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Phytoplankton Chlorophyll Stocks in the Antarctic Ocean* 
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Abstract: Phytoplankton chlorophyll stocks in the Indian sector of the Antarctic Ocean 
were estimated on the basis of published data collected from nine cruises of the Icebreaker, 
FUJI in 1965-1976, during routine observations of the Japanese Antarctic Research Ex- 
pedition (JARE). Surface chlorophylls concentration, measured at 631 stations in waters 
south of 35~ ranged from 0.01 to 3 .01mgm -s. At about half of the stations the values 
were less than 0.24 mg and at only 29 stations were high values more than 1.00 mg m -3 re- 
corded. The levels of surface chlorophylls stocks were estimated in three groups; (1) data 
obtained on the southward leg through the eastern Indian sector (middle-late December), (2) 
those on the northward leg through the western Indian sector (late February-early March) 
and (3) those on the northward leg through the eastern Atlantic sector (late February-early 
March). Furthermore, mean values and standard deviations were calculated for each of six 
different water masses from north to south, i .e. ,  subtropical water between 35~ and the 
Subtropical Convergence (STC) zone, water within the STC zone, Subantarctic Upper Water, 
water within the Antarctic Convergence (AC) zone, Antarctic Surface Water between the 
AC zone and 63~ and Antarctic Surface Water south of 63~ Mean values of surface 
chlorophyll a concentrations for each of the six water masses on the three legs ranged from 
0.15 to 0 .58mgm -3 and were comparable to those reported by other workers previously. 
Seasonal periodicity of phytoplankton chlorophyll stock is discussed. The surface chlorophyll 
stock in the oceanic water of the Antarctic Ocean does not seem to be so high as previously 
believed. 

1. Introduction 
P h y t o p l a n k t o n  invest igat ion in the  Anta rc t i c  

O c e a n  was ini t iated by  floristic surveys  carr ied 
out  on various expedit ions dur ing  the  n ine t een th  
cen tu ry .  M a n y  comprehens ive  t reat ises  on 
phy top l ank ton  flora and the i r  b iogeography in 
the Ocean  resul ted f rom these expedit ions.  
T h e s e  were followed by quant i ta t ive  surveys  
on geographical  dis t r ibut ion of the  phy top lank ton  
s tanding  stock by cell count ing  and chlorophyll  
de te rmina t ion  methods .  Recent ly ,  product ivi ty  
s tudies  of phy top lank ton  have also been con- 
ducted. T h e  historical background  of phyto-  
p lank ton  invest igat ion in the Ocean  is reviewed 
by HASLE (1969). 

A m o n g  several  methods  in assessing phyto-  
p lank ton  s tanding  stock in the  Anta rc t i c  Ocean,  
the  m e a s u r e m e n t  of chlorophyll  a concent ra t ion  
of  sea wa te r  has  been employed by mos t  
workers .  Fig. 1 shows the  s tat ions where  such 
m e a s u r e m e n t s  at  the  surface have been  made ;  
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a l though  there  are m a n y  stat ions both  in the 
Pacific sector and  in the At lant ic  sector,  tnere  
are compara t ive ly  few stat ions in the  Ind ian  
sector.  

Since 1965 the  Japanese  Anta rc t i c  Resea rch  
Expedi t ion ( JARE)  has  rout inely  conducted 
chlorophyll  a measu remen t s  in surface wa te r  
along the  cruise t racks  of the  Icebreaker ,  FUJI 
to and f rom Antarc t ica .  These  observat ions,  
for tunate ly ,  are mainly  concent ra ted  in the  
Ind ian  sector (Fig. 1, ha tched  area),  where  
previous observat ions  are scarce. A l though  all 
the  data  obtained on each J A R E  cruise have  
been publ ished in series, it is wor thwhi le  com- 
piling the  data  in order  to yield an  average  
figure of the phy top lank ton  s tanding  stock in 
the  Ind ian  sector of the Anta rc t i c  Ocean.  Th i s  
average is necessary to evaluate the round  stock 
of Anta rc t i c  phy top lank ton  for compar ison wi th  
previous data  repor ted  f rom the  Pacific and  
At lan t ic  sectors.  

2. Data source and data processing 
T h e  rout ine  samplings  and analyses of the  

surface wa te r  were  carr ied out  th ree  t imes a 
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Fig. 1. Stations where surface chlorophylla measurements were made by 
previous workers. The hatched part shows the area covered by the 
Japanese Antarctic Research Expedition in 1965/66 (JARE-7)~1976/77 
(JARE-18). 
m: ICHIMURA and FUKUSHIMA (1963); A:  SA.UO and KAWASHIMA 
(1964); O:  BURKHOLDER and BURKHOLDER (1967); � 9  EL,SAYED 
(1968b); []:  EL-SAYED and TURNER (1977); /X : PLANCKE (1977). 

day, usually at 0800, 1200 and 1800 local time, 
on board the FUJI during every J A R E  cruise. 
The  biological program includes the analyses of 
chlorophyll a while related items such as water  
temparature,  salinity, pH., dissolved oxygen, 
silicate, phosphate, nitrate,  nitrite and ammonia 
are measured for the physico-chemical program. 
All the data obtained on every cruise have 
been published in series in "Antarc t ic  Record"  
(Table 1). Data on the latter program are treated 
in another paper which will be published else- 
where.  The  present work is devoted to evalu- 
ation of phytoplankton chlorophyll stocks in 
the Antarct ic Ocean. 

