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Abstract 

The South China Sea (SCS) is famous for its internal waves (IWs). To explore its 

impacts on the diel distribution patterns of picophytoplankton, including 

Synechococcus , Prochlorococcus and Picoeukaryotes,  a total of seven anchored 

studies were conducted during the period of 2012~2013 in the SCS areas with different 

physical conditions. These are areas subjected to elevation IWs (4 sites), depression IWs 

(1 site) and weak or no IWs (2 sites). The latter two areas serve as the control sites. 

Results indicated that Synechococcus and Picoeukaryotes showed higher abundance in 

elevation IWs sites (19.92 ×103 and 3.76 ×103 cells ml-1, respectively) than in 

depression and no IWs sites (4.05 ×103 and 1.53 ×103 cells ml-1, respectively). The 

depth-integrated averaged abundance values of Synechococcus and Picoeukaryotes 

increased 5- and 2.5-fold higher than control sites, respectively. Prochlorococcus 

showed a contrast pattern with much lower abundance in the elevation IWs sites. Our 

moored buoy data indicated that the IWs occurred mostly during the flood-tide period. 

Synechococcus and Picoeukaryotes abundance showed similar pattern with the tide 

cycle, suggesting that the limiting inorganic nutrients brought up to the upper-water

column by the elevation IWs might have stimulated the growth of Synechococcus and 

Picoeukaryotes. 

Key word : South China Sea , picophytoplankton , internal waves , Synechococcus ,  

Prochlorococcus , Picoeukaryotes 
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(Scanlan et al., 2009) 0.2~2�m (Sieburth et al., 1978)

(Microbial food chain) (Sherr & Sherr, 1988)

(Campbell et al., 1995)

(Worden et al., 2004)

50 % (Agawin et al., 2000) 70%

(Stockner & Antia, 1986) :Synechococcus

( ) Prochlorococcus ( ) Picoeukaryotes ( )

Synechococcus 0.6~1.6�m

(Rippka et al., 1979) (Moore et al., 1995)

(Beardall et al., 2013)

Synechococcus

(Charpy & Blanchot, 1998; Gradinger & Lenz, 1989; Jochem, 1988)

(Partensky et al.,1996)

Prochlorococcus 1986 (Chisholm et al.,

1988) (

0.5-0.7�m (Morel et al., 1993)) (Raven, 

1994) 40 Prochlorococcus

( 1% ) 100 200

(Partensky et al.,1999)
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Picoeukaryotes 2�m

102 104 cells ml−1 Synechococcus 

Prochlorococcus

Synechococcus (Lefort & Gasol, 2013)

( South China Sea SCS ) 23.8 99.1 121.1

3.5×106

1,212 5,567

(Internal waves IWs) (Hsu & Liu, 2004;

Yang et al., 2004)

(Internal solitary wave)

(Liang, 2010)

(Chang et al., 2006; Chao et al., 2007) (Hsu & Liu, 2004) 1

(H1<H2) 1)

turn point (H1=H2)

(H1>H2)

(Dongsha atoll) 20.35 22.47 116.43 116.55

(Dai, 2005) 25 500
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(Duda et al.,

2004) (Wang et al., 2007) 20

ADCP ( RDI WH 300 )

(Wang et al., 2007)

10~20

(Colosi et al., 2001)

(Colosi et al., 2001; Klymak & Moum, 2003;

Stevens et al., 2005) (Stevens et al.,

2012)

(Elevation IWs) (Depression IWs) ( )

( weak/no IWs ) 24
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OR1-CR1010 (2012/8 SEATS-1) OR1-CR1034

(2013/4 SEATS-2) OR1-CR1015 ( 2012/10/13~10/19

ED ES1 ES2 SS1 SS2 ) 

SEATS 7 24 OR1-CR1015

(ED ) (moored buoy)

( ) SEATS

ED

SEAT-1 SEAT-2 ED

(ES1 ES2 SS1 SS2 ) 

(CTD profiling instrument, 

Sea-Bird Electronics, Inc. SBE 911 plus) (Dissolved oxygen sensor, 

Sea-Bird Electronics, Inc. SBE 43) (Fluorimeter, Chelsea Instruments Ltd. 

