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Estimates of Primary Production by Ice Algae and
Phytoplankton in the Coastal Ice-covered
Area near Syowa Station, Antarctica

Hiroo SaTton!, Kentaro WATANABE? and Takao HOSHIAI®
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Abstract: Annual primary production of ice algae and phytoplankton under
fast ice near Syowa Station (69°00’S, 39°35’E), Antarctica, was estimated. Mean
daily production in each month from February 1983 to January 1984 was calculated
with a mathematical model based on measured parameters of solar radiation, day
length, attenuation coefficients of snow, ice and water, chlorophyll ¢ standing
stock, quantum yield for photosynthesis etc. Solar radiation measured at Syowa
Station ranged from 0 Em~2h-1in June to 13.3 Em-2h-! in December. Relative
light intensity estimated at the bottom of sea ice during the year ranged from 0 to
6.5% of incident solar radiation, due to attenuation with snow and ice. Maximum
daily production of ice algae (34 mgC m~-2 day-1) and phytoplankton (450 mgC m~2
day-1) was reached in December and in February, respectively. The estimated
annual production of ice algae and phytoplankton was 3.5 and 17 gC m~2, respec-
tively. These results indicate that summer phytoplankton production contributed
remarkably to the primary production in the coastal ice-covered area near Syowa
Station.

1. Introduction

In the past few decades a number of investigations on primary production have
been carried out in the Southern Ocean (see EL-SAYED, 1970; HoLM-HANSEN et al.,
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1977; HEYwooD and WHITAKER, 1984 for reviews). Most of these studies dealt mainly
with phytoplankton production in the ice-free waters. However, because sea ice
covers as much extent as 20 X 10 km? in the Southern Ocean (ZWALLY et al., 1983),
ice algae as well as phytoplankton, are the important primary producers in the Ant-
arctic ecosystem. Unfortunately, relatively few studies have been made on primary
production by ice algae and phytoplankton in ice covered waters (e.g. RIVKIN et al.,
1989; LizoTTE and SULLIVAN, 1991).

In the coastal ice-covered area of Antarctica, the variation of water temperature
and salinity during the year is very small, the nutrient concentrations are usually high
(e.g., DEACON, 1963; FUKUCHI et al., 1985; SATOH et al., 1986), and the grazing rate by
herbivorous zooplankton is relatively low (e.g., FUKUCHI and TANIMURA, 1981). There
are, however, marked seasonal changes in incident solar radiation and underwater light
intensity, particularly during the transition from winter to summer, and so it is gener-
ally believed that primary productivity is regulated mainly by the light regime (EL-
SAYED, 1984).

We have calculated primary production in sea ice and the water column from
measurements of light conditions, chlorophyll @ concentrations and quantum yield of
photosynthesis during the period from February 1983 to January 1984. From these
calculations, we have estimated the contribution of ice algae and phytoplankton to
total primary production in the seasonally ice-covered coastal area near Syowa
Station.

2. Materials and Methods

A summary of data source used in our model is given in Table 1. Data on the
solar radiation from February 1983 to January 1984 at Syowa Station (69°00’S,
39°35'E) was obtained from the JAPAN METEOROLOGICAL AGENCY (1985), and we
assumed that the incident solar radiation on the fast ice at the Kita-no-seto Strait,
about 800 m north of Syowa Station (Fig. 1), was the same as that at Syowa Station.

As an estimate of the light at the bottom of ice, solar radiation (MJ m~2h-!) was
converted to photon flux density (x Einstein m=*s-') using equations given by MOREL
and SMITH (1974):

1 W=2.77x10" quanta s=! (1J=1Ws"1),
1 yEm-%5-'=6.02 X 10" quanta m~*s~",

Table 1. The data source of parameters used in the present study.