Chlorophyll a concentration was determined 
by the colorimetric method on seven cruises, 
with two exceptions on J A R E - 9  (1965/1966) and 
JARE-14  (1972/1973) when the fluorometric 
method was employed (Table 1). A total o f  
632 stations located south of 35~ is dealt with 
in this paper (Fig. 2). 

Since the duration of the cruise of the " F U J I "  
was too long compared with the short duration 
of summer in high latitudes, pooled data were- 
divided into the following two groups according 
to the sampling period: (1) data obtairteet on_ 
the southward leg f rem Fremanfle ,  Austa'alia, 
to Sy6wa Station (69~ 39~ through_ 



Phytoplankton Chlorophyll S~oeks in the Antarctic Ccean 75 

Table I. Data source for the present work, collected during nine ]ARE cruises aboard the FUJI. 

Cruise No. Year Author Number of data Method 

JARE 7 1965/1966 HOSHIAI (1968) 88 
JARE 9 1967/1968 TOMINAGA (1971) 52* 
JARE 10 1968/1969  TAKAHASHI (1969) 75 
JARE 12 1970/1971 NISHIWAKI (1972) 41 
JARE 14 1972/1973 KURODA (1978) 50 
JARE 15 1973/1974 HOSHn~O (1974) 111 
JARE 16 1974/1975 OHNO (1976) 89 
JARE 17 1975/1976 O H Y A M A  ~r MAYAMA (1976) 48 
JARE 18 1976/1977 FUKUCHI (1977) 78 

Colorimetric 
Fluorometric 
Colorimetric 
Colorimetric 
Fluorometric 
Colorimetric 
Colorimetric 
Colorimetric 
Colorlmetric 

* Of 52 data, one datum was excluded from further calculation (see p. 76). 
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Fig. 2. Stations and surface chlorophylla concentration observed aboard the FuJI during 
nine cruises in 1966/66 (JARE-7)~1976/77 (IARE-18). (1) Southward leg through the 
eastern Indian sector; (2a) Northward leg through the western Indian sector; (2b) 
Northward leg through the eastern Atlantic sector. For details see text. 

the eastern Indian sector in lat ter  half of De- 
cember,  (2) those on the nor thward leg from 
Syowa Station to Cape Town,  South Africa, or 
Por t  Louis ; -Maur i t ius ,  in late February-ear ly  
March�9 Fur thermore ,  the lat ter  group was 
subdivided into two subgroups according to the 
sampling area; (2a) data obtained in the western 
Indian sector and (2b) those in the eastern 
Atlantic sector (see Fig. 2). There  was a time 
lag of about two months between the south- 
ward leg and the nor thward leg. The  nt~mber 
of available data in each group is listed in 
Table  2. 

I t  is well known that  two converger~ee zones, 

the Subtropical Convergence (STC) and the  
Antarct ic  Convergence (AC), are recognized in 
the Antarct ic  Ocean. These  convergences are  
detected by sharp changes in surface tempera-  
ture ra ther  than in absolute temperature  values. 
(DEACON, 1937; MACKINTOSH, 1946). In our 
case, surface temperature  was measured only 
three times a day or at 50-170 mile intervals.. 
Therefore ,  the most large and consistent change. 
ef surface temperature  over two to four strb- 
sequent stations was employed to locate the  
Convergences.  The  mktdle positions of the  
S T C  and A C  mones were  then taken to ~ie a t  
the center ot" these stations. Data  on these 
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Table 2. Number of data obtained on three~.legs 
of nine JARE cruises. This grouping by cruise 
itinerary is necessary to evaluate seasonal 
variation of phytoplankton stocks in the Ant- 
arctic Ocean. 

Atlantic sector Indian sector 
(5~176 (20*E-115~ 

Northward Northward Southward 
leg (2b) leg (2a) leg (1) 

Total 

Table 3. Number and frequency of the JARE 
data with respect to surface chlorophylla 
concentration. 

Range of chlorophylla Number of Frequency 
(mg m -s) data (%) 

35~176 116 73 199 388 
~3~176 48 70 125 243 

Total 164 143 324 631 

0.01-0.24 303 48.0 
0.25-0.49 198 31.4 
0.50-0.99 101 16.0 
1.00-1.99 19 3.0 
2.00-2.99 9 1.4 
3.00-3.01 1 0.2 

Total 631 100.0 

convergence zones and their middle position 
detected on every  JARE cruise are summarized 
in Appendix 1. 

Since two Convergences encircle Antarctica,  
surface waters can be classified into the follow- 
ing six-w-ater masses from n0rtla--to-~uth_i.-e.~ 
(1 ) sub t rop i ca l  water  between 35~  
northern boundary of the S T C  zone, (2) water  
within the S T C  zone, (3) Subantarctic Upper  
W a t e r  south of the S T C  zone down to the A C  
zone, (4) water  within the A C  zone, (5) An-  
tarctic Surface W a t e r  between the latter and 
453~ and (6 )Anta rc t i c  Surface W a t e r  south 
of 6 3 ~  latitude of 63~ is used here~a~ 
.an arbitrary boundary between oceanic-waters 
in the north and waters  along the Antarct ic  
'Continent in the South. Those stations near 
the Antarct ic  Continent should be treated sepa- 
rately from the northern stations, because there 
.are usually many icebergs and much pack ice 
south of 63~ and their distribution is thought  
to have a great  influence on chlorophyll a 
distribution. 

Mean and standard deviation of chlorophyll 
a concentration in each of the above-mentioned 
six different water  masses for all three legs of 
e v e r y  cruise was then calculated (Appendix 2). 

