SEA ICE CHARACTERISTICS, NUTRIENT DYNAMICS AND COMMUNITY
STRUCTURE AND COMPOSITION OF ICE BIOTA FROM GULF

OF ST.LAWRENCE, MAGDALEN ISLANDS AREA.

by
<:) :% Mich2le A. De Séve

Institute of Oceanography
McGill University

February 1989

A Thesis submitted to the Faculty of Graduate Studies and
Research in partial fulfillment of the requirements for the
degree of Doctor of Philosophy (Oceanography).



3

¢

-ii-

Abstract

Sea ice <c¢characteristics were studied in relation to
nutrient dynamics, biomass and community structure and
composition of ice biota from the Gulf of St.Lawrence at
landfast and drifting i1ce stations in the Magdalen Islands
area, The instabilaity of ¢the 1ce substrate was demonstrated
with respect to short duration of cover (8 weeks), 1ce melt
and raftaing processes.

The study of nutrient dynamics 1n ice and i1n seawvater
suggests silicates and nitrogen (NO,+NO;+NH,) limitation at
landfast 1ce stations, as well as i1n situ regeneration of
phosphorus in the bottom ice sections. No <correlation was
found between microalgal biomass and nutrients, hut specifac
growth rates were in the lower range of values reported for
Arctic 1ce algae,

The composition of the microalgal 1ce biota revealed two
types of communities. The fairst type was composed of a
majority of pennate diatoms (abundance >98%), with dominant
species such as Nitzschig cylindrus, N, polaris and Navicula
kariana, similar to Arctic landfast 1ce biota communities,
The second type was composed of a high percentage of centric
diatoms (abundance >46%) due to the abundance of the

planktonic diatom Thalassiosira nordenskioldii., Community

structure and composition are discussed with respect to the

instabilaty of the 1ce substrate, and the comparison between
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landfast and drifting pack ice.
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Résumé

Les caratéristigques de 1l1la glace du golfe Saint-
Laurent ont été étudiées en relation avec la dynamique des
sels nutritifs, 1la biomasse ainsi1 que la structure et la
composition des communautés des biocénoses de la glace, a des
stations de glace cO6tiére et de glace de dérive dans la
région des Iles de la Madeleine. L'instabilité du substrat de
la glace a été démontré en fonction de la courte durée de la
saison des glaces, de 1la fonte et des processus de
chevauchement des glaces.

L'étude de la dynamique des sels nutritifs dans la glace
et dans 1'eau de mer suggére gue les silicates et les formes
azotées (NO,+NO,+NH,) sont limitants dans les stations
cdtieres, et qu'il y a régénération 1n situ des phosprhates
dans 1les strates inférieures de la glace, Il n'existe
cependant aucune corrélation entre la biomasse des
microalgues de la glace et les concentrations de sels
nutritifs, et les taux de croissance spécifique sont de
1'ordre de grandeur des taux les plus faibles observés pour
les régions arctiques,

La composition des microalgues des biotopes de la glace
a révélé l'existence de deux types de communautés, Le premier
type était composé en majorité de diatomées pennées
{abondance >98%), avec les &espéces domlnantes Nitzgchia

cylindrus, N. polaris and Navicula kariana, semblables aux
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communautés des biocénoses des glaces cdtieéres dans les
régions arctiques. Le deuxiéme type de communauté était
composé d'un pourcentage ¢élevé de diatomées centriques
(abondance >46%) due a4 1'abondance de 1l'espéce planctonique

Thalassiosira norderskioldii. La structure et la composition

des communautés sont analysées en fonction de l'instabilateé

du substrat de la glace, et en comparailson entre les glaces

cftiéres et les glaces de déraive,
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PREFACE

1.) Statement of Originality:

This study presents the first comprehensive
investigation of 1ce biota from the Gulf of St.Lawrence. Its
originalaty lies in the incorporation of sea 1ce
characteristics, nutrient dynamics and community structure
and composition of 1ce biota on a spatial and a temporal
scale, and 1n a comparative framework for landfast and
drifting pack 1ce., It 1s the first time that sea ice brine
volume and residence time of seawater 1in brine channels are
estimated, providing useful i1nformation on living conditions
within the brine cells. It 1s also the first extensive studv
on nutrient dynamics i1n 1ce and 1n sea water demonstrating
nutrient laimitation particularly for landfast 1ice biotad 1n
Gulf of St.Lawrence, Magdalen Islands area, But the
instabilaty of the 1ce substrate 1s suggested as limiting

factor of ice biota production. Relationship between speciles

composition of ice biota and 1ce types, 1.e, landfast and
drifting pack 1ce 1s suggested for the first time. Each
manuscript represents a significant contribution to

scientific knowledge, and collectively the three manuscripts
provide a comprehensive data base for future 1ce bilota

studies.
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2.) Historical background of previously relevant work:

An extensive hiastorical background can be tound in the

General Introduction, and in the Introduction and text of

each chapter.
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Section 7 of the Thesis Guidelines, the candidate declares
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4.) Thesis format:

In accordance with Section 7 of the Thesis Guidelines,
this thesis has been prepared as a series of manuscripts
suitable for submission to refereed scientific journals for
publication. For this reason, each chapter contains its own
Abstract, Introduction, Materials ans Methods, Results,
Discussion and Couclusions, Literature cited, and

understandably certain amount of repetition., The present
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thesis format has been approved by the thesis commaittee and

by the Chairman of the Department,
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General Introduction

The present study was initiated in order to elucidate
some of the puzzling questions raised by Dunbar and Acreman
(1980) and Demers et al. (1984) who found that biomass of ice
algae from the Gulf of St.Lawrence (latitude 45°-50°N), based
on chlorophyll a measurements, was one to two orders of
magnitude less than at higher latitudes (>60°N). They also
reported that centric diatoms 1n the drifting pack ice in the
Gulf of St.Lawrence comprised 43%7 of the ice biota as
compared to less than “ 1n Arctic 1ce communities, Similar
results were reported by Demers et al. (1984) for drifting
pack ice communities from the St.Lawrence Estuary.,
Differences 1n biomass between the two 1ce regimes of high
and 1low latitudes, as well as differences in systematic
composition of the 121ce floras, were attributed to the
duration of the ice cover which lasts only from two to three
months 1n the Gulf of St.Lawrence as opposed to 8 months or
more 1n the Arctaic. Accordaing to Dunbar and Acreman (1980,
p.70): "In the Arctic and Antarctic, the dice forms a more or
less permanent upper solid substrate, ecologically comparable
with the sea floor, in fact a "ceilaing'", which has allowed
the evolutaion of a substrate community, analogous to the
benthos. The benthic diatoms have taken over the Arctic
biotope 1n a mannner which has not been possible in the Gulf

of St.Lawrence, where 1ce lasts only from January to early
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May". Differences in systematic composition of the ice flora
were also attributed to higher underice 1light intensities in
the Gulf of St.,Lawrence, resulting from thinner ice and
increased light levels at lower latitudes. Higher underice
light conditions were suggested to favour planktonic, 1.e,
centric diatoms, over shade-adapted pennate diatoms (Dunbar
and Acreman, 1980; Demers et al., 1984), Planktonic algae are
indeed better adapted to higher light intensities than 1ce or
benthic algae which are photoinhibited at irradiances
thirteen times lower than for planktonic algae (Rivkin and
Putt, 1987).

The importance and 1nterest of dice biota as primary
production contributors in Arctic and Antarctic regions has
been put forward i1n a number of studies, summarized in
Horner's (1985) comprehensive book titled "Sea Ice Biota",
One hypothesis suggested to explain enhanced biomass
production at the i1ce-seawvater interface 1s that 1ce acts as
an aquatic "ergocline" defined as a spatial interface between
"stable" 1ce conditions and ‘“unstable"” seawater conditions
bringing an input of auxiliary energy necessary for ice algal
blooms (Legendre and Demers, 1985). According to Reeburgh
(1984), elevated ice biota production and biomass result from
short residence time of sea water in bottom ice skeletal
layer (2-6 hours), where the bulk of the production occurs,
This is further supported by the fact that the skeletal

layer, which occupies the bottom 10-30 cm of 1ce, is 1n




-3=
direct <contact with the underlying seavater (Weeks, 1976),
and that seawater was demonstrated to be the largest source
of nutrient supply to dice biota (Cota et al., 1987), The
extreme degree of photoadaptation found by Cota (1985) and
Rivkin and Putt (1987) for Arctic and Antarctic ice algae,
which are actually considered as an obligate shade flora
genetically constrained to very 1low photon flux, 1s also
thought to contribute to the success of their development in
ice,

With respect to specles composition of idice biota,
numerous studies from both polar regions have demonstrated
that pennate diatoms are the most abundant group of algae
found 1n ace (Horner, 1985). This 1s particularly true for
Arctic and Antarctaic landfast ice studies, where pennate
diatoms can contribute more than 907% of the species abundance
(Burkholder and Mandella, 1965; Meguro et al,, 1967;
Whattaker, 1977; Graanger and Hsiao, 1982; Horner and
Schrader, 1982; Pett et al, 1983; Rymes, 1986). On the basis
of abundance of pennate diatoms, ice biota communities have
been considered as analogous to benthic communities (Dunbar
and Acreman, 1980). There 1s, however, no species correlataion
between the benthic and the 1ce diatom flora, except for
predominance of pennate diatoms (Horner, 1985). The majority
of pennate 1ce diatoms seem to be typical cryophiles found
only 1n association with ice (Usachev, 1949). In landfast ice

from polar regilons, centric diatoms are rarely dominant,
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although more centric species are reported from the Antarctic
where the presence of an underice frazil layer might provide
a more favorable habitat for the growth of planktonic species
(Horner, 1985), However, there are numerous records from
drifting pack ice studies of centric diatoms as dominant
species of ice biota communities (Vanhoffen, 1893, 1897;
Gran, 1897; Meister, 1930; Hart, 1942; Usachev, 1949;
Mel 'nikov, 1980). These result suggest a relationship between
ice origin, 1.e, landfast or drifting pack ice, and species
composition dominated either by pennate or centric diatoms.
On the basis of similar findings by Sutherland (1852),
Apollonio (1985) had even suggested the existence of a
drifting pack 1ce flora ecologically daistinct from the
landfast ice flora.

The aim of the present study 1s to test the hypothesis
that 1) shorter duration of 1ce cover in the Gulf of
St.Lawrence 1s responsible for the lower biomass of 1ce biota
communities there than farther north, and that 2) shorter
duration of 1ce <cover <coupled with higher underice light
intensities at lower than higher latitudes favour centric
over pennate diatoms.

In chapter I, sea ice characteraistics from the Gulf of
St.Lawrence are determined for 1landfast and driftang pack
ice, in comparison with sea 1ce characteristics from higher
latitudes and in relation to the stability of the ace

subtrate and the microbrine environment as possible limiting
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factors of the 1ce biota Dbiomass. Chapter 11 deals with
nutrient dynamics in ice and in seawater, in relation to the
three sources of nutrient supply to ice algae, namely
desalination, 1n-situ regeneration and seawater nutrient
supply (Megurc et al., 1967). Nutrients and light are seen as
ultimately limiting 1ce flora. Chapter III is concerned with
the structure and composition of the 1ce biota communities as
indicators of the stability of the 1ce communities, and with
the determination of species composition with respect to
variables associated with 1ce origin (landfast and drifting

pack 1ce) and latitude.
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ICE BIOTA FROM THE GULF OF ST.LAWRENCE, MAGDALEN ISLANDS
AREA.

PART I: SEA ICE CHARACTERISTICS.
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Institute of Oceanography
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Abstract

Sea ice characteristics were studied at six landfast 1ce
stations and one drifting 1ce station in the Magdalen Islands
area, Gulf of St.Lawrence., Ice coverage lasted for a maximum
of 8 weeks, from mid-February tall the second week of April.
Average 1ce thickness was 54.6 cm 1n February and 40.8 c¢m 1n
March. Ice desalination rates were similar to those of Arctic
1ce 1n the first week of 1ce formation, with a 78% decrease
in salinaty, but further desalination rates were more rapid,
with 1ce salinity down to $2.0°/00 associated waith flushing
and 1ce melt., However, salainity of the 1liquid braine,
estimated from percent brine volumes, gave values ranging
from 2.0 to 85.0°/00 a1n the farst part of March, and values
close to underice seawater salinity (20-38°/00) 1n the latter
part of March. Residence time of seawater 1in braine channels
above the skeletal layer was estimated at 3-24 hrs for
minlimum 1ce thickness and brine volume, and at 2-18 days for
maximum 1ce thickness and braine volume, The instabilaty of
the 1ce substrate 1s considered with respect to short
duration of 1ce cover, 1ce melt and rafting processes and 1in
relation to lower biomass 1n the Gulf of St.Lawrence as
compared to Arctic 1ce biota, Longer residence time of sea
water 1n the uprer 1ce 1s suggested as a limiting factor for

the development of 1ce biota above the skeletal lavyer,
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INTRODUCTION

In a comparative study of 1ce biota from different
latitudes, Dunbar and Acreman (1980) found that algal biomass
of ice biota from the Gulf of St.,Lawrence drifting pack 1ice
was one to two orders of magnitude less than for landfast
Arctic ice communities., Similar vresults were reported by
Demers et al. (1984) from the St.Lawrence Estuary. Short
duration of ice coverage was suggested as the responsible
factor for the reduced biomass. In order to further
understand the controlling mechanism of 1ce biota production
in the Gulf of St.Lawrence, and as part of a comprehensive
study of ice biota communities from lower latitudes, sea 1ce
characteristics of landfast and drifting pack 1ce were
determined, 1n comparison with Arctic 1ce characteristics and
with a view to defining the living conditions for 1ce biota
within the ice habitat for the skeletal layer and the upper
ice.

The Gulf of St.Lawrence 1s the most southerly region of
the northern hemisphere where sea 1ce is normally found. Ice
in the Gulf never develops beyond first year stage and has a
maximum thickness of 100 cm (Dunbar and Acreman, 1980). Ice
starts to form in sheltered areas in December, increasing
rapidly in January and February to the poaint that virtually
the whole sea surface 1is covered hy the beginning of March,.

Ice dispersal and melting starts 1in April, proceeding
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generally from west to east. The two main types of ice found
in the Gulf are landfast ice and drifting pack ice. Landfast
ice may be formed in situ from sea water or it may result
from dra1fting pack ice being pushed to shore. Landfast 1ce is
generally stable, subjected to limited vertacal
displacements, particularly 1n the Magdalen 1slands area
where maximum tidal amplitude is only 0.91m (Auclair, 1977),
and 1s therefore well suited for temporal studies of ice
biota. Driftang pack ice, also referred to as "ice floes",
originates from three main sources in the Gulf: Labrador 1ce
from the North drafting through the Strait of Belle Isle, ice
from the St,Lawrence River and Estuary, and ice formed withain
the Gulf 1tself (Matheson, 1967). Drifting ice 1s subjected
to rapid movement (1.,2cm/sec: Ingram, 1973) and 1ntense
deformation during the winter months, due to frequent high
winds (Owens and McCann, 1980) and strong currents (Campbell
et al.,, 1977)., In the Gulf of St.Lawrence, prevailing winter
winds are from the northwest and dominant Gulf 1ce drift
motion 1s 1n a southeast direction through Cabot Strait
(Ingram, 1967), Apart from regular reports on 1ce coverage,
1ce types and thickness, issued by the Ice Forecasting Centre
in Ottawa, there 1s little information available on sea ice
characteristics from the Gulf of St,Lawrence. Salainity and
1ce thickness were reported for drifting ice floes 1in the
St.Lawrence Estuary by Demers et al. (1984) and in the Gulf

of St.Lawrence by Dunbar and Weeks (1975) and Dunbar and
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Acreman (1980),

Salinity is an important characteristic of sea ice,
particularly in relation to the development of ice biota.
It is generally measured by the melted ice core technique,
Sea ice salinity results from trapping and concentration of
salts in brine cells duriug the formation of pure 1ce
crystals as sea water freezes (Pounder, 1965), In the early
phase of ice formation, very dense brine concentrations can
be found. Lewis and Milne (1977) report salanities of 68 °/po
in liquid brine., The 1nitial freezing period is followed by a
rapid decrease in salinity. At Eclipse Sound (Nakawo and
Shina, 1981), dice salinity of 25 °/o00 during the initial
stages of freezing dropped to 8.5 °/00 within a week of 1ce
formation. After this 1initial rapid decrease, salanity of
Arctic ice attains quasi-stable values which then decrease
slowly throughout the season, down to around 10% of the
original seawater salinity by the end of the first growth
season (Grainger, 1977). The dominant mechanism r2sponsible
for removing salts from growing sea 1ce 1s through gravaty
drainage (Weeks and Ackley, 1982), Gravity drainage 1mplies a
dovwnward movement of brine due to density differences between
concentrated 1liquid brane 2a1n the 1ce and the underlying
seawater, Flushing, a particular type of gravity drainage, 15
the most effective 1ce desalination mechanism. However, 1t
can only occur in cases of surface 1ce melt and 1s therefore

most important at lover latitudes where ailr temperatures can
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rise above the freezing point during winter, or in the Arctic
during the spring ice melt (Weeks and Ackley, 1958).

Determination of ice salinity by the melted 1ce core
technique gives only diluted salinity concentrations. In
order to determine the actual salainity to which the ice algae
are exposed i1n the 1ce, it 1s necessary to determine the
salinaty within the brine <cells., This can be done by
estimating the brine volume of the ice. Brine volume is
defined as the volume occupied by liquid brine with respect
to solid 1ce (Anderson and Weeks, 1977), Tt results from a
complex thermodynamic balance between the solid pure ice
phase and the concentrated 1liquid brine solution. Braine
volume 1s a function of salinity and ice temperature, both of
which vary with time and 21ce thickness, Therefore, brine
volume 1s expected to vary, especially at lower latitudes
where 1ce 1s thainner and where air temperature can rise above
the freezing point. Brine volume fluctuations will also
influence salinity and nutrient concentrations of the liquaid
brine and consequently the 1ce biota bathing in it,.

In order to determine the 1lavaing conditions of 1ice
biota within the ice, it 1s necessary to define the ice
habitat and the dynamic processes associated with it. On the
basis of brine cell features and circulation, sea ice can be
regarded as two separate systems: the skeletal layer which
occupies the bottom 10 to 30 mm of 1ce, and the upper ice

layer. A number of small and large scale brine cell features
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have been described in the upper ice layer of cungelation
ice. Small scale features comprise brine pockets with a
radius of less than 35 um (Hoesktra et al., 1965) defined as
bubbles of brine surrounded by ice that has either limited or
no communication with other brine masses. Brine tubes are
also important small scale features with diameters of 0.1 to
0.4 mm and lengths of 20 to 30 cm (Lake and Lewis. 1970),
According to Niedrauer and Martin (1979), 10% of 1ce consists
of brine 1n small tubes and Lake and Lewis (1970) report a
density of 42 tubes per cm?. Braine tubes are radially
connected to larger brine channels like the branches of a
tree, Large scale features 1nclude those brine channels which
are large vertical cylinders with diameters up to 7 mm and
lengths of up to 90 cm 1n 1ce 1.6 m thick ( Lake and Lewis,
1970 ). They reach densities of 54 channels pe: meter square
and are probably the primary drainage sites 1n natural sea
ice., The skeletal layer system 1s defined by Assur 1n Weeks
and Anderson (1958) as a strengthless layer of unconnected
vertical ice platelets, located at the bottom of the 1ce. The
skeletal layer 1s 10 to 3O mm thick and 1t is an this layer
that the bulk of ice biota biomass 1s found. Ice platelets
are not bridged by 1ce 1n this layer, contrary to the upper
ice, and the skeletal layer is therefore in dairect contact
with the underlying seawater.