Parameters References
Solar radiation JAPAN METEOROLOGICAL AGENCY (1985)
Thickness ice and snow WATANABE and SAToH (1987)
Phytoplankton chlorophyll a SATOH et al. (1986)
Ice algal chlorophyll a WATANABE and SAToH (1987)
Ice algal photosynthesis from January to March SATOH and WATANABE (1988)
Ice algal photosynthesis from April to December SAaTOH and WATANABE (1986)

Phytoplankton photosynthesis SaToH and WATANABE (1988)
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Fig. 1. Experimental site near Syowa Station (69°00'S, 39°35’E),
in East Antarctica.

photon flux density (E m~2h-') was obtained by multiplying the solar radiation (MJ
m~*h-1) by 4.60.

As a sine curve was reasonably fitted to the mean values of actually observed
solar radiation on monthly basis in August, October and December (Fig. 2), the
photon flux density on the snow cover (/;, Em~*h-') at a given time ¢ (hours after
sunrise) of a given month was calculated by:

Iy=1,. -sin® (nt/L), (1)

where 7,,, was the maximum /, during the daytime, L was the length of the dayhours
(from sunrise to sunset) and ““a” was the value obtained from sine curve in the month.

Underwater irradiance in the ice-covered area was determined from incident solar
radiation and the thickness of snow and ice. The photon flux density at the bottom
of ice (7;) was estimated by the values of /;, along with the thickness of snow and ice
using the following equation (WATANABE and SATOH, 1987):

1,=0.275I,-exp [—(0.134 x,40.025 x,)], (2)

where x; and x, were the thickness of snow and ice in centimeters, respectively (albedo
=0.725). Underwater photon flux density (/,) in the water column was estimated
from the equation:

I,=1,-exp (—kd), (3)
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Fig. 2. Diurnul changes in monthly average of photon flux density at the surface
of ice in August, October and December 1983. The straight and broken
lines show the curves from actual data and the sine curve fitted, respectively.
Ip=1.52 sin1-0 (nt/6.9) in August; Iy=7.27 sirn?-1(at/15.4) in October; Iy=
13.3 sir3-3 (at/24) in Dcember.

where the attenuation coefficient, & (m~!)=0.052, as calculated from data in WATANABE
et al. (1986) and “d” as the depth in meters. The proportion of photon flux density
under the sea ice (Z) to the density at the surface of the snow (/) was given by:

Z=1, (or 1)L, (4)

The euphotic depth was estimated by the values of I, and compensation point of
photosynthesis as described later.

Measurements of the photosynthetic rates of ice algae were made by simulated in
situ method based on the light-dark O, experiments (STRICKLAND and PARSONs, 1972)
and the photosynthetic rates of phytoplankton were measured by in situ method based
on the stable *C isotope method followed by infrared absorption spectrometry (SATOH
et al., 1985). The quantum yield attained for algal photosynthesis is a function of the
light intensity and can be estimated by the photosynthetic rate divided by the incident
irradiance (Kirk, 1983). The quantum yield for photosynthesis from April to De-
cember, when incident solar radiation is low, was estimated from initial slope of the
photosynthesis-light curve in early November 1983 (SATOH and WATANABE, 1986), and
the quantum yield from January to March, when the incident solar radiation is high,
was obtained by in situ measurement in mid-January 1984 (SATOH and WATANABE,
1988). In our calculations, we assumed that the quantum yield remained constant
throughout the day.

Chlorophyll a concentrations of ice algae and phytoplankton were measured b/
the fluorometric method of STRICKLAND and PARsONs (1972) as modified by ARuGa
(1979). Ice thickness and overlying snow cover were measured. Bottom assemblages,
which dominated ice algal standing stocks at Syowa (WATANAB:z and SATOH, 1987)
were used in our calculations. The concentrations of chlorophyll a within the bottom
10 cm of ice sheet were used as an index of the biomass of ice algae.