AQUA
tracka 

III) (Transmissometer, Chelsea Instruments Ltd. ALPHA
tracka 

II) (PAR; Photosynthesis available radiation sensor, Biospherical 

Instrument Inc. QSP200L ) (General Oceanic Inc. 

Model 1015 Rosette 20-liter Go–Flo 100

6 10 3 6

3
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4 ml 5 ml (Cryogenic Vials, 

Nalgene,USA) 0.04 ml 10% PFA ( Paraformaldehyde, Sigma, USA ;

0.2%)

-80

-80°C

0.01 ml 1�m

( 488 nm)

Synechococcus 

(Rippka et al., 1979)

Prochlorococcus Picoeukaryotes

Prochlorococcus Picoeukaryotes -a

Forward scatter (FSC) Side scatter (SSC)

Prochlorococcus ( 0.7�m) Picoeukaryotes 

( >1�m)

(FloMax)

-a (Chlorophyll a)

-a (Chlorophyll a) 2 polyethylene

(GF/F)

100 mmHg -4

24 5 90%

1
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13mm 0.2�M (PTFE Syringe filter)

(NO3
-) (PO4

3-) (NO3
-)

(Trident-222 Simultaneous Nutrient Analyzer)

(Gong, 1992) Cadmium,ascorbic acid/oxalate Ascorbic acid

(Maita et al., 1984) 0.05 nM MAGIC

(MaGnesum Induced Coprecipitation) (Karl & Tien, 1992; Rimmelin & Moutin, 

2005) (Phosphoantimonymolybedenum 

blue complex method) (Maita et al., 1984; Valderrama, 1981)

:Synechococcus 250±91 fgC cell-1 Prochlorococcus

52±19 fgC cell-1 Picoeukaryotes 730±226 fgC cell-1 (Campbell & Vaulot, 1993;

Casey et al., 2013; Grob et al., 2007) ×

( Depth-integrated averaged values )

( Trapezoidal method )

( Analysis of 

Variance; ANOVA ) ( Correlation Analysis ) ( Multiple 

comparison test ) MATLAB 2010

Surfer 10 Grapher 9 
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OR1-CR1015 ( 2012/10/13~10/19) ED

(Oregon State University Tidal Inversion Software, OTIS)
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OR1-CR1015 ED (moored buoy)

A 25 500

B

( OSU Tidal Inversion Software

)

ED ( 1000 m)

300 10 C

St Laurent, et al. (2011) 

SEATS ( ) : (OR1-CR1010; -A) SEAT

20.40~29.40 26.72±3.16 33.52±0.47 psu

(OR1-CR1034; -B) SEATS 20.54~28.42

25.79±3.01 33.74±0.33 psu SEATS

40 80

(ED ; -C) 20.59~27.43

25.56±2.43 33.71±0.49 psu 50

80

( ) :ES1 ( -D) 22.75~26.60

25.91±0.88 33.46±0.21 psu ES2 ( -E)

22.97~26.59 26.01±0.90 33.42±0.17 psu SS1 (

-F) 18.17~26.44 24.52±2.28 33.63±0.32 
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psu SS2 ( -G) 22.83~26.44 25.85±0.72

33.43±0.11 psu

40m (homogenous)

26

( 24 ) 30

-a (Chlorophyll a)

-a (Chlorophyll a) SEATS-1 ( -A)

0.21±0.04��g L-1 40 80 SEATS-2 ( -B)

0.20±0.02��g L-1 80 ED (

-C) 0.23±0.09��g L-1 50 (

) -a :ES1 ( -D) 0.21±0.03��g L-1 ES2 ( -E)

0.20±0.04��g L-1 ( ) -a :SS1 ( -F)