In the upper 1ice layer above the skeletal layer, water

circulates mainly through brine channels. It was initially
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thought that brine channels were fed by the network of small
brine tubes which surround them. However, Niedrauer and
Martin (1979), 1n a dye experiment, recorded very high water

velocities 1n brine channels (0.25 mm/sec) and very low

velocities 1n brine tubes (5.5 um/sec). They concluded that
low brine velocities found in brine tubes could not account
for the high velocities found in the brine channels, and that
such high velocities were due to convective replacement of
outflowing liquid brine by seawater entering the ice,
Convection could not occur in brine tubes which have a radius
smaller than 0.4 mm. A convective model for brine channel
circulation was proposed with a bi-directional flow where
incoming sea water occupied the top portion and outflowing
brine occupied the bottom portion in slightly sloping
channels. Other models with oscillatory convective motion
have been proposed (Martain 1970), Water cairculation is
different in the skeletal layer from that of the upper 1ice
since the skeletal layer is 1in direct contact with the
underlying seawater. Temperature fluctuations were taken as
evidence of convective circulation (Lake and Lewis, 1970) and
Niedrauer and Martan (1979) showed that sea water advances up
the skeletal layer on a series of broad fronts and exits in
discrete plumes separated by about 10 cm and extending down
to the 1ce-interface. Fluxes through the skeletal layer are
rapid, about the same magnitude as those across

sediment-water interfaces, and residence time is short, in
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the range of 2 to 6 hours (Reeburg, 1984),

A study of sea 1ce characteristics from the Gulf of
St.Lawrence was undertaken, in consideration of the Dunbar
and Acreman (1980) and Demerxrs et al, (1984) results on ice
biota communities from drifting pack 1ce in the Estuary and
the Gulf of St.Lawrence. The aim of thais study was to define
sea 1ce characteristics and to determine the possable
controlling factors of 1ce biota production in the Gulf of
St.Lawrence. Sea 1ce characteristics were therefore studied
for landfast and draiftaing pack 1ce, 1n relation to the living
conditions of ace biota within the ice, and 21n comparison
with Arctic sea ice characteristics. Observed ice thickness
was compared to theoretical estimations to account for
phenomena such as ridging (piling up of one sheet of 1ce on
another), and for comparison between Jlandfast and driftaing
ice. Salinity profiles and desalination rates were determined
for first year ice growth and compared to Arctic regimes,
Brine volumes were estimated from 1ce temperature and
salinity data to determine thear fluctuations with time and
their effects on salinity concentrations of the liquid brine
within the braine cells. Residence time of sea water 1in the
upper ice was calculated for the first time and compared to
the residence time 2an the skeletal 1layer in relation to
circulation processes and ice biota production in the two

systems.
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MATERIALS and METHODS

Study Sites

The Magdalen 1Islands Archipelago 1s 1located in the
centre of the Gulf of St.Lawrence, latitude 47° to 48° North
and longitude 61 to 62° West. The 1location of the sax
landfast ice stations (1 to 6) and of the driftaing ice
station (7) is 1llustrated 1in Figure 1. Stations 1 and 3,
located in Havre-aux-Maisons and at Bassin, are the most
protected from winds and drifting 1ce effects, Station 2,
located on the eastern coast, is exposed to the northwest
winds and to occasional piling wup of 3ice 1n the Baie de
Plarsance., Landfast 1ce was often surrounded by open water at
that station, Stations 4 and 5, located on the western side,
are exposed 1n winter to prevailing northwesterly winds and
to southeast drifting 1ce floes <coming from the Gulf of
St.Lawrence. At these two stations, ice was sampled mid-way
between the shore and the edge of the landfast 1ce (Stations
4 and 5), as well as at the 1ce edge (Stations 4A and 5A),
the boundary between landfast i1ce and drifting pack ice,
Stataion 6, on the northwestern side at Pointe-aux-Loups, 1s
the most exposed to winds and driftaing ice. Station 7,
located approximately 20 km west of Pointe-aux-Loups, is the
drifting pack ice station which was used for comparison to

landfast 1ce stations.
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FIGURE 1. Map of the Magdalen Islands, Gulf of St.Lawrence,.
Sampling stations are designated by numbers 1 to 6 for
landfast ice stationc and by number 7 for the driftang ice

station. Stations 4A and 5A are located at the landfast 1ce
edge.
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Sampling Procedure and Analysis

Sampling Method

Seawater was sampled at stations 1, 4, 5 and 6 1n
January of 1979, before 1ce formation, Landfast 1ce began to
form 1n early February, but sampling of the ice only started
at the end of February when the ice was thick enough to
safely walk on. From that period on, 1ce and wdater samples
were collected every two weeks at stations 1 to b, Ice and
seawater wvere sampled only twice at station 7 by helicopte:,
Ice samples were collected with a SIPRE ice <corer of 7.5 ¢cm
diameter. Ice thickness was measured and the cores were cut
into 20 cm sections, starting from the bottom of the 1ce (nre
where the skeletal layer 1s found. Seawater was sampled hy
pumping underice water through holes made by the 1ce corer.
Ice temperature was measured by thermistor probes 1n the
bottom and mid-1ce sections at station 1. Thickness of the
snow cover and depth of the water column were also noted for
each station. Seawater and 1ce samples were brought back to
Environment Canada's laboratory at Cape-aux-Meules where
salinity was determined, after melting of the ice cores, with

an Autosal model 8400A salinometer,

Ice Thickness

Ice thickness was estimated for the Gulf of St.lLawrence

using Maykut's thermodynamic model of ice growth (Maykut
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1978, 1982). For thin ice (<0.8 m), defined as ice that
responds rapidly enough to thermal forcing to maintain an
essentially linear temperature profile, growth rate at the

bottom of the 1ce was obtained from the following equation

{Maykut 1982):

piLe dH = T(T,=To)+(0.124H®-29-0,26) ,F,e~1-35CH=0-2> _ F o
dt,
where p;, = 900 kgm~—?, average density of sea ice

Le = 0,3348%x10% Jkg-!, latent heat of fusion of 1ice
H = 1ce thickness
T = Kykoa/(koH+kih), the thermal conductance of
the 1ce-snow slab
ks = 2,034 W(mPK)~-?!, conductaivaity of sea ice
ke = 0.3097 W(m°K)-!', conductivity of snow

h = snow depth

Te = 271.35°K, freezing point of seawater, 32°/00
T® = surface temperature of the i1ce, °K

F., = 1ncident short wave radiation in MIm~2month-!
Fw. = 2 Wm—2, oceanic heat flux beneath the ice

Brine Volume

Since salinity of liquid brine and brine volumes are 1in
equilibrium with ambient ice temperature, the total volume of
brine (V,) 1s the product of those two variables, V, can

therefore be linearized as a function of 1/8 and Sy, using
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equation developed by Frankenstein and Garner,

and Ackley (1967):

Vo = Sa (-49.185)+ 0.532
102 )

ice temperature, °C
salinity of layer 1, expressed 1n parts per

thousand.

umes were estimated wus1ing salinmity values

determined by the melted ice core technique for the different

ice sections, a

nd 1ce temperature obtained from the 1in s1tu

thermistor probes for mid-ice and bottom 1ce sections at

station 1, For other stations and other collecting dates, 1ce

temperature was

Nakawo and Shan

Ga

where G

Ta

hy

calculated using the following equation from

a (1981):

= Tm ~Ta
hy

= temperature gradient in °C/cm

= ajir temperature °C

= melting point of 1ce, corresponding to
-1,8°C for sea water of 32°/00 salinity,.

= jce thickness in cm
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Residence Tame

In the upper ice, above the skeletal 1layer, water
ci1rculates mainly through brine channels by convective motion
of concentrated brine which drains out of the 1ce and 1s
replaced by entering sea water. Brine channel fluxes at the
ice-seawater 1nterface were obtalned from field measurements
made by Wakatsuchi (1977) and Wakatsuchi and Ono (1983) on
growing sea 1ce. The fluxes used, and reported 1in Reeburgh

({1984), are the following:

Brine channel fluxes References
(ce em—2 s—1)

J.18x10-% to 3.74x10-¢ Wakatsuchi 1977

6.3x10~¢ to 3,4x10-° Wakatsuchi and Ono 1983

Using these fluxes at the ice sea-water interface, and
having determained brine and ice volume, water residence time
in brine channels can be calculated from the following

equation:

Residence time (sec) = V, (cc cm=2) x V, (%)
Flux (cc cm=2 s-—1?)

where V, (ice volume) = H (ice thickness) x 1 ¢m2,
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Statistical Analysas

To determine statistical differences 1n the various
environmental variables of ice and seawater among the
stations sampled, the Statistical Analysis System (SAS)
package was wused 1in all data analyses (Ray, 19822a,b), All
linear model statistaics, such as analysas of wvariance
(ANOVA), make the assumption that the underlying population
from which the sample data are drawn 1s aormally distributed.
To test this assumption, the Shapiro-Wilk, W, statistic aud
probabilaty plot were computed for all envirnnmental data
sets using the Univariate procedure in the SAS system (Ray,
1982b); the Fmax test (Zar, 1984) was used to test the
homogeneity of variance assumption. Appropriate
transformations were applied to data sets, when necessary, as
suggested by Box et al, (1978). A single factor analysis ot
variliance (ANOVA) was carried out to test the null hypothesis
Ho: there are no differences in variables among stations (or
among seawater and 1ce sections at the same station) agalnst
an alternate H,: there are differences 1n variahles among
stations, or among Seawatar and 1ce sections, Where
parametric ANOVA rejected the null hypothesis, a specific
among stations (or among seawater and 1ce sectlions at the
same station) comparison of means (at the P=0.05 level), for
each of the variables was carried out using the Student-

Newman-Keuls (SNK) multiple range test.
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RESULTS

Ice Thickness and Snow Cover

Snow coverage rarely exceeded 1 cm in thickness, except
at station 6 on March lst when snow accumulation of up to 20
cm was noted. The ice was often free of snow, due to low
precipitation and strong and frequent winds that prevail
during the winter months in the Magdalen Islands area.

Landfast and drifting ice were composed mainly of
congelation ice, beaing frozen solid from the top to the
bottom. Slush ice was found at the bottom of the ice, namely
at station 6 and on some occasions at stations 2, 4A and 5A
when 1ce thickness exceeded 60 cm., Slush ice was also noted
at the surface of the 1ce at all stations during the second
week of March when air temperatures rose above the freezing
point, causing the melting of surface ice.

Results on i1ce thickness measurements (Table 1) indicate
highest thickness at station 6 with a mean of 76,2 cm, and
lowest thickness at station 7 with a mean of 41.1 cm,
However, data analysis demonstrated statistically significant
differences for station 6 only (Table 2}, Vertical profiles
of 1ce thickness versus time (Fig. 2) indicate samilar
profiles at stations 1, 3, 4, 5 and 7, with ice thickness of
about 60 cm an February and beginnaing of March, followed by a

decrease to about 40 cm at the end of March, Different
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Table 1. Results of depth, ice thickness and salimty for bottom ice
section (B) and sea water (W) at statioms 1 to 7 (fig.!l).
Variables are presented as means with standard devaation in
parentheses and mamber of samples,

VARIABLES STATIONS

Depth (m) 89 3.0 3.2 34 44 41 6.0 5.1 140

Ice thickness (cm) 51.6 55.3 50.0 49.9 57.2 42.9 53.7 76.2 4l1.1
(7.3) (18.9) (3.4)(11,5)(26.4) (8.7)(13.4)(33.5) (5.,5)
4 5 5 6 3 5 2 4 2

Salinity (°/o0) B 1,52 2.20 1.27 3.51 2.8 1.74 5.88 6.00 3.26
(0,67)(2.64)(2.42)(2.86)(3.10)(2.28)(2.21)(4.26)(2.58)
6 6 7 8 3 8 2 6 4

W 26,51 30.04 23.72 26.43 28.69 28,99 31.10 22.30 31.75
(3,15)(1.09)(12.783(9,61)(2,14)(3.30)(2.07) (11.58)(8.31)
10 9 9 123 11 2 9 4




Table 2, Parametric Student-Newmen-Keuls test for significant
(P<0.05) statistical differences among station means
for ice thickness and salimty of surface ice
section (1), bottom ice section (B) and seawater
(W), Groupings with same letters are not
sigmficantly different.

VARTABLES STATTONS

~3

1 2 3 4 445 5A6

Ice thackness (cm) b b bc be b ¢ b a ¢

Salinity (°/oo) 1 a a a a a a a a a
B a a a a a a a a a
W a a a a a a a a a

Table 3.Parametric Student-Newman-Keuls test for significant
(P<0.05) statistical differences among surface ice
section (1), bottom 1ce section (B) and seawater (W)
salimity means for stations 1 to 7. Groupings with
same letters are not sigmficantly different.

VARTABLES STATIONS
1 2 3 4 45 546 7

Salinity (“/oo)

» oo
p oo
o oo
oo
nag_w
oo

1
B b
W

oo
oo



FIGURE 2, Vertical profiles of 1ice

stations 1 to 7,

from February to April,.
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profiles are observed at stations 2, 4A, 5A and 6. with 1ce
thickness greater than 60 cm and up to 120 c¢cm at station 6.

In order to compare observed ice thickness to expected
ice thickness, Maykut's thermodynamic model (Maykut, 1982)
was used to estimate ice growth. Maykut's model was chosen
because it 1is a general model not restricted to a partacular
location or season by using sufficient information on thermal
forcing, and because very accurate growth calculations can he
made from 1t. Surface ice temperature (To,) was replaced by
aii temperature (T.) in the equation (see Materials and
Methods), because of the lack of information on incoming long
wave radiation (F.) and relative humidity (r) used in solving
for To. Ice growth and total ice thickness were calculated
for the month of February, with Fr=226 MJm ?month~', snow
thickness h=0.01lm, Ta=264,.55"K and 1nitial 1ce thickness at
time 0 (dH/dt), set at a minimum of 11,.0cm:

= 53.0cm

Ice growth dH
dty

Total 1ce thickness f(H) = (dH/dt),, + (dH/dt),

= 53.0 + 11.0

]

64.0cm

For the month of March, Fr=301.33 MIm~2month-!, h=0.,01lm,

Ta=270,94°K and (dH/dt)o = 64.0cm:

Ice growth -7.0cm

-7.0 + 64,0

Total ice thickness

57.0cm
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A comparison of these expected ice thicknesses to the
observed wvalues (Fig. 2) indicates that the observed ice
thicknesses at stations 2, 4A, 5A, and 6 are often greater
than 64.0 cm, the maximum expected from Maykut's equation.
Variations in ice thickness within stations, being less than
3.2%, could not account for 1ce thicknesses a third to nearly
double the expected 1ce thickness. Therefore, processes other
than natural ice growth must be involved at these stations,
Rafting, a mechanical process whereby one sheet of ice
overrides another, is considered as a possible explanation.

In order to define seasonal trends in ice thickness for
the Gulf of St. Lawrence, 1ce thickness was plotted on a time
scale (Fig. 3) excluding stations 2, 4aA, 5A and 6, where
rafting was suspected. This figure shows that 1ce thickness
was between 40 to 60 cm from February until the second week
of March, with an average 1ce thickness of 54.6 cm, After
March 10th, 1ce thickness decreased to less than 50 cm at all
stations with an average of 40.8 <cm, The decrease in ice
thickness resulted from ice melt following air temperature
increases above freezing point on the 5th to the 7th of

March, as 1llustrated ain Fig. 3.
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Plot of air temperature and of ice thickness versus

time grouped for stations 1, 3, 4, 5 and 7. Stations where

rafting
included.

occurred (stations 2, 4A, 5A and 6) were not
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Salinity

Mean salinity values for sea water and bottom 1ce are
presented 1in Table 1. Bottom ice salinity ranged from
1.27°/00 to 6.00°/00, with highest values at stations 5A and
6, while sea water salinities ranged from 22.3J%/00 to
3J1.7°/00. Salinity wvalues were analyzed statisticallv using
the multiple comparison Student-Newman-Keuls test, The
results presented din Table 2 1ndicate no significant
differences among stations for seawater or for bottom 1ce
salinity. The same test was used for comparaing surface 1ce
section (1), bottom ice section (B) and seawater (W) salinity
for each station (Table 3). The results 1ndicate that
seawater salinities are significantly different from 1ce
salinity (surface and bottom 1ce section) at stations | to 5,
and at station 7. At station 6, seawater and bhottom 1ice
salinities are not significantly different, but surface 1ce
section (1) salinity 1is significantly different from these
two.

Salinity of seawater was plotted on a time scale for
all stataions (Fig. 4) to analyse seasonal trends. From
kebruary until the middle of March, seawater salainity under
the ice varied between 25 to 31°2/00. A decrease 1n salanity
is observed after the middle of March, namely at stations |
and 6 where seawater salinities decrease to less than 10°/oo0.

Despite some lower salinity values, average seawater salinity
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FIGURE 4. Time scale evolution of sea water salinity in parts
per thousand (PPT) for stations 1 to 7.
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remains fairly high with a mean around 28°/00 throughout ice
coverage,

Sea 1ice salinity was then analyzed for vertical
distrabution. Vertzcal profiles of sez ice salinity including
surface to bottom 1ce sections (Fig. 5) do not show any
consistent patterns such as C-shaped daistribution or a
consistent surface to bottom increase. This latter pattern 1s
however observed in a few cases at station 6 when 1ce
thic«ness 1s greater than 60cm. A decrease 1n salainityv with
time for all 1ce sections can be observed ain Fig. 5,

Desalination rates where then analyzed by plotting
salinities of bottom 1ce sections for all the stations on a
time scale (Fig. 6). This figure shows that in February 1ice
salinity ranged between 5 and 8°/0o0. A marked decrease 1in 1ice
salinity occured at the beginning of March, with a continued
decrease until mid-March to salinities 1less than 2°/oo0.
Desalination rates, computed from Fig. 6, 1ndicate a salt
loss of 78% of the original salt content of the 1ce, after
about a week or two of 1ce formation. By the end of March,
only 15% of the salt was left in the 1ce and less than 0.5%
by April. If we consider that the 1ce starts to form in
February, this means that rapid desalination occurs withain a
week or two of 1ce formation, down to 6-8°/00. This pattern
is similar to what has been observed 1n other 1ce studies.
However, later desalination rates are much more rapid in the

Gulf than at higher latitudes,
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FIGURE 5. Vertical profiles of ice salinaity ain parts per
thousand (°/o0) at stations 1 to 7, for 1ce sections 20cm
thick. The horizontal width (salinity scale) for each
profile/sampling date is shown in the upper right hand corner
of the figure.
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FIGURE 6, Time scale plot of salinity 1in

(PPT)

of bottom ice sections for stations

parts per thousand
1 to 7.
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Brine Volume

Brine volumes were calculated wusing Frankenstein and
Garner's equation (see Introduction). The results are
summarized in Figure 7., Brine volumes are expressed as
percentage o0of volume occupied by the liquid brine with
respect to the total volume of solid ice, In the first week
of March, bottom ice brine volumes generally ranged from 5%
to 20%Z, but there were peaks of 25-45% 1in late February and
95% on March 6th, coincading with air temperature rising
above the freezing point. After the 10th of March, bottom 1ice
braine volumes decreased to less than 10%, and were down to
around 27 and less by the end of March, with few exceptions
at stations 4 and 6 again following air temperature 1Increases
above the freezing point.

Brine volume determination allowed for calculation of
the actual salinity or salt content 1n the  brine cells.
Salinity wvalues discussed so far referred to diluted
salinities obtained from the melted 1ce core technique. By
dividing these values by the percent brine volume, the actual
salinity of the liquid brine can be determined. Results
(Fig.8), grouping bottom 1ce corrected salinities for all
stations, show for the first week qf March, extremely
variable braine salinities with wvalues ranging from 2 to

85°/00. After the 15th of March, liquid brine salinities are

less variable, ranging between 20 to 38°/00, close to



-39~

FIGURE 7. Time scale plot of bottom 1ce section brine volumes
(%), for stations 1 to 7.
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FIGURE 8. Time scale plot of estaimated
bottom ice sections for stations 1 to 7.
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underice seawater salinity.

Residence Time

Although 1ce biota is known to be concentrated in the
skeletal layer at the bottom of the ice, algal growth also
occurs 1n the upper ice, mainly in brine channels. Residence
time of seawater in the skeletal layer has been computed (see
Introduction) but there 1s no such information for braine
channels in the upper 1ice lavyers. This 1information as
important to know 1in order to understand the dynamics of
seawater circulation in the upper 1ice layers i1n relation to
1ice biota production. As mentioned in the introductaon,
concentrated braine which 1s expelled from the 1ice through
brine channels has to be replaced by entering seawater. This
has beer observed to occur i1n brine channels by convective
replacement of brine by seawater entering the 1ce (Niedrauer
and Martin 1979). Havaing determined brine volumes (previous
section) and using sea ice brine channel fluxes obtained from
direct field measurements made by Wakatsuchi (1977) and
Wakatsuchi and Ono (1983), it was possible to estimate the
residence time of seawater 1n brine channels. Residence tame
was calculated for brine volumes of 1% and 10%, and for ice
thickness of 40 cm and 60 cm, The results indicate a minimum
residence time of 3 to 24 hours for ice 40 cm thick with a

brine volume of 1%, and maximum residence time of 2 to 18
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days for ice 60 c¢cm thick with a brine volume of 10%.
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DISCUSSION and CONCLUSIONS

In 1979 landfast 1ce started to form around the Magdalen
Islands in the first week of February and nearly all the 1ce
had melted by the first week of April, with a total solad
1ce coverage time of 8 weeks. A maximum 1ice thickness of 60
cm, resulting from natural 1ce growth, was found at the end
of February and beginning of March, followed by a decrease 1in
ice thickness to around 40 cm 1n the latter part of March and
beginning of April, Dunbar and Weeks (1975) report similar
ice thickness of 50 cm for undeformed ice along the south
sho.e of the St.Lawrence estuary. The decrease 1in 1ice
thickness observed after the first week of March was
correlated with air temperature rising above 0°C, causing
melting of the surface 1ce,

Estimation of 1ce thickness using Mavkut's thermodynamac
model of 1¢e growth gave an expected ice thickness of 64 cm
for February and 57 c¢m for March. Ice thicknesses greater
than these expected values, such as observed at stations 2,
4A, 5A and 6, were considered to have resulted from rafting,
especilally since 1ce thickness at these stations was close ;o
double the expected values. Rafting generally occurs 1n areas
subjected to strong winds or drafting ice pressure, All
stations where vrafting occurred were stations exposed to
winds and drifting ice. Station 2, located on the eastern

side of the Magdalen 1Islands, was exposed to the northwest
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winds which at times caused piling up of ice in the Baie de
Plaisance. Stations 4A and 5A, located at the landfast 1ce
edge and on the western side of the 1slands, were exposed to
prevailing northwesterly winds and to drifting 1ce floes,
Station 6, where the effect of rafting was most apparent,
was, by location, the most exposed to winds and drifting 1ce.
Rafting was not observed at stations protected from winds or
drifting ice such as station 1 and 3 located in bavs, and
station 4 and 5 located midway between the shore and the ice
edge, Slush ice, present mainly ain bottom 1ce sectiouns, was
also associated with rafting since 1t was found consistently
at station 6, and on a few occasions at stations 2, 4A and
5A, when 1ce was thicker than the maximum expected value for
the area. Slush formation resulted from melting of the bottom
rafted 1ce sheet which could not be maintained frozen, the
Gulf thermal regime allowaing for a maximum expected 1ce
thickness of 64 cm only. Slush 1ce was also associated w1ith
surface 1ce melt which occurred 1n the first week of March
resulting in a decrease in 1ce thickness.

