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Dark Survival of Marine Microalgae
in the High Arctic (Greenland Sea)

By Qing Zhang', Rolf Gradinger*"and Michael Spindler”

Abstract: With the onset of winter, polar marine microalgae face total darkness
for a period of up to 6 months. A natural autumn community of Arctic sea ice
microalgae was collected for dark survival experiments from the Greenland Sea
during the ARK-XI/2 expedition of RV Polarstern in October 1995. After a dark
period of 161 days, species dominance in the algal assemblage changed from
initially pennate diatoms to small phytoflagellates (<20 pm). Over the entire dark
period, the mean algal growth rate was -0.01 day"!. Nearly all diatom species
had negative growth rates, while phytoflagellate abundance increased. Resting
spore formation during the dark period was observed in less than 4.5 % of all
cells and only for dinoflagellates and the diatom Chaetoceros spp. We assume
that facultative heterotrophy and energy storage are the main processes enabling
survival during the dark Arctic winter. After an increase in light intensity, algal
cells reacted with fast growth within days. Phytoflagellates had the highest
growth rate, followed by Nitzschia frigida. Further investigations and
experiments should focus on the mechanisms of dark survival (mixotrophy and
energy storage) of polar marine microalgae.

Zusammenfassung: Mit Beginn des Winters sind polare Mikroalgen einer
Dunkelperiode von bis zu sechs Monaten ausgesetzt. Experimente zur Uber-
lebensstrategie arktischer Eisalgen wurden im Rahmen der Polarstern-Expedi-
tion ARK-XLI/2 im Oktober 1995 durchgefiihrt. Die hiufigsten Algen zu Beginn
des Experiments waren pennate Diatomeen. Nach der Dunkelperiode von 161
Tagen wurde die Algengemeinschaft von Phytoflagellaten <20 ym dominiert,
die durchschnittliche Wachstumsrate der Algen betrug -0.006 Tag!. Wihrend
die meisten Diatomeenarten stark in ihren Haufigkeiten abnahmen, stieg die der
Flagellaten teilweise sogar an. Die Bildung von Dauersporen wurde nur fiir max.
4,5 % aller Zellen und nur bei Chaetoceros spp. und Dinoflagellaten beobach-
tet. Vermutlich bilden fakultative Heterotrophie zusammen mit der Nutzung
gespeicherter Energie die Hauptprozesse zum Uberleben des arktischen Win-
ters. Auf Erhohung der Lichtintensitit reagierten die Algen mit schnellem
Wachstum innerhalb weniger Tage, wobei Phytoflagellaten die hdchsten Wachs-
tumsraten aufwiesen, gefolgt von Nitzschia frigida. Zukiinftige Studien und
Experimente sollten sich speziell mit den Mechanismen der Dunkelanpassung
polarer Algen (Mixotrophie, Energiespeicherung) befassen.

INTRODUCTION

Polar marine ecosystems are characterized by strong seasonality
and interannual variability of environmental factors, especially ice
cover and irradiance. Sea ice covers 7 to 14 million km? of the
Arctic Ocean and is a critical parameter in the modeling of envi-
ronmental changes in polar areas (SPiNDLER 1990). Microalgae in
the water column and the sea ice are important primary produ-
cers of polar oceans (HornER 1985, LEGENDRE et al. 1992, Arri-
co et al. 1997). Diatoms are often dominant and may contribute
more than 90 % to the total microalgal abundance. The seasonal
development of polar marine microalgae is mainly controlled by

abiotic parameters and the onset of algal growth in spring is con-
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trolled by the increase of available light after the dark polar win-
ter (PaLmisano & SurLivan 1983). In the Arctic Ocean primary
production is characterized by a single pulse during the short sum-
mer season. Consequently polar organisms must have adapted
their life cycles to overcome the dark period.