3. Average figures of phytoplankton chloro- 
phyll stocks obtained from JARE data 
Chlorophyll a concentration in the surface 

water  varied from 0.01 to 3 .01mgm -8 through- 
.out the J A R E  investigations, except for one 
~extraordinary high value of 72.8mg m -s, which 
was obtained at one station in the Ongul  Strait  
near  Syowa Station (TOMINAGA, 1971). How- 
ever ,  at about a half of the 631 stations, the 
-values were less than 0 .24mg m -a. Most  values 

El.0 
v 

m l  
I 

s 

uQ5  

8 ' 

O- 

(1) (20) (2b) +,  
t 

I 

l i (  
23| i I ' 

q 
; 

~100 ,," 
�9 ~?/  

Ii 

I 

i 

i: 
!i 

I' 

sob  I I I S T C SubarloE~ A C Antarchc SurlaceWaler 
Water Zone ,Upper Zone (AC- 63~ 

water 

Fig. 3. Mean and standard deviation of surface 
chlorophyll a for each of six different water 
masses for three legs over nine cruises 
during JARE-7~JARE-18. Data groups of 
(1), (2a) and (2b) as in Fig. 2. Numerals 
indicate the number of data pooled. 

did not  exceed 1.00mg m -a. High values more 
than 1 . 0 0 m g m  -3 were recorded at only 29 sta- 
tions, less than 5~ of the total number  of sta- 
tions (Table 3). 
3. 1. Regional distribution of phytoplankton 
�9 chlorophyll stocks 

To show the gross pat tern of chlorophyll 
distribution in the investigated area, the mean 
and standard deviation of chlorophyll a concent- 
ration for each of six different water  masses 
for three legs over nine cruises were calculated 

? 
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(Appendix 2). They are illustrated in Fig. 3. 
(1) Southward leg through the eastern Indian 

sector (middle-late December) 
Mean surface chlorophylla increased rapidly 

southwards from 0. 15mg m -3 in the subtropical 
water to 0.57mg m -a in the AC zone, and then 
decreased slightly to 0.39mg m -3 in the southern- 
most water. Standard deviations were very 
large in the AC zone and in the Antarctic 
Surface Water south of 63~ as shown by the 
long vertical lines in Fig. 3. The large devi- 
ation in the AC zone is partly due to the 
scarcity of data (5 sets) as well as to a marked 
fluctuation of chlorophylla concentration from 
0.11 to 1.71mgm -a. On the other hand, a 
large number of data (125 sets) were available 
in the Antarctic Surface Water south of 63~ 
and thus the calculated large deviation is a true 
reflection of the widely variable surface chloro- 
phyll stock in this water. This is probably 
caused by an uneven phytoplankton distribution 
under complicated hydrographic conditions, 
which are, in turn, related to the uneven dis- 
tribution of pack ice and icebergs. 

(2a) Northward leg through the western 
Indian sector (late February-early March) 

This leg was carried out about two months 
later than the southward leg. Mean values on 
this leg are lower than those on the southward 
leg in every water masses except in the south- 
ernmost water south of 63~ where the highest 
mean value (0.58mg m -3) of all legs was observed. 
The largest standard deviation on this leg was 
also observed in this water. The mean value 
decreased simply northward to a minimum 
value of 0.18mgm -8 in the subtropical water. 

(2b) Northward leg through the eastern 
Atlantic sector (late February-early March) 

This leg was also carried out about two 
months later than the southward leg. In general, 
the gross pattern of geographical variation of 
chlorophyll a concentration on this leg is similar 
to that on the northward leg in the western 
Indian sector, while mean values are higher 
(0. 31-0.41mg m -3) in the northern part of the 
AC zone but lower (0.21-0. 33mgm -a) in the 
Antarctic Surface Water compared to the values 
obtained in the western Indian sector. 
8.2. Seasonal change of chlorophyll stocks 

As shown in Fig. 3, it is clear that the 
latitudinal variations of surface chlorophyll a 

stock differ among the three legs or seasons. 
In the latter half of December, the highest 
mean surface chlorophyll a concentration is seen 
in the AC zone on the southward leg through 
the eastern Indian sector (Fig. 3). After two 
months in late February-early March, on the 
northward leg through the western Indian sector, 
the highest value is observed in the southern- 
most water south of 63~ and low values else- 
where; the area of maximum chlorophyUa 
stock shifts from the waters of the AC zone 
to the southernmost waters. This phenomenon 
seems to be related to the seasonal periodicity 
of phytoplankton production as stated by HART 
(1942) and HASLE (1969). They mentioned that 
the "peak of phytoplankton density appears 
more and more to the south as the season 
advances during the austral summer season." 
EL-SAYED and TURNER (1977) observed surface 
chlorophyll a concentration in the waters between 
35~ and 64~ along 115~ in early summer 
from late November to December. While higher 
values were observed in the Antarctic region 
than in the subantarctic region, the maximum 
value of 0 .60mgm -3 was reported from just 
north of the AC. Their results support the 
view that the maximum phytoplankton stocks 
occur in the AC zone in early summer. 

PLANCKE (1977) investigated surface chloro- 
phyll a contents in the subantarctic region of 
the southwestern Indian Ocean (40~176 
200E-75~ during the spring (November), 
summer (January) and autumn (March-April) 
and concluded that the maximum biomass 
appeared in spring and decreased thereafter. 
FUKASE (1962) counted phytoplankton cell 
number in waters between Cape Town and 
Syowa Station on JARE-4 (1959/1960). He 
mentioned that the cell number observed on 
the northward leg (late February-early March) 
was smaller than that observed on the south- 
ward leg (middle-late December). These results 
also demonstrate the seasonal variation of phyto- 
plankton in the subantarctic region and are 
consistent with the principle stated by HART 
(1942) and HASLE (1969). 