With respect to 1ce thickness, there 1s evidence that 1t
is less for drifting pack 1ce (Station 7) than for landfast
ice. This is 1n agreement with Dunbar and Acreman (1%80) and
Dunbar and Weeks (1975) who reported 1ce thickness values of
44 cm and 15-20 c¢cm for drifting pack 1ce 1in the Gulf of
St.Lawrence. Although 1ce thickness can vary from year to

year at different locations, depending on localized thermal
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regimes and rafting processes, the results on ice thickness
of drifting and landfast ice from the Gulf of St.Lawrence
indi1cate that idice 1s much thinner than at higher latitudes
where 1t can be of 150 cm or more (Graainger, 1977; Nakawo and
Sinha, 1981).

Therefore, in comparison with Arctic ice
characteristics, the instability of the 1ce sukbstrate 1n the
Gulf of St.Lawrence can be demonstrated with respect to short
duration of 1ce coverage, melting and rafting processes. Thais
1s an 1mportant aspect to consider, especially in relation to
1ice biota production, since the instabilaity of the 2ice
substrate <could account for the laimitation of biomass
accumulation i1n the Gulf of St.Lawrence., This aspect, along
with thinner 1ce and resulting higher underice 1light
intensities, will be considered 1n Chapter II.

Underice seawater salinities show no significant
differences between stations nor do they indicate the
presence of a brackish layer, such as observed by Legendre et
al., (1981) and which has been associated in some studies to
underice chlorophyll maximum (Horner 1972). Brackish water
with salinity of 5-10°/o0 was found 1n two 1nstances: at
station 6 where 1t resulted from the melting of a rafted 1ice
sheet, and in April at station 1 following the spring snow
and 1ce melt, The absence of a permanent brackish lavyer is an
indacation of efficient under 1ce seawater circulation, even

1in lagoons and bays (Stations 1 and 3) where one might expect
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reduced circulation, especilally during ice coverage, This
aspect will be considered in relation to nutrient dynamics
(Chapt. II).

Average 1ice salinmities (1.52 -6.00°/00) were 1n the
range of those reported by Dunbar and Acreman (1980) aund
Demers et al, (1984) for drifting 21ce from the estuarv and
the Gulf of St.Lawrence. However, vertical 1ce salanity
profiles did not show a linear 1increase with depth such as
reported by Dunbar and Acreman (1980), or C~shaped profiles
such as reported by Dunbar and Weeks (1975)., This might be an
indication of a difference between drifting and landfast 1ce,
The vertical dice salinity increase, observed at station 6,
was again associated with rafting which caused meltaing ot the
bottom 1ce, followed by brine volume enlargement and
infiltration of seawater giving bottom 1ce salinities up to
10°/o00.

Desalination rates indicate that after a week or two of
ice formation, 1ce salinity was down to 5 to 8%/ooa,
corresponding to a loss of 78%Z from original seawater
salainity. Following this rapid desalination, 1ce salanity
continued to drop rapidly to less than 2%, corresponding to a4
15% loss, 1n a period of two weeks. Initial desalination 1s
generally observed 1n young sea 1ce where 1ce salainity falls
to around 89°/00 after a week of ice formation (Nakawo and
Sinha, 1981; Weeks and Ackley, 1982), However, at higher

latatudes, this rapid desalination is followed by a slow
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decrease throughout the growing season: Nakawo and Sinha
(1981) report a slow decrease of 0.5% per month at Eclipse
sound, in the high Arctic. According to Grainger (1977), salt
loss from naturally formed sea ice 1n the Arctic may be
estimated at about 70% of the amount ain the original seawater
after a week of 1ce growth, and loss continues subsequently
at a rate of about 3 to 4% of the original water content per
month, with the content down to around 10% of the original
water content by the end of the growing season, Initial rapid
desalination results from direct salt rejection of brine at
the 1ce-seawater 1interface during freezing, but subsequent
desalination, at slower rates, 1s due to gravity drainage.
the dominant mechanism by which concentrated brine, under the
influence of gravity, drains out of the 1ce through brine
channels. In the Gulf of St.Lawrence, 1nitial desalination
rates are similar to those of 1ce from higher latitudes but
subsequent desalination 1s much more rapaid. Flushaing 1is
suggested as the mechanism involved in the rapid desalination
of 1ce in the Gulf of St.lLawrence, since rapid desalination
coincided with 1ce melt following air temperature 1ncreases
above the freezing point, and since flushing only occurs
th;ough surface 1ce melt whaich provides the necessary
pressure head to overcome <capillary retention 21in the brine
channels., Flushing 1s of rare occurrence 1n Arctic 1ce.
except during the spraing thaw period, but there have been

reports of rapid desalination rates from Hopedale Labrador
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(Weeks and Lee, 1958), that were accounted for by wanter thaw
periods and associated flushing mechanisms.

Estimation of bottom 1ce brine volume gave values
ranging from 5-20% in the first two weeks of March with peaks
of 30% to 95% resulting from temperature 1ncrease above
freezing point. Following major 1ce desalination. down to
less than 2°/00, brine volume decreased to less than 10% and
was less affected by air temperature variations because of
lower 1ce salainity. A brine volume of 5% was obtained bv Lake
and Lewis (1970), but Cox and Weeks (1974) estimated, fron
experimental data, brine volumes greater than 507% ., Agaln,
the importance of thaw periods 1s i1ndicated with respect to
the Gulf of St.Lawrence sea 1ce <characteristics, 1n relation
to brine volume variations.As for salinity of the liguid
brine, obtained from brine volume estimates, values were much
higher than those obtained from the melted 1ce  core
technique. In the first week of 1ce formation, liquid brine
salinities were gquite variable (2-85°/00) with highest
salinit-es corresponding to lower brine volume and lowest
salinities to highest brine volume, Salinity of liquid brine
as high as 68°/00 has been reported for newly formed Arctic
1ice (Lewis and Milne, 1977). Once the 1ce has lost more than
78% of 1ts salt content, 1n the second week of March, liquid
brine salinities are similar to the underlying sea watler
salinities. Reports of direct 1in situ measures of liquid

brine salinities (Alexander et al., 1974; Horner and
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Schrader, 1982; Clasby et al., 1976) also give values close
to seawater salinity, Such results emphasize the importance
of determining the salinity within the liquid braine, since 1t
glves the exact salinaity concentrations to which 1ce algae
are exposed 1n the braine channels., This 1s the first time
that the estimation of brine volume has been used to
determine the salinity of liquid brine, This method can also
he wused for determining other characteristics of the 1ice
habitat such as nutrient <concentration within the brine
cells. Furthermore, results obtained from this study are in
agreement with brine channel circulation patterns whereby
concentrated brine leaving the 1ce through gravity drainage
1s replaced by entering sea water, resulting i1n 1liquid brine
salinity similar to underlving sea water salinity. Salinity
was thought to be the most 1important factor limiting the
upper extent of the 1ce algae 1n sea 1ce (Meguro et al.
(1967). The results indicate that this might be true during
the early stages of 1ce formation when salinity of the liquad
brine can be very high, but not later i1n the 1ce season.
Based on field measurements of sea 1ce brine channel
volume fluxes, the first estimate of residence time of
seawater 1n brine channels 1s presented 1in this study. For
the Gulf of St.Lawrence 1ce conditions, a minimum residence
time of 3 to 24 hours was estimated for 1ce 40 cm thick with
a brine volume of 1%, and a maximum residence taime of 2 to 18

days for 1ce 60 cm thick with.a brine volume of 10%. These
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results indicate that residence time in brine channels is
longer than for the skeletal layer, 2-6hrs accordaing to
Reeburgh (1984), especially for maximum Gulf ace thickness
and brine volumes., This might explaan why ice Dbiota
production 1s not as flourishing in the upper 1ce layers as

1n the skeletal layer,
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Abstract

Ice biota nutrient dynamics were studied 1n relation to
growth and ice algal biomass at six landfast 1ce stations and
one drifting 1ce station i1n the Magdalen Islands area, Gulr
of St.Lawrence., Ice nitrate and silicate concentrations were
low: NO, < 2.0 uM and S1(OH). s 2.0 uM. Seawater
concentrations were higheyr before 1ce formation with NO,: 4-
7 uM and S1(OH).,: 8.0 uM, but both nutrients became depleted
(¢ 1.0 yM) at landfast ice stations after 1ce foimation,
Depletion occurred earlier i1n time at stations where underice
circulation was reduced, but seawater nutrients weire not
depleted at the drifting 1ce station. Ice soluble reactive

pho<phorus 1levels were also low, PO,: 0.1-0.2 uM, but

1A%

concentrations 1ncreased with time to 0.4uM and o
depletion was observed 1n wunder 1ce seawater. Further,
ratios of nutrient concentrations in 1ce Versus
concentrations in seawater (Ci1/Cw ratios) compared to C1/Cw
salinity ratios 1ndicated regeneration of phosphorus (SRP),
particularly in bottom 1ce sections. Low nitrogen
concentrations (NO, + NO, + NH,), N/P ratios <l6 and POC/PON
ratios >10 suggested nitrogen limitation, while N:51 ratios
>1 and poorly silicified frustules suggested silicate
limitation. Mean chlorophyll a concentration 1in bottom ice

was 12,91 (+£10.36SD) mg.m~?* with lowest concentrations for

draifting 1ce. Specific growth rates averaged 0.10:.05 d-*,
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Nuti:)ent limitation, light intensity and the

instability of

the 1ce substrate are considered as mechanisms responsible

for the limitation of ice algal growth

accumulation i1n the Gulf of St.Lawrence.

and biomass
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INTRODUCTION

Sea 1ce algae, predominantly diatoms, are significant
contributors to marine praimary production 1n Arctic and
Antarctic waters (Horner, 1976; Hormer and Schrader, 1982,
Palmisano and Sullivan, 1983). They form dense populations 1n
the lower few centimeters of annual sea 1ce (the skeletal
layer), often attaining standaing «crops of 100 mgChla.m~ 2% or
more desgite chrecnically low temperatures (roughly -1.02C to
-1.82C) and 1rradiance (a few percent or less of 1ncident
surface 1rradiance) 1n thelr growth environment (Smith et
al., 1987). Sea 1ice microalgae have been estimated to
contribute as much as 30%Z of the total annual carbon
production i1n the Arctic Ocean (Alexander, 1974; Hormner,
1976),

However, in the Gulf of St.Lawrence, which 1s the most
southerly region 1n the North Atlantic 1n which sea 1ce 135
regularly formed, Dunbar and Acreman (1980) found chlorophyl]
a concentrations 1in bottom sections of drifting 1ce ftloes to
be an order of magnitude less than for higher latitude 1ce
communities in Hudson Bay, Barrow Strait and Robeson Channel,
Differences between the Gulf and Arctic regilmes weye
attributed to the duration of the 1ce cover f(at least 4
months 1n the Arctic compared to two to three months 1n the

Gulf of St.Lawrence), the extreme density stratification of
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the uppermost layer of water 1in the Arctic, and latitude
di1fferences 1n light regimes coupled with thinner 1ce 1n the
Gulf., Demers et al, (1984), working on driftaing 1ce floes
from the St.Lawrence estuary, also found lower 1ce algal
biomass in comparison to Arctic regaions, which they
attributed to higher underice light 1ntensities. Cell
densities were comparable to those of higher latitudes but
chlorophyll a content per cell was much 1lower than ratios
observed 1n Arctic regions (Cota, 1985), suggestaing that
higher under 1ce 1light 1intensities 1in the Gulf were not
propitious to the extreme shade adaptation characteristic of
polar 1ce algae.

Apart from duration of 1ce cover and light i1ntensities,
nutrient limitation might be 1nvolved 1n reduced ice algal
biomass. With respect to 1ce biota, Meguro et al. (1967)
proposed three potentially a1important sources of nutrient
supply for 1ce algae: 1) nutrient flux from desalination of
concentrated braine, 2) 1n situ regeneration of 1norganic
nutrients from dissolved and particulate organic materaials,
and J) nutrient flux from the underice seawater.

Meguro and co-workers considered desalination to be the
most important mechanism of nutrient supply to 12ce biota :
"concentrated brine formed during initial 1ce freeze-up 1s
brought to bottom 1ce algae through desalination processes
and the elevated nutrient concentrations 1in brine are

responsible for high 1ce algal biomass". Desalination has
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been i1nvoked as a cause of nutrient enrichment in a number of
cases, particularly in bottom 1ce., In Frobisher Bay, Grainger
(1977) reported nitrates and phosphates accumulation 1n sea
ice during the winter with very low levels i1n the uppeyr part
of ice and high levels at the bottom. Alexander et al., (1974)
found 1n the Arctic that nitrates and nitrites 1n brine were
about twice as high 1in sea 1ce as 1n seawater while
phosphates and silicates had similar concentrations. Hoine:
and Schrader (1982) measured nutrient concentrations in the
ice and 1n the water column from the Beaufort sea, and found
that they were generally saimilar except for high naitrite and
ammonia peaks 1n the 1ce late 1n the season, Cota et al.
(1987), working 1in Barrow Strait, noticed that NO, and PO,
levels 1n bottom 1ce showed an enrichment by a factor ot
about three compared to their concentration 1n the surface
seawater. Tsurikov (1983) reported an enrichment by a factor
greater than 4 for phosphates and silicates in Arctic 1ce,
Similar results were obtained by Mel'nikov and Pavliov (147%)
for PO,. Freeman et al. (1982) alseo report NO, and NO,
concentrations two to three times higher 1in surface 1ce than
1n seawater from James Bay and Hudson Bay. However, Cota et
al. (1987) found, by 1ntegrating values of nitrates and
silicates from whole 1ce column, that nutrients supplied from
desalination would be depleted 1n a week or two of rapid ice
algal growth., They also noted that inorganic nutrients from

brine cells were not directly available to 1ce algae which
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are mainly concentrated in the skeletal 1layer, Indeed,
excluded dense brine is shown to leave the ice through brine
channels 1n discrete plumes which do not readily mix back
into the bulk water of the surface water layer (Wakatsuchi
and Ono, 1983)., This is even more apparent when one considers
that dense brane 21s only formed in the initial stages of ice
formation, and that the large pulse of nutrients from the ice
occurs duri g "flushing" which coincides with the sloughing
off of dense algal mat (Cota et al., 1987). Therefore, in
Arctic 1ce, desalination supplies only a small percentage of
the maximum nutrient demand for the whole 1ce algal bloon,

In s1tu regeneration was considered by Meguro et al,
(1967) as a possible source of nutrients, specially in the
case of high phosphate concentrations in the 1ce. Studies on
heterotrophic communities associated with Arctic (Dahlback et
al., 1982) and Antarctic (Sullaivan et al., 1985) sea ice
reveal high abundance and active bacterial growth in ace,
plus a potential coupling between bacterial growth and
microalgal photosynthetic metabolism in ice (Grossi et al.,
1984; Kottmeaer et al., 1987). Larger members of the
cryofauna such as flagellates, ciliates, amphipods and
nematodes can also be found 1n relative abundance 1n sea ice
(Carey, 1985). However, despite abundant and active
heterotrophic communities associated with sea 1ce, nutrien.
supply by 1n situ regeneration seems to represent only a

minor component of the tota)l demand for ice algal bloom, Cota
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et al. (1987), using order of magnitude estimates for rates
of nitrogen (ammonia) excretion, found that regenerative
fluxes of nitrogen approached the estimated mean demand in
Barrow Strait, but that this was not the case for silicic
acid whose regeneration is much slower than other nutrients
(Nelson and Gordon, 1982) and not biologically mediated.

Flux from the water column appears to be the largest
source of nutrient supply for 1ce biota (Cota et al,, 1987).
In Barrow Strait, durang the spraing bloom of 1ce algae, Cota
et al. (1987) estimated that the seasonal average nutrient
demand for the bloom was of a magnitude such that nutrient
flux from the water column should be the major source of
supply. The fluxes were found to vary by an order of
magnitude or more over the fortnightly tidal cycle. The
importance of nutrient flux from the water column 1s further
corroborated by Reeburgh (1984) who estimated resiadence taime
of seawater 1n the skeletal layer of 1ce at 2-6 hours.

Despite the different sources of nutrient supply to ice
algae, there 1s growing evidence that the supply of inorganic
nutrients may limit production of 1ce algae 1n polar regions
(Grainger, 1877; Gosselin et al., 1985; McConvalle et al.,
1985; Palmisano and Sullivan, 1985; C(Cota et al,, 1986;
Maestrini et al., 1986). Early development of 1ce algal
blooms appears to be regulated by light availabalaity, but
later in the growth season the apparent nutrient consumption

ratio (Grainger, 1977) and response to nutrient enrichment
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(Maestrini et al,, 1986) of Arctic ice algae suggest
limitation by nitrogen, In the later stages of i1ce algal
blooms, much photosynthate products are directed 1nto
carbohydrates, especially compounds resembling the storage

polymer chrysolaminarin, and relatively little 1nto protein
(McConville et al., 1985; Palmisano and Sullaivan, 1985). Such
a proteiln-poor pattern might suggest nutrient vrather than
light lamitation (Healy and Henzel, 1980; Smith and Geider,
1985). Another line of evidence for possible nutrient
fimaitation of 1ce algal production was put forward by Cota et
al, (1986) 1n a study 1n the Central Canadian Arctic., Thev
showed that wupward transport of nutrient to the 1ice algal
layer (the skeletal layer) varied strongly and coherently
with the fortnightly spring-neap tidal cycle, and that the
calculated transport rates during neap tides and associated
weak mixaing showed reduced nutrient transport that could
limit production, while spring tides could support a
transport rate roughly matchaing the demand of rapidly growing
ice algae. In Hudson Bay, ice algal photosynthetic efficiency
was shown to vary directly with the fortnaightly cvcle 1n
tidal amplaitude (Gosselin et al., 1985), consistent with a
controlling role for tidally draiven nutrient supply 1in the
production of 1ce algae,

This study on ice biota from the Gulf of St.Lawrence was
undertaken i1n view of the differences observed between the

Gulf of St.Lawrence and Arctic regimes, The alm was to
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determine environmental variables responsible for reduced 1ce
algal biomass in the Gulf of St.Lawrence. Distinction was
made between landfast and drifting 1ce for a bette;
comparison to Arctic 1ce studies, the majoraity being from
landfast 1ce, different from the studies of Dunbar aund
Acreman (1980), and Demers et al. (1984) which dealt with
driftaing 1ce only, Nutrient dynamics 1n 1ce and seawater were
monitored 1n relation to the three sources of nutrient supply
to 1ce algae: desalination, 1n situ regeneration and nutrient
flux from the underice watexr column. Nutrient budget and ice
versus seawater nutrient concentration ratios were estimated
to define whaich of the three sources played the most
important role. Nutrient limitation was investigated 1n view
of the evidence of nutrient laimiatation observed for Arctic
1ce algae and of lower 1ce algal biomass from the Gulf of
St.Lawrence, Other variables such as light 1ntensity and seaqa
1ce characteristics (determined 1in chapter 1) were also

investigated and compared to Arctic regimes,
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MATERIALS and METHODS

Study Sites

The Magdalen Islands Archipelago 1s located
approximately in the centre of the Gulf of St.Lawrence, 1n
latitude 47° to 48° North and longitude 61° to 62° West,
Location of stations 1s 1llustrated 1n Figure 1, Station
numbers and locations are the same as i1n chapter |1, Stations
1 and 3 are located respectavely at Havre-aux-Maisons and
Bassin 1n shallow protected lagoons and bays. Station 2,
located on the eastern coast of the Magdalen Islands, 1s
exposed to northwesterly winds and to occasional piling up of
landfast 1ce 1n the Baie de Plaisance. Stations 4 and 5,
located on the western coast, are exposed to prevailing
northwesterly winds and to southeast drifting 1ice floes
coming from the Gulf of St.Lawrence, At these two stations
1ce was sampled mid-way between shore and the edge of the
landfast 1ce (Stations 4 and 5), as well as at the ice edge
(Stations 4A and 5A), the boundary between landfast 1ce and
drifting pack 1ce. Stations 4A and 5A were compared to
stat;ons 4 and 5 for 1ce boundary effects, Station 6, on the
northwestern coast at Pointe-aux-Loups, 1s the most exposed
to winds and draifting ice floes, Station 7, located
approxamately 20 km off shore west of Pointe-aux-Loups, 1s

the drafting pack 1ce station which was used for comparison
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with landfast ice stations,

Sampling Procedures and Analysis

Seawater was sampled in January at statiaons 1, 4, 5 and
6 before 1ce formation. Landfast 1ce began to form 1in
sheltered areas 1in the first week of Februarv but 1ce
sampling started only in the last week of February, when the
1ce was thick and compact enough to work on. From that peiyod
on, 1ce and water samples were <collected every two weeks at
stations 1 to 6, Ice and seawvater were sampled onlv twice at
station 7 by helicopter., Ice samples were collected with a
SIPRE 1ce corer of 7.5 cm diameter. A minimum of two cores
were collected within a 1 meter distance, Ice <cores were cut
into 20 c¢m sections, starting from bottom 1ce, Seawater was
sampled by pumping underice water through holes made bv the
corer, Samples were kept frozen and brought back to the
laboratory fonr analysis of chemical and biological wvariables,
Seawater and melted 1ce core sections were filtered onto
Whatman GF/C glass fiber filters for <chlorophyl!l a and
phaeopigments and onto Whatman GF/C glass fiber filters
precombusted (for 6h at 500°=C to remove any contaminataing C
and N) for particulate organic carbon (POC) and nitrogen
(PON) determinations. The filtrate was dispensed 1nto 50 mnl
polyethylene bottles (prewashed with 0.,15N HCL) and stored

frozen at -20°C for future (within 2 months) determination of
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ammonia. nitrites, nl1trates, soluble reactive phosphorus
(PO.-P) and silicic acid concentrations, Unfiltered water and
1ce samples were stored in the same way for total dissoclved
phosphorus (TDP) determination.

