases, picoplankton (0.7�3 mm)

accounted for 80% of Chl a allocation (0.04�
0.12 mg Chl a l�1) (Figure 3A). The Chl a of

nanoplankton (3�20 mm) appeared to be more stable

and varied within a narrow range of 0.01�0.02 mg l�1

(Figure 3A); while that of microplankton (�20 mm)

varied greatly from 0.002 to 0.05 mg l�1 and decreased

from L1 station northwards (Figure 3A). Chl a

biomass of micro-cells was positively correlated to

total Chl a (r � 0.79, P B 0.01) (Table II), indicating
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the micro-cells dominated the overall variations

of total phytoplankton. The peak of Chl a (e.g.

L1 station) also had the highest phytoplankton

abundance (�2.1 � 104 cells l�1), with the cyano-

bacteria Trichodesmium erythraeum, dinof lagellates

Gyrodinium dominans, Amphidinium carterae and

Gonyaulax spp. and diatoms Thalassionema

nitzschioides, Rhizosolenia spp. and Chaetoceros spp.

being the dominant species (Table I, Figure 4).

Interestingly, the diatoms species gradually disap-

peared from L1 station northwards (Figure 4), with

the dinof lagellates becoming the dominant groups,

and the cyanobacteria, T. erythraeum being dominant

at some stations (L1, L3, L7, L9, Table I, Figure 4).

Carbon fixation by phytoplankton assemblages

was also variable, and coincided well with Chl a

biomass (Figure 3A, B). The photosynthetic capa-

city per volume of seawater sharply decreased from

9.24 9 0.71 (L1) to 2.87 9 0.41 mg C l�1 day�1

(L8), but then gradually increased to 5.45 9 1.1 mg

C l�1 day�1 (L14) at the end of the survey (Figure

3B). Total daily productivity was generally higher at

stations in the vicinity of land (e.g. L1 to L6).

Carbon fixation of three cell-size fractions to total

productivity displayed a similar pattern as that of Chl

a: i.e. picoplankton represented the most important

contributors, accounting for 45�69% of the daily

primary production; whereas micro- and nano-frac-

tions contributed to 14�45% and 10�25%, respec-

tively (Figure 3B). Moreover, Chl a of micro-cells

was positively correlated (r � 0.59, P B 0.05) to

total carbon fixation (Table II), reflecting the con-

tribution of micro-cells on total primary production.

Finally, photosynthetic rate ranged from 3.78 9 1.1

(L6) to 7.75 9 0.45 mg C (mg Chl a)�1 h�1 (L3), with

micro-, nano- or pico-cells accounting for an average

of 13, 15 and 72%, respectively (Figure 3C).

When the phytoplankton biomass and productiv-

ity were plotted against the environmental factors

(i.e. SST, SSS, NO2
� and NO3

� and PO4
3�), the

biomass and production (Chl a and C-fixation) were

negatively (P B 0.05) correlated to SSS, but

positively correlated (P B 0.05) to the concentration

of NO3
� and NO2

� (Table II), which indicated that the

primary production was to some extent controlled by

the available nutrients derived from the land. On the

other hand, there was a positive relationship (r �
0.76, P B 0.01) between photosynthetic rate and

SST (Figure 5), suggesting the higher temperature

favoured the photosynthetic capacity of phytoplank-

ton assemblages.

Discussion

In this study, we demonstrated the spatial variability

over 26 latitudinal degrees for biomass, species

compositions and productivity of phytoplankton

from the Java Sea to the South China Sea. We

observed a decrease in Chl a from 68S to 88N and an

increase in Chl a from 88N to 208N, as well as a

change in the dominant phytoplankton species from

cyanobacteria, diatoms and dinoflagellates to only

dinoflagellates. Productivity of phytoplankton

showed the same pattern with Chl a concentration

for the whole transact.

High surface salinity and temperature often char-

acterize the equatorial regions of the world’s oceans

(Bryan et al. 1974), the values of which, however,

were lower in the equatorial zone (i.e. 68S to 38N) of

the present study (Figure 2A). The land-derived

runoffs could be responsible for the lower salinity as

the sampling sites were located close to the land

(Figure 1). Variations in surface temperature are

often regulated by solar energy, especially in the

ocean region in this study, where the severe stratifi-

cation prevails in summer (Chen & Chen 2006).