On the northward leg through the eastern 
Atlantic sector, however, the peak of surface 
chlorophyll a stock is not seen in the southern- 
most water, but in the AC zone. This implies 
that there is a lag in the timing of phytoplankton 
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b l o o m s  b e t w e e n  t h e  I n d i a n  a n d  A t l a n t i c  sec to r s .  

I t  c an  n o t  be d e t e r m i n e d  f r o m  t h e  p r e s e n t  

r e s u l t s  w h i c h  b l o o m  oc cu r s  f irst .  

4. Previous works other than JARE investi- 
gations 
A m o n g  m a n y  p r e v i o u s  w o r k s  o n  t h e  su r f ace  

c h l o r o p h y l l  a s t o c k s  in t h e  A n t a r c t i c  O c e a n ,  

t h e  r e s u l t s  r e p o r t e d  f r o m  of f shore  w a t e r  (see 

F ig .  1) a re  s u m m a r i z e d  in T a b l e  4. 

4. 1. Pacific sector o f  the Antarct ic  Ocean 

T h e  m o s t  n u m e r o u s  d a t a  a re  r e p o r t e d  f r o m  

t h e  Pacific s ec to r  of  t he  A n t a r c t i c  O c e a n .  M o s t  

r e p o r t e d  v a l u e s  of  m e a n  su r f ace  ch l o rophy l l  a 

c o n c e n t r a t i o n  in th i s  s ec to r  r a n g e  f r o m  0. 12 to 

0 . 2 9 m g  m -3, wh i l e  e x c e p t i o n a l l y  h i g h  m e a n  

v a l u e s  of  0 . 6 6  a n d  0 . 4 6 m g  m -a w e r e  r eco rded .  

T h e  f o r m e r  h i g h  va lue  w a s  r e p o r t e d  f r o m  t h e  

w a t e r  n e a r  N e w  Z e a l a n d  w h e r e  t h e  so-ca l led  

" i s l a n d  m a s s  e f fec t "  is i n d u c e d  (BURKHOLDER 

a n d  BURKHOLDER, 1967). T h e  l a t t e r  h i g h  

va lue  w a s  r e p o r t e d  by  EL-SAYED a n d  T U R N E R  

(1977) f r o m  the  w a t e r s  of  t h e  R o s s  Ice Shel f .  

4 .2 .  At lant ic  sector o f  the Antarct ic  Ocean 

R e p o r t e d  m e a n s  of  t h e  s u r f a c e  c h l o r o p h y l l  

a c o n c e n t r a t i o n  are  0 . 1 9 m g m  -~ (SAIJO a n d  

KAWASHIMA,  1964) a n d  0 . 8 9 m g  m -3 (EL-SAYED 

1968b). A s  EL-SAYED (1968b) m e n t i o n e d ,  

b e c a u s e  a l a rge  n u m b e r  of  h is  s t a t i o n s  w e r e  

d i s t r i b u t e d  in w a t e r s  a r o u n d  t he  A r g e n t i n e  coas t ,  

Table 4. Previously reported values of surface chlorophyl la  from the Antarct ic  Ocean 
during cruises other than  .].ARE. 

Sector Author  Cruise Date Area  
Surface Chlorophyll a (mg m -3) 

Range M e a n •  (N) 

Pacific sector : 
BURKHOLDER 

BURKHOLDER (1967) 

]~L-SAYED (1986b) 

EL-SAYED (?z 
TURNER (1977) 