In the laboratory, spectrophotometric determinations of
¢chl a and phaeopigments were performed using a Bausch and
Lomb Spectronic 21 spectrophotometer, Carbon and nitrogen
contents of the particulate matter collected on the filters
were determined usang a Perkin-Elmer model 240B CHN Elemental

Analyser., Nutrient concentrations were determined using

manual methods described 1in Strickland and Parsons (1972).

Statistical Analysis

To determine statistical differences 1n the various
environmental variables in 1ce and sSeawater among the
stations, a SAS statistical package was used 1n all data
analyses {(Ray, 1982a,b). All linear model statistics, such as
analysis of wvariance (ANQOVA), make the assumption that the
underlying population from which the sample data are drawn 1s
normally distributed. To test this assumption, the Shapiro-
Wilk, W, statistic and probability plot were computed for all
environmental data sets using the Univariate procedure 1in the
SAS system (Ray, 1982b); the Fmax test (Zar, 1984) was used
to test the homogenelty of variance assumptlon, Appropriate

transformations were applied to data sets, when necessary, as
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suggested by Box et al. (1978). A single factor analysis of
variance (ANOVA) was carried out to test the null hypothesais
Ho: there are no differences 1n variables among stations (ot
among seawater and ice sections at the same station) against
an alternate H,: there are differences in variables amoug
stations, or among seawater and 1ce sections. Where
parametric ANOVA rejected the null hypothesis, a specatic
among stations {(or among seawater and 1ce sections at the
same station) comparison of means (at the P=0,05 level), for
each of the variables was carried out using Student-Newman-

Keuls (SNK) multiple range test,.
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RESULTS

Chemical Variables

Results on chemical variables are summarized in Table 1.
They 1nclude mean, standard deviation and sample si1ze of the
different variables at stations 1 to 7, for seawater and
bottom 1ce sections. Concentrations of silicates and of the
nitrogen fractions (NO,, NO, and NH,) are low 1n bottom 1ice
sections. They are generally higher ain seawater than 1in the
1ce and show an increasing trend in mean concentration values
from station 1 to station 7. Soluble reactive phosphorus
(PO,) <concentrations are, however, somewhat similar for
seawater and bottom 1ce sections, aund total dissolved
phosphorus (TDP) 1s, at some stations, even higher 1in bottom
1ce sections than 1n seawater, No trend 1n seawater
phosphorus concentrations 15 observed between the different
stations, but the lowest concentrations are found at station
1 and the highest at station 7.

Chemical variables (Table 1) were analyzed using single
factor analysis of variance, parametric ANOVA, to test for
statistical differences 1n variables among 1ce sections and
seawater, and among stations . The results (Table 2) for
comparison between surface 1ce section (1), bottom 1ce
section (B) and seawater (W) indicate that in the 2ice

nutrient concentrations from surface and bottom 1ce sections



Table 1.

Results of mitient - alysis for sea water (W) and bottom 1ce section
(B) at stations 1 to 7 (fig.1). The vanable are presented as means
with standard dewviation an parentheses and mmber of sanples,
Concentrations are in WM (ug-at/l) and the symbol "*" refers to NH.,
concentrations below 0.03uM, the lamat of detectaon.

VARIABLES STATIONS

NO,-N

NO,-N

PO.-P

Si(H),-S2 B 1.16 0.40 0.34 032 0.49 0.52 0.54 0.48 0.2
0.15

1 2 ] 4 4a 5 5a b h

n 0.68 090 119 0.0 0.58 1.23 0.63 105 1.27
N.64) (0.31) (0.60) (0.45) (0.24) (0.94) (0.13) (0.44) (0.20)
4 5 5 b 3 5 2 4 2

V 19 09 130 3.7 3.0 3.12 302 1.9 7.19
92) (0.80) (1.96) (2.03) (1.12) (2.58) (2.66) (3.61) (2.17)

6 6 7 3 6 2 5 2
B .09 .06 05 07 .10 09 .08 .06 .06
(.0) (.01) (.02) (.06) - (.04 -~ (.02) 0D
2 2 3 3 1 3 1 3 2
w .09 .12 58 A9 9 .13 17 21 0
(.11) (.02) €.98) (.07 - (11 - (.20) (.,0))
K] 2 4 3 1 3 1 4 2
B 06 * 11 & 3 & 5 o 4
(.05)
4
Al .15 B k] ~ & b4 5 A
(.11)
6

B 0.28 0.46 1,09 0,37 0.5 0.37 0,50 0.29 0.4
(0.18) (0.22) (1,57) (0.15) (0.15) (0.13) (0.23) (0.14) (0.30)

4 5 5 6 3 5 2 A 2

w 008 0,38 042 0.77 0.72 0.48 0.64 0.48 1.02
(0.75) (0.15) (0.18) (0,43) (0.15) (0.32) (0.19) (0.21) ¢0.40)

) 6 b 7 3 6 2 5 2

B 1,50 1,72 142 18 0.87 1.63 1.56 0,92 0.9
(1.22) (1.31) (1,19) (1.35) (0.92) (1.28) -  0.68) (0.42)
3 5 4 4 2 5 1 ] 2
0.47 0.87 0,93 1.2 0.9 1.2 1.4 1.02 12
- 1.12
1

x

(0.68) (0.93) 0.96) (1,11) (0.98) (1.10) (1.01) (1.

12)
5 6 5 5 2 6 4 2

l

4 5 5 b ] 5 2 4 2
W 037 1.04 1,57 325 3.9 291 3.70 244 472
(0.13) (1.77) (1.61) (2.86) (1.58) (3.23) (3.61) (3.04) (3.84)

6 6 ) 7 3 b 2 5 2
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Parametric Student-NewmenHeuls test (Zar
1984) for sigmficant (P<0,05) differences
between surface 1ce section (1), bottom ice
section (B) axd sea water (W) variable means
at stations 1 to 7 (Fig.l). Groupings with
same letters are not sigmficantly different,
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do not differ significantly, except for PO, concentrations at
station 2. However, when comparing seawvater to bottom ice
nutrient concentrations, significant differences are found
for NO, at stations 4, 4A and 7, and for S1(OH)., at stations
3, 4, 4A, 5 and 7, but not for PO, nor TDP.

Comparison of variable means between stations, for
bottom ice sections and seawvater (Table 3J) shows no
significant dafferences between stations for bottom ice
nutrient concentrations, In seawvater, PO, and TDP
concentration means from station 1 are significantly
different from stations 2 to 7, Si1(OH), from station 7 is
significantly different from stations 1 to 6, and NO,; from
stations 1, 2 and 3 are significantly different from station
7, and intermediate concentrations are found at stations 4 to
6.

Distribution of nitrates 1in the ice 1s presented as
vertical profiles of their concentrations i1n the ice sections
at stations 1 to 7 respectively (Fig. 2), Irregular patterns
of vertacal distribution are observed from top Lo bottom 1ce
sections with 1ce nitrate concentrations 1less than 2,0uM,
Similar patterns were observed for the vertical distribution
of nitrites 1u the 1ce, with concentrations generally less
than 0.10 wM and 1lattle varaation vith time. Time scale
evolution of nitrates 1n bottom 1ce sections was then
analyzed and compared to seawater concentrataons for the

different stations (Fig. 3). In bottom 1ice sections,




Table 3.

Paramatric Student-Newmen-Keuls test for
sigmficant (P<0.05) statistical differences
between station means for mutrient variables
of bottom ice section (B) and sea water (W),
Groupinigs wath same letters are ot
significantly different.

VARIABLES STATIONS
1 2 K] 4 4 5 5 6 7
NO,~N B a a a a a a a a a
w a a a ab ab ab a ab b
NO,-N B a a a a a a a a a
W a a a a a a a a a
Si(H)., B a a a a a a a a a
W a a a a a a a a b
PO.-P B a a a a a a a a a
W b a a a a a a a a
TDP B a a a a a a a a
W b a a a a a a a a
cthl.a B ab ab ab ab ab ab a ab b
%) a a a a a a a a a
Phaeo. B a a a a a a a a a
W a a a a a a a a a

-
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Figure 2, Vertical profiles of nitrate concentrations (uM)
in ice, at stations 1 to 7, for dice sections 20cm thick. The
horizontal width (NO,-N scale) for each profile/sampling date
is also shown 1n the upper right hand corner of the figure,.
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Figure )., Time scale evolution of nitrate concentrations (uM)
in bottom ice sections ( = ® ) and in seawater
(o ®) at stataions 1 to 7.
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concentrations are less than 2.0 uM, and remain low
throughout the 1ce season without significant changes except
for a slight increase at some stations at the end of March
and the beginning of April, In seawater, nitrate
concentrations are higher than in bottom 1ce 1in January,
before ice formation, when NO, concentrations vary between 4
to 7 uM, After 1ce formation, i.e. middle of February,
seawater nitrate levels decrease at all stations reaching
concentrations of 1,0 uM or less, similar to bottom 1ce NO,
levels. A trend 21n seawater nitrate depletion 1s however
observed from stataons 1 to 7. Depletion occurs earlier at
stations located in lagoons and on the eastern side of the
Magdalen Islands (Stataions 1, 2 and 3) where seawater nitrate
levels are down to less than 1.0 yM by the first week of
March, At stations located on the western side of the Islands
(Stations 4, 4A, 5, 5A and 6) seawater nitrate depletion does
not occur before the second or the 1last week of March,.
Nitrate depletion 1s not observed at the drifting 1ce station
(Station 7)., Time scale evolution of nitrites showed the same
trends as for nitrates, Ammonia concentrations (Table 1) were
low at station 1 (0.11-0.38 uyM), and below the limat of
detection of 0.03 uM (McCarthy and Goldman, 1979) at stations
2 to 7, and could therefore not be analyzed for vertical
distribution or time scale evolution.

Vertical profiles of silicate concentrations 1n the ice

(Fig. 4) 1ndicate more 1rregular patterns of distribution



-78-

Figure 4. Vertical profiles of silicate concentrations (uM)
in ice, at stations 1 to 7, for ice sections 20cm thick. The
horaizontal width ( S1(0H). scale ) for each profile/samplang

date 1s also shown 1n the upper right hand corner of the
figure,
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than for nitrates. Bottom ice Si(OH), concentrations are 1in
some cores much higher than 1n surface 1ce sections but there
are generally no significant differences between surface i1ce
and bottom ice sections (Table 2)., A decrease 1n silicate
levels is observed 1n most ice sections at all stations with
time, Time scale evolution of silicates 1n seawater and 1n
bottom 1ce sections (Fig. 5) indicates that 1in 1ce, silicate
concentrations are low (1,0-2,0 wuM) at the end of Februayv
and the beginning of March, and decrease to less than 0.05 uM
by the end of March. In seawater, concentrations are greater
than 8 uM 1n January before 1ce formation (Fig. 5. stations
4, 5 and 6) and decrease to less than 1.0 uM after 1ce
formation at most stations, except for station 7. The pattern
of seawater silicate depletaion 1s saimilar to that of
nitrates, with depletion occurraing by the first week of March
at stations 1, 2 and 3, by the second to the third week of
March at stations 4, 4A, 5, 5A and 6, and no depletion at
station 7, the drafting 1ce station., As for nitrates,
seawater silicate depletion occurs earlier and 1s more
pronounced at stations located 1in protected lagoons or on the
eastern side of the Magdalen Islands.

Vértlcal profiles of soluble reactive PO, 1n the 1ce
(Fig. 6) shows a distribution whereby PO, concentrations are
generally higher 1in bottom 1ce sections than 1n surface ice
sections, Concentrations in surface and bottom 1ce sections

are actually signifaicantly different for station 2 and
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Figure 5, Time scale evolution of silicates (uM) in bottom
1ce sections (= ®) and 1n seawvater (e——w@) at stations 1
to 7.
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Figure 6, Vertical profiles of soluble reactive phosphorus
concentrations (UM) 1n 1ce, at stations 1 to 7, for 1ice
sectaions 20cm thick., The horizontal width (PO.,-P scale) for
each profile/sampling date 1s also shown in the upper right

hand corner of the figure,
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partially for stations 4, 4A and 6 (Table 2). Time scale
evolution of phoéphorus (Fig. 7) reveals a different pattern
than for natrates ~r silicates. First, an increase 1n ice PO,
concentrations 1s observed at most stations, from 0.1-0.2 uM
at the beginning of March to more than 0.4 uM by the end of
March. Secohd. seawater PO, concentrations do not become
depleted after ice formaiion. In January, before 1ce
formation, PO, levels reach up to 0.10 uM, After 1ce
formation the concentrations decrease slightly at most
stations with marked fluctuations, but do not reach levels
below 0.20 uM. Again, seawater PO, concentrations remain much
higher at station 7, Station 1 seems to stand out from the
others, with significantly lower seavater PO, concentrations
(Table 3) and wath bottom 1ce levels higher than 1n seawater
(Fig. 7).

Vertical profiles of total dissolved phosphorus (TDP) 1n
the ice (k1ig. 8) reveal a more 1irregular pattern of
distribution than for the soluble reactive PO, fraction.
Bottom 1ce TDP concentrations are in a few cores higher than
for surface 1ce sections, but, 1n general, the concentrations
are not significantly different (Table 2). Time scale
evolution of TDP (Fig. 9) reveals, contrary to all other
nutrjents, that concentrations are higher for bottom ice
sections than for seawater, namely at stations 1, 2 and 3,
while they are slightly higher to similar for stations 4, 4A,

5, 6 and 7. TDP concentrations i1n seawater and bottom 1ce are
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Figure 7. Time scale evolution of soluble reactive phosphorus
(uM) in bottom ice sections (® @) and in seawater (@w—go)
at stations 1 to 7.
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Figure 8. Vertical ©profiles of total dissolved phosphorus
concentrations (wM) in ice, at stations 1 to 7, for 1ce
sections 20cm thick. The horizontal width (TDS s€cale) for
each profile/sampling date is also shown 1n the upper right
hand corner of the figure.
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Figure 9., Time scale evolution of total dissolved phosphorus
(uM) in bottom ice sections (= @) and in seawater (e o)
at stations 1 to 7,
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actually significantly different for stations | and 2 (Table
2).,

In sumary, seawater and 1ce nutrients from the Magdalen
Islands can be characterized by low NO, and Si(OH)* 1n ice.
and depletion of these nutrients 1n seawater from Februarv
through April. Phosphorus (SRP and TDP), contrary to NO, and
Si(OH)a4, increases i1n concentration 21n 1ce with time and
shows no sign of depletion 1n seawater: SRP decreases
slightly in time while TDP 1s seen to 1ncrease.

Sea ice nutrient enrichment, specifically concentrated
in bottom 1ce sections, has been observed in a number of
studies, as mentioned i1n the Introduction. Sea 1ce nutrient
enrichment can be determined by computing C1/Cw nutrient
ratios (Ci:concentrations 1n bottom ice sections and
Cw:concentrations 1n seawater at the time of 1ce formation)
for the different nutrients and comparing them to salinity
ratios., The results (Fig. 10) 1ndicate that Ci1/Cw for
silicates follow the same trend as for salinity ratios.
However, Ci/Cw ratios for nitrates are somewhat higher than
salinity ratios, and phosphate ratios are much haigher
throughout the season ranging between 1 to more than 7,
Salinity being a conservative property, C1/Cw ratios for
salinity will wvary only as a function of desalination rates,
Nutrient Ci1/Cw ratios vary as a function of desalination
rates but also as a function of biological processes such as

uptake or regeneration, and therefore nutrient Ci/Cw ratios
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Figure 10, Ci/Cw ratios (Ci:concentration in bottom 1ce,
Cw:concentration in seawater) for salinity, silicates,
nitrates and phosphates (SRP), grouping all stations.
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higher than salinity ratios are an indication of in situ

regeneration.

Biological Variables

Chlorophyll a levels in bottom 1ce vary from low mean
concentrations of 5.45 mgm~? at station 7 to a high of 39.88
mgm—2 at station 5A (Table 4). A parametric Student-Newmen-
Keuls test (Table 3) indicated that bottom 1ce <chlorophyll a
levels from stations 5A and 7 were actually significantly
different, but similar for stations 1, 2, 3, 4, 4A, 5 and 6.
Vertical profiles of ice <chlorophyll a concentrations (Fig.
11) clearly show that maximum chlorophyll levels are found in
bottom 1ce sections at all stations. This trend 1s however
attenuated towards the middle of March when 1ce chlorophyll a
concentrations become more regularly distributed. Time scale
evolution of chlorophyll a in bottom ice sections (Fig. 12)
i1ndicates for stations 1, 2, 3, 4 and 5, an 1increase from the
end of February until the first week of March, followed by a
decrease 1n the second week of March, an increase 1in the
third week of March followed again by a decrease in the last
week of March. By plotting chlorophyll a concentrations from
all stations (Fig. 13) the decrease in chlorophvll
concentration 1n the second week of March 1s more evident,
except for stations 4A, 5A, 6 and 7. The decrease follows the

alr temperature increase above freezing point on the 5th
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Table 4. Results of biological variables from sea water (W) and bottom 1ce
section (B) at stations 1 to 7. The variables are presented as means
with standard deviation in parentheses and mmber of samples below.
Negative growth rates are represented by "',

VARIABLES STATIONS

1 2 3 4 4a 5 5a 6 v

Chl a B 10.55 9.57 12.22 12,74 8,33 9.8 39.8 7.62 5.45
(mg.m™2) (1.86) (8.76) (8.90) (5.41) (8.26) (4.65) (4.30) (6.29) (5.3%)

4 5 5 6 3 5 2 4 2
w 016 0.67 0.62 056 105 0.0 0.57 0.77 0.19
(0.14) (0.27) (0.33) (0.34) (1.28) (0.53) (0.72) (0.48) (O.11»
6 6 6 7 3 b 2 5 2
Phaeop. B 2,49 3.3 6,97 137 2.7 108 2.0 2.08 1.29
(mg.m™) (3.21) (4.04) (9.27) (1.32) (=) (0.92) (1.27) (1.63) (1.12)
4 5 5 6 1 5 2 4 2

w 0,0 0,05 0,07 0.28 0.18 0.11 0.2 0.10 0.10
(0.05) (0.05) (0.05) (0.26) (0.19) (0.13) (0.39) (0.11) (0.10)
6 6 6 7 3 h 5 2

Growth B 0,04 0.18 0.13 0,08 * 006 * 0.1 =
(day~?) (.01) (0.12) (0.02) (0.04) (0,05) -
3 3 4 4 4 3
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Figure 11. Vertical profiles of chlorophyll a concentrations
(mg.m~?) 1n ice, at stations 1! to 7, for ice sections 20cm
thick. The horizontal width (chlorophyll a scale) for each
profile/sampling date 1s also shown in the upper right hand
corner of the figure,
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Figure 12, Time scale evolution of chlorophyll a
concentrations (mg.m—?*) 1in bottom ice sections (®----8) at
stations 1 to 7. Seawater chlorophyll a concentrations are
not 1llustrated because values were less than 1.00 mg.m 3.
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Figure 13, Time scale evolution of chlorophyll a
concentrations (mg.m~?) din bottom 1ce sections grouping
stations 1 to 7.
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until the 8th of March, which caused a 20cm reduction 1m 1ce
thickness (see Chapt. 1I). In seawater, chlorophyll a
concentrations were generally less than 1.00 mgm—2? (Table 4)
with no significant variations in time,

Concentrations of phaeopigments varied from a mean of
1.08 mgm~? at station 5 to 6.97 mgm~* at station 6 (Table 4),
No significant differences were observed between the stations
(Table 3). Percent ratios of phaeopigments over chlorophyll a
were plotted for bottom 1ce sections from all stations.
Results (Fig. 14) seem to 1ndicate an 1ncrease 1n percent
phaeopigments from less than 20% in February and early March,
exception made of stations 3 and 6, to more than 50% at the
end of March., However, no significant regression could be
fitted through the data points. Seawater phaeopigment
concentrations were 1low (Table 4), with no significant
variations over time,

Estimates of specific growth rates, derived from
chlorophyll a concentrations (Table 4) gave positive estimate
means of 0.10(%0.05SD) doublings.day™? for bottom 1ice
sections. These estimates should be conservative because they
are not corrected for biomass losses associated with sinking,
grazing and erosion, and because apparent negative growth

rates are not included.
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Figure 14. Percentage of phaeopigments with respect

chlorophyll a,

in bottom ice sections,

grouped for stations

to 7 versus time, i.e. from end of February to April,

to
1
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DISCUSSION and CONCLUSIONS

Before sea ice formation, in January, seawater nutrient
concentrations were 6,12 uM for NO,, 6.12 uM for S1(0H)., and
1.07 y¥ for PO,-P., Similar concentrations are reported fo
winter surface seawater of the Magdalen shallows (Bugden,
pers.comm.), Cabot Strait (Coote and Yeats, 1979) and the
Gulf of St.Lawrence (Dunbar et al., 1977)., After 1ce
formation and throughout ice coverage, a significant decrease
1n seavater nitrates and si1licates is observed. with
concentrations of both nutrients falling to less than 1 uM,.
Depletion is more drastic and occurs earlier at stations |
and 3 located in lagoons and at station 2 on the eastern
coast of the Islands. Depletion is less pronounced and occurs
later'in taime at stations 4, 4A, 5, 5A and 6 located on the
western side, while nutrients are not depleted at station 7,
the driftang ice station., These results suggest that seawater
nutrients are used up by 1ice algae, and that depletion 1s
more pronounced at stations where underice seawater mixing 1S
reduced such as lagoons and the eastern side of the Magdalen
islands., Nutrient depletion is less pronounced on the western
side possibly because it 1s exposed to the prevailing winter
northwesterly winds and to driftang 1ce floes which conuld
enhance underice seawater mixing. No depletion 1s observed
for the drifting 1ce station where scawater 1s, contrary to

seawater under landfast ice, exposed to vertical mixing
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induced by surface winds and by drifting floes. Contrary to
nitrates and silicates, seawater phosphorus fractions (SRP
and TDP) are not depleted and TDP is even seen to increase
with time,

In ice, nitrate fractions (NO,, NO, and NH,) and
silicate concentrations are low (21,0 uM) with silicates
decreasing to less than 0.5 uM by the end of the ice season:

but phosphate fractions (SRP and TDP) concentrated mainly in
the bottom 1ce sections are higher than 1in seawater and
increase in concentration with time.