Unfortunately, solar irradiance or dose for the

experimental periods was not obtained due to no

radiometer being available. Nevertheless, according

to our observations, the presence of cloudy days at

the beginning (18, 20 May) or end (26, 27 May) of

the survey might have accounted for their lower SST

(Figure 2A). The sampling time (morning and

evening) could be another cause for the SST

variations. The river inputs from Pearl River and

upwelling might also be responsible for the lower

SST at L13 and L14 stations (Yin et al. 2001; Voss

et al. 2006). Temperature can affect all biochemical

reactions catalysed by enzymes in phytoplankton

cells (Gillooly et al. 2001), and impact the primary

productivity (Laubscher et al. 1993; Husa et al.

2008; Montagnes et al. 2008). Higher temperature

would increase the activity of enzymes involved in

photosynthetic processes, resulting in higher CO2

assimilation rates (Figure 5) and, subsequently, the

growth of phytoplankton assemblages (Eilertsen &

Frantzen 2007; Bissinger et al. 2008).

The drastic latitudinal variation was seen in the

decrease (68S to 68N) and following increase (68N to

208N) of phytoplankton biomass or production

(Figure 3A,B) as well as the contrasting changes of

the dominant species (Figure 4, Table I). Macro-

nutrients such as phosphate or nitrate often mod-

ulate phytoplankton abundance and size

distributions in marine ecosystems (Yin et al.

2001; Ning et al. 2004; Ryan et al. 2008). In our

study area, the concentration of phosphate was

relatively high (0.10�0.16 moml l�1) (Figure 2C)

and most likely did not limit phytoplankton growth

(Wu et al. 2003). Nitrogen was less than 1.0 moml l�1

in most cases (Figure 2C) and was even sometimes

undetectable (Gong et al. 1992), leading to the low

168 G. Li et al.



Redfield ratio (N:P) (i.e. 2.3:8.7, except L1).

Phytoplankton growth may be limited by nitrogen

in this region because the N:P ratio is less than 16:1,

resulting in the low primary production (Figure 3B).

A consequence of low nitrogen concentrations and a

high N:P ratio is the dominance of the diazotroph

Trichodesmium erythraeum, which can outcompete

other phytoplankton cells due to their ability to fix

dinitrogen gas in regions of low fixed nitrogen

concentrations (Voss et al. 2006; Subramaniam et

al. 2008). Besides the changes in nutrients regimes,

the salinity seemed to regulate the community shifts

as well, as shown in the higher diatom abundance

with lower SSS (Figure 2A and 4). The grazing

pressure could also contribute to the observed

community changes (Montagnes et al. 2008). The

trace metals (e.g. iron) could be another cause for

the variability in standing stock or community

structure through powering the blooms of the larger

cells (Helbling et al. 1991; Coale et al. 1996). In

summer, the study area was strongly stratified (Chen

& Chen 2006); the land-derived runoffs could be the

main sources of nutrients, which enhanced the

nutrient concentrations and primary production,

indicated by the negative correlation of the SSS

and Chl a or carbon fixation (Table II).

Cell size is one of the important factors influen-

cing the phytoplankton cells distribution or commu-

nity structure, as it determines their metabolic and

growth rates (Raven & Kübler 2002). In this study,

small cells accounted for the bulk of the phytoplank-

ton, with picoplankton (0.7�3 mm) occupying 80%

and 56% of the productivity based on Chl a or CO2

fixation (Figure 3A, B), which was consistent with

the previous reports in this ocean area (Huang 1991;

Ning et al. 2004) or others (Coale et al. 1996;

Table I. Latitudinal variability of the dominant species from L1 (�68S) to L14 station (�208N) in �103 cells l�1 during the cruise. Blank

indicates no algal cells were observed for the special species.