Eltanin 14 May-Ju ly  1964 

Eltanin 15 July-Sept.  1964 

Eltanin 15 Oct.-Dec.  1964 

Eltanin 18-21 1965-1966 
& 23-28 

Eltanin 38 M a r . - M a y  1968 

Eltanin 51 Jam-Feb .  1972 

80~176 ST ~) 
,, SA -*) 
,, A a) 
,, ST 
,, SA 
, ,  i 

,, ST  0.18-2.58 
,, SA 

A 
75~176 
35 ~ S -77 ~ S 0 .01-5.80 

150 ~ E-152 ~ E ,  
42 ~ S -64 ~ S 0.11-0.28 

166~ ~ E,  
45 ~ S -78 ~ S 0.05-1.14 

0.29 7 
0.16 34 
0.12 35 
0.18 10 
0.18 18 
0.17 26 
0.66 70 
0.22 22 
0.24 22 

0 . 2 6 •  723 

0 . 1 7 •  6 

0 . 4 6 •  20 

Atlant ic  sector : 
SAIJO & Umi taka  Maru  Jan. 1962 

KAWASHIMA (1964) 
EL-SAYED (1968b) 9 cruises of 

Canepa, Zapiola, 
San Mart in 1962-1965 

16 ~ E-35~  
47 ~ S -60 ~ S 0.05-0.50 

10~176 
35 ~ S -77 ~ S 0.01-18.35 

0.19• 25 

0 .89 •  518 

Indian sector: 
ICHIMURA & Soya (.]'ARE 5) Nov. 1960- 

FUKUSHIMA (1963) Apr.  1961 
SAIJO & Umi taka  Maru Dec. 1961 

KAWASHIMA (1964) 
EL-SAYED & Eltanin 46 Nov. 1970- 

TURNER (1977) Jan. 1971 
PLANCKE (1977) 3 cruises of :Nov. 1973- 

Marion Dufresne Apr. 1974 

20~176 
35 ~ S -70 ~ S 

19~176 
38 ~ S -65 ~ S 

70~176 
35 ~ S -65 ~ S 

20~176 
40 ~ S -55 ~ S ST 

SA 

0.15-0.60 ca. 30 

0.04-0.72 0 . 1 8 •  19 

0.02-1.13 0 .30 •  20 

0.32 53 
0.17 199 

1)- -3)  ST:  Subtropical; SA: Subantarctic;  A:  Antarctic.  
J" Mean  values were re-calculated by the present  author.  
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the Drake Passage, South Shetland, South 
Orkney and South Sandwich Islands, his mean 
is not a representative value of the oceanic 
water. EL-SAYED (1968a) showed that chloro- 
phyll a content in the Antarctic Surface Water 
was five times higher in the inshore water (2.12 
mg m -a) than in the offshore water (0.42mg m-a), 
and in the Subantarctic waters the inshore value 
(0.79mgm -s) was also higher than the offshore 
value (0.32mgm-3). Therefore, the values of 
0.19-0.42mg m -3 should be taken as representa- 
tive of the surface chlorophyll a stock in oceanic 
waters in the Atlantic sector. 
4.3.  Indian sector of the Antarctic Ocean 

While only a small number of stations were 
occupied in this sector, all mean values (0. 17- 
0. 32mg m -3) listed in Table 4 can be regarded 
as of the oceanic waters. Only two of 23 
stations occupied by EL-SAYED and TURNER 
(1977) seemed to be under the "island mass 
effect"; at Stn. 16 located near Heard Island 
and Stn. 17A just southeast of Kerguelen Island, 
chlorophyll a concentrations were high, 0.89 
and 1.13mgm -3, respectively. 

Although extraordinarily high surface chloro- 
phylla cencentrations (18. 4-26.8mgm -3) were 
reported from relatively narrow coastal waters 
such as Drake Passage, the Gerlache Strait and 
their vicinities (BURKHOLDER and SIEBURTH, 
1961; EL-SAYED, 1968a), the levels of mean 
chlorophyll a concentration over oceanic waters 
are in the ranges of 0. 19-0.42, 0. 17-0.32 and 
0.12-0. 29mg m -3 in the Atlantic, Indian and 
Pacific sectors of the Antarctic Ocean, respec- 
tively. From these facts it seems to be reason- 
able to conclude that in general the level of 
phytoplankton standing stock in oceanic water 
is at approximately the same level throughout 
the three sectors of the Antarctic Ocean. 

5. Discussion 
The present paper is intended to yield average 

figures of phytoplankton chlorophyll stocks in 
the Indian sector and adjacent waters of the 
Antarctic Ocean, on the basis of 631 surface 
chlorophyll a observations performed during 
nine cruises aboard the FuJI of the Japanese 
Antarctic Research Expedition. Average figures 
of different water masses are illustrated for the 
subtropical water in the north to the Antarctic 
Surface Water in the south. Except for two 

high mean values observed in the AC zone 
(0. 57mgm -3) and in the southernmost water 
(0.58mg m-3), the range of mean values obtained 
from the JARE investigations (0.15-0.46 mgm -3) 
is comparable to the values reported and dis- 
cussed in the preceding section. The mean 
chlorophyll a concentrations over the entire 
oceanic waters between 35~ and 63~ exclud- 
ng the southernmost waters, are calculated to 

be 0 .38mgm -3 (southward leg through the 
eastern Indian sector), 0.23rag m -a (northward 
leg through the western Indian sector) and 0.27 
m g m  -3 (northward leg through the eastern 
Atlantic sector). Also, the seasonal periodicity 
of phytoplankton standing stock is evident. 

In the Antarctic Surface Water south of 63~ 
surface chlorophyll a content fluctuated greatly. 
This would suggest an "uneven distribution" 
(HARDY, 1936) of phytoplankton. The number 
of data pooled in the present work is so large 
that the calculated mean value is thought to 
yield a representative average figure, though 
its standard deviation is large. 

In order to place the level of the Antarctic 
surface chlorophyll stocks calculated here in 
perspective, the average surface chlorophyll a 
concentrations reported from the different world 
oceans are summarized in Table 5. The mean 
surface chlorophyll a concentrations from oceanic 
waters in the three sectors of the Antarctic 
Ocean range from 0. 12 to 0.42mgm -3 (see the 
preceding section). These values are much 
lower than those reported from upwelling areas 
but higher than those in the North Equatorial 
Current and the central Indian Ocean. They 
are lower than those in the Bering Sea, the 
counter part in the northern hemisphere, which 
is one of the most productive seas in the world 
(see HOOD and KELLEY, 1974). Although the 
Antarctic Ocean occupies latitudes as high as 
the Bering Sea, the average level of phyto- 
plankton stocks in the Ocean calculated here is 
equivalent to other areas in middle and low 
latitudes of the world ocean. Apart from the 
averages, individual data support this (Table 
3); i.e., the number of stations with chlorophyll 
a concentrations less than 0.50mg m -s comprises 
about 80% of the stations. The number of 
high values more than 2.00mgm -a are less than 
2%, and those high values are found within 
the southernmost water south of 63~ The 
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Table 5. Surface chlorophyll a concentration (mg m -8) reported from the Pacific and Indian Oceans. 