These results can be 1nterpreted with respect to the
three nmajor sources of nutrient supply to ice biota:
desalination, 1n situ regeneration and underice seawater
supply. First a look at desalaination nutrient supply. An
estimate of the potential nutrient supply derived from
desalaination can be made by integratuing nutrient
concentrations over the whole ice thickness. For nitrates,
average ice concentration of 0.89 mg-atNO;-.m~? 1s multaiplied
by average 1ce thickness of 0.48m to give a potential supply
of 0.42 mg-atNO,-N.m—2, For silicates, average ice
concentration of 1.00 mg-atSi(OH),.m™? also multaiplied by
average 1ce thickness of 0.48m gives a potential supply of
0.48 mgatS1(0OH)..m~2, Ice biota autotrophic nutrient demand,
estimated for average bottom 1ce concentrations of 3.65
mgChla.m~? usaing N:Chl ratio of 9.1 and specific growth rate

of 0.10d-', as mean values obtained in this study, and Si:Chl
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ratio of 10 (Nelson and Gordon, 1982) gives an average daily
nutrient demand of 0.24mmol.m~2.,d"* for nitrates and
0.13mmol.m~2.d"!' for silicates. Such estimates of autotrophic
nutrient demand, although they are considered as order of
magnitude only since the ratios of the major cellutar
constituents can vary by factors of more than 2 1n cases ot
nutrient limitation (Parsons et al., 1984) or light
adaptation (Palmisano et al., 1985), 1ndicate that nutrient
supply from the 1ce 1S not important, Put another way, the
estimated supply from desalination, 1f 1t were the only
source of nutrient available to the bottom 1ice algae, would
be used up 1n approximately 4 days. Cota et al. (1937, also
found that nutrient supply from desalination represented onlv
a small portion of the bloom's minimum demand for nitrogen
and silicon for Arctic 1ce biota, According to them, this 1s
even more apparent in the Arctic, 1f one considers that the
large pulse of nutrient from the 1ce occurs during flushing
by snow melt waters, and that this event 1s more or less
coincident with the sloughing off of the dense algal mat, In
the Gulf of St.Lavrence, flushing occurs more frequently
because of higher air temperatures, but the c¢xcluded brine 1s
not readily available to ice algae, specilally those
concentrated in the bottom skeletal layer, since brine leaves
the ice 1n discrete plumes without appreciable diffusion and
little mixing back into the seawater layer under the 1ice

(Wakatsuchi and Ono, 1983). However, nutrient supply from
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desalination might be more important to ice algae 1living in
brine channels above the skeletal layer since desalination is
accompanied by convective replacement of brine by seawater
entering the 1ce through brine channels (Martin, 1970
Niedrauer and Martin, 1979). But long residence time of sea
water 1n brine channels, as estimated in Chapter I, could
lead to nutrient limitation despite brine concentrations of
nutrients,

Regeneration can be considered as a source of nutrient
supply to 1ce algae. In this study, Ci1/Cw ratios for
phosphates (SRP) indicated an aimportant enrichment, speciallv
in bottom 1ce sections, The enrichment 1s felt mainly 1n the
ice where SOP and TDP concentrations increase with time., but
also 1n seawater where, contrary to nitrates and silicates
which are depleted with time, the phosphorus levels remain
more or less constant with little decrease, even 1in protected
stations 1,2 and J where NO, and S1(0OH), depletion was most
apparent. Phosphorus enrichment of bottom 1ce reported by
Meguro et al, (1967), Mel'nikov and Pavlov (1978) and
Tsurikov (1983) was thought to result from desalination
processes, In this study, Ci1i/Cw ratios for phosphorus were
much higher than salinaty ratios indicating that desalination
could be 1ruled out as a possible mechanism of nutrient
enrichment., Regeneration 1is one possible <cause for the
observed phosphorus enrichment. This is even more apparent

considering that enrichment 1s greatest in bottom ice



-

99~

sections where the maximum ice algal biomass is found. With
respect to Ci/Cw ratios for nitrogen (NO,, NO, and NH,)., some
enrichment is observed, particularly in the latter part of
March, Regeneration is also suggested here, but enrichment 1s
limited and not sufficient to prevent seawater depletion,
This could be explained by the fact that phosphorus
regeneration 1s faster than for nitrogen: Garber (1984)
observed regeneration of P occurring after two weeks, but not
before 4 weeks for N, In the Arctic, Cota et al, (1987)
estimated that regenerative fluxes of nitrogen, based on
nitrogen excretion by the heterotrophic community, approached
the estimated demand in Barrow Strait, but that this was not
the case for silicon for which regeneration 1s even much
slower being mostly a dissolving process (Nelson and Gordon,
1982),

The third source of nutrient supply for 1ce algae comes
from the underice water column. Results on the evolution of
nutrients 1n seawater indicate that nutrient flux from the
water column is an important source of supply to 1ce algae,
Nitrates and silicates from the water column are used up hy
1ce algae to the point of depletion, especially at stations
protected from wvwinds or drifting 1ce floes where underice
nutrient flux should be reduced. Cota et al, (1987) also
found that nutrient flux from the water <column was the
largest source of nutrient supply for 1ce algae from Barrow

Strait, and that the magnitude of the flux wvaraied
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significantly with time over the fortnightly cycle.

Considering that the nutrient flux from the water column
is the largest source of supply to 1ce algae, we can ask
ourselves 1f the observed nitrate and silicate seawater
depletion act as a laimiting factor to ice algal biomass
production ain the Magdalen 1Islands area. ©Nitrogen reaches
concentrations 1n seawater that are less than the starvation
level of 0.3 uM reported by Collos (1980). Furthermore,
seawater N:P ratios are generally less than 10 (Fig. 15) wath
have a mean value of 3.63(%26.558SD), and C:N ratios from POC
and PON data give cell ratios nf 8~9 for February, 1ncreasing
to more than 10 by Apral (Fig. 16). Although 1t 1s sometimes
misleading to interpret low seawater N:P ratios as indicative
of N limitation, it 1s generally considered that C:N ratios
210 represent real subsaturation with nitrogen 1n marine
diatoms {(Sakshaugh et al., 1983), C:N ratios increase under N
deprivation as a result of photosynthates being directed into
carbohydrates and relatively little into proteins (Smith et
al., 1987).

Silicate 1limitation should alsoc be considered with
seawater S1(0H), concentrations less tham 1 M and N:S1
ratios pgreater than 1 (Fig. 17). Silicate starvation 1s
reported te occur at Si1(0OH). concentrations of 2.0-5.0 uM
(Dugdale et al., 1981; Jacques, 1983; Laing, 1985) and Si
limitation predicted for N:Sa1 ratios >1 (Levasseur and

Therraault, 1987). S1 lamitation can also lead to an increase
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Figure 16, C:N ratios from bottom 1ce sections, grouped f.

statinns 1 to 7 versus time,
April.

i.e.

from the end of February
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Figure 17, N:Si ratios from bottom ice sections, grouped for
stations 1 to 7 versus time, i.,e. from the end of February to
April,
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in C:N ratios as a result of lipid accumulation (Taguchi et
al., 1987), and to thin walled diatom frustules which were
frequently observed in this study,

Chlorophyll measures of 1ce biota from the Magdalen
Islands for bottom ice sections vary from a minimum of 5.45
mg.m~?* of chl a at statiom 7 to a maximum of 39.9 mg.m™*® at
station 5A. Such biomass values are much lower than values
found at higher latitudes. Dunbar and Acreman (1980) report
bottom ice chl a concentrations of 89.31 mg.m~? 1n Hudson
Bay, 49.75 mg.m~? in Barrow Strait and 20.36 mz.m™? in
Robeson Channel. Poulin et al. (1983) found maximum <chl a
concentrations of 247 mg.m~™® 1n Manitounouk Sound, Hudson
Bay, and Cota et al., (1987) found a mean of 335 mg.m™* 1n
Barrow Strait.

Chlorophyll a values from landfast 1ce stations are
significantly higher than at the drafting 1ce station. These
results are 1n accordance with Dunbar and Acreman (1980} and
Demers et al, (1984) who found driftang 1ce chl a
concentrations of 2.82 mg.m~? for the Gulf of St,.,Lawrence and
of 0.5-2.3 mg.m™? 1n the St.Lawrence Estuary. This suggests
that arifting 1ce 1s less suited for the development of 1ce
biota than landfast ice, poséibly because 1t 1s less stable
and subjected to rapid mouvement and deformation. It should
be noted that contrary to results from landfast 1ce stations,
no nutrient depletion occurs at station 7, and therefore

nutrient 1limaitation cannot be considered a significant
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factor,

Time scale evolution of <chlorophyll a for bottom 1ce
sections (Fig. 13) 1indicates a decrease in chlorophyll
concentrations in the second week of March following air
temperature increases above 0°C. Air temperature increases
above the freezing point cause melting of surface 1ce and
allow for flushing, which is the most effective mechanism for
ice desalination, The fairst 1ce melt actually resulted in a
20cm decrease 1n ice thickness (see Chapter 1), Therefore
f lushing, associated with decreases 1n ice thickness seems to
limit biomass accumulation of i1ce biota in the Magdalen area,
especially at landfast 1ce stations protected from rafting.
At higher latitudes, flushaing occurs only at the end of the
ice algal bloom and 1s associated with the sloughing off of
the ice algae (Cota et al., 1987). Therefore the instability
of the 1ce substrate, with respect to ice melt, could be
suggested here as a limitang factor of 1ce algal biomass
accumulation,

Specific growth rate estimates for bottom 1ce sections
were in the order of 0.102,.055D doublings per day. Recent
data for Arctic species 1indicate a range of 0.,3-0,7d"?
(Hegseth, 1982). However, in the high Arctic, Cota et al.
(1987) estimated specific growth rates of 0.08-0.25d-*, with
a maximum of 0.96d-!' for natural assemblages; Alexander et
al, (1974) reported 0.13-0,16d-*, and Horner and Schrader

({1982) reported 0.26d-', all from bottom 1ce chlorophyll
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accumulation. Growth rates for ice algae from the Gulf of
St.Lavwrence would therefore fit in the lower range of Arctic
ice biota growth rates. Reduced algal growth rates can result
from low temperature, low light intensaty, high environmental
variability or nutrient limitation. Considering that bottom
ice temperature 1s somewhat similar at all latitudes, a1t can
be asked which environmental factor limits growth and 1ce
algal biomass accumulation 1n the Gulf of St.Lawrence,

Nutrient limatation, specially of nitrates and
silicates, 1s a possible cause of lower 1ce algal biomass 1n
the Gulf of St.Lawrence as 1indicated by N/P and C/N ratios.
C/chla ratios of 99.6(264,3SD) could further support N
limitation or indicate poor physiological state (Epplev,
1972)., There are indications of nitrogen limitation of 1ce
algal production i1in the Arctic (Grainger, 1977; Gossellin et
al., 19853 Cota et al,, 1986: Maestraini et al., 1986) but
perhaps not to such an extent as for ice biota in the Gulf of
St.Lawrence,

Differences 1in underice light regimes could also account
for reduced ice algal biomass at lower latitudes as suggested
by Dunbar and Acreman (1980) and Demers et al. (1981).
Underice light intensities, estimated for the Gulf of
St.Lawrence using Maykut and Grenfell (1975) light absorption
spectra for an average ice thickness of 50cm and an average
surface irradiance of 5,266.4ftcd (data obtained from

Environment Canada), gave underice light irradiance of 526.6-
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1053.28ftcd, compared with 5-10ftcd during Arctic ice algal
bloom (Grainger, 1977). Shade adapted Arctic 1ce algae are
reported to be light saturated at 110ftcd with
photoainhibation at about 1200ftcd (Bunt, 1964; Sakshaugh,
1983). Low compensation light intensities, achieved through
increased numbers of photosynthetic units and chlorophyll a
content per <cell, 1is a critical adaptation permitting the
growth of 1ce algae 1n the Arctic despite low 1light
intensities, Therefore higher underice 1light intensities in
the Gulf of St.Lawrence, coupled with short duration of ice
coverage, could possibly limit ice biota production by not
allowing for extreme shade-adaptation. Although no direct
proof of this &exists, since the results of chlorophyll a
content per cell were highly variable, the C/chla ratios of
99.6(%64.3SD) could suggest poor adaption to light
intensities. Indeed, C/chla ratios of 38 are typical of
bottom 1ce communities adapted to low light levels while
ratios 2100 are found when there 1s not sufficient time for
adaptation to underice light regimes (Bunt, 1964; Palmisano
et al., 1985). Palmisano et al. (1985) report that
adaptation to low light 1ntensities, resulting 1in a decrease
in C/chla ratios due to a 5 fold 1ncrease in chlorophyll a,
was found to occur after a period of six weeks., This 1s about
equivalent to the duration of ice <coverage in the Gulf of
St.Lawrence (6 to 8 weeks).

In summary, the results obtained from this study
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indicate nutrient limitation with respect to nitrates and
silicates, However, no correlations are observed between
nutrients and biomass of bottom ice, based on <chlorophvll a
concentrations, suggesting that growth rates more than
biomass are affected by the nutrient 1limitation., This 1s
supported by growth rate estimates being in the lower range
of values described for Arctic 1ce algae, The ainstability of
the ice substrate, with respect to ice melt, 1s alsr
suggested as a limiting factor 1n view of the decrease 1n
chlorophyll a associated with a decrease 1n ice thickness., As
for higher underice light intensities, there 1s some evidence
of lack of shade adaptation of idice algae in the Gulf of
St.Lawrence, but it might be a consequence of the short

duration of ice coverage.
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Abstract

The structure and the composition of 1ce biota
communities from the Gulf of St.Lawrence, Magdalen Islands
area, were studied at six landfast ice stations and one
drifting ice station throughout the period of ice coverage.
On the basis of species composition, two types of ice biota
communities were found in bottom i1ce: communities composed of
predominantly pennate diatoms (abundance > 98,0%). and
communities with a high abundance of <centric diatoms
(abundance > 46.2%). The first community type, found at
stations located in lagoons and on the eastern coast of the
Magdalen Islands, 1s similar to Arctic landfast 1ce biota

communities with Nitzschia cylindrus, N. polaris and Navicula

kariana as dominant speciles. The second community type, found
at stations located on the western coast of the Islands and
at the drifting 1ce station, 1s samilar to drifting 1ce biota
communities previously descraibed from the Gulf ot
St.Lawrence, with a high percentage of centric diatom species
(> 46,2%) due to the dominance of the planktonic diatom

Thalassiosira nordenskioldii. Species richness and the

Shannon-Weaver index of diversity were low, with mean values
for bottom ice of $=9.5 and H'=0.57 . Density in number of
cells/L was variable with mean values for bottom 1ce ranzing
between 10%-10®xcells/L, and was negatively correlated with %

centric diatoms, the density being two orders of magnitude
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higher at stations with low % centric diatoms (< 2%). Results
on the structure and the composition of the 1ice biota
communities are discussed in relation to 1ce type, i.e,
landfast and drifting pack ice, and in comparison to ice

biota communities from higher latitudes.



-l

-118-

INTRODUCTION

The presence of ice algae has been known for nearly 150
years., They were first described from the Arctic by Ehrenberg
(1853) and from the Antarctic by Hooker (1847). The
literature on ice biota which has grown considerably since
then, and more particularly in recent years, was summarized
by Grainger (1977, 1979) and by Horner (1976, 1977 and 19385).
Three main types of 1ce microalgal communities have been
described: surface, 1interior and bottom ice communities.

Surface 1ce communities include microalgae found 1n
association with the snow-ice interface flooded by seawater
upon 1ce depression by snow weight, such as described by
Meguro (1962) in the Antarctic. Another type of surface 1ce
community is found 1n association with 1ce surface melt pools
when there 1is not enough snow to depress the 1ce (McConville
and Wetherbee, 1983), In pack 1ce from Davis Strait (Booth,
1984) and in Antarctic waters (Fukushima and Meguro, 1966),
surface water washing over 1ce floes has been observed to
seed the surface of the ice with planktonic algae, but
without indication of survival or growth of the algae
(Horner, 1985). This 1s also true of surface 1ce communities
described 1n the Arctic by Grainger and Hs1iao (1982) and 1in
the Antarctic by Hoshiai (1977) which are thought to be

remnant populations of bottom ice autumn blooms.
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Interior ice communities are mainly found in the
Antarctaic, although there 1s one report of an interior 1ice
community from the Bering sea (Horner, 1985), 1In the
Antarctic, this type of community results from braine drainage
processes 1nitiated by summer warming but not carried to
completion (Ackley et al., 1978). Thais process causes
redistribution of salinity and of nutrients 1n the mid-depth
region of the 1ce, thus promoting 1ce microalgal growth,

Bottom ice communities are the most a1important 1in terms
of production and standing crop. In the Antarctic, bottom 1ce
communities are mainly found in frazil 1ce which forms
through aggregation of unconsolidated ice crystals held 1in
place by their positive buoyancy (Bunt and Lee, 1970), In the
Arctic, bottom ice communities are <concentrated 1in the
skeletal layer which occupies the bottom centimeters of
congelation 1ce and whaich 1s 1n direct contact with the
underlying seawater., Seawater nutrient supply to the skeletal
layer 1is responsible for active growth of bottom 1ice
microalgal communities (Cota et al., 1987). An additional
type of bottom community, the mat—-strand community, forming a
mat-like covering with suspended strands of microalgae, is
also reported from Antarctica (McConville and Wetherbee,
1983),

Underice phytoplankton blooms have been recorded in
Hudson Bay (Legendre et al., 1981) and in the Bering sea

(Saito and Taniguchi, 1978) where they were associated with
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underice brackish 1layers and dominated by flagellates. There
are also reports of spring blooms associated with frontal
structure at the ice edge (Alexander and Niebrauer, 1981)
with similar species composition 1n 1ce and 1n seavater,
However, underice seawater communities usually consist of
senescent, sloughed ice microalgae 21n low concentratiouns
(Horner, 1977; Horner and Schrader, 1982; Pett et al.,, 1983};
Rymes, 1986),

In sea 1ce the most commounly occurring microalgae belong
to such <classes as the Bacillariophyceae (Diatoms), the
Chrysophyceae, the Chlorophyceae, the Dynophyceae and the

Euglenophyceae,. Diatoms are the most abundant group of

microalgae found 1n sea idice with pennate forms being
dominant. Thas 1s particularly true of landfast 1ce
communities, i1n both polar regions, where pennate diatoms
account for more than 30% of the species abundance
(Burkholder and Mandell:, 1965 ; Meguro et al., 1967;

Whittaker, 1977; Horner and Schrader, 1982; Pett et al. 1983,
Rymes, 1986). Considering sea ice as a substrate analogous to
the benthos, 1n fact an upper soliad substrate or a "ceiling"
as proposed by Dunbar and Acreman (1980), 1t 18 not
surprising to find that 1ce biota communities are, similarly
to benthic microalgal communitlies, dominated by pennate
diatoms. Indeed pennate diatoms, contrary toc centric diatoms,
are found mainly in association with substrates to which they

can attach by mucilaginous secretions and on which they can
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move about through cytoplasmic streaming in the raphe
(Pacrick and Reimer, 1966). Furthermore, a number of studies
h~.ve shown that pennate diatoms are adapted to 1low light
intensities, a condition 1nherent to benthic and 1ce
environments (Rivkin and Putt, 1987), There 1is however no
significant species correlation between benthic and 2ce
diatom communities (Horner, 1985), Pennate ice dlatoms seem
to be typical cryophiles found only in association with sea
ice (Usachev, 1949),