Stations

Species composition L1 L2 L3 L4 L5 L6 L7 L8 L9 L11 L12 L13 L14

Diatoms

Bacteriastrum spp. 0.2 0.9 0.1

Chaetoceros spp. 1.0 0.8 0.5 0.3 0.4 0.5

Coscinodiscus spp. 0.2 0.1 1.0 0.2

Diploneis sp. 0.2

Ditylum sol (Grunow) De Toni, 1894 0.1

Guinardia flaccida (Castracane) Peragallo, 1892 0.2

Lauderia annulata Cleve, 1873 0.1 0.1

Leptocylindrus danicus Cleve, 1889 0.1

Mastogloia rostrata Hustedt, 1933 0.1 0.1

Pleurosigma aestuarii (Brébisson ex Kützing) W. Smith, 1853 0.1 0.1

Pleurosigma angulatum (Queckett) W. Smith, 1852 0.1

Pseudo-nitzschia delicatissima (P.T. Cleve, 1897) Heiden, 1928 0.9

Rhizosolenia spp. 1.4 0.6 1.1 0.2 0.1 0.1 0.2 0.1

Skeletonema costatum (Greville) Cleve, 1873 0.3 0.6

Helicotheca tamesis Ricard, 1987 0.2

Thalassionema nitzschioides (Grunow) Mereschkowsky, 1902 1.0 1.0 0.2 0.1 0.2 0.2

Thalassiosira sp. 0.1 0.3 0.2 0.2 0.1 0.2 0.1

Thalassiothrix longissima Cleve & Grunow, 1880 0.2 0.1

Dinoflagellates

Alexandrium spp. 0.1 0.1 0.1 0.6 0.2 0.2 0.2 0.1 0.2

Amphidinium carterae Hulbert, 1957 0.3 0.7 0.8 1 0.2 0.6 0.7 0.2 0.1 0.6 0.8 0.4 0.3

Ceratium spp. 0.2 0.2 0.1 0.1

Dinophysis sp. 0.1 0.1

Gonyaulax ovalis Schiller, 1929 0.2 0.5 0.2 0.2 0.1 0.1 0 0.1 0.1 0.2

Gonyaulax spp. 2.0 3.0 1.1 0.9 0.3 0.8 0.4 0.8 0.2 2.0 0.6 0.7 0.7

Gyrodinium dominans Hulbert, 1957 4.1 4.7 2.2 1.7 2.0 1.6 0.3 0.2 0.4 2.0 0.2 1.0 0.7

Heterodinium sp. 0.1 0.1 0.1 0.1

Prorocentrum spp. 0.2 0.8 0.3 0.1 0.5 0.3 0.2 0.2 0.3 0.4 0.6 0.4

Protoperidinium sp. 0.1 0.1 0.1

Pyrocystis noctiluca J. Murray, 1885 ex Haeckel, 1890 0.1

Pyrodinium sp. 0.1 0.2

Scrippsiella trochoidea (Stein) Balech ex Loeblich III, 1965 0.1 0.1 0.1 0.2 0.1 0.2

Cyanobacteria

Trichodesmium erythraeum Ehrenberg 7.9 0.8 11.6 4.5 3.4 1.5

Total 21 15 20 4.7 3.8 4.9 7.3 1.7 4.4 5.4 2.3 4.4 2.9
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Marañón et al. 2001). Picoplankton is often quanti-

tatively important both in terms of biomass and

productivity in open oceans (Figure 3A), as com-

pared to coastal or estuarine waters (Tremblay &

Legendre 1994). The small cells with a large surface

per unit volume can utilize nutrients more efficiently

under low nutrient conditions (Raven & Kübler

2002), and thus successfully dominate the oligo-

trophic oceans (Figure 3A). Moreover, the abun-

dance of micro-cells was positively (PB0.05)

correlated to total phytoplankton biomass or pro-

ductivity (Table II), suggesting that the phytoplank-

ton in larger cells mainly contributed to the

geographical variations of the total phytoplankton

productivity.
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Pazló MJ, et al. 2001. Patterns of phytoplankton size structure

and productivity in contrasting open-ocean environments.

Marine Ecology Progress Series 216:43�56.
Montagnes DJS, Morgan G, Bissinger JE, Atkinson S, Weisse T.

2008. Short-term temperature change may impact freshwater

carbon flux: A microbial perspective. Global Change Biology

14:2823�38.
Morton B, Blackmore G. 2001. South China Sea. Marine

Pollution Bulletin 42:1236�63.
Ning X, Chai F, Xue H, Cai Y, Liu C, Shi J. 2004. Physical�

biological oceanographic coupling influencing phytoplankton

and primary production in the South China Sea. Journal

of Geophysical Research 109:C10005, doi:10.1029/2004JC

002365.

Parsons TR, Maita Y, Lalli CM. 1984. A Manual of Chemical

and Biological Methods for Seawater Analysis. Toronto:

Pergamon Press, p 1�173.

Pianka ER. 1966. Latitudinal gradients in species diversity: A

review of concepts. The American Naturalist 100:33�46.
Qiu D, Huang L, Zhang J, Lin S. 2010. Phytoplankton dynamics

in and near the highly eutrophic Pearl River Estuary, South

China Sea. Continental Shelf Research 30:177�86.
Qu T, Song YT, Yamagata T. 2009. An introduction to the South

China Sea throughf low: Its dynamics, variability and application

for climate. Dynamics of Atmospheres and Oceans 47:3�14.
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