Chlorophyll a (rag m-") 
Area Month Author 

mean range 

Pacific Ocean : 
Bering Sea June-Aug. 0.69-0.93 TANIGUCHI (1972) 
Bering Sea June-July 1.83 0.20-9.90 MCROY et al. (1972) 
Bering Sea Feb.-Mar. 0.53 0.10-1.40 MCRoY et al. (1972) 
Bering Strait June 7.00 MCROY et al. (1972) 
Alaskan Stream July 0.20-0.31 TANIGUCHI (1972) 
Subarctic Current June 0.19-0.24 TANIGUCHI (1972) 
Okhotsk Sea Aug.-Sept. 0.11 TANIGUCHI (1972) 
North Pacific Current Aug. 0.45 TANIGUCHI (1972) 
Oyashio Current Apr.-Sept. 0.33-3.42 TANIGUCHI (1972) 
Oyashio Current Aug. 0.93* 0.14-1.89 ARUGA & MONSI 
Kuroshio Current Aug. 0.21" 0.01-0.76 ARUGA • MONSI 
Kuroshio Current Nov.-Jan. 0.06-0.61 TANIGUCHI (1972) 
North Equatorial Current Jan. 0.03-0.06 TANIGUCHI (1972) 
Upwelling area off Peru (15~ Mar.-Apr. 6.00 WALSH (1976) 
Upwelling area off Baja California Mar.-Apr. 7.00 WALSH (1976) 

Indian Ocean: 
Central Indian Ocean (10~176 June-Sept, 0.05-0.10 KREY (1973) 
Arabian Sea June-Sept. 0.10-0.50 KREY (1973) 

(1962) 
(1962) 

* Mean values were re-calculated by the present author. 

present results coincide with the opinions stated 
by HART (1942), SAIJO and KAWASHIMA (1964), 
WALSH(1969), EL-SAYED and TURNER(1977) 
and HOLM-HANSEN et al. (1977), which can be 
summarized as follows; the Antarct ic  Ocean 
may not be as productive as previously believed, 
and the overall production of the Ocean may 
be of the same magnitude as temperate  areas 
of the world ocean. 

In  conclusion, since the average figures of 
the phytoplankton chlorophyll a stocks shown 
in the present work  are based on a large number  
of data, these figures are useful for evaluating 
the round stock of Antarct ic  phytoplankton and, 
fur thermore,  give fundamental  knowledge on 
the Antarct ic  marine ecosystem. 
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(I) 

Appendix 1. Calculated middle position and temperature  at  the Subtropical and Antarct ic  

Convergence zones observed during 12 cruises aboard the FuJI  in 1965-1977. 

Southward leg through the eastern Indian sector: 

Expedit ion Year  Subtropical Convergence Antarc t ic  Convergence 

No. Middle zone Middle zone 

].ARE 7 1965/1966 37~ ' S 36~176 'S 52052 ' S 51~176 ' S 
14.4Q C 16.2-12.5~ C 3 , 1 ~  4 . 5 - 1 . 6 ~  

]ARE 8 1966/1967 39~ ' S 38~176 ' S 52052 'S 51~176 ' S 
14.3~ 15.3-13.3~ C 3.1~ 3.7-2.5~ 

].ARE 9 1967/1968 40~ S 37~176 S 51~ S 50~176 S 
13.10 C 14.8-11.4 ~ C 3.7 ~ C 4.7-2.7 ~ C 

JARE 10 1968/1969 41o40 ' S 40~176 S 50~ ' S 49~ ' S 
12.1~ 13.3-i0.8~ C 4.6~ 6.0-3.2~ 

]ARE 11 1969/1970 42~ ' S 40~ ' S 49~ , S 48~176 ' S 
., 13 .1~ 14.4-11.8~ C 5 . 8 ~  6 . 9 - 4 . 8 ~  

] A R E  12 1970/1971 40001 ' S 38~176 ' S 50038 ' S 49046'-51029 ' S 
12.6 ~ C 14.0-11.2 ~ C 5.0 ~ C 5 .4-4 .6  ~ C 

JARE 13 1971/1972 38~ ' S 36~176 ' S 50~ ' S 49~176 ' S 
14 .8~ 17.5-12.1~ C 4 . 5 ~  5 . 9 - 3 . 0 ~  

].ARE 14 1972/1973 39058 ' S 38~176 ' S 51035 ' S 50 ~ 14'-52~ ' S 
13.7 ~ C 15.2-12.2 ~ C 4.0 ~ C 5 .1-2 .8  ~ C 

J A R E  15 1973/1974 37~ ' S 35~176 ' S 51014 ' S 50~176 ' S 
16. I ~  17 .9-14 .3~ 3 . 7 ~  4 . 4 - 3 . 0 ~  

JARE 16 1974/1975 38~ ' S 35~176 ' S 52013 ' S 51~176 S 
14.4 ~ C 16.5-12.5 ~ C 3.4 ~ C 3 .9-2 .8  ~ C 

JARE 17 1975/1976 40~ S 39~176 S 51~ S 50~176 S 
12.7~ 13.8-11.6~ C 4.3~ 5.3-3.3~ 

JARE 18 1976/1977 41~ ' S 40027'-42043 ' S 51~ ' S 49~176 ' S 
14.9~ 18.6-11.2~ C 5.0~ 6.4-3.6~ 

(2a) Nor thward  leg through the western Indian sector: 

JARE i i  1969/1970 43~ ' S 42~176 ' S 49048 ' S 48~176 ' S 
15.0 ~ C 20.9-9 .0  ~ C 4.8 ~ C 5 .4-4 .2  ~ C 

] 'ARE 12 1970/1971 50~ S 48~176 S 
3 . 7 ~  5 . 4 - 2 . 0 ~  

JARE 13 1971/1972 43~ ' S 42~176 S 50o03 ' S 48~ ' S 
11.2~ 14.1-8.2~ 5.0~ 6.5-3.4~ 

].ARE 17 1975/1976 40029 ' S 39014'-41045 ' S 50006 ' S 49~176 ' S 
16.5 ~ C 20.1-12.9 ~ C 4.9 ~ C 5.3-4.4 ~ C 

].ARE 18 1976/1977 41038 ' S 40~176 ' S 50~ ' S 50~ ' S 
13.1~ 16.0- i0 .  i ~  C 5 . 3 ~  5 . 7 - 4 . 8 ~  