Centric diatoms have been reported for landfast 1ce
communities, but only for a few specles and never 1in great
abundance (Grainger and Hsiao, 1982). The occurrence of
centric species 1s higher 1n Antarctic than in Arctic 1ce,
possibly due to the wunconsolidated frazail 1ce structure of
Antarctic 1ce which allows more water to be present between
1ce crystals, thus providing a more favorable habitat for
~entric species (Horner, 1985). However, centric diatoms are
reported as dominant species 1n a number of studies on
driftang pack 1ce conmmunities from both polar regions
(Vanhoffen, 1893, 1897: Gran, 1897: Measter, 1930; Usachev,
1938, 1949; Hart, 1942)., Apollonio (1985), referring to
Sutherland's (1852) report of an Arctic summer pack 1ce
community that was dominated by the centric diatom Melosira
arctica, even suggested the existence of a second arctic 1ce
flora separated floristically and ecologically

distainguishable from landfast 1ce flora.
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Dunbar and Acreman (1980) also found ice biota
communities that were dominated by centric diatom species 1n
drifting pack 1ce from the Gulf of St.Lawrence, but thev
report that pennate diatoms are dominant in landfast 1ce
communities from higher latitudes. Demers et al, (1984), 21n
their study of 1ce biota from draiftaing i1ce floes 1n the
St.Lawrence estuary, similarly found communities with high
abundance of centric species. The differences in species
composition Dbetween higher and lower latitudes were
attributed to the shorter durafion of 1ce cover and higher
underice light intensity in the Gulf of St.Lawrence (Dunbar
and Acreman, 1980). These conditions were suggested to favour
planktonic centric diatoms over shade-adapted pennate ones,

The present study of 1ce biota from the Gulf of
St.Lawrence was undertaken i1n view of the results obtained bv
Dunbar and Acreman (1980) and by Demers et al, (1984), The
objective of thilis study was to test the hypothesis that
abundance of <centric species 1in ice biota from lower
latitudes was favoured by the shorter duration of the 1ce
cover and by the higher underice light 1ntensities. Community
structure and speciles composition were therefore determined
for landfast and drifting packilce stations 1n relation to 1)
sea ice characteristics, 2) environmental variables 1ncluding

nutrient regimes, and 3) ice biota from haigher latitudes.
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MATERIALS and METHODS

Study Sites

The structure and composition of 1ce biota communities
from the Gulf of St.Lawrence were studied in the Magdalen
Islands area, situated in the centre of the Gulf of
St.Lawrence at latitude 47° to 48° North and longitude 61° to
622 West. The location of the six land fast 1ce stations (1
to 6) and of the driftaing 1ce station (7) 1s illustrated in
Figure 1., Station numbers and locations are the same as 1in
Chapters I and II. Stations 1 and 3, located in Havre-aux-
Maisons and at Bassin, are protected from winds and drifting
1ce effects. Station 2, located on the eastern coast, is
exposed to the northwest winds and to occasional piling up of
ice 1n the Bale de Plaisance. Landfast 1ce was often
surrounded by open water at that station, Stations 4 and 5.
located on the western side, are exposed to prevalling
northwesterly winds and to southeast drifting 1ce floes
coming from the Gulf of St.Lawrence. At these two stations,
ice was sampled mid-way between the shore and the edge of the
landfast ice (Stations 4 and 5), as well as at the ice edge
(Stations 4A and 5A), the boundary between landfast 1ce and
drifting pack 1ce, to determine ice edge effects. Station 6,
on the northwestern side at Polnte-aux-Loups, 1is the most

exposed to wainds and draifting 1ice. Station 7, located
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approxaimately 20 km west of Pointe-aux-Loups, 1s the drifting
pack ice station which was wused for comparison to landfast

1ce.

Sampling and Laboratory Procedures

Seawater was sampled at stations 1, 4, 5 and 6 1n
January of 1979, before ice formation, Landfast 1ce began to
form in the first week of February, but samplaing of 1ce only
started at the end of February when the 1ce was thick enough
to safely walk on. From that period on, 1ce and waier samples
were collected every two weeks at stations | to 6, Ice and
seavater were sampled cnly twice at station 7 by helicopter.
Ice samples were collected with a SIPRE 1ce corer of 7.5 cm
diameter, A minimum of two cores were collected within a |
meter distance, The ice <cores were cut 1nto 20 cm sections
startaing from bottom 1ce, Ice sections were numbered by "1"
for surface 1ce down to "B" for bottom 1ce, Seawater was
sampled by pumping underice seawater through holes made by
the corer. The samples were kept 1n a cooler at 0°C and
brought back to Environment Canada's laboratory at Cape-aux-
Meules,

In the laboratory, samples were melted 1n warm watey
baths (516°C). From each sample, two 125 ml aliquots were
preserved i1n Lugol's solution (Throndsen 1978) for systematic

determination. One aliquot was prepared for 1dentification
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and cell counts of diatoms using the muffle furnace technique
(Zoto et al. 1973)., The cleaned frustules were then mounted
in Hyrax (Patrick and Reimer, 1966) and observed under a
Zei1ss phase contrast microscope. The muffle furnace technique
was preferred over the oxidation technique because it
preserves the colonial forms which can be used as a criterion
for 1dentification. Since this cleaning procedure destroys
microalgae other than diatoms, as well as all cellular
components making 1t impossible to distinguish between dead
and live diatoms, the second aliquot was analyzed using the
Uthermol (1958) sedimentation technique with a Zeiss phase
contrast 1inverted microscope. Thais technique is most
appropriate for 1dentification and «cell count of microalgae

other than diaatoms, and for evaluation of the percentage of

empty diatom frustules,

Data Analysis

A minimum of 500 cells were 1dentified and counted i1n a
series of transects at magnification up to 1250X for
subsequent analysis of community structure and composition.
The 1dentification and countaing of a minimum of 300
individuals 1is considered to give reliable evaluation of
diatom communities (Margalef, 1978). The nomenclature follows
Van Landingham (1967-1979), and the taxonomic works of

Hustedt (1930a, 1930b, 1959, 1966), Cupp (1943), Cleve-Euler
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(1951, 1952, 1953a, 1953b, 1955), Brunel (1962) and Patrick
and Reimer (1966, 1975) were used for the identafication of
diatoms.
The structure of the various communities is analyzed

using the following community descriptors:

1) the number of species, S

2) the Shannon-Weaver index of diversity (Shannon
and Weaver, 1949),

H' = -lpslogp,

where ps= ns/N 1s the proportion of the densaity of the 1th
species (ny) over the total density (N) an number of cells
per litre,

3J) Pielou's (1966) evenness 1ndex,

J = H'/ Hmax

where Hmax = log S, S being the total number of species
encountered i1n the sample. "J" 1s defined as the ratio of
observed diversity (H') to maximum daiversity, the latter
being said to occur when the species 1n a collection are
equally abundant. When J=1, there 1s evenness. Departure from
1 1s an i1ndaicat:ion of i1ncreasing dominance, Since H' reflects
on both total number 0of species and their relative numerical
representation, Pielou's evenness 1ndex 1s a better 1ndicator
than dominance since 1t distinguishes between these two
components,

4) total densaty 1n number of cells/L, as a measure

of biomass.
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5) % centric diatoms, representing the percent
contribution 1in density (n® cells/L) of centric diatom
specles over the total density.

The species composition of the wvarious communities 1s
determined on the basis of abundance, defined as the percent
density (n° of cells/L) contribution of 1ndividual species
over the total densityv. Dominant speciles were defined as

specles with an abundance greater than 5% .

Statistical Analysis

To determine statistical differences in the various
community descraptors, in 1ce and in seavater among the
stations, a SAS statistical package was wused 1n all data
analvses (Ray, 1982a, h). All linear model statistics., such
as analysi. of variance (ANOVA), make the assumption that the
underlying population from which the sample data are drawn 1s
normally distributed. To test this assumption, the Shapiro-
Wilk, W, statastic and probabilaity plot were computed for all
the data sets wusing the Univariate procedure 1in the SAS
svstem (Ray, 1982b); the Fmax test (Zar, 1984) was used to
test the homogenelty of variance assumption. All community
descriptors were normally distributed, except for densaity
values whiach were log-transformed. A single factor analysas
of wvariance (ANOVA) was carried out to test the null

hypothesis H,: there are no differences in community
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descriptors among stations (or among sSeawater and 1ce
sections at the same station) against an alternate H,: there

are differences 1n community descriptors among stations., ul

among seawvater and 1ice sections. Where parametric ANOVA
rejected the null hypothesis, a specific among stations Lo}
among seawater and 1ce sections at the same station)

comparison of means (at the P=0.05 level), for each of the
descriptors was carried out using the Student-Newman-Keuls
(SNK) multiple range test.

Diversity measures are sometimes ineffective in
segregating different envirconments since they do not take
into account the species composition of the communities
compared. Therefore to estimate similarities Lol
dissimilarities) of species composition and abundance between
the different stations and compartments f(1ce sections and
seawater), Ward's agglomerative hierarchical classification
was performed (SAS cluster procedure, Ray 1%352a),. This
procedure groups variables., species density 1n this case, of
high mean similarity with each other based on the squaie
multiple correlation R? (the sum of squares between all
clusters divided by the corrected sum of squares). Species
densities (n® of cells/L) were f1rst root-root transformed to
reduce the weighing of very abundant speciles (Field et al.,
1982). The transformed densities were then used to construct
a Bray-Curtis dissimilaraity matrix <(Bray and Curtis, 1957).

The Bray-Curtis measure has the form:



-130-

6 = IYij -Yik / I (Yij "ng)

where Y,, = density of the 1th snecies at the )th station;
Y.. = density of the 1th species at the kth station: and
§,., = dissimilarity matrix between the )th and the Kkth

stations summed over all species. §6,, can range from O
{complete similaraity or 1dentical scores for all species) to
] (complete dissimilarity or no sSpecies 1n common:., The
values calculated for 65 are then arranged 1n a
dissimilarity matrix from which a dendogram 1s produced,
using group-average sorting which joins two groups of sample
together at the average level of similarity between all
members of one group and all members of the other,
Significant relationshaps between the various
environmental variables (Chapt. II) and community structure,
based an community descriptors, were determined usaing
Pearson's correlation. To simplafy the 1interpretation of
relationships between the environmental variables and the
communility descriptors, principal component analvsis (PCA)
procedure (Ray, 1982a) was performed. The aim of the PCA was
to delineate 1ndependent associations among the sets of
environmental and community variables. To draw some inference
about the general relationship between the environmental
conditions and community structure, simple linear regression
analysis was used to test the relationship between the PC

scores of the environmental and community data sets,
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RESULTS

Species Composition

A total of 86 diatom taxa were identified from 1ce and
water samples (Table 1), with 11 species belonging to the
subdivision '"Centricae'" and 71 species to the subdivision
“"Pennatae'" according to @strup's (1970) <classification
system. Only 34 diatom species were found 1n seawater as
opposed to 84 species 1n ice, Microflagellates were the only
other group of microalgae present, and they accounted for a
mean abundance of only 1.,78%2 1n bottom 1ce and O0,09% ain

seawater (Table 1).

Bottom Ice Communities

Dominant microalgal species, defined as species with
abundances greater than 5%, were determained and are listed
for each station in Table 2, The results for bottom 1ce
sections 1ndicate that species composition differs among
stations, At stations 1 and 3, the most abundant specles are

Nitzschia polaris (abundance of 36.99% and 63.63%

respectively) and Amphora straurophora (6.91% and 16,.83%). At

station 2, the community 1s &almost entirely composed of

Navicula kariana with a mean abundance of 91.84% ., Thas

species is also dominant at stations 4, 4A, 5 and 5A (56,88%,
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Table 1. Last of taxa (Bacillarophyceae and Microflagellates)
1dentified from ice and water samples in the Magdalen
Islands area, including relative abundance (%) in the
total colllections from seaater (W) and bottom 1ce

section (B).
TAXA B W
Bacillarophyceae
Centrales
Actinoptychus undulatus Kiitz. 0.25 3.57
Biddulphia aurita (Lyng. )Bréb. 5.35 2.06
B.gramulata Rop. 0.09 -
Coscanodiscus asteramphalus Ehr. 0.04 -
C.decrescens var.polaris Grun. 0.38 0.32
Cyclotella Meneghimana Kiitz. 0.40 10.87
C.socialis Schutt 1.23 0.79
Melosira sulcata (Ehr.)Katz. 2.09 -
Thalassiosira decipiens Grun. 1.48 3.57
T.mordenskaoldii Cl. 15.63 8.41
Triceratium altemans Bail. 0.03 -
Pemales

Achnanthes haynaldil (Schaarschm.em,)A.Cl. 0.01 -
Amphora holsatica Hust. 0.24 -
A.ostreana (Bréb, )Kutz. 0.05 -
A.perpusilla Grun, 0.04 -
A.proteus Greg, 0.54 -
A.proteus var.oculata Per, 0.01 -
A.staurophora (Castr,)Cl. 4.13 1.78
Caloneis brevis Greg. 0,01 -
Cocconels placentula Fhr. 0.38 1.73
C.scutellun Ehr. 0.12 1.71
C.thomasiana Brum. 0.05 -
Cymbella sp.l 0.05 0.14
Diatama elongatum var.temus Ag. 0.08 0.65
Diploneis incurvata Greg, )Cl. 0.01 -
D.Smthai (Bréb.)Cl. 1.26 0.40
D.splendida (Greg.)Cl. <0.01 -
D.suborbicularis (Greg,)Cl. .41 -
Epithema zebra (Ehr,)Kiitz. 0.05 1.19
Bmotia lunans var.ventosa (Berg.)Cl. <0.01 -
E.pectinalis (Kutz.)Rab. 0.01 -
E.vanheurckal Patr, <0,01 -
E.venens (kiltz,)oMill, 0,47 -
Baotograima productum (Grun.)V.H. 0.01 -
F.construens (Ehr.)Grun, 0.09 -
Fragilana investiens (W.Sm.)Cl. 0.08 -
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Table 1. (contimed)

TAXA B w
F.lapponica (Grun,)V.H. 0.01 -
F.virescens Ralfs 0.06 0,22
Gamphonema sp. 1 <0.0! -
Gyrosigma balticum Ehr. - 1.19
G.rectun (Donk.)Cl. 0.01 -
Hantzschia amphoxys (Ehr.)Grun. 0.2 -
H.sp 1. 0.01 -
Lacrmophora gracilis var.anglica Per. 0.2 -
Mastoglola angulata Lewis <0.01 -
M.apiculata W. Sm. <0.01 -
Navicula bacillum Ehr, 0.01 -
N.cancellata Donk. 3.27 0.89
N.cryptocephala var. veneta (Kitz,)Rabh. 0.0! -
N.directa W.Sm, 0.37 0.14
N.forcipata Grev, <0.01 -
N.galikaa Pant. 0.14 -
N.glacialis Cl. <0.0! -
N.graciloades A.Mayer 0.13 ~
N.Greville1 (Ag.)Heab. 1.03  4.54
N.lmerosa Bréb, 0.17 -
N.kanana (Gnm.)Cl. 2.02 18.14
N.laevas A.Cl. 1.00 1.19
N.lanceolata (Ag.)Kutz. 0.22 -
N.lyra Ehr. 520 1.19
N.mwalis Grun. 2.0 1.49
N.protracta Grun, 0.2 -
N.rhyncocephala Kutz. 0.05 0.29
N.spicula (Hick.)Cl. 2.26 -
N.sp.l <0,01
N.sp.2 <0.01 -
N.sp.J 0.8 0.3
N.yarrensas var.americana Cl. 0.91 5.%
Nitzschia acuminata (W.Sm.)Grun, <0.01 -
N.capitellata var.lappomica 0.15 -
N.cylindrus (Grun.)Hasle 5.39 8.70
N.linearis (Ag.)W.Sm. - 0.79
N.littoralis Grun. <0.01 -
N.polaris Grun. 12.01  8.37
N.thermalis (Kitz.)Grun. 0.03 -
N.vitrea Norm. 0.0l -
Pimularia aestuaria Binterrupta(Hust.)A.Cl. - 0.001
P.baltica (Schulz) 0.01 -
P.globiceps var.Krookii Grun. 3.0 2,59
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Table 1, (contimed)

TAXA B W
P.quadratarea var.balticum Grunm. 0.13 1.19
P.streptographe C1. 0.01 -
Plagiogramma staurophorum (Greg.)Heib. 0.03 -
Plewrosigma elongatum var.fallax Grun. 0.05 -
Synedra pulchella (Ralfs)Kiitz, 0.18 -
Surirella 1slandica Ostr, 0.27 -
Trachyneis aspera Ehr. 0.03 .57
Microf lagellates 1.78  0.09
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Table 2. List of dominant diatam species (abundance 2 5%) from

bottam 1ce sections, at stations 1| to 7., including
percent mean abundance, mean density and standard
deviation (1n parentheses) per station.

STATIONS ABUNDANCE DENSITY
(%) (103xcells/L)
1 Mitzschua polaris 36,99 85.9 (296.5)
Navicula cancellata 20.83 48.4 (271.2)
Pimularia globiceps var.Krookii 15,11 35.1 (£32.8)
Arphora staurophora 6.91 16.1 .£23.7)
2 Nawvicula karmana 91.84 359.b6 (%425.4)
3 Nitzschia polaris 63.63 157.9 (£201.6)
Anphora staurophora 16.83 41,8 (246.3)
Navicula muralis 8.67 21.5 (2£25.2)
4 Navicula kariama 56.58 6.1 (£10.8)
Thalassiosira nordenskioldil 27.14 2.9 (£3.1)
4\ Thalassiosira mordenskioldii 46,22 2.9 (#5.2)
Navicula kariana 38.66 3.1 (£4.3)
5 Thalassiosira nordenskioldii 48.22 3.7 (25.5)
Navicula kariana 27.74 3.6 (28.4)
Nitzschia cylindrus 6.23 0.9 (38,6)
5A Thalassiosira nordenskacldia 58.83 3.4 (%4.8)
Navicula kariana 34,32 2.0 (22.8)
6 Nitzschia cylindrus 55,25 65.7 (£131.4)
Navicula karana 36.73 43.7 (287.3)
Thalassiosira nordenskagldia 36.98 43,7 (287.3)
7 Thalassi1osira mordenskadldia 35.98 5 (28.3)

3.5
Nitzschia cylandrus 16.01 1.5 (£2.2)
Navicula laevas 10.96 1.1 (£1.,9)

-
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38,.66%, 25.74% and 34.32%Z), but dominance at these stations

is also shared by the centric species Thalassiosira

nordenskioldia (27.14%, 46.22%, 48.75% and 58.83%). Species

compositaon differs slightly at station 6 with Nitzschia
cylindrus being most abundant (55.25%) followed by N. kariana

(36.73%) and Thalassiosira nordenskioldia (4.56%). At the

drafting 1ce station 7, T. nordenskioldii is again dominant

(35.98%) with Naitzschia c¢ylaindrus (16.01%) and Navicula

laevis (10,96%) .,

To estimate similarity of species composition between
the dafferent stations, Ward's agglomerative hierarchical
classifaication was used. Figure 2 is the resultant dendogram
produced by group average sorting of stations using the Bray-
Curtis daissimilarity matrix, based on mean density of each
species. A broken line drawn at an arbitrary similarity level
of 30% delaineates 2 major groups of stations. The fairst group
1ncludes stataions 1 and 3, the protected lagoon stations. The
second group daivides 1nto two major subgroups at the 40%
similaraty level: lJandfast ice stations 2 and 6, located
respectively on the eastern coast and on the northwestern
coast of the Islands, forming the first subgroup, and
landfast 1ce stations 4, 4A, 5 and 5A located on the western
coast plus the driftaing 1ce station 7 forming the second
subgroup.

The structure of the bottom ice community was defined on

the basis of a number of community descriptors including:



£
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Figure 2. Dendogram showing classification of stations 1 to 7

based on community composition, 1.e, mean specles densitv (n¥
of «cells/L). Densities were root-root transformed before
comparison using group-average sorting of Bray-Curtuis

dissaimilarities. Stations splait into two main groups at the
30% similarity level, and the second group splits 1uto two
main subgroups at the 40% similarity level,
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number of species (S), the Shannon-Weaver diversity 1ndex
(H'), Pielou's evenness index (J'), density in n® of cells/L,
and percentage of centric species, The results are summarized
in Tati= 3,

The number of species ranged from a mean of 20 at
stataion 1 to a mean of 4.5 at stataion 5A. Analysis of
variance {(ANOVA) of the community descraptors (Table 1)
indicates that for station 1, the number of species 1s
signifaicantly different from stations 4, 4A, 5A and b, with
intermediate values for stations 2, 3, 5 and 7. The
Shannon-Weaver diversity 1indices (H') were low (Table J,
with mean values ranging from a minimum of 0.40 at station 2
to a maximum of 0.79 at station 7. No significant differences
between station means were demonstrated by the ANOVA test
(Table 4),

Evenness index varied from 0.76 at station 6 to 0.34 at
station 2. Since departure of J from 1 1s an 1indication of
dominance, the bottom 1ce biota <communities seem to show
signs of dominance. This 1s particularly true of statioans
with haigh percent abundance of dominant species such as
station 2 where the dominant species contributes 91.84% of
the abundance. But again, the mean J values are not
significantly different when compared between stations using
the ANOVA procedure (Table 4),.

