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Abstract. The lipid and fatty acid compositions of micro-
algae were investigated in sea-ice and water samples from
six different habitats of the Weddell Sea (Antarctica). All
sea-ice samples and ice-associated water contained high
algal biomass dominated by centric and pennate diatoms.
Cells partially filled with oil droplets and resting spores
were found. In the cells from the ice platelet layer triacyl-
glycerols formed the largest component of the lipids. The
fatty acid composition of sea-ice microalgae was domi-
nated by the 16:1(n-7), 16:0, 18: 1{n-9) and 20:5 (n-3) fatty
acids. Except 18: 1, they are typical for diatom fatty acids.
These fatty acids were most abundant in pieces of first year
ice with a brown colouration (“brown-ice”) and in the
water column directly below sea-ice (sub-ice water). The
small amounts of non-diatom acids, as 22:6 (n-3) and 18:4
(n-3), clearly showed that the sca-ice communities were not
purely composed of diatoms. The most striking difference,
in comparison to the general fatty acid composition of
diatoms, was the high proportion of the 18:1 fatty acid in
all samples, which might be caused by detrital material or
lipid accumulation within cells and resting spores. In
general, no clear adaptation of the fatty acid composition
to the Antarctic and sea-ice environment was found. The
fatty acid composition of the particulate matter from the
water column was totally different from all other samples
dominated by the saturated fatty acids 16:0 and 18:0.

The accumulation of lipids plays a major, and often crucial
role in the survival strategies of organisms in polar regions.
The importance of lipids has been better studied in higher
trophic levels of the food web than in the primary pro-
ducers. The lipid content of phytoplankton may vary
widely due to the effect of changing biotic and abiotic
factors. Lipid storage in phytoplankton is often related to
unfavourable growth conditions, such as nutrient limita-

Correspondence to: K. Fahl

tion, low temperature and low irradiance. Also the forma-
tion of diatom resting spores is coupled with an extensive
accumulation of lipids (Doucette and Fryxell 1983; 1985
and references therein). Various studies have focused on
biochemical pathways of carbon assimilation also with
respect to lipid biosynthesis. However, the conditions
responsible for lipid accumulation are not clear, especially
regarding its relevance to phytoplankton and sea-ice
microalgae (e.g., Smith and Morris 1980; Palmisano and
Sullivan 1985; Rivkin and Voytek 1987; Palmisano et al.
1988; Nichols et al. 1988; 1989; Tillmann et al. 1989:
Lizotte and Sullivan 1992: Thomas and Gleitz 1993).
Apart from the determination of lipid classes (Palmisano
et al. 1988) only very few fatty acid analyses from cultures
of sea-ice diatoms have been performed (Gillan et al. 1981;
Nichols et al. 1986), and even fewer data are available on
the fatty acid compositions of natural sea-ice algal com-
munities from various ice habitats (Whitaker and Richard-
son 1980).

In our study microalgal samples from various ice types
and phytoplankton from adjacent water were collected
during a summer phytoplankton bloom. Detailed lipid
investigations including fatty acid compositions are dis-
cussed in conjunction with prevailing environmental
conditions in order to obtain a better understanding of
lipid accumulation in natural sea-ice assemblages. It
should be clarified whether there is an adaptation of
microalgae to the sea-ice environment in view of their lipid
content and composition.

Materials and methods

Samples were collected in the Weddell Sea (Antarctica) during the
RV ‘Polarstern’ expedition ANT IX/3 in January 1991 (Bathmann
et al. 1992). The sampling took place in the area of 76°22' to 76°28' S
and 30°07' to 30° 48'E. Six different habitats were sampled: Samples
in the water column were taken with Niskin bottles attached to a
CTD probe. Water was drawn from two bottles between 0 and 40 m
depth and combined. The water samples from the sub-ice water
column were collected through ice holes with an L-shaped plastic
tube connected to a vacuum pump (Smetacek et al. 1992). The ice
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platelet sample was taken with a plastic bucket from surface isolated
ponds between rafted ice floes. The ice platelets were separated from
the water by filtration through a sieve. The separated water is
henceforth termed interstitial water. Pieces of first year ice with a
brown colouration, “brown-ice”, broken off between abutting ice
floes, were also collected. One ice-core from first year ice was drilled
with a 4 inch corer, and the total length of 56 cm was melted.
Determination of chlorophyll a (chl a), nutrients and salinity is
described by Bathmann et al. (1992).