(2b) Nor thward  leg through the eastern Atlant ic  sector:  

JARE 7 1965/1966 41019 ' S 39~176 ' S 50o40 'S 50003'-51018 ' S 
12.0~ 15.0-9.0~ 3.3~ 3.8-2.7~ 

JARE 8 1966/1967 41~ S 40~176 S 51~ S 50~176 S 
12.1~ 15.7-8.4~ 3 . 3 ~  3 . 7 - 2 . 9 ~  

JARE 9 1967/1968 40016 ' S 39o18'-41o15 ' S 48o27 'S 47011'-49042 'S 
14. 7 ~ C 17.1-12.2 ~ C 4.8 ~ C 6.0-3.6 ~ C 

JARE 10 1968/1969 43038 ' S 41051'-45~ ' S 51~ ' S 49o35'-53025 ' S 
11.4 ~ C 13.6-9..2 ~ C 3.5 ~ C 4.8-2.2 ~ C 

] A R E  12 1970/1971 44019 ' S 43~176 ' S 
11.5 ~ C 14.7-8.2 ~ C 

JARE 14 1972/1973 40~ S 39~176 S 51~ S 50~176 S 
16.9 ~ C 21.9-11.9 ~ C 3 .2  ~ C 4. 1-2 .2  ~ C 

JARE 15 1973/1974 42032 ' S 41053'-43010 ' S 49~ ' S 49o14'-50o22 ' S 
13.1 ~ C 15.0-11.2 ~ C 4.3 ~ C 5.0-3.6 ~ C 

].ARE 16 1974/1975 43~ ' S 41.54'-44~ ' S 50~ ' S 49~176 ' S 
13.4~ 17.8-8.9~ 4.3~ 5.1-3.4~ 
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Appendix 2. Range and mean value of surface chlorophyll a (mg m -3) in six different water masses 
observed during nine JARE cruises of the FUJI in 1965-I977. 

(1) Southward leg through the eastern Indian sector: 

Expe- Sub- Subtropical Subantarctic Antarctic Antarctic Antarctic 
dition Year tropical Con- Upper Con- Surface Water Surface Water 

No. water vergence Water vergence (north of (south of 
zone zone 63os) 63os) 

JARE 7 1965/ Range 0.10-0.13 0.28-0.31 0.03-0.75 0.09-0.89 0.09-0.37 
1966 Mean=i= 0.12• 0.304440.02 0.484440.24 0.44• 0.194440.08 

S.D. (N) (2) (2) (10) (12) (23) 
JARE 9 1967/ Range 0.03-0.20 0.23-0.91 0.22-0.66 0.05-0.21 

1968 Mean4- 0, 12• 0.24 (1) 0.414440.33 0.344440.13 0.11• 
S.D.(N) (2) (4) (9) (6) 

JARE 10 1968/ Range 0.09-0.15 0.14-0.66 0.10-0.66 0.04-2.10 
1969 Mean+ 0.12• 0.31• 0. 304440.17 0.59 •  

S.D.(N) (5) (4) (14) (19) 
JARE 12 1970/ Range 0.13-0.28 0.19-1.10 0.07-0.30 

1971 Mean=t= 0.15 (1) 0.13 (1) 0.21• 0.14 (1) 0.614440.30 0.154440.13 
S.D.(N) (4) (13) (3) 

JARE 14 1972/ Range 0.08-0.30 0.25-0.52 0.11-0, 87 0.12-0.28 
1973 Mean4- 0.21• 0.40• 0.51• 0. 204440. 07 

S.D.(N) (3) (5) (16) ,. (4) 
JARE 15 1973/ Range 0.07-0.23 0.10-0.37 0.13-1.10 0.15-1.08 

1974 Mean4- 0.06 (1) 0. 154440.11 0. 204440. 09 0.13 (1) 0. 584440. 27 0. 464440.29 
S.D. (N) (2) (8) (15) (15) 

]ARE 16 1974/ Range 0.08-0.12 0.18-0.76 0.32-0,99 0.09-2.06 
1975 Mean:J= 0.10 (1) 0.10• 0.364440.19 1.71 (1) 0.464440.20 0.374440.39 

S.D. (N) (2) (8) (10) (30) 
JARE 17 1975/ Range 0.07-0.29 0.29-0.52 0.13-0.89 0.18-2.49 

1976 Mean+  0.21• 0.28 (1) 0.404440.09 0.77 (1) 0.464440.24 0.59• 
S.D.(N) (3) (5) (9) (8) 

JARE 18 1976/ Range 0. 04-0. 28 0.13-0, 32 0.21-0.65 0.11-2- 40 
1977 Mean4- 0.16• 0.21• 0.11 (1) 0.414440.16 0.53• 

S.D.(N) (5) (6) (10) (17) 

Over 9 cruises Range 0.03-0.30 0.07-0.31 0.03-0.91 0.11-1.71 0.09-1.10 0, 04-2.49 
Mean-)- 0.15=t=0, 09 0.19 -)- 0. 09 0. 344-0.20 0.574440.70 0. 46 -)- 0. 25 0. 394440.46 
S.D.(N) (23) (9) (54) (5) (108) (125) 

(2a) Northward leg through the western Indian Ocean: 