Density, expressed as number of cells per litre, was

quite variable ranging from a minimum mean value of 0.97x10°%
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Table 3. Commumty descriptors for seawater (W) and bottam ice section (B) at
stations | to 7. Descriptors include mean values for S (mmber of
species, "' (Shamon-Weaver daversity index), J (Evermess index), Density
(n® of cells/L) and % Centric (percentage of centric daatoms). Standard
deviations are also 1cluded (1n parentheses) and muber of samples.

DESCRIPTORS STATIONS
1 2 3 4 4A 5 54 6 7
S 2.2 104 94 65 6.0 1.6 45 55 115
(1.7) (6.7) (6.5) (3.4 (8.5) (3.2) (6.4) (3.6) (0.7}
4 5 5 6 3 5 2 4 2
- 1.3 0.8 1.8 - 3.1 1.0 2.2 05
(1.7) (1.6} (3.0) (3.8) (1.4) (3.2) «0.7)
6 6 7 6 2 5 2
H' 0.74 040 0,58 0.4 0,58 0.76 0.4 0.4 0.79
(0.10) (0.39) (0.13) (0.12) (0.09) (0.12) (0.18) (0.21) (0.16)
4 5 5 6 3 5 2 4 2
- 038 0.27 0.51 - 058 020 0.65 -
(0.09) (0.39) (0.29) 0.39) - 0.12)
3 2 2 3 1 4
J' 0.57 034 0.6 0.63 0.54 0,74 045 0.76 0.74
(0.06) (0.30) (0.17) (0.23) (0.21) (0.17) (0,12) (0.22) (0.1}
4 5 5 b 3 5 2 4 2
~ 08 0,9 0.9 - 0.69 0.65 0.91 -
(0.12) - (0.11) 0.42) - 0,53
3 1 2 3 1 4
Cells/L 8.2 49 31,0 1.1 1.6 1.4 11 120 1.0
(x10%) (19.2) (45.1) (28.9) (1.6) (1.3) (1.7) (0.9 (23.7) (1.}
4 5 5 6 3 5 2 4 2
0 006 G.12 0.4 0 175 o001 0.0 0.01
(0.06) (0.16) (0.63) (1.77) (0.01) (2,54) (0.01)
6 6 7 6 2 5 2
% Centrac 19 13 03 2.1 47.1 52.2 61.8 5.0 40.8
(1.9) (2.1) (0.1 (17.3) (10.2) (5.2) (9.1) (12.,5) (13.4)
4 5 5 6 3 6 2 4 2
0 10.6 0 12.5 o 7.9 0 B3 0
(14.6) (25.0) (12.1) (0)
6 7 6 5
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Table 4.

Parametric Student-NewmmenKeuls test for
significant (P<0.05) statistical differences
between stations of commmtv descriptors S
(mmber of species), H' (Shanmnon-Weaver
daversaty undex), J (Paelou's evermess index),
Demsity (m° of cells/L} and % centric
(percentage of centric diatoms}, in bottom 1ce
section (B) and seasater (W).
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cells/L at station 7 to a maximum of 48.9x10° <cells/L at
station 2 (Table 3). The results also i1ndicate that cell
numbers are an order of magnitude higher at stations 1, 2, 3
and 6 (10 cells/L) than at stations 4, 4A, 5, 5A and 7 10°%
cells/L). Despite these differences 1n mean density between
stations, the ANOVA performed for densaity «Table 4: di1d unot
show significant differences between station means bhecause of
the very high standard deviations assoc1lated with cell
density.

The results on percent centrilc species indicate a cleal
demarcation of community structure between stations (lable 3
with statisticatly signifaicant differences (Table 4). At
stations 1, 2 and 3 located 1n lagoons and on the eastern
coast of the 1Islands, the communities are composed of a
majority of pennate species, with centric diatoms
contributing to less than 2% of the abundance. The
communities from stations 4, 4A, 5 and 5A, located on the
western coast and from the driftang 1ce station 7 liave a
different composition, with centric species accounting for
29,.13% or more of the abundance.

Community descriptors were then analvzed for time scale
evolution. An lncrease 1n number of species S (Fig. 3) was
noticeable at stations 4 and 5, while variable patterns were
observed at stations 2 and 3. Station 1 stands out with

constantly higher number of species, and station 6 with low

number of speciles throughout the 1ce season. No discernible
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evolution

of community descriptor

(number of species), for stations 1 to 7.
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trends in time were observed for diversity (H') and evenness
(J). Density plotted on a log scale versus time (Fig. &)
illustrates the same trend as S, with a marked increase in
number of cells from February until mid-March, followed by a
decrease 1n the latter part of March, except for station 3,
Stations 1, 2 and 3 are distinguished from the other stations
by havaing cell densities one order of magnitude hagher.
Station 6 stands out again with densities less than 10°
cells/L in March, followed by a marked increase 1n Apral,
Graphic presentation of % centric diatoms versus taime (Faig.
5) again 1llustrates the peculiarities an community structure
at stations 1, 2 and 3 which have a very 1low percentage of
centrics diatoms (< 3.0%). At station 6, the percentage of
centric 1s around 20% in March and down to less than 5% au
April. At stations 4, 4A, 5 and 5A, the percentage of
centrics increases from O to about 45%7 and more by mid-March,
following the increase an cell density. At station 7 the
percentage of centric is always greater than 40% . Wath
respect to species composition, no statistically discernible
patterns of species succession could be demonstrated for the

bottom ice microalgal communities.

Underice Seawvater Communities

The species composition of underice seawater was similar

to that of bottom ice communities (Table 5) with Navicula



Figure 4. Time scale evolution of <community descriptor
Density (n<° of cells/L) on a logarithmic scale for stations 1
to 7.
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Figure 5. Time scale &evolution of community descriptor %
Centric Diatoms for stations 1 to 7.
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Table 5. List of daminant diatom species (abundance 2 5%) from
seadater, at stations 1 to 7, including percent mean
abundance, mean density ard standard deviation (in
parentheses) per station,

STATION SPECIES ABINDANCE DENSITY
(%) (cells/L)

1 0

2 Navicula kariana 48,44 131 (£264)
Thalassiosira nordenskiodii 18.58 50 (£133)
Actanoptychus undulatus 11,27 30 (£80)
Biddulphia aurita 6.19 17 (244)
Diatama elongatum var, temris 6.19 17 (244)

3 Natzschia polaris 36,24 142 (£348)
Pimularia globiceps var.Krookii 36.24 142 (£348)
Navicula kariana 18.12 71 (£174)
Cyclotella Meneghiniana 9,06 35 (287)

4 Nitzschia polaris 33.16 597 (£1336)
Amphora staurophora 24,87 448 (£1336)
Navicula muralis 20,73 373 (2835)
Navicula Grewvallei 8.29 149 (#£334)

4A 0

5 Navicula kariana 66.48 5813 (213471)
Thalassiosira nordenskioldit 8.43 737 (21493)
Navicula Grevallel 7.11 622 (£1523)
Nitzschia cylindrus 7.11 622 (£1523)

5A Navicula yarrensis var.amaricana 83.33 20
Navicula lyra 16.67 4
6 Thalassicsira nordenskioldii 33.33 400
Navacula Grevillei 26.64 30
Navicula kariana 18.87 227
Biddulphia aurita 9.9 12
Nitzschia polaris 5.58 67

7 Cyclotella Meneghimana 100.00 32
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kariana dominant at stations 2, J, 5 and 6; Nitzschia polaras

at stations 3 and 4; Thalassiosira nordenskiodldii at stations

2, 5 and 6; Navicula muralis and Amphora staurophora at

station 4; and Pinnularia globiceps var. Krokii at stations J

and 5,

The structure of the cormmunity was analyzed on the basis
of the same community descriptors as for the bottom ice
sections (Table 3). The mean number of species found 1n
seawater was very locw at all stations (S < 3), and mean
values for density ranged from 102 to 10“ cells/L at stations
7 and 5 respectively, with no <cells at stations 1 and 4A,
Diversity was low (H' < 0.58) and mean J > 0.65. Percent
centric diatoms ranged from a mean of 7.9 at station 5 to
33.3 at station 6. However, for cell counts of less than 300
cells/L, community descriptors and species composition should

not be considered as representative of the community,

Communities of Upper Ice Core Sections

The structure and composition of 1ce microalgal

communities were analyzed for vertical distribution 1n 1ice

section above bottom 1ce. Agailn, species composition and

community descriptors should not be considered as
representative of the communities when <cell counts f(or
densities) are less than 300. The composition of the

communities, including only dominant species (abundance > 5%)
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is summarized in Table 6., In cases of representative
densities (> 300 cells/L), species composition of upper ice
sections 1s similar to bottom 1ce sections, with the same
dominant species throughout the 1ce sections at respective
stations. The only species which shows up as dominant in
upper 1ce sections, despite a low abundance 1in bottom 1ce

(abundance < 5%) 1s tihe centric diatom Biddulphia aurita.

Biddulphia aurita 1s dominant at station 2 1in 1ce sections 2

and 3, at station 5A 1n section 3, and at station 6 in
sections 3, 4 and 5 (Table 6).

The structure of the i1ce biota communities in the upper
ice sections was analyzed using the same community
descriptors and compared to bottom 1ce <communities. The
results (Table 7) 1ndicate similarity with respect to number
of species S, diversity H' and evenness J, However, cell

density 1n upper ice sections 1is two or three orders of

magnitude less than i1n bottom 1ce, except at station 3, But
again, an ANOVA did not show significant statistical
differences between the ice sections (Table 8), The

percentage of centric species 1s similar at stations 1, 3, 4,
5 and 5A, but significant differences (Student-Newman-Keuls
test, P < 0.05) are observed at stations 2 and 6 with higher
% centric diatoms in upper 1ce sections than in bottom 1ce

(Table 8)., Paralia sulcata 1s responsible for the increased

percentage of centric diatoms in the upper ice sections at

these two stations.
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Table 6. Last of domnant diatan species (abundance 2 5%) from upper ice sections (vertical profiles)
from surface ice section 1 to bottom ice section B at stations 1 to 7, including percent mean
abundance and mean densaty (in parentheses) in cells/L.

STATION  SPECIES ICE SECTIONS
1 2 B
1 Navicula muralis 56.24% (9880)

Nit2schia polans 19.24% (3380) 36.99% (859,000)

Anphora staurophora 10.36% (1820) 6.91% {23,700)

Navacula humerosa 16.96% (52)

Navicula Grevillei 11.62% (52)

Navacula lyra 9.82% (44)

fphora proteus 7.14% (32)

Mastoglola angulata 5.36% (24)

Navicula directa 5.36% (24)

Plagiogramm staurophorum 5.36% (24)

Ravicula cancellata 20,83% (48,400)

Pimulana globceps var.Krookia 15.11% (32,800)
1 2 3 B

2 Navicula kariama

Lacmoplora gracilis v.anglica 11.04% (6480)

46.62% (27,360) 41.26% (59,040) 91.84% (359,000)

Nitzschma cylindrus 9.8 (5760) 48,26% (10,560)

Baotia venens 6.13% (3600)

Thalassiosira decipiens 6.13% (3600)

Baddulpina aurita 32.71% (46,800) 7.31% 7 1600)

Navicula cancellata 5.53% (7,920) 10.97% (2400)

Melosira sulcata 11.5% (2520)
i 2 B

3 Nitzschia cylindns

28.8% (76,350) 24.75% (39,200)

Matzschua polans 25,452 (72,460) 45.96% (72,800)  63,62% (157,%00)
Navicula muralas 23.24% (66,180) 10,10% (16,000)  8,67% (25,200)
Navicula kariana 5.05% (14,381)
Arphora stamophora 16.83% (41,800)
2 B
4 Thalassiosira nordensiciodii 48,502 (259) 27,142 (2,900)
Amphora proteus 16,172 (86)
Daploneis gmithia 16.17% (86)
Nitzschia cylindrus 16,172 (86)
Navicula kariana 56.88% (3,100)
2 B
4 Cylotella Meneghimana 62.50% (40)
Daploneis smthi 37.50% (24)
Thalassiosira nordenskiodii 46.22% (2,900)
Navicula kariana 38.66% (3,100)
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Table 6 (continued)

Nitzschia ¢ 211::1!\5
Navicula lams

16.012 (1,500)
10.9%2 (1,100)

STATION SPECIES ICE SECTIONS
1 B
Thalassiosira nordenskioldii 39,.60% (2905) 48.2% (3, 7(!))
Nitzschia gurdns 19.56% (1435) 6.23% (900
lhku.la rotracta 6.182 (453)
!hkuh Grevillex 6.18% (453)
gglams Swd thii 5.18% (380)
Navicula kariana 27.24% (3,800)
1 2 k] B
Nit2schiia polaris 19.72% (1246)
Thalassinsira nordenskicldia  15.49% (979) 70.59% (192) 232.26% (960) 58.83% (3,400)
Paralia sulcata 15,49% (979)
Mitzschia cylindrus 11.27% (712)
Amphora protaus 7.04% (445)
Navicula cancellata 7.04% (445) 8.8 (24)
gglclnis S thaii 5.88% (16) 6.45% (16)
Bitkhlm amrita 22.58% (713)
Navicula lyra 12.90% (32)
Cyclotella socialis 9.68% (24)
Navicula kanana 34.32% (2,000)
1 2 3 4
Thalassiosira aordenskioldii 54.71% (5552)  22.30% (13,766) 28.78% (2136) 36.73% (4560)
Navmﬂalunn 30.782 (3124)  17.05% (10,526) 52.70% (3911) IB.77% (4560)
mtzsdﬁa c_:zhnlns 4. 77% (484) 48.4T% (29,918) 14.28% (1680)
ﬂé amrita 9.60% (714)
5 .}
Navacula kariana 60.382 (128) 36.73% (43,700)
Thalassiosira nordenskioldii 15.09%2 (32) 36.96% (43,700)
Biddulphia arita
Nitzscina cylindrus 55.25% (65,700)
1 B
Thalassic..ra nordemskidldia 100X (8) 35,982 (3,500)
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Table 7. Commumty descriptors from surface ice sectazons (1) to bottom ice section (B)) at stations
1 to 7. Descriptors imclude mesn values of S (mmber of species), H' (Shamon-Weaver
diversity index), J (Evermess index), Demsity (1* cells/L) and ¥ cemtric (percentage of

centrac diatoms). Standard deviations from the means are included in parentheses,

STATIONS SECTIONS
S H' J Density % Centric

1 1 2.0 0.65 0.49 17,566 1.57

2 16,5 (29.2) 1.07 (#0.19 0.91 (20.03) 448 (23%) 4,46 (£2.17)

B 2,2 (£1.7) 0.74 (20.10) 0.57 (20.06) 232,305 (*192,149) 1.98 (t1.86)
2 1 13.0 0.82 0.74 58,680 11.04

2 17.0 0.73 0.59 143,080 33.21

k] 17.0 0.80 0.65 21,880 12.43

B 10,4 (26.7) 0.40 (20.39) 0.3 (£0.30) 489,435 (450,816) 1.35 (£2.14)
3 1 9,7 0.71 0.74 284,703 3.92

2 8.0 0.63 0,70 158,400 1.51

B 9,4 (#6.5) 0.58 (20.13) 0,56 (20.17) 310,208 (#289,109) 0.27 (£0.9)
4 1 - - - 0 -

2 3.0 (21.4) 0,42 (20,12) 0,95 (20.07) 535 (2711) 48.50 (24,05)

B 6.5 (28.5)  0.42 (20.12) 0.63 (#0.23) 10,813 (#15,588) 29.13 (217.32)
4A 1 - - - 0 -

2 2,0 0.29 0.9 04 0

B 6.0 (#8.5) 0.58 (20.09) 0.54 (20.21) 15,865 (210,318) 47.10 (210,24)
5 1 13,3 (£7.23) 0.78 (20.35) 0,70 (20.17) 7,338 (£12,293) 40.02 (£8.01)

B 11.6 (26.36) 0,76 (20,12) 0.74 (#0,17) 14,103 (216,596) 52,24 (29,15)
5A 1 8.5 1.04 0.84 12,638 30.98

2 7.0 0.48 0.57 272 70.59

3 9.0 0.81 0.85 28 46.13

B 4.5 (26.36) 0,43 (20.18) 0.45 (20.12) 11,556 (212,582) 61.77 (£9,15)
6 1 8.0 (£1.4) 0.64 (20.17) 0.71 (£0.14) 10,148 (214,159) 54,75 (%4.3)

2 8.0 (¢1.4) 0.65 (20,07) 0.72 (#0.12) 61,722 (263,919) 24.92 (£11,01)

3 4.6 (22.8)  0.47 (20.07) 0.81 (20.20) 7,420 (2£12,724) 36.59 (48,05)

4 8.0 0.60 0.74 9,491 51.01

5 10.0 0.55 0.85 197 24.52

B 5.5 (23.6) 0.46 (20.21) O0.76 (20.22) 118,903 (2237,331) 5.02 (212.52)
7 1 0.5 - - 16 0

B 11.5 (20.7) 0.79 (20.16) 0.74 (20.13) 9,670 (£13,375) $0.79 (219,44)
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Table 8, Parametric Student-Newmen-Keuls test for
signilicant (P<0,05) statistical differences
between upper ice sections grouped (U) and
bottom ice section (B) of the commmity
descriptors S (mmber of species), H'
(Shamon-Weaver diversity index), J (Pielou's
evermess index), Density (n® of cells/L) and %
centric (percentage of centric diatoms), at
stations 1 to 6, Station 7 is not included
becanse no statistical comparason could be
made.,

VARTABLES STATIONS

1 2 3 4 4 5 5 6 7

S U a a a a a a a a -
B a a a a a a a a -

H' 3 a a a a a a a a -
B a a a a a a a a -

J U a a a a a a a a -
B a a a a a a a a -

Density U a a a a a a a a -
B a a a a a a a a -

#Centric U a b a a b a a b -
B a a a a a a a a -
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Community and Environmental Interactions

To assess relationships between ice biota community
structure and the environmental variables, principal
component analysis (PCA) was performed for both environmental
variables (PENV) and community descriptors (PCOM). This
analysis was done for bottom ice section only, since the 1ice
biota is concentrated in that section, and because a more
complete data set was available and necessary for PCA
analysis. Table 9 presents the results of PCA for 7
environmental variables measured during this study (see
Chapter I1). The first prancipal component (PCl), which
accounts for 36.77% of the variance 1in the data, has a hagh
positaive loading on silicates and a high negative loading on
nitrates, both significant at the P < 0,002 level. Positive
loading is also observed for chlorophyll a , but only at the
P < 0.05 level. The second principal component (PC2) accounts
for 27.7% of the variance, and has a high positive loading on
orthophosphates and phaeopigments, significant respectively
at the P < 0.002 and P < 0,01 levels. As PCl and PC2 together
account for 64.4% of the variance, it can be concluded that
major differences among the siatlons are related to
nutrients, namely nitrates, silicates and orthophosphates.

In principal component analysis of community descriptors
PCOM (Table 10), PC1 accounts for 46.6% of the variance, with

a high posaitive loading on density and percent centric,
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Table 9, Eigemvector loadings and Pearson's correlation coefficients (r) for
correlations between envirommental variables and principal components
(PC) 1, 2 amd 3; statistical significance (uvwo-tailed test) 1s
andicated by *** at p < ,002, * atp < 01, #at p< ,02and + at
p < .05; rn=9 stations.

PCl PC2 PC3

Envirommental

variables Loading r loading r Loading v
Salinity (o/oo) 0.089 0.14 0.406 -0.56 0.618 0,70+
PO.~P (W) 0.032 0.05 0.674 0,94%= 0,170 0.19
NO;=N (W) -0.506 -0.81=* 0.052 0.07 -0.066 -0.07
NO.-N (W) 0.3%  0.63 0.177 -0.25 -0.514 -0.58
Si(CH). (W) 0.541 0877+ 0,186 -0.26 -0.187 -0.21
¢hl a (mg/m*) 0.417  0.67+ 0.064 0.09 0.533 0.60
Phaeop. (mg/mg>) 0,333  0.53 0.555 0.77%* 0,037 -0,04

Abbreviations used: Chl a = chlorophyll a; phaeop. = phaeopigrents.
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Table 10, Eigenvector loadings and Pearson's correlation coefficients (r) for
correlations between cammmity descriptors and principal components
(Pc) 1, 2 and 3; statistical significance (two-~tailed test) 1is
mdicated by #* at p< 002, ** atp < 0], #at p< .02and + at
p < .05; =9 stations,

PCl PC2 PC3
Commaty
descriptors loading r Loading by loading r
S 0.389 0.50 0.512 0.63 0.413 0.12
H' -0.021 -0.05 0.699 0.92%~* 0.215 -0.03
J -0.260 -0,12 0.486 0.67+ 0,775 .65
Density 0.630  0.88%** -0.113 -0.22 -0.195 0
% Centrac -0.619 -0,93%% -0.021 -0.15 ' 0.380 0.32

Abbreviations used: S =species richness; H' = Sharmon¥Weaver diversity index; J'
= Pielou's evermess 1ndex; Density = mumber of cells/L; % Centric = percent
abvndance of centric diatom species,
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significant at the P < 0,002 level, PC2 accounts for 37.8% of
the variance with high positive loading on H' at the P «
0.002 level., PCl and PC2 account for 84.,4% of the variance of
the community data set. Therefore, major differences 1n
community structure among stations are praimarily related to
density and % centraic diatoms. These two descriptors were
actually found to be negatively correlated between each other
(Pearson's correlation coefficient r = -0.83, P <« 0.,005) with
highest densities found at stations where percent centric
diatom are low, namely stations 1, 2 and 3, It 1s also
interesting to note that on the basis of the
three~-dimensional projection onto the PCl, PC2 and PC) of the
PCOM (Fig.6), the stations are grouped similarly as in the
dendogram produced in Figure 2 from species composition
classification analysas,

To assess the relationship between environmental
variables and community structure, Pearson's correlations
were performed between the three principal components of PENV
and the community descriptors. The results (Table 11)
indacate a 1lack of correlation between community descriptors
and PCl, PC2 and PC3 of the environmental variables,
suggesting that factors other than nutrients are responsible
for the variations in density and % centric diatoms observed

for the stations.
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Figure 6. Three-dimensional projection of stations 1 to 7
onto the first three principal components (PC1, PC2 and PC3)
of pricipal component analysis based on a matrix of
correlations among community descriptors (PCOM) for bottonm
ice sections,
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Table 11. Pearson's correlation coefficients between three princapal
camponents (PC1, PC2 and PC3) of enviromental variables and
cammity descriptors; no statistical significance was observed.