The photosynthetic rate (P,, mgC mgchl. ' h-!) at a given time ¢ hours afte:

sunrise was given by:
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P,=q-Z-1,,.-sin®(xt/L). (5)

Thus, the daily photosynthesis (Q;, mgC mgchl. a~! day~') was given by:

0, -—-j [q-Z - Lay -sin® (zt/L)]dt. (6)

Estimated daily photosynthesis (mgC mgchl. a-*day~') of ice algae and phyto-
plankton was multiplied by monthly-mean chlorophyll a standing stock (mgm~-?) to
obtain the daily production (mgC m~*day~?), and monthly production was obtained by
multiplying daily production by the number of days in each month. Annual production
of both ice algae and phytoplankton was estimated by the sum of monthly values.

3. Results

The highest value of incident solar radiation was recorded in late December;
radiation was reduced to undetectable level from late May until late July. The long
daylight period at the peak of the summer (i.e. all day long) would result in a seasonal
maximum of incident solar radiation and this should result in the highest value of
primary production. The maximum photon flux density (Z,) at the bottom of ice was
0.339 Em~*h~*' (i.e. 108 uE m~?s~') in February, which corresponded to 4.8% of the
incident radiation of 8.10 Em~?h-! (Table 2). The attenuation coefficients of snow
and ice during the period from January to March were relatively high because of a
decrease in the thickness of snow and ice. During the period from April to December
the estimated photon flux density in the habitat of ice algae and phytoplankton was
less than 0.050 E m~2 h-!,

The quantum yields (g) of ice algae and phytoplankton during the period from
April to December were estimated to be 7.6x10-° and 1.2 10-* mgC mgchl. a-!

Table 2. Average values of thickness of ice and snow, Z (photon flux density at the bottom
of ice/density on the ice), Imax (maximum solar radiation), a (index number of sin
Sfunction), L (length of dayhour), Q; (daily photosynthetic rate) Chl. a (chlorophyll
a standing stock) and P; (daily production) of ice algae in each month of 1983/84.

@ e 2 Emthy @ 9" (mgmy PO
February 70 0 0.048 8.10 1.7 17.3 1.2 0.01 0.01
March 58 0 0.065 4.83 1.4 12.9 7.8 0.63 4.9
April 80 0 0.037 2.30 1.1 8.6 2.7 1.1 2.9
May 61 0 0.061 0.32 0.8 3.7 0.36 2.5 0.90
June 71 1 — - — — — 1.2 —
July 90 3 0.019 0.09 0.8 1.5 — 1.3 —
August 115 3 0.010 1.52 1.0 6.9 0.41 1.6 0.64
September 118 S 0.007 3.68 1.3 11.2 1.0 4.7 4.9
October 120 7 0.005 7.27 2.1 15.4 1.6 19 30
November 122 18 0.001 10.7 2.2 21.0 0.43 63 27
December 122 16 0.002 13.3 2.3 24.0 1.3 25 34
January 119 0 0.014 12.3 2.3 22.9 6.4 1.8 12

*1 mgC mgchl. a-1day-1.
*3 mgC m-2day-1.
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(Em~?)~!, respectively. During the period from January to March the quantum yield
of 3.3 10-® for ice algae and 1.7 X 10-* mgC mgchl. a-! (E m~?)-! for phytoplankton
was used.

The estimated daily photosynthesis and production (mgC m~-? day-!) is shown in
Tables 2 and 3; the annual production of ice algae and phytoplankton was 3.5 and 17
gC m~? year~!, respectively.

Table 3. Average values of E (depth of euphotic layer), Qp (daily photosynthetic
rate), Chl. a (chlorophyll a standing stock) and Pp (daily production of
phytoplankton) in each month of 1983/84.