0.31±0.06��g L-1 SS2 ( -G) 0.32±0.05��g L-1

-a ( -A) SEATS ED ES1 ES2

SS1 SS2 -a

-a ( )

(NO3
-)

(NO3
-) SEATS-1 ( -A)

2.14~3.66 �M 2.82±0.60��M SEATS-2 ( -B)

1.92~2.98��M 2.40±0.38��M ED ( -C)

1.43~3.19��M 2.45±0.55��M ( )

:ES1 ( -D) 0.77~1.89��M 1.29±0.41��M ES2 ( -E)

0.73~2.98��M 1.22±0.75��M

( ) :SS1 ( -F) 1.09~4.29��M
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2.74±1.16 �M SS2 ( -G) 0.73~2.76��M 1.28±0.62��M

SS1 SS2 ( SS1

) SEATS ED ( )

(PO4
3-)

(PO4
3-) SEATS-1 ( -A)

0.12~0.25 �� 0.20±0.05��� SEATS-2 ( -B)

0.11~0.19��M 0.15±0.03��M ED ( -C)

0.09~0.22��M 0.17±0.04��M ( ) :ES1

( -D) 0.03~0.13��M 0.08±0.04��M ES2 ( -E)

0.02~0.24��M 0.07±0.07��M

( ) :SS1 ( -F) 0.08~0.35��M

0.22±0.10 �M SS2 ( -G) 0.02~0.22��M 0.09±0.06��M

SS1 SS2

SEATS

50 ED

( )

Synechococcus

Synechococcus SEATS-1 ( -A) 0.01~9.04

×103 cells ml-1 3.62±0.91 ×103 cells ml-1

50 SEATS-2 ( -B)

0.13~10.56 ×103 cells ml-1 4.38±0.67 ×103 cells ml-1

10 ED (
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-C) 0.01~17.86 ×103 cells ml-1 4.15±1.62 ×103 cells ml-1

50 4

( ) Synechococcus :ES1 ( -D)

2.74~31.43 ×103 cells ml-1 17.80±5.52 ×103 cells ml-1 ES2 ( -E)

10.33~34.11 ×103 cells ml-1 19.60±5.49 ×103 cells ml-1

Synechococcus

( ) Synechococcus :SS1 ( -F) 3.07~43.89 ×103

cells ml-1 19.21±8.93 ×103 cells ml-1 SS2 ( -G) 10.66~45.94

×103 cells ml-1 23.06±9.85 ×103 cells ml-1

SEATS Synechococcus

ED Synechococcus 50

SEATS

Synechococcus

Synechococcus ( -E)

( )

Prochlorococcus

Prochlorococcus SEATS ( -A) 0.13~13.43

×104 cells ml-1 6.63±1.67 ×104 cells ml-1

Synechococcus 30 80 80

50

7 SEATS ( -B) 1.35~11.41 ×104

cells ml-1 5.97±1.45 ×104 cells ml-1

40~80 ED (

-C) Prochlorococcus 0.19~6.92 ×104 cells ml-1 3.05±1.06 ×104

cells ml-1 Prochlorococcus 30 60
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SEATS ( ) Prochlorococcus

:ES1 ( -D) 1.61~5.97 ×104 cells ml-1 3.36±1.02 ×104 cells ml-1

6 ES2 ( -E) 1.51~5.28 ×104 cells ml-1

3.32±0.72 ×104 cells ml-1 5

( ) Prochlorococcus

:SS1 ( -F) 0.85~3.49 ×104 cells ml-1 2.49±0.42 ×104 cells ml-1

SS2 ( -G) 1.59~4.49 ×104 cells ml-1 2.30±0.98 ×104 cells ml-1

Prochlorococcus 12

( -F)

Prochlorococcus SEATS

Prochlorococcus ( )

