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Abstrac:t 

Sea ice characteristics were studied in relation to 

nutrl.ent dynamics, biomass and community structure and 

composltion of ice biota from the Gulf of St.Lawrence at 

landfast and drifting lce ~tations in the Magdalen Islands 

area. The instabillty of the lce substrate was demonstrated 

wl.th respect to short duratl.on of cover (8 weeks), l.ce melt 

and raftIng processes. 

The study of nutrlent dynüml.cs ln ice and ln seawater 

suggests sIlicates and nitrogen (N0 2 +N0 3 +NH 4 ) Ilmitatlon at 

landfast lce statIons, as weIl as ln situ regeneration of 

phosphorus in the bottom ice sectlons. No correlatlon wa~ 

found between mlcroalgal blomass and nutrlents, but specifIc 

growth rates were in the lower range of values reported for 

Arctlc lce algae. 

The compOSl.tlon of the mlcroalgai lce biota revealed two 

types of cornmunities. The flrst type was cornposed of a 

rnajorlty of pennate diatoms (abundance >98%), wlth domlnant 

species such as Nltzschia cylindrus, ~. ~olaris and Navlcula ---
karl.ana, sirnllar to Arctl.c landfast Ice biota communltles. 

The second type was composed of a hlgh percentage of centrIc 

diatorns (abundance >46%) due to the abundance of the 

planktonic diatom T...halassiosua nordenskl.oldIl. Communlty 

structure and compositIon are discussed wlth respect to the 

instablll.ty of the l.ce substrate, and the comparlson between 
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landfast and drifting pack ice. 
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Usumé 

Les caratéristl.ques de la glace du golfe SaInt-

Laurent ont été étudiées en relation avec la dyndmique des 

sels nutrltifs, la bl.omasse alnSl. que la structure et la 

compositIon des communautés des biocénoses de la glace. à etes 

stations de glace côtière et de glace de dérIve dans la 

région des Iles de la Madeleine. L'l.nstablllté du substrat de 

la glace a été démontré en fonction de la courte durée de la 

saison des glaces, de la fonte et des processus de 

chevauchement des glaces. 

L'étude de la dynaml.que des sels nutrItIfs dans la glace 

et dans l'eau de mer suggère que les silicates et les formes 

azotées (N0 2 +N0 3 +NH 4 ) sont limitants dans les statIons 

côtlères, et qu'Il y a régénération ln SItu des phosphates 

dans les strates inférIeures de la glace. Il n'exIste 

cependant 

mic roa 1 gues 

aucune corrélatl.on 

de la glace et les 

en t re la biomasse des 

concentratIons de sels 

nutrltifs, et les taux de croissance spéclfique sont de 

l'ordre de grandeur des 

les réglons arctIques. 

taux les plus faIbles observés pour 

La compOSItIon des microalgues des biotopes de la glace 

a révélé l'exlstence de deux types de communautés. Le premIer 

type était composé en majorItP de diatomées pennées 

(abondance >98%). avec les espèces dOJnlnantes Nitz:;chla 

cylindrus, ~. polaris and NavIcula kariana, semblables aux 
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communautés des bIocénoses des 

régions arctiques. Le deuxIème 

composé d'un pourcentage élevé 

glaces côtières dans les 

type de communauté éta~t 

de diatomées cent r:lq ues 

(abondance >46%) due à l'abondance de l'espèce planctonique 

Thalass~oSlra norderskloldil. La structure et la compOS:ltlon 

des communautés sont analysées en fonctIon de l'instabIlIté 

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

côtIères et les glaces de dérlve. 
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'. - PREFACE 

1.) Statement of Orisinality: 

ThIS study preseJlt~ the flrst comprehensIve 

Investigatlon of lce blota from the Gulf of St.Lawrence. Ils 

originallty Iles ln the incorporatIon of SP.cl lce 

characterlstIcs. nutrient dynamlcs and comm1lnlty st ."uctu,p 

and composItIon of lce bl0ta on a spatIal and a tempora t 

scale. and ln a comparatlve framework for ldndfast and 

dnftlng pack lee. It lS the flrst tlme that sea lCP. bnne 

volume and residence tlme of seawater ln brlne channels are 

estlmated. providlng useful InformatIon on lIvIng condIt Ions 

wlthin the brlne cells. It lS also the flrst extenSlvt> studv 

on nutrlent dynamlcs ln 1ce and ln sea water demonstratlng 

nutrlent llmltatlon partlcularly for landfast lCP. blot..t"ln 

Gulf of St. Lawrence. Magdalen Islands area. But thf> 

instablilty of the lce substrate lS suggested as Ilml t l ng 

factor of ice blota productlon. Relatlonshlp betwep.n speCles 

compositIon of ice blota and lee types, 1. e. landfast and 

drlftlng pack lee 15 suggested for the first tIme. Each 

manusc rlp t represents a signl f lean t contrIbutIon ta 

scientlflc knowledge, and collectlvely the three manuscrlpts 

provide a comprehenSIve data base f(lr future lce blota 

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

An extensive h1storical background can be iound in the 

General Introduction, and in the Introduction and text of 

each chapter. 

3.) Dec laration of assistance: 

The candIdate acknowledges the contributIon of Dr. M.J. 

Dunbar for his supervisIon, guidance and advIce rendered 

durIng the study, his financial support and cntical reVIew 

of the thesls. Dr. M.J. Dunbar wIll appear as co-author on 

future manuscripts fram the thesls. In accordance wlth 

SectIon 7 of the Thesis GUIdelines, the candIdate declares 

that the study des:1.gn, fIeld and laboratory work. data 

analyses and interpr'~tatian, and writ1ng of the manusc rIpts 

was done by the candidate alone. 

4.) Thesis form.~t: 

In accordance wIth Section 7 of the Thesls Guidelines, 

this theSIs has been prepared as a senes of manuscripts 

sUItable for submission to refereed scientIfIc journals for 

publlcatl.On. For thlS reason, each chapter contal.ns its own 

Abstract, Introductl.on, MaterIals ans Methods, Results, 

( 
DIScuSSIon and ConclusIons. Literature cited. and 

understandably certaIn amaunt of repetition. The present 
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thesis format has been approved by 

by the Cha1rman of the Department. 

the thesis comm1ttee and 



-xi-

TABLE OF CORTRRTS 

. . . . . . . · ... . . . . . . . . . . . . . · . . . . . ABSTRACT ••••• 
RESUME •••• 
ACKNOWLEDGEMENTS. . . . . . . . . . . . . 
PREFACE •••••••••• . . . . . . 