E 0p Chl. a P,

(m) (mgC mgchl. a~1day-!) (mgm-2) (mgC m-2day-?)
February >12 35 13 450
March >12 22 2.4 53
April >12 3.6 1.7 6.0
May 9.0 0.47 0.96 0.45
June — — 0.65 —
July — — 0.17
August 6.9 0.53 0.14 0.07
September 11.8 1.3 0.33 0.44
October >12 1.6 0.75 1.2
November 1.7 0.53 0.53 0.28
December >12 1.16 0.78 1.3
January >12 20 3.8 74

4. Discussion

Photon flux under sea ice is determined largely by the thickness of ice and over-
lying snow and SULLIVAN ef al. (1985) reported that primary production of ice algae is
mainly controlled by the depth of the snow. The photosynthetic response of micro-
algae under low light conditions will provide a key to understanding the primary
production under sea ice (SATOH et al., 1989). In the report of IKUSHIMA (1970), “a”
of the index number of eq. (1) was given by 2 (unit of klux). As modified by
MAEGAWA et al. (1988), the index number of 1.3 (unit of photon flux density) could be
used for middle-latitude region during the period from April to July, such as Honshu
in Japan. At Syowa Station the index number varied from O to 2.3 because there is a
marked diurnal changes in solar radiation during the transition from winter to summer
(Fig. 2).

In our previous paper (SATOH and WATANABE, 1986), the compensation light
intensity for ice algal photosynthesis was estimated to be 0.01 E m~2 h~'. The photon
flux density at the bottom of ice in July (0.002 E m-% h~!') was below the compensation
light intensity, so the euphotic depth was determined by the thickness of snow and ice.
The saturation intensity (0.09 E m~? h-') in the present study was much lower than
those of 0.38-0.78 E m~? h-! in the Antarctic ice-free waters (SAKSHAUG and HoLM-
HANSEN, 1986). A depression of the photosynthetic rate of ice algae caused by photo-
inhibition occurred at 0.29 E m-? h-! (SATOH and WATANABE, 1986). We previously
indicated (SATOH et al., 1989) that microalgae grown under different light conditions
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have different photosynthetic characteristics; the photosynthetic capacity of the micro-
algae exposed to higher light intensity have higher saturation point as compared with
those exposed to lower light intensities. Although the quantum yield was given as
daily average value in the present study, it is necessary to apply quantum yield as a
function of time (hours after sunrise) (RivkIiN and Putt, 1987) for better estimates.
Thus, further investigations should be done in detail these points. However, the
advantages of this simulation are effectiveness of the saving labor, in which logistic
aspects on field works are difficult for the harsh environment, and usefulness of the
solar radiation data obtained easily at Syowa Station.

The annual production (3.5 gC m-%year~!) of ice algae obtained from our
calculations was almost the same as that of 3.3-3.4 gCm~?year~! obtained by increase
or maximum accumulation of chlorophyll a standing stock (WATANABE and SATOH,
1987). The contribution of ice algae to primary production was highest in the spring
(from October to December) (Fig. 3). The primary production of ice algae in the
autumn (from March to April) was less than 10% of that in the spring. Our estimate
of high phytoplankton production (0.45 gC m-?day-") in February was comparable
with 0.47 gC m-2day-! reported by EL-SAYED and MANDELLI (1965) and with 0.41
gC m~?day-! in the Weddell Sea in summer (EL-SAYED and TAGucHI, 1981). Our
results indicate the annual production of phytoplankton in the water column (17 gC
m~% year~!) was almost the same level as 16 gC m~? year~! reported for phytoplankton
production in the Antarctic open waters by EL-SAYED (1978), which is about 5 times
larger than that of the ice algae.
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Fig. 3. Estimated primary production of ice algae and phyto-
plankton throughout the period from February 1983 to
January 1984. Squares and circles indicate primary pro-
duction of ice algae and phytoplankton, respectively.

Since standing stock of macrophytes near the experiment site was negligible
(WATANABE et al., 1982), the total primary production was estimated to be 20.5 gC
m-%?year~! (the sum of phytoplankton and ice algae productions). The estimated
contribution of ice algae to the annual primary production in the studied area (17%) is
slightly higher than that of ice algae (12%) estimated by EL-SAYED (1978). This might
be explained by the difference of euphotic depths (12 m for the present study).
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The present study demonstrates that phytoplankton production concentrated in
the short summer period contributed remarkably to the total annual primary produc-
tion in the fast ice area near Syowa Station.