Numerous studies at Antarctic, Arctic and sub-Arctic sites have
demonstrated that light is the principle factor limiting the onset
and early development of bottom ice algal blooms (Cota &
SmrtH 1991, Smite et al. 1993). During a later phase, nutrients,
especially silicate, become limiting because of high algal growth
due to high levels of in situ irradiance and slow nutrient repla-
cement by e.g., tidally-driven exchange processes (GOSSELIN &
LEGENDRE 1990).

During the polar winter, microalgae face total darkness for a pe-
riod of up to 6 months (Parmisano & SurLivan 1983). Although
survival of a proportion of the ice diatom community is essential
to ,,seed” the annual spring bloom (MaTtHekE & HornErR 1974,
Kuosa et al. 1992), dark survival strategies have received little
attention. BunT & LEE (1972) observed that four Antarctic sea ice
microalgae were still viable after a dark period of 3 months. PAL-
MISANO & SuLrivan (1983) found that up to 100 % of the popula-
tion of three lab-cultured polar sea ice diatoms (two from Antarc-
tica, one from the Arctic) were capable of growing again auto-
trophically after a dark incubation of 5 months at -2 °C. Formati-
on of resting spores has been suggested as an overwintering stra-
tegy in sea ice diatoms (PaLmisano & SurLivan 1985). Conver-
sely, SyverTsen (1991) pointed out that resting spores play no
important role in winter survival of Arctic ice algae.

The ARK-X1/2 expedition of RV Polarstern to the Greenland
Sea from 22 September to 29 October 1995 allowed us to stu-
dy the natural autumn community of Arctic sea ice microalgae
in a state prior to the dark winter period. The goal of the pre-
sent study was to follow the survival of Arctic marine microal-
gal species during a dark period of 23 weeks (161 days) follo-
wed by incubation in the light for 30 days.

MATERIALS AND METHODS

Ice material was collected at 79° 02' N, 2° 59' W in the Green-
land Sea on 08 October 1995. The daylength was about 8 h and
decreased by about 30 min each day. Grease ice was collected
with a bucket and melted in 0.2 um-prefiltered seawater (volu-
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me ratio 1:1) at 1 °C in the dark. After melting, larger zooplank-
ton was removed with a 64 um gauze. The water was put into
fifty 50 ml Corner polystyrene tissue culture vials and kept in
the dark at | °C for 23 weeks (161 days). Samples were shaken
manually twice a day in the dark. After the dark incubation pe-
riod, cultures were pured into larger vials (125 ml) and put into
a light incubator with 1.6 wmol m™? s irradiance and 12L:12D
light cycle at a temperature of 1 °C. Fifty ml filtered (0.2 um)
seawater, which had been collected at the sampling location and
stored in darkness at 1 °C, was added to each vial as an addi-
tional nutrient source.

Two vials were fixed during the dark period every 7 days du-
ring the first five weeks, every 14 days in the following 18 weeks
and every 5 days during the light period with borax-buffered
formalin (1 % final concentration). Algal abundances were de-
termined with the Utermohl technique according to HeLcom
(1988) using a Zeiss Axiovert 135 inverted light microscope. For

species determination we followed MepLin & PrippLE (1990)

although we are aware of recent changes of the names of cer-

tain taxa. Algal growth rate, |1, was calculated:
th(lnNtz'lan)/(tz'tI)a

where N, and N,, represent the cell abundance (cells/ml) at time

t, and t,, respectively.

RESULTS
Algal composition and abundance

The algal assemblage in the grease ice was dominated by pen-
nate diatoms (Table 1, Fig. 1 and 2), e.g., Nitzschia frigida
Grunow (17 %) and Nitzschia cylindrus (Grunow) Hasle (16 %),
accompanied by Nitzschia pellucida Karsten (12 %), the cen-
tric diatom Chaetoceros gracilis Schiitt (11 %) and phytoflagel-