All ice samples were melted at 0°C in the dark. We are aware that
this method may result in a loss of intact flagellates and ciliates due to
osmotic changes (Garrison and Buck 1986) but there is no evidence
that this effects the lipid composition of the particulate matter. All
samples were subsequently filtered through glass-fibre filters (What-
man GF/C, precombusted at 450°C). The particulate matter is called
“microalgae” due to the high proportion of sea-ice algae. One set of
samples was stored at —80°C for determination of dry weight and
another in dichloromethane : methanol (2:1, by vol.) at —23°C until
lipids were determined: Algal cells together with the filter were
crushed with a teflon potter and extracted in the storage solution. An
aliquot of the supernatant was used for the determination of lipid
classes by thin layer chromatography with flame ionisation detection
(TLC-FID) using an Iatroscan (Mark IV TH 10) analyser. The
detailed method is described by Ackman (1981) and Fraser et al.
(1985).

Triacylglycerols were separated from the total lipid extract by
thin layer chromatography on glass plates coated with silica gel
using hexane:diethyl ether:glacial acetic acid (90:10:1, by vol.) as
the developing solvent. Methyl esters of fatty acids were prepared by
transesterification with 3% concentrated sulphuric acid in methanol
for four hours at 80°C. After their extraction with hexane the
composition was analysed with a Carlo Erba gas liquid chromato-
graph (HRGC 5300) (column: 30m * 0.25mm; film thickness:
0.25 um; liquid phase: DB-FFAP) using temperature programming
according to Kattner and Fricke (1986). Fatty acids were identified
with a standard mixture and for quantification an internal 19:0 fatty
acid methyl ester standard was added to the samples before any
analytical step.

Results

The sea-ice and water samples of the different habitats
were characterized by different salinities, nutrients and chl
a concentrations (Table 1). In the water column high
nutrient levels were measured. The sea-ice and the water
closely associated with the ice (interstitial and sub-ice
water) were depleted in nitrate and phosphate. The phos-
phate concentration in the “brown-ice” pieces collected
between the floes was similar to that in the water column,

however, nitrate was depleted. Silicate was not depleted,
but was reduced compared to the water column sample,
except in the ice core where silicate was highest. The
salinity of the sub-ice water was lower than that of the
open water.

Sea-ice samples and the water directly associated with
the ice had a very high concentration of microalgae.
Microscopic investigation showed that the main algal
species in the interstitial water, separated from the ice
platelets, were the centric diatoms Thalassiosira antarctica,
Thalassiosira spp., Porosira pseudodenticulata and pennate
Nitzschia spp.. One half to two thirds of the Thalassiosira
cells contained large lipid droplets (Scharek, pers. comm.).
The same species also dominated the other samples but in
different abundances.

There was a strong gradient from very high chl g values
and algal dry weights in the sea-ice samples to lower levels
in the ice-associated water and lowest values in the open
water. The highest values were measured in the “brown-
ice” (158 ug chl a /L and 24 mg/L dry weight). The ice
platelets also contained high concentrations of microalgae
and particulate material (81 ug chl a /L and 25 mg/L dry
weight). Highest levels of fatty acids reached nearly 4 mg/L
in the ice platelets and interstitial water, where the fatty
acids made up ca. 14% of the dry weight. In the “brown-
ice” the proportion was lower, decreasing further in the ice
core and in the water column, where the fatty acid fraction
was less than 1% of dry weight (Table 1).