Cammity FCl PC2 PC3
descriptors

S 0.03 -0.28 -0.55
H' -0.19 0.2} -0.64
J' -0.48 -0.47 -0.11
Density 0.04 0.26 -0.23
% Centric 0.05 -0.16 0.32

Abbreviations used: S =species richness; H' = Shamou-Weaver diversity
adex; J' = Pielou's evemmess index; Density = rumber of cells/L:
% Centric = percent abundance of centric diatom species
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DISCUSSION and CONCLUSIONS

Bottor Ice Communities

Ice biota microalgal communities from the Magdalen
Islands area were composed almost entairely of diatoms, with
microflagellates accounting for less than 2% of the
abundance, Similar communities have been described fiom
higher latitudes (Hsiao, 1980; Pett et al,, 1983; Poulin et
al., 1983). liowever, 1ce biota communities with a high
percentage of microflagellates have been reported, namelvy
from Baffin Island (Rymes, 1986) and from frazil 1ce 1in the
Gulf of St.Lawrence (Demers et al., 1984),

Composition of bottom 1ce communities 1ncluded the

following dominant species: Nitzschia polaris and Amphora
AMPRO Y a

staurophora (stations 1 and 3); Navicula kariana (stations 2,

4, 4A and 6); Thalassiosira nordenskioldia (stations 4, 4A,

5, 5A and 7); Naitzschia cylandrus (stations 6 and 7).

Nitzschia polaris and N. cylindrus are typical 1ce species,

and are reported as dominant 21n a number of Arctic 1ce binta
studies (Usachev, 1949; Hsiao, 1979; Horner and Schrader,

1981; Pett et al., 1983; Rymes 1986). Navicula kariana 1s

also reported from higher latitude 1ce communities, but
rarely as a dominant species (Hs1i1ao0,1979: Pett et al., 1983;

Poulin et al, 1983)., Thalassiosira nordenskioldii, a centrac

diatom with a temperature optimum of 2.3°C (Patrick and
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Reimer, 1966) is reported as a dominant sprang
phytoplanktonic species 1in the Gulf of St.Lawrencce (Steven,
12974) and 1n the Arctic (Hsaiao, 1983). It 1s also reported 1n
a number of studies on Arctic dice biota (Alexander et al,,
1974; Pett et al., 1983; Rymes, 1986), but never as a
dom1inant species, In the Magdalen Islands, this centric
diatom was dominant at stacions located on the western coast
(stations 4, 4A, 5 and 5A), and at the drifting 1ce station 7
where 1t reached an abundance of up to 50% . Dunbar and
Acreman (1980) and Demers et al. (1984) found

T. nordenskioldil as a dominant sSpecles, along with other

centric di1atoms, of 1ce biota communities from draifting 1ce
in the estuary and Gulf of St.Lawrence. The:e, the dominance

of Thalassiosira species actually accounted for the high

percentage of centrics considered by Dunbar and Acreman
(1980) to be characteristic of 1ce Dbiota from lowet
lat1tudes.,

Mean species richness and daiversity 1indices of botton
1ce communities were low (S$=9,5 ; H'=0.57), at landfast and
dri1fting 1ce stations., These values are much lower than those
of 1ce bilota communities from higher latitudes: Rymes (1986)
reported a species richness of $S=47,7 and diversity values of
H'=1,14 for Baffin Island. Considering the 1ce substrate as
an energetic i1nterface or '"ergoclaine" (Legendre and Demers,
1985) similar to a benthic substrate, comparison of the two

environments can be made, Diversity of undasturbed benthic
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diatom communities average H'=1,40 (0'Quinn and Sullavan,
1983), but can be reduced tc¢ less than 0.70 an polluted or
turbulent areas (DeSéve and Goldstein, 1981; Luttenton and
Rada, 1986), Furthermore, Margalef (1978) suggested that
specles daversity of H'=1,09 are typical of unstable
environments (e.g. estuari=2s, upwelling and polluted areas).
In the Gulf of St.Lawrence, anstabalaty of the 1ice substrate,
due to melting and rafting of landfast and drafting pack 1ce
(see Chapt. I), could account for the low diversity observed,
Further, short duration of 1ce <coverage (less than two
months) might be responsible for reduced species richness,
typical of diatom communities 1in the early stages of
colonization (Hudon and Bourget, 1981),

Density of bottom 1ce communities 1n the Gulf was one to
two orders of magnitude less than that of Arctic 1ce
communities, with mean values of 13.5x10% cells/L compared to
density values of > 107 cells/L at higher latitudes (Grainge:
and Hsiac, 1982; Pett et al., 1983; Poulin et al.,, 1983;
Rymes, 1986), Low values of density might again result from
the 1nstability and short duration of the 1ce substrate 1n
the Gulf of St.Lawrence, These two factors combined could
prevent biomass and <cell accumulataion, 1n addition to
nutsient limitation and 1light 1level factors discussed an
Chapt. II. Densities of bottom 1ce microalgae found 1n this
study were 1in the same range as those reported from drifting

pack i1ce 1in the St.Lawrence estuary (Demers et al., 1984).
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Also, density was negatively correlated with percent centric
diatoms, with <cell n®/1 one order of magnitude higher at
stations with a low percent abundance of centric diatoms,
This important aspect of the 1ce biota communities of the
Gulf of St.Lawrence will be discussed further in the
following section.

On the basis of percentage of centric diatoms, two types
of 1ce biota communities can be described from the Magdalen
Islands area., The first type is a community almost entirely
composed of pennate diratoms, with centric species
contributing less than 2% of the abundance., This type of
community, found at stations located in protected lagoons
(Stations 1 and 3) and on the eastern coast of the Magdalen
Islands (Station 2), 1is similar to 1landfast 1ice biota
communities from higher latitudes (Hormer, 1985). It is the
first time that such communities are described for the Gulf
of St.Lawrence,

The second type of community 1s composed of a high
percentage of centric diatoms (29,1% to 61.8%Z) and is found
at stations located on the western coast (Stations 4, 4A, 5
and 5A) and at the drafting 1ce station (Station 7). Thas
type of community is saimilar to the communities described by
Dunbar and Acreman (1980) and Demers et al. (1984) from
drifting pack dice 1n the Gulf and the St.Lawrence estuary

where the abundance of centric diatoms was greater than 437 .
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Dunbar and Acreman (1980) and Demers et al. (1984)
attributed the differences in systematic composition of ice
flora between the Gulf and higher latitude communities to 1)
the short duration of 1ice cover ain the Gulf (2 months),
compared to Arctic and Antarctic regions where the ice forms
a more or less permanent substrate allowing for the evolution
of a benthic type community not possible for the Gulf, and 2)
to higher underice light levels in the Gulf due to thinner
ice and ancreased light intensity from lower latitudes,
favouring the growth of planktonic centric diatom over shade
adapted pennate forms, With respect to systematic composition
for the first community type the explanations given by Dunbar
and Acreman and Demers et al, do not hold because ice biota
communities samilar to Arctic landfast i1ce communities, with
a majority of pennate diatoms, were found in the Gulf of
St.Lawrence. Further, their aimplication of higher underice
light levels favouring the growth of centric diatoms over
pennate forms 1s not substantiated in this study due to the
fact that communities with a high percentage of centric
species have densities one order of magnitude J]less than
communities where pennate diatoms are dominant. However, the
explanations given could account for the lower density and
biomass of the Gulf communities, in conjunction with nutrient
limitation, as discussed in Chapter 11,

Principal component analysis relating environmental

variables to community structure failed to show any
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significant correlations that could account for the existence
of the two types of ice biota communities. However, there
seems to be a relationship between the two different tvpes of
communities and the location of these communities,
Communities with a dominance of pennate diatoms are found in
lagoons and on the eastern coast of the Islands, at landfast
1ce stations protected from wind effects and from drifting
pack idice. Such landfast 1ce condition seem to favour the
establishment of communities similar to higher latitude
landfast 1ce communities. Communities with a high percentage
of centric species are found at the drifting ice station
(Station 7) and at stations located on the western coast of
the Islands (Stations 4, 4A, 5 and 5A). Similarity of species
composition at these stations with the draifting pack 1ce
communities described by Dunbar and Acreman (1980) and Demers
et al, (1984), for the Gulf and the St.Lawrence estuary seems
to suggest a correspondence 1in specles composition with 1ce
types. Thais is particularly true considering that the
landfast 1ce stations located on the western coast of the
Magdalen Islands are subjected to the influence of drifting
pack 1ce from the estuary and the Gulf of St.Lawrence by 1)
being directly 1in the 1line of flow of the drifting pack ice
and 2) being directly exposed to the prevailing northwesterly
winds which cause rafting of drifting pack 1ce under landfast
ice, as demonstrated in Chapter I. Although the occurrence of

centric diatoms is rare for Arctic and Antarctic landfast ice
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communities (Grainger and Hsiao, 1982; Pett et al., 1983),
there are numerous reports of ice biota communities from
drifting pack ice where centric diatoms are dominant
(Vanhoffen, 1883, 1897; Gran 1897; Meister, 1930: Usachev,
1949; Mel'nikov 1980)., Evidence for the existence of two
floras on the bottom of Arctic sea ice, distinguishable 1n
species composition and related to ice of different origin,
was even put forward by Apollonio (1985) in his account of
Sutherland's (1852) report of a drifting pack ice communaty
off the west coast of Greenland dominated by centric diatoms.

How can the two types of ice flora be accounted for on
the basis of landfast or drifting pack 1ce types? The
abundance of pennate diatoms in landfast 1ce communities was
thought to result from the close proximaty of landfast ice to
the benthos, from which 1t could be seeded by benthic pennate
diatoms. There 1is however no significant specles correlation
between the benthic and 1ce diatom flora (Horner, 1985%),
except for the dominance of pennate forms. Indeed, the
ma jority of widely daistributed and dominant 1ce diatoms are
typical cryophiles found only 1n association with 1ce
(Usachev, 1949). Pack 1ce formed in deep waters (> 200 m),
away from <coastal influence, would be expected to contain
more phytoplanktonic centric diatoms than pennate diatoms,
since they are the dominant species present 1n the water
column. Actually, the co~-occurrence of phytoplanktonic

species in drifting pack 1ce and i1n seawater has led to the
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hypothesis that drifting pack ice may be a seasonal habitat
for planktonic forms (Garisson and Buck, 1985; Garrison et
al., 1987)., In the Gulf of St.Lawrence, the abundance of

Thalassiosira nordenskioldii in drifting pack ice and as a

spraing phytoplankton species would appear to support this
hypothesis.,

The results obtained in this study indicate a clear
relationship between 1ce types and species composition, but
the mechanisms responsible for this are still a matter for
speculation. Differences in the life cycle of pennate versus
centric diatoms could partly account for the existence of the
two floral types. Diatom resting spore formation is common 1in
the life c¢ycle of many centric species (Hargrave and French,

1983), namely for Thalassiosira sp. (Fryxell et al., 1979;

Durbin, 1978), and rarely occurs 1in pennate forms. Only two
marine pennate diatoms are know to form resting spores (Von
Stosch and Fecher, 1979). The absence of resting spore
formation 21n pennate ice diatoms might restrict their
survival to ;oastal shallow areas, which could partly explain
their absence from drifting pack ice. But future research ais
needed, particularly with respect to the 1life «cycle of
pennate versus centric ice diatoms, to fully understand the

relationships between ice types and the different ice flora.
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Underice Seavater Communities

Density was 1low in wunderice seawater, with no cells
found at two of the seven stations studied. This 1ndicates
the absence of a true underice community such as the ones
observed 1n Manitounouk Sound (Legendre et al., 1981,) aund at
Cape Hatt (Rymes, 1986). Furthermore, dominant diatom
species found 1n seawater were similar to bottom 1ce ones
suggesting that cells found 1n seawater originated from the
ice, Garrisson et al. (1983) and Pett et al. (1983) also
found similarity in speciles composition 1n young sea 1ce and
in seawater samples, waith much higher cell concentrations 1in
ice than 1in seawater. The presence of such species as

Biddulphia aurita, Cyclotella Meneghiniana, Diatoma elongatum

var. tenuis 1in seawater, and of Nitzschia cylindrus and

Thalassiosira nordenskioldii in dice and 1n seawater, may

provide evidence for an 21impending bloom once the 1ce breaks
up, since all these species are part of the spraing
phytoplankton bloom 1n the Gulf of St,Lawrence (Vickers,
1980). Other studies of ice-covered regions of the Arctac
have documented similar mixtures of 1ce pennates and spring
bloom centrics before and after ice breakup (Horner and
Schrader, 1981; Horner et al., 1974; Legendre et al., 1981;
Saito and Taniguchi, 1978), but little 15 known about the

sequence of events occurring during breakup 1tself,
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Communities of Upper Ice Core Sections

Ice biota community structure and composition 1in upper
ice core sections were similar to bottom ice communities
except for <cell density and % centric diatoms. Species
composition of the different i1ce sections were comparable to
bottom 1ce ones, with similar dominant species for 1undividual
stations. The only species found to be dominant in upper 1ice
sections, despite a low abundance in the bottom 1ce sections,

was Biddulphia auraita. The abundance of this centric diatom,

namely at stations 2 and 6, resulted 1n higher percent
abundance of centric diatoms ain the wupper 1ice sections than
in the bottom 1ce. Rymes (1986) also reported similarity in
species composition from bottom 1ce and upper i1ce sections 1in
Cape Hatt, with less abundance and co-dominance of added
centric species 1n mid-core sections. However, Hsiao (1980)
and Grainger and Hsiao (1982) found 21n the Canadian Arctic
that dominant species composition 1n the bottom of the 1ce
was different from the dominant species found elsewhere 1in
the ice, but with standing stock one order of magnitude less
in the upper 1ce layers. Differences i1n species composition
or co-dominance of added species in upper ice sections may
result from the mechanism by which microalgae originate 1n
sea 1ce, One of the mechanisms proposed 1s by successive
trapping of different microalgal assemblages at the i1ce-water

interface as the seawater freezes (Meguro et al., 1967;
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Horner, 1976), Other mechanisms involve the transportation of
microalgae through the water column to the 1ce wunder surface
by association with frazil ice crystals (Garraison et al..
1983); but this mechanism 1s unlikely to occur in the Gulf of
St.Lawrence where there 1s no frazil ice formation.

Although distanct and apparently viable algal
assemblages are recorded throughout the entire 1ce core
(Hs1ao, 1980), recent evidence suggests that active growth 1s
restricted to the 1lower portion of sea 1ce (Grossi and
Sullivan, 1985), with algae 1n the upper sections remalining
in an anabiotic state (Ackley et al. 1979; Mel'nikov, 1980).
In the Arctic, salainity and temperature are thought to limit
the upper extent of actively growing populations of algae 1in
sea ice (Horner, 1976). However, for the thinner 1ce of the
Gulf of St.Lawrence, ice temperature and salinity of the
liquid brane (see Chapt. I) are withain tolerable ranges for
diatom growth (Patrick and Reimer, 1966)., But, as was
demonstrated 1in Chapter I, residence time of seawater 1in
brine channels 1s much longer (1-18 days) ain upper 1ice
sections than 1n the bottom 1ce skeletal layer (2-6 hours,
Reeburgh, 1984) which 1is in direct contact with the
underlying seawater. This may cause more pronounced nutrient
limitation 1n the upper ice sections (Grainger, 1977; Grossi
and Sullivan, 1985) and account for the lower density of 1ice

algae in the upper ice sections.
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Concluding Remarks

This 1is the first extensive study of ice biota
communities from the Gulf of St.Lawrence, covering temporal
and spatial aspects of sea ice characteristics, nutrient
dynamics and community structure and composition., Ice biota
communities were studied from the beginning of 1ce formation
until after ice melt, in ice and in seawater, at landfast and
at drifting ice stations. The purpose of the study was to
test the hypothesis that short duration of 1ce cover and
higher underice light intensity in lower 1latitudes 1ce
communities are responsible for the lower biomass, and that
the differences observed in species composition between the
Gulf of St.Lawrence and Arctic ice communities, are
attributable to higher underice light intensity which favours
planktonic diatoms over shade adapted pennate diatonms.

In chapter I, the instability of the 1ce subtrate is
clearly demonstrated by 1) short duration of dice cover (2
months), i1) melting of 1ce with reduction in 1ce thickness
and i11) rafting processes which also account for ice melt
and slush ice formation. Differentiation between landfast ice
and draifting pack ice is put forward wath respect to raftaing
processes and drifting pack ice 1nfluence, Estimated ice
brine volumes are used for the first time as a mean of
determining the exact salinity concentrations to which the
1ce microalgae are exposed in the brine «cells. From these

measurements, it was estimated that salinity of the liquid
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brine are within tolerable ranges for diatom growth, However,.
residence time of seawater 1n upper 1ce sections, estimated
for the first time, is suggested to limit the upper extent of
actively growing ice biota population, and could account fo1
the lower biomass of ice biota 1in upper ice sections, Indeed,
a residence time of 1-18 days was calculated for upper 1ice
sections, as opposed to 2-6 hours in the bottom ice skeletal
layer where the highest biomass concentrations are observed,
Seawater being the main source of nutrient supplv to 1ce
algae, the longer residence time may enhanced nutrient
limitation particularly ain the upper 1ce sections.

In chapter II, nutrient laimitation was 1nvestigated as a
possible cause of lower biomass 0f 1ce biota communities from
lower latitude, Nutrients concentrations were therefore
monitored on a temporal and spatial scale 1n 1ce and 1n
seavater, and 1n relation to the three sources of nutrient
supply to the ice microalgae. These 1nclude 1) desalination
through brine drainage, ii1) 1in-si1tu regeneration and 111)
seavater nutrient supply. Desalination was found to play a
minor 1role 1in nutrient supply. In-situ regeneration was
demonstrated for phosphorus only. Seawater nutrient supply
was illustrated by the decrease of nitrate and silicate
concentrations in seawater with time, and nutrient limitation
with respect to these two nutrients was clearly demonstrated,
Nutrient limitation could account for lower biomass of 1ce

biota communities 1in the Gulf of St.Lawrence, and syecifaic
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growth rates in the lower range of values observed for Arctic
ice algae would further support this. However, a lack of
correlation between nutrient and biomass concentrations, with
lowest biomass at the drifting 1ce station where nutrient
concentrations were highest, suggests that other factors may
be 1nvolved in the 1limiting of biomass accumulation. Higher
underice laght intensity could be involved by not allowing
for the extreme shade adaptation necessary and observed in
ice microalgae from !a1gher latitudes. This aspect is st1ill
opened to future investigations since no ev1den;e of lack of
shade adaptation could be demonstrated form the data.

In chapter III, the structure and composition of ice
biota <communities were studied with respect to the
differences observed 1n 1ce flora between the Gulf of
St,.Lawrence and higher latitude ice bi1ota communities. and
with respect to the 1lower biomass. On the basis of very low
number of species and low diversity, the structure of the 1ce
biota communities from the Gulf of St.Lawrence 1s a
reflection of an unstable environment. The i1nstabilaty of the
1ice substrate was put forward in chapter I. But low number of
species and low diversity «can also be a reflection a
community an the early stages of colonization, which suggests
that the short duration of the 1ce cover might also be
involved. Analysas of species composition revealed the
presence of two different types of ice biota communities: 1)

communities composed of a majority of pennate diatoms with a
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low percentage of centric species (<2%), and 2) communities
composed of a high percentage of centric diatoms (>39%). The
presence of ice biota communities of type 1, descrabed for
the first time 1n the Gulf of St.Lawrence area, does not
support the hypothesis that higher underice laight intensitaes
in the Gulf favours the establishment of 1ce biota
communities of second type only., The ice biota communities of
the second type, found at the drifting 1ce stations and at
stations located on the western coast of the Magdalen
Islands, are similar to drafting pack 1c¢ce communities
previously described for the Gulf of St.Lawrence, and to

drifting pack ice communities found i1n the Arctic, Since no

correlation was found Dbetween the structure and the
composition of the ice biota communities and the
environmental variables, 1t is suggested, based on

association of communities of type one with landfast and of
type two community with driftang pack 1ce, that the
differences 1n 1ce flora observed are related to 1ce origin,
i,e, landfast 1ce close to shore in shallow waters and
driftaing pack 1ce away from shore 1n deep waters. Although
the origin of ice algae 1s still a matter for speculation,
differences in the 1l1life cycle of <centric diatoms versus
pennate ones might be involved, but further research

is needed to fully elucidate the question,.