Acknowledgments

We express our sincere thanks to Prof. S. MAE, the leader of the 24th Japanese
Antarctic Research Expedition, and the members of the party, especially Drs. H.
KANDA and E. TAkAHASHI for their logistic support and cooperation in Antarctica.
We also thank Dr. D. GARRISON for valuable comments on the manuscript.

References

ARuGA, Y. (1979): Sbérui seiri seitai kenkyu-hd. Sérui Kenkyu-hd, ed. by K. NisHizawa and M.
CHIHARA. Tokyo, Kyoritsu Shuppan, 387-412.

Deacon, G.E. R. (1964): The Southern Ocean. The Sea, Vol. 2, ed. by N.H. HiLL. New York, J.
Wiley, 281-296.

EL-SAYED, S.Z. (1970): On the primary productivity of the Southern Ocean. Antarctic Ecology,
Vol. 1, ed. by M. W. HoLpGATE. London, Academic Press, 119-135.

EL-SAYED, S.Z. (1978): Primary productivity and estimates of potential yields in the Southern Ocean.
Polar Research to the Present and Future, ed. by M. A. MACWHINNIE. Colorado, West View
Press, 141-160.

EL-SAYED, S.Z. (1984): Productivity of the Antarctic waters-A reappraisal. Marine Phytoplankton
and Productivity, ed. by O. HoLM-HANSEN ef al. Berlin, Springer, 19-34 (Lecture Notes on Coastal
and Esturarine Studies 8).

EL-SAYED, S. Z. and MANDELLL E. F. (1965): Primary production and standing crop of phytoplankton
in the Weddell Sea and Drake Passage. Biology of the Antarctic Seas, II, 87-106 (Antarctic
Research Series, Vol. 5).

EL-SAYED, S. Z. and TAGgucHI, S. (1981): Primary production and standing crop of phytoplankton
along the ice-edge in the Weddell Sea. Deep-Sea Res., 28A, 1017-1032.

Fukuchi, M. and TANIMURA, A. (1981): A preliminary note on the occurrence of copepods under sea
ice near Syowa Station, Antarctica. Mem. Natl Inst. Polar Res., Ser. E (Biol. Med. Sci.), 34, 37-43.

FukucHi, M., TANIMURA A. and OutsukA, H. (1985): Marine biological and oceanographical in-
vestigations in Liutzow-Holm Bay, Antarctica. Antarctic Nutrient Cycles and Food Webs, ed. by
W.R. SIEGFRIED et al. Berlin, Springer, 52--59,

Heywoop, R. D. and WHITAKER, T. M. (1984): The Antarctic marine flora. Antarctic Ecology, ed.
by R.M. Laws. London, Academic Press, 373-419.

HoLM-HANSEN, O., EL-SAYED, S.Z., FRANCEScHINI, G. S. and CuHEL, R. L. (1977): Primary produc-
tion and the factors controlling growth in the Southern Ocean. Adaptations within Antarctic
Ecosystems, ed. by G. LLano. Washington, D. C., Smithson. Inst., 11-50.

IkusHIMA, 1. (1970): Ecological studies on the productivity of aquatic plant communities IV. Light
condition and community photosynthetic production. Bot. Mag. Tokyo, 83, 330-341.

JAPAN METEOROLOGICAL AGENCY (1985): Meteorological data at the Syowa Station in 1983. Antarct.
Meteoro!l. Data, 24, 260 p.

KIrk, J. T. 0. (1983): Photosynthesis as a function of the incident light. Light and Photosynthesis
in Aquatic Ecosystems, ed. by J. T. O. Kirk. Cambridge, Cambridge Univ. Press, 219-252.

LizoTTE, M. P. and SuLLivaN, C. W. (1991): Photosynthetic capacity in microalgae associated with
Antarctic pack ice. Limnol. Oceanogr. (in press).

Mactgawa, M., Kipa, W., YokoHAMA, Y. and ARrRuGA, A. (1988): Comparative studies on critical
light conditions for young Eisenia bicyclis and Eckloniu cava. Jpn. J. Phycol., 36, 166-174,

MoreL, A. and SMiTH, R.C. (1974): Relation between total quanta and total energy for aquatic
photosynthesis. Limnol. Oceanogr., 19, 591-600.