Picoeukaryotes

Picoeukaryotes SEATS-1 ( -A) 0.08~4.50 ×103 cells 

ml-1 1.11±0.40 ×103 cells ml-1 30 70

50 SEATS-2 ( -B)

0.07~6.63 ×103 cells ml-1 1.44±0.93 ×103 cells ml-1 60

100 4 10 80

ED ( -C) 0.05~11.12 ×103 cells ml-1 2.04±1.03 ×103

cells ml-1 7 1

50 ( ) Picoeukaryotes :ES1 (

-D) 1.18~10.63 ×103 cells ml-1 3.65±1.63 ×103 cells ml-1 ES2 (

-E) 1.50~7.88 ×103 cells ml-1 3.69±1.35 ×103 cells ml-1

Picoeukaryotes

( ) Picoeukaryotes
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:SS1 ( -F) 1.25~7.32 ×103 cells ml-1 3.98±1.29 ×103 cells 

ml-1 7

SS2 ( -G) 1.04~7.55 ×103 cells ml-1 3.74±1.93 ×103 cells 

ml-1

Picoeukaryotes ( -G) ES1 ES2 SS1 SS2 (

) SEATS SEATS

ED ( )

SEATS Synechococcus Picoeukaryotes

Synechococcus 30 ( ) Prochlorococcus

30 80 ( ) Picoeukaryotes

SEATS-1 50 SEATS-2 80

( ) (ED ) 50

(ES1 ES2) Synechococcus

Prochlorococcus Picoeukaryotes 30

(SS1 SS2)

:Synechococcus 250±91 fgC cell-1 Prochlorococcus

52±19 fgC cell-1 Picoeukaryotes 730±226 fgC cell-1 (Campbell & Vaulot, 1993;

Casey et al., 2013; Grob et al., 2007)

:(1) Synechococcus SEATS-1 0.91± 0.23 SEATS-2 1.10±0.17 mgC 

m-3 ED 1.04±0.40 mgC m-3 ES1 4.45±1.38 mgC m-3 ES2 4.90±1.37 

mgC m-3 SS1 4.80±2.23 mgC m-3 SS2 5.77±2.46 mgC m-3 (2)

Prochlorococcus SEATS-1 3.51±0.89 mgC m-3 SEATS-2 3.16±0.77 mgC 
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m-3 ED 1.62±0.56 mgC m-3 ES1 1.78±0.54 mgC m-3 ES2 1.76±0.38 

mgC m-3 SS1 1.32±0.22 mgC m-3 SS2 1.22±0.45 mgC m-3 (3)

Picoeukaryotes SEATS-1 0.81±0.30 mgC m-3 SEATS-2 1.05±0.70 mgC 

m-3 ED 1.49±0.78 mgC m-3 ES1 2.66±1.22 mgC m-3 ES2 2.69±1.01 

mgC m-3 SS1 2.91±0.97 mgC m-3 SS2 2.73±1.44 mgC m-3

:SEAT-1 5.23±1.41 mgC m-3

SEAT-2 5.31±1.64 mgC m-3 ED 4.14±1.74 mgC m-3 ES1 8.90±3.14 mgC 

m-3 ES2 9.35±2.77 mgC m-3 SS1 9.03±3.43 mgC m-3 SS2 9.71±4.35 

mgC m-3 ( )

(Biomass) ( )

( )
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SEATS

SEATS 24

SEATS Shaw and Chao (1994) 

24

25 10

(Liu et al.,2004)

(Duda et al.,

2004) ED

ED

SEATS ED

( A )

( B )

(St Laurent et al., 2011) ED
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SEATS Prochlorococcus

Synechococcus Picoeukaryotes

Prochlorococcus SEATS

50% Synechococcus Picoeukaryotes ( )

SS1

SEATS ED

... Synechococcus

( ) SEATS Synechococcus 22

22 Synechococcus

(Homogenous) (Partensky et al.,1999) 

Synechococcus Synechococcus 22 29

(Moore et al., 1995) Synechococcus

Synechococcus

(Partensky et al.,1996)

Synechococcus

Synechococcus Prochlorococcus ( )