The fatty acid compositions of the various samples are
presented in Table 2. The same fatty acids generally occur-
red in all samples but in different quantities. The micro-
algae of the interstitial water were rich in short chain
saturates (31%), especially 14:0 and 16:0 and mono-
unsaturated fatty acids (45%), mainly 16:1 and 18:1.
Polyunsaturated fatty acids (18:2, 18:4, 20:5, 22:6) alto-
gether comprised 22%. The fatty acid composition of the
ice platelet microalgae was very similar to that of the
interstitial water but with a shift to a higher proportion of
16:1, at the expense of the 18:1 fatty acid. The same shift
was found between the 20: 5 and the 22:6 fatty acids, with
a higher proportion of 20:5. One major difference in both
samples was the high proportion of triacylglycerols in the
ice platelet microalgae representing ca. 40% of total lipid
compared to ca. 5% in the interstitial water. For this
reason the fatty acid composition of the triacylglycerols

Table 1. Environmental conditions of the different habitats. Chlorophyll a (Chl a), salinity (psu: practical salinity units), nutrient concen-
trations, dry weight (DW), total concentration of fatty acid (FA) and total fatty acid in %DW. Dash means no data

“Brown- Ice core Ice Interstitial Sub-ice Water

ice” platelets water water column
Nitrate (M) 0.00 0.26 0.02 0.01 0.05 28.11
Nitrite (uM) 0.12 0.11 0.03 0.09 0.02 0.84
Silicate (uM) 45.7 80.2 29.3 331 17.6 57.8
Phosphate (uM) 1.40 0.76 0.07 0.01 0.30 1.89
Chl a (ug/L) 158 - 81.7 422 6.0 0.21
Salinity (psu) - - - - 27.72 34.18
DW (mg/L) 24 11 25 27 10 -7
Total FA (mg/L) 52 0.7 34 39 0.4 0.02
Total FA (%DW) 9.7 6.3 13.5 14.1 34 0.2
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Table 2. Fatty acid composition

(weight%) of phytoplankton from the dif- Fatty acid f‘B,r’own- Ice core Ice Interstitial Sub-ice Water

ferent habitats. Dash indicates not detec- 1ce platelets water water  column

ted or trace amounts (<0, 1%). Total

sats.: Total saturated, Total monos.: 14:0 71 11.9 9.8 14.5 5.8 71

Total monounsaturated, Total PUFA: 15:0 0.7 - 04 0.5 08 N

polyunsaturated fatty acids 16:0 18.0 19.3 16.9 15.5 19.4 33.6
16:1(n-7) 31.9 211 26.4 16.1 342 49
16:2(n-6) 1.4 0.7 14 0.8 1.5 -
16:3(n-3) 0.9 - 0.8 0.5 0.8 -
16:4(n-?) 4.2 2.2 5.3 2.6 4.3 -
18:0 0.9 1.6 - 0.5 1.1 25.2
18:1(n-9) 11.6 19.7 14.8 23.7 9.9 12.4
18:1(n-7) 12 12 0.4 1.0 1.2 1.4
18:2(n-6) 3.6 3.0 49 44 43 -
18:3(n-3) 0.3 0.6 0.7 0.8 0.5 -
18:4(n-3) 3.8 3.7 4.2 3.8 3.8 12.5
20: 1(n-9) 0.6 19 1.6 3.6 0.3
20:5(n-3) 1.2 8.2 94 5.8 10.3 1.5
22:6(n-3) 2.5 217 3.1 5.8 1.9
Total sats. 26.7 328 271 31.0 27.1 65.9
Total monos. 45.0 439 434 444 45.6 18.7
Total PUFA 279 21.1 25.3 219 274 14.0

Table 3. Fatty acid composition (wt%) of the triacylglycerols. For
further information see Table 2

Fatty acids Ice Interstitial
platelets water

14:0 13.1 8.2
15:0 38 0.5
16:0 14.8 14.7
16:1(n-7) 16.8 26.8
16:2(n-6) 0.7 1.5
16:3(n-3) - -
16:4(n-?) 12 49
18:0 04 0.3
18:1(n-9) 284 17.1
18:1(n-7) - -
18:2(n-6) 5.0 5.8
18:3(n-3) 0.9 0.8
18:4(n-3) 34 4.6
20:1(n-9) 2.1 1.7
20:5(n-3) 48 10.2
22:6(n-3) 45 2.8
Total sats. 32.0 23.6
Total monos. 47.6 45.6
Total PUFA 20.5 30.7

from both samples were analyzed separately (Table 3).
Major differences again occurred in the mono- and poly-
unsaturated fatty acids. The triacylglycerols of the inter-
stitial water contained higher levels of the 16:1 and lower
levels of the 18:1 fatty acid than the ice platelet micro-
algae.