38 Hiroo SatoH, Kentaro WATANABE and Takao HosHIAI

RivkiN, R.B. and Purt, M. (1987): Diel periodicity of photosynthesis in polar phytoplankton:
Influence on primary production. Science, 238, 1285-1288.

RivkiIN, R. B., PurTt, M., ALEXANDER, S. P., MerITT, D. and GAUDET, L. (1989): Biomass and pro-
duction in polar planktonic and sea ice microbial communities: A comparative study. Mar. Biol.,
101, 273-283.

SAKSHAUG, E. and HoLM-HANSEN, O. (1986): Photoadaptation in Antarctic phytoplankton: Varia-
tions in growth rate, chemical composition and P vs I curves. J. Plankton Res., 8, 459-473.
SatoH, H. and WATANABE, K. (1986): Photosynthetic nature of ice-algae under fast ice near Syowa

Station, Antarctica. Mem. Natl Inst. Polar Res., Spec. Issue, 44, 34-42.

SAToH, H. and WaTANABE, K. (1988): Primary productivity in the fast ice area near Syowa Station,
Antarctica during spring and summer 1983/84. J. Oceanogr. Soc. Jpn., 44, 287-292.

SATOH, H., YAMAGUCHI1, Y., KokUBUN, N. and ARUGA, Y. (1985): Application of infrared absorp-
tion spectrometry for measuring the photosynthetic production of phytoplankton by the stable
13C isotope method. La Mer, 23, 171-176.

SaToH, H., WATANABE, K., KanDA, H. and TakaHasHI, E. (1986): Seasonal changes of chlorophyll
a standing stocks and oceanographic conditions under fast ice near Syowa Station, Antarctica.
Nankyoku Shiry6 (Antarct. Rec.), 30, 19-32,

Saton, H., YAMAGUCHI, Y., WATANABE, K. nad ArRuGA, Y. (1989): Light conditions and photo-
synthetic productivity of ice algal assemblages in Lake Saroma, Hokkaido. Jpn. J. Phycol., 37,
274-278.

STRICKLAND, J. D. H. and Parsons, T.R. (1972): A Practical Handbook of Seawater Analysis. Bull.
Fish. Res. Bd. Canada, 167, 310 p.

SULLIVAN, C. W., PALMIsSANO, A. C., KOTTMEIER, S., McCGRATH-GRosSI, S. and Mok, R. (1985): The
influence of light on growth and development of the sea-ice microbial community of McMurdo
Sound. Nutrient Cycles and Food Webs, ed. by W. R. SIEGFRIED ef al. Berlin, Springer, 78-83.

WATANABE, K. and Saton, H. (1987): Seasonal variations of ice algal standing crop near Syowa
Station, East Antarctica, in 1983/84. Bull. Plankton Soc. Jpn., 34, 143-164.

WATANABE, K., NakAnMA, Y. and Narro, Y. (1982): Higashi Onguru-td engan deno hyoka sensui
chésa hékoku (SCUBA ice diving along the coast of the East Ongul Island, Antarctica). Nan-
kyoku Shiryd (Antarct. Rec.), 75, 75-92.

WATANABE, K., SaToH, H., KaNDA, H. and TakaHAsHI, E. (1986): Report on the marine biological
investigations near Syowa Station, 1983/84 (JARE-24) as a BIOMASS programme. Nankyoku
Shiryd (Antarct. Rec.), 30, 48-65.

ZwaLrry, H.J., Comiso, J.C., PArRkINsON, C.L., CAMPBELL, W.J., CARsEY, F.D. and GLOERSEN, P.
(1983): Antarctic Sea Ice, 1973-1976: Satellite Passive-Microwave Observations. Washington,
D. C., NASA, 206 p. (NASA SP-459).

(Received November 29, 1990, Revised manuscript received January 11, 1991 )