Prochlorococcus 1%

SEATS Prochlorococcus 40

80 Prochlorococcus
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Prochlorococcus

Prochlorococcus Vaulot Marie (1999) 

Prochlorococcus

Prochlorococcus Synechococcus Picoeukaryotes

Sommaruga et al. (2005) Synechococcus Picoeukaryotes

Prochlorococcus

(Surface to volume ratio, S/V ratio)

Prochlorococcus

Prochlorococcus (Partensky et al.,1999) Prochlorococcus

Vaulot et al.(1990)

Prochlorococcus

Prochlorococcus

Parpais et al.(1996) Prochlorococcus

Synechococcus

Prochlorococcus (Partensky et al.,1999)

Picoeukaryotes

Prochlorococcus

Prochlorococcus

Picoeukaryotes Synechococcus

SEATS-1

( ) Picoeukaryotes

Synechococcus Prochlorococcus (Jacquet et al., 2002)

Picoeukaryotes (Massana et al., 2004)
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Synechococcus Prochlorococcus

(St Laurent et al., 2011) 

3

ED

SEATS

( ) SEATS ED

( )

SEATS Prochlorococcus

Synechococcus Picoeukaryotes SEATS-2 ED

Synechococcus Picoeukaryotes

Prochlorococcus

(Liu et al.,1995) Synechococcus

Prochlorococcus

24

Prochlorococcus

Synechococcus Picoeukaryotes
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Picoeukaryotes

(Monnier et al., 2010) Picoeukaryotes

(Johnson et al., 1996) 

(red tide) (bloom)

( ×103cells ml-1

mgC m-3) SEATS ED Prochlorococcus

Synechococcus Picoeukaryotes (8%

3%) (21% 24%) Prochlorococcus

55%

Synechococcus Picoeukaryotes

21% 24%

Prochlorococcus Synechococcus

Picoeukaryotes (38% 7%) (54%

30%) Synechococcus

8% 38% Picoeukaryotes 3% 7%

Prochlorococcus

Prochlorococcus

Synechococcus (54%)

Prochlorococcus 16%
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(SS1 )
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SEATS SEATS

Prochlorococcus Synechococcus Picoeukaryotes

Prochlorococcus

Synechococcus SEATS Picoeukaryotes

SEATS Synechococcus Picoeukaryotes

(SEATS ED )

SEATS

Synechococcus Picoeukaryotes

Synechococcus Picoeukaryotes

(SEATS )
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( ( ) (SEATS-1 SEATS-2)

(ED) (ES1 ES2 SS1 SS2) )
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( ) SEAT-1(A)

SEAT-2(B) ED(C) ES1(D) ES2(E) SS1(F) SS2(G)
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-a (��g L-1 ) SEAT-1(A)

SEAT-2(B) ED(C) ES1(D) ES2(E) SS1(F) SS2(G)
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( �M ) SEAT-1(A)

SEAT-2(B) ED(C) ES1(D) ES2(E) SS1(F) SS2(G)
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( �M ) SEAT-1(A)

SEAT-2(B) ED(C) ES1(D) ES2(E) SS1(F) SS2(G)
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Synechococcus (×103 cells ml-1)

SEAT-1(A) SEAT-2(B) ED(C) ES1(D) ES2(E) SS1(F) SS2(G)
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Prochlorococcus (×104 cells ml-1)

SEAT-1(A) SEAT-2(B) ED(C) ES1(D) ES2(E) SS1(F) SS2(G)
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Picoeukaryotes (×103 cells ml-1)

SEAT-1(A) SEAT-2(B) ED(C) ES1(D) ES2(E) SS1(F) SS2(G)
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: (A; -a B; C;

D;Synechococcus E;Prochlorococcus F; Picoeukaryotes )
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( )

(A;SEAT-1 B;SEATS-2 C;ED )



 

48 
 

( )

(D; ES1 E; ES2 F; SS1 G; SS2
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(Liu et al., 1998)

(H1<H2)

(H1>H2)
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(A) (B)
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(Casey et al., 2013 ; Table 1)