Dark period (days) 0 7 14 21 28 35 49 63 77 91 105 119 133 147 161
Actinomonas sp. - 5.5 4.2 30 25 38 2.9 2.0 - 2.0 - 2.0 - 4.4 -
Bacterosira fragilis 3.0 44 4.1 - 3.1 23 - - - - - - - - 36
Chaetoceros gracilis 11.2 7.3 6.8 3.6 9.5 3.0 6.0 5.9 74 9.5 17.1 4.1 72 8.0 11.7
Chaetoceros simplex - 29 4.6 7.2 9.8 2.4 - 2.0 3.7 5.6 3.4 53 9.1 5.5 6.3
Coscinodiscus sp. - - - - - - - - - - 2.4 -
Navicula algida 23 - - - - - - - - - - - - 2.9 -
Navicula cuspidata 3.7 - - - - - - - - - - 2.0 - 4 -
Nitzschia arctica 53 3.0 124 10.5 4.3 11.7 3.2 8.5 - 2.9 - - 58 22
N. closterium 2.8 3.3 - - - - - - - - - - - - 2.7
N. cylindrus 15.6 135 9.3 74 7.1 8.9 73 5.7 - 7.2 6.0 2.0 7.7 8.0 4.9
N. frigida 16.5 17.1 8.8 3.0 2.1 4.4 - - - - - - 2.9 22
N. pellucida 1.9 8.7 12.5 10.9 15.3 9.6 7.1 8.3 2.9 2.9 - 49 7.2 3.6 5.8
N. pseudaodelicatissivuma 2.1 3.0 - - - - - - - - - 38 - -
N. psewdonana 2.7 4.0 36 3.6 3.4 4.1 28 - - 3.6 5.1 2.8 29 - -
N. seriata - - - - - - - - 2.0 - - 2.4 -

Nitzschia spp. 9.6 6.5 5.0 5.2 10.1 9.2 3.7 33 2.6 3.9 26 2.8 6.7 44

Phytoflagellates (<20um) - 3.6 8.9 8.7 10.1 17.9 46.6 41.4 76.1 47.1 32.5 56.1 29.3 27.6 35

Phytoflageliates (>20um) 6.0 8.0 10.4 23.1 129 5.8 11.7 5.7 - 5.9 23.1 4.1 6.7 16.7

Chaetoceros spp. (spores) - 04 0.8 0.3 - - - - - - - - - - -

Dinoflagellate cysts - - 0.2 0.3 0.9 0.9 0.5 2.6 0.4 1.3 - 4.5 1.0 - -

Sum of Nitzschia spp. 68.3 62.9 56.4 452 482 51.6 28.1 37.0 8.5 255 21.4 i7.9 40.4 26.9 188

Sum of diatoms 92.7 88.4 80.7 68.2 77.0 66.3 41.7 529 22.1 47.1 44.4 39.8 63.9 55.6 43.0

Sum of phytoflageliates 7.3 11.6 19.3 31.8 23.0 337 583 47.1 71.9 52.9 55.6 60.2 36.1 44.4 57.0

Total abundance 225.6 55.0 123.0 187.0 65.2 164.6 1232 183.6 108.8 122.4 46.8 98.4 83.2 55.0 89.2

Light period (days) 161 166 171 176 181 186 191

Actinononas sp. - - - - - - 2.2

Bacterosira fragilis 3.6 - - - - -

Chaetoceros gracilis 1.7 - 29 2.9 2.7 33 5.6

Chaetoceros simplex 6.3 - 3.6 38 2.5 4.6 52

Navicula cuspidata - - - - - - 2.6

Nitzschia arctica - - 34 2.7 2.2 - -

N. closterium 2.7 - - - - - -

N. cylindrus 4.9 - - - - 23 6.9

N. frigida - - - 2.0 - - -

N. pellucida 5.8 - - 2.4 - - 4.8

Nitzschia spp. 2.2 - 25 - - - 52

Phytoflagellates (<20um) 507 90.5 726 74.7 74.2 798 56.7 Tab. 1: Relative abundance (%} of taxa comprising more than 2.0%

Phytoflagellates (>20um) 63 28 8.4 4.7 6.8 3.3 6.9 (except spores) and total abundance (cells/ml) of the algal assem-

Sum of Nitzschia spp. 18.8 3.8 10.9 10.9 11.9 7.8 20.3 blage. Dominant taxa for each day are in bold.