In the “brown-ice” the proportion of the 16:1 fatty acid
was higher than in the ice platelet sample. The same was
true for the 20:5. This was mainly compensated by lower
proportions of the 18:1 and 22: 6 fatty acids. The fatty acid
composition of the ice core material was very similar to
that of the interstitial water. In the sub-ice water micro-
algae the trend to higher values of the 16:1 acid continued

up to a maximum of 34%. However, the compositions
were very similar to those in “brown-ice”.

The fatty acid composition of the particulate matter
from the water column was totally different from all other
samples. It was rich in saturated fatty acids (66%) with the
main compounds 16:0 and 18:0. Moderate amounts of
mono- and polyunsaturated fatty acids were present main-
ly as 18:1 and 18:4. The very small amount of fatty acids
(0.2% of dry weight) consisted of 97% polar lipids.

Discussion

Several studies on lipids of sea-ice microalgae have been
performed in McMurdo Sound, Ross Sea, in which the
fatty acid compositions were not considered (e.g., Palmis-
ano and Sullivan 1985; Palmisano et al. 1988; Nichols et al.
1989; Priscu et al. 1988, 1990). In our study, samples of sea-
ice and ice-associated water originated from an extremely
dense phytoplankton bloom causing brown colouration of
water and ice. Such a bloom in this area in the ice platelet
layer had already been observed by Smetacek et al. (1992)
in spring 1986, before the seasonal melting of the sea-ice. It
was composed of the same centric diatoms as found in our
study. The nitrate and phosphate limitation in the different
habitats resulted from uptake by microalgae and dilution
by nutrient-poor melt water. However, it is not possible to
reconstruct the developmental history of the microalgal
bloom prior to sampling. Due to the nitrate and phosphate
limitation it can be assumed that at least some microalgal
species were in a late growth phase or already senescent.
The microalgae below and within the ice may be released
into the water column upon melting which may result in
further growth due to better light and nutrient conditions.
The low level of particulate matter in the water column
confirmed that the microalgae accumulation was re-
stricted to the sea-ice and ice-associated water.
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The species composition of the microalgal communi-
ties in austral summer in the Weddell Sea was different to
that of other Antarctic areas in spring, from which lipid
investigations have previously been reported (see refer-
ences on McMurdo Sound). The main difference was the
dominance of the large centric Thalassiosira spp. in our
study. The high lipid content in the sea-ice algae was
already evident on microscopic examination because of
the large oil droplets. This lipid content is higher than
reported for phytoplankton species cultured in the labo-
ratory or in the open sea (e.g., Parsons et al. 1961; Ackman
et al. 1968; Platt and Irwin 1973; Tillmann 1987).

Enhanced assimilation of carbon into carbohydrates
and lipids is thought to be indicative of nutrient-limited
algal populations in the Antarctic (Lizotte and Sullivan
1992; and references therein). On the other hand, investiga-
tions by Smith and Morris (1980) showed no influence of
nutrient depletion on lipid accumulation. They suggested
that low light intensity and low temperature stimulate
lipid synthesis. Tillmann et al. (1989), however, found that
lipid synthesis in Thalassiosira antarctica does not increase
at temperatures ranging between —2 and + 3 °C and low
irradiances. This is in accordance with results of Palmis-
ano and Sullivan (1985), Rivkin and Voytek (1987) and
Palmisano et al. (1988) in natural sea-ice algal com-
munities. Doucette and Fryxell (1983; 1985) found that in
T. antarctica the formation of resting spores is coupled to
an extensive accumulation of lipids.

Paimisano et al. (1988) described an enhanced
assimilation of *C into the neutral lipids dominated by
triacylglycerols during certain growth phases. Further
information can be obtained by fatty acid analysis of the
lipids, although to our knowledge there have been only
two fatty acid analyses for sea-ice diatom cultures (Gillan
et al. 1981; Nichols et al. 1986). Only one study has
investigated the fatty acid compositions of a natural sea-
ice population which was purely composed of the diatom
Navicula glaciei (Whitaker and Richardson 1980).