JARE 7 1965/ Range 0.21-1.04 
1966 Mean4- 0.464440.27 

S.D.(N) (Ii) 
JARE 9 1967/ Range 0.08-0.69 

1968 Mean•  0.294440,27 
S.D.(N) (4) 

JARE 10 1968/ Range 0.15-1.30 
1969 Mean4- 0.514440.44 

S.D.(N) (7) 
JARE 12 1970/ Range 0.07-0.09 0.06-0.44 0.05-0.50 

1971 Mean4- 0. 084440. 01 0.17 ( I )  0. 304440. 12 0.214440.25 
S.D. (N) (2) (8) (3) 

J A I ~  14 1972/ Range 0.10-0.36 
1973 Mean=/= 0. 184440. I I  

S.D.(N) (5) 
JAR.E 15 1973/ Range 0.05-0.47 0.05-3.01 

1974 Mean=t= 0.194440.10 1.254441,01 
S.D.(N) (15) (21) 

JARE 16 1974/ Range 0.09-0.71 
1975 Mean4- 0.264440.23 

S.D.(N) (6) 
JARE 17 1975/ Range 0.01-0.10 0.10-0, 20 0.03-0.49 0.02-0.24 

1976 Mean4- O. 064440.05 O. 154440.04 O. 264440. 16 O. 164440. 09 
S.D.(N) (3) (5) (8) (5) 
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Expe- Sub- Subtropical Subantarctic Antarctic Antarctic Antarctic 
dition Year tropical Con- Upper Con- Surface Water Surface Water 
No. water vergence Water vergence (north of (south of 

zone .zone 63os) 63os) 

(Northward leg: continued) 
]ARE 18 1976/ Range 0.06-0.56 0.14-0.53 0.04-0.69 0.04-0.17 

1977 Mean=[= 0.24• 0.25• 0.39 (1) 0.28• 0.07• 
S.D.(N) (5) (6) (19) (8) 

Over 9 cruises Range 0.01-0.56 0.07-0.53 0.17-0.39 0.03-0.69 0.02-3.01 
Mean•  0.18• 0.19• 0.28• 0.25• 0.58• 
S.D.(N) (8) (13) (2) (50) (70) 

(2b) Northward leg through the eastern Atlantic Ocean: 

]ARE 7 1965/ Range 0.28-0.69 0.16-0.43 0.01-0.45 0.15-0.80 
1966 Mean•  0.43• 0.28 (1) 0.29• 0.16• 0.30• 

S.D.(N) (4) (7) (10) (6) 
]ARE 9 1967/ Range 0.16-0.60 0.23-0.54 0.12-0.23 0.18-0.46 

1968 Mean•  0.40• 0.34• 0.17• 0.28• 
S.D.(N) (4) (4) (8) (9) 

]ARE 10 1968/ Range 0.21-0.36 0.13-0.46 0.08-0.26 0.08-1.00 
1969 Mean•  0.28:k0.06 0.38 (1) 0.24• 0.21 (1) 0.15• 0.37• 

S.D.(N) (5) (3) (5) (11) 
]ARE 12 1970/ Range 0.13-0.35 

1971 Mean•  0.24• 0.43 (1) 0.13 (1) 
S.D.(N) (2) 

]ARE 14 1972/ Range 0.16-0.24 0.21-0.46 0.14-0.53 0.41-0.81 
1973 Mean•  0.21• 0.34• 0.25• 0 .57•  

S.D.(N) (3) (5) (6) (3) 
]ARE 15 1973/ Range 0.11-0.61 0.18-0.41 0.06-0.51 0.14-1.23 

1974 Mean•  0.26• 0.16 (1) 0.27• 0.28 (1) 0.26• 0 .48•  
S.D.(N) (7) (5) (10) (9) 

]ARE 16 1974/ Range 0.25-0.47 0.33-0.54 0.09-0.58 0.09-0.28 
1975 Mean•  0.37• 0.44• 0.74 (1) 0.24• 0.164=0.05 

S.D.(N) (6) (4) (10) (10) 

Over 7 cruises Range 0.11-0.69 0.16-0.43 0.13-0.54 0.21-0.74 0.01-0.58 0.08-1.23 
Mean----- 0.32-----0.15 0.31• 0.31-----0.12 0.41• 0.21• 0.33• 
S.D.(N) (31) (4) (29) (3) (49) (48) 

~ - ~ :  1965 ~ ~ 1976 ~ o 3 ~ ,  I ~ ; ~ k ~ ] ~ J ~ [ ~ ,  

" ~  t:" ~ a •  ~ b - c ~ b ~ ~ k ~  

I ~ O ~  >' ~ I" ;' �9 ~ ~ a ~ ~ ;~,~o~:~,~I~- 

--, ~. ~35 ~i;~o~ 631 ~ , ~  ~ B f~ 

~l.l~i, 0.01-3.01 mg Chl. ,7 m -~ ~I~5 ~ ~. 

- ~ ,  29 , ~ , ~ - ~ - C  �9 1.00 mg Chl. a ~J, k a ~ , q f f ~  

~ .  ~ _ ~ f ~ ,  ~ s # ~ .  ~ m ~ c j :  o ,  

* ~ ~  

~173 ]~..~IU~{~)~I~][]~ 1-9-10 

�9 ~r~:, (1) ~ 4  :,, Y ~ : ~  (12 ~ ~~T~), 

(2) ~4 ~' V~[~ (2)~-]v~]~3)lJ:~]), (3)]~ 

~ g k ~  (2)l T~~3 )~ J:~) o 3 ~ : ~ .  

~ .  ~ z ~ i  0.15-0.58 mg Chl. a m -~ ~ 