Sum of diatoms 43.0 6.7 19.0 20.6 18.9 16.9 36.4

Sum of phytoflagellates 57.0 93.3 81.0 79.4 81.1 83.1 63.6 Tab. 1: Relative Zusammensetzung (%) der Phytoplanktongemein-

Total abundance a6 254 1708 T804 2512 1228 oad schaft mit Ta'xa. die tiber 2.()?’0 (agﬁer Sporen‘) der Gesamtzah! bei-
trugen. Dominante Taxa am jeweiligen Tag sind fett gedruckt.
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Dark period (days) Light period (days)

Taxa 0-35 35-105 105-161 0-161 0-5 0-20 0-30 20-30
Chaetoceros gracilis -0.046 0.007 0.005 -0.005 -0.262 0.013 0.000 -0.027
Nitzschia cylindrus -0.025 -0.024 0.008 -0.013 0.000 0.039 0.036 0.029
Nitzschia frigida -0.047 -0.031 -0.012 -0.028 0.277 0.150 -0.100 -0.139
total Nitzschia spp. -0.017 -0.031 0.009 -0.014 0.014 0.064 0.027 -0.047
total diatoms -0.019 -0.024 0.011 -0.011 -0.039 0.045 0.019 -0.035
small phytoflagellates 0.067 -0.009 0.019 0.017 0.449 0.105 0.028 -0.127
total phytoflagellates 0.035 -0.011 0.012 0.007 0.431 0.104 0.028 -0.124
total algae -0.009 -0.018 0.012 -0.006 0.333 0.086 0.024 -0.100

Tab. 2: Mean growth rates (U, day') of the algae during the dark period and after exposure to light.

Tab. 2: Mittlere Wachstumsraten (U, Tag™') der Algen wihrend der Dunkel- bzw. Hellphase.

lates (7 %). Total cell abundance at the beginning of the expe-
riment was 226 cells/ml, in which diatoms accounted for 93 %.

During the dark phase, the abundance of the algae gradually
decreased. At the end of the dark period, total algal abundance
was 89 cells/ml, being 40 % of the initial abundance. The rela-
tive algal composition also changed to small phytoflagellates
(<20 pm; 51 %), Chaetoceros gracilis (12 %) and Chaetoceros
simplex (6 %) as main taxa. Nitzschia spp. only accounted for
19 % of the total algal abundance.

The addition of filtered sea-water during the onset of the illu-
minated phase resulted in a 50 % reduction of cell concentrati-
ons (Fig. 2). In the light, algal abundance increased in the first
20 days from 45 cells/ml to 252 cells/ml, mainly due to the
growth of small phytoflagellates (<20 um). At day 181, small
phytoflagellates, large phytoflagellates (>20 wm), Chaetoceros
gracilis and Chaetoceros simplex dominated the algal commu-
nity with 74 %, 7 %, 3 %, and 3 %, respectively. At that time,
Nitzschia spp. contributed 12 % to the total algal assemblage.

During the last 10 days of the light period from day 181 to day
191, the total algal abundance decreased to 92 cells/ml. At the
end, small phytoflagellates still dominated the algal assembla-
ge contributing 57 %, accompanied by large phytoflagellates
(7 %), Nitzschia cylindrus (7 %), Chaetoceros gracilis (6 %),
and Chaetoceros simplex (5 %).

Growth rates

Over the entire dark period of 161 days, the mean algal growth
rate was -0.01 day”'. Nearly all diatom species had negative
growth rates, only phytoflagellates had positive growth rates of
0.02 day™! for cells <20 wm and 0.01 day! for larger phytofla-
gellates (Table 2).