It is well established that phytoplankton groups con-
tain similar principle fatty acids. Thus, the fatty acid
composition of cultured diatom species is dominated by
the 16:1 and 20:5 fatty acids (e.g., Kates and Volcani 1966;
Orcutt and Patterson 1975; Pohl and Zurheide 1979;
Kattner and Brockmann 1990). The same result has been
found for sea-ice diatoms (Whitaker and Richardson 1980;
Gillan et al. 1981; Nichols et al. 1986) and natural phyto-
plankton blooms dominated by diatoms (Kattner et al.
1983; Mayzaud et al. 1989). On the other hand, Nichols et
al. (1986) found very low relative levels of polyunsaturated
fatty acids in a culture of the sea-ice diatom Nitzschia
cylindrus. In the discussion about fatty acid compositions
of natural phytoplankton assemblages, it has to be con-
sidered that assemblages consist of a mixture of detritus
and a variety of different species. Our sea-ice and ice-
associated water samples (with the exception of the water
column) were mainly dominated by diatoms, especially
Thalassiosira and Nitzschia spp.. A steady increase in the
two principal diatom fatty acids 16:1 and 20:5 from
interstitial water, ice platelet to the “brown-ice” and sub-
ice water samples indicates an increasing proportion of
diatom specics in the total particulate material. Compared

to the fatty acid composition of a natural population of
Navicula glaciei (Whitaker and Richardson 1980) and a
Thalassiosira antarctica culture grown at about 0°C
(Hirche, pers. comm.), the proportion of the 20:5 fatty
acid was much lower in the sea-ice and the water samples.
The culture contained 29% of the 20:5 acid whereas the
highest value of 20:5 (ca. 11%) in our samples was found
in the “brown-ice”. This confirms the assumption that the
proportion of polyunsaturated fatty acids seems to be
higher in phytoplankton cultures than in natural com-
munities (Kattner and Brockmann 1990). The small
amounts of non-diatom fatty acids, as 22:6 and 18:4,
show clearly that the sea-ice communities were not purely
composed of diatoms.

The unusually high proportion of the 18:1 fatty acid
(compared to culture-grown diatoms) was found in all
samples, but especially in the interstitial water. Even
higher proportions of the 18:1 fatty acid were found in the
particulate matter during spring in the North Sea, and the
proportion decreased only during the exponential growth
phase of a diatom bloom (Kattner et al. 1983). We
therefore speculate that the high proportion of the 18:1
acid in our samples may be due to detrital matter.
However, it is known that Thalassiosira antarctica forms
resting spores under unfavourable conditions with a
change in the chemical composition, and spores contain
noticeably more lipid reserves than vegetative cells (Dou-
cette and Fryxell 1983, 1985). Unfortunately these workers
did not determine the fatty acid composition of the resting
spores but it might be possible that they are rich in the
18:1 acid, too.

Particulate matter in waters of low productivity is
deficient in polyunsaturated fatty acids. It contains high
levels of saturates and fatty acids with 18 carbon atoms
(Goutx and Saliot 1980; Mayzaud et al. 1989; Henderson
et al. 1991; Graeve 1992). The same was true for the open
water column sample which probably only contained a
mixture of detritus and green algae.

In summary, lipids play an important role in the
physiology of sea-ice algal communities. However, the
reasons for the initiation of enhanced lipid biosynthesis are
not clear, although it is probably prerequisite that a
multitude of factors interact together to induce lipid
accumulation. One of the major factors may be nutrient
limitation. The synthesis of storage products increases the
chances to survive long periods of unfavourable condi-
tions such as freezing into the ice. Thus, algae which have
survived the winter may be released into the water column
during next spring to inoculate the nutrient rich waters.
Resting stages contain considerable amounts of lipid, but
the cells themselves may also be rich in lipids as shown by
the oil droplets comprising most of the cell volume. The
fatty acid composition of the sea-ice algae showed due to
the large variability, no clear adaptation to the conditions
in the Antarctic and to the sea-ice environment was
observed. The most striking difference to the fatty acid
composition of the sea-ice algal community to that of
diatoms is the high proportion of the 18:1 fatty acid.
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