In the first 5 weeks of the dark period, small phytoflagellates
grew at a rate of 0.07 day!, while all diatom species had nega-
tive growth rates. In the middle of the dark period from day 35
to day 105 (week 5 to 15), abundance of small phytoflagellates

increased at a rate of 0.03 day! from day 35 to day 77, and then
decreased at a rate of -0.06 day™' to day 105. The mean growth
rate of small phytoflagellates from day 35 to day 105 was -0.01
day' (Table 2 and Fig. 2).

During the first 5 days of the light phase, the algal community
grew at a rate of 0.33 day'. Small phytoflagellates displayed the
highest growth rate (0.45 day™), followed by Nitzschia frigida
(0.28 day™") (Table 2, Fig. 2). During the first 20 days of the
light period, algal abundance increased with a mean growth rate
of 0.09 day"' with M. frigida having the highest rate of 0.15 day!,
followed by small phytoflagellates at 0.11 day™. In the last 10
days of the light period however, nearly all algal species had
negative growth rates.
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Fig. 1: Relative composition (%) of algae during the experiment.

Abb. 1: Relative Zusammensetzung (%) der Algengemeinschaften wihrend des
Experiments.
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Fig. 2: Changes of the abundance of algae: a):
Diatoms, phytoflagellates and total algae, b):
dominant algal taxa and c): dominant diatom
taxa. Note the changes of scale within the cell
density-axis between a), b) and ¢), and the dark
and light periods.

Abb. 2: Verinderungen der Hiufigkeiten der
Algen: a) Diatomeen, Phytoflagellaten und
Gesamtalgenzahl, b) dominante Algentaxa und
¢) dominante Diatomeentaxa. Beachte die ver-
schiedenen Ordinatenskalen in a-c) bzw. fiir
die dunklen und hellen Perioden.



Resting spores

Resting spore formation was only observed for dinoflagellates
and Chaetoceros spp. during the dark period (Tab. 1). The re-
sting spores of Chaetoceros were found together with normal
cells between the second and fourth week of darkness. Spores
of dinoflagellates were observed during the entire dark period.
Resting spores accounted for only a small proportion of the as-
semblage throughout the dark period (minimum of 0.4 % of all
cells at week 2 to maximum of 4.5 % in week 11). Resting spo-
res of the genus Chaeroceros accounted for 1.1 % of all Chae-
toceros cells at week 1, 6.7 % at week 2 and 2.0 % at week 3.

DISCUSSION

The experiments clearly demonstrate the potential of Arctic
marine microalgae to survive long periods in the dark. After the
161 day period of darkness we still found 40 % of the initial
organism abundance and 64 % of the initially observed species.
Although we tried to exclude grazers from our vials by pre-
screening through a 64 um gauze, micrograzers such as hete-
rotrophic flagellates and ciliates were present in our samples and
the estimated growth rates are therefore underestimations of the
true values.

To survive long periods of darkness, marine microalgae have
at least three survival strategies: facultative heterotrophy, storage
and utilization of energy reserves at a reduced metabolic rate,
and resting spore formation. These are not considered to be
mutually exclusive and may vary in importance between spe-
cies (PaLmisano & SuLLivan 1985). Little attention has been paid
to the physiological and biochemical mechanisms of winter sur-
vival in sea ice microalgae. Previous studies on dark survival
were based mostly on data from clonal cultures (BUNT & LEE
1972, PaLmisano & SuLLivan 1982, 1983, Parmisano et al. 1987,
PeTERS & THOMAS 19964, b). In such experiments, competition
between algal species and temporal evolution of the algal assem-
blages were not considered. Prior studies on Arctic, temperate
and Antarctic diatoms demonstrated their ability to utilize dis-
solved organic material (DOM) for nutrition (ALLEN 1970, 1971,
WHitE 1974, PaLMisano & SuLLivan 1982), but HORNER & ALEX-
ANDER (1972) considered this process to be insignificant. In our
investigation we observed that flagellated taxa survived better
than diatoms during the dark period. The ability to use organic
sources as DOM or bacteria to sustain their growth is well do-
cumented for many pelagic flagellated species (e.g., McKenziE
et al. 1995, ANDERSsON et al. 1989) but has not been studied on
taxa found in the ice. The net growth of flagellates during the
dark period of our experiment suggests that facultative hetero-
trophy (grazing on bacteria, uptake of DOM) plays an important
role in the dark survival of Arctic marine flagellates. Therefore
future studies should focus on the seasonal varying role of mi-
xotrophy within the ice food web.

The storage of energy in the form of lipid droplets or carbohy-
drates has been observed in many diatoms (BARRETT et al. 1995,

Fanr & KATTNER 1993, NicHoLs et al. 1988). Microscopical live
observations on ice algae during our expedition (GRADINGER,
unpubl. data) showed, that many diatom and flagellated cells
contained large amounts of storage products. Although we did
not quantify the amount and composition of storage products,
we assume, that this mechanism is of great significance for the
dark survival of Arctic algae. Combined with energy storage,
reduction of cellular metabolism (PETERS & THoMAS 19962) will
allow for survival of algal cells during the dark polar winters.

Many algal groups (e.g., diatoms and dinoflagellates) have evol-
ved specific cell types and stages to survive unfavourable en-
vironmental conditions (FrRyxerLL 1994). During our study, we
observed resting spore formation in only two taxa (Chaetoce-
ros spp., dinoflagellates) while most of the cells remained
unchanged. Our findings are consistent with Antarctic (PALmis-
ANO & SuLLivan 1985) and Arctic (SYVERTSEN 1991) studies
where spore formation also was rarely reported. Also PETERS &
THomas (1996a) observed no spore formation for three Antarc-
tic diatoms species during a dark period of 10 months. Conse-
quently we assume that resting spores play no important role in
winter survival of most ice algae.

The response to light after the 161 day period of darkness was
different for flagellates and diatoms. Phytoflagellates attained a
fast growth rate of 0.43 day! during the first 5 days, while the cell
abundances of most diatom species were still declining, some
even at a higher rate than during the period of darkness. The abi-
lity of algae to adapt to the increasing light intensity within hours
is consistent with other culture experiments which showed that
photoadaption from low to high light intensities occurs within
hours (SmitH & SaksHAUG 1990). Algal cells are thus able to
sustain a photosynthetic active apparatus for months in the
darkness, which allows for carbon assimilation immediately
after reintroduction to light (PETERs & TrOMAS 1996a). The lag
phase to resume growth is probably longer for diatoms than for
flagellated taxa (our study, PetErs & THOMAS 1996 a,b).

Due to the difficult accessibility of Arctic waters during winter/
early spring, only a limited amount of field data on ice algal de-
velopment during that season is presently available. Studies on
ice algal growth during late spring in May 1988 (GRADINGER et
al. 1991) revealed growth rates of 0.08 day* for diatoms and 0.04
day! for autotropic flagellates in the lowermost 30 cm of an ice
floe under similar light conditions during a period of 20 days.
These results are in accordance with those from our investigati-
on (Table 2). The fastest growth rate of a sea ice diatom was re-
corded for Nitzschia cylindrus with 0.28 day! under “summer”
conditions in a clonal culture by Parmisano & SuLLivan (1982),
which is similar to the maximum growth rate for a diatom spe-
cies (Nitzschia frigida) in our experiment. The general decrease
of algal cells after 20 days in the light might have occurred due
to nutrient exhaustion, as was the case in field observations from
the Canadian Arctic (GossELIN & LEGENDRE 1990).

In conclusion our results demonstrate the ability of algae to sur-

vive long periods of darkness and to react to increased light le-
vels within days. Further investigations and experiments should
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focus on the mechanisms to explain such observations in respect
to energy storage and utilization by algae and the role of mixo-
trophy and species competition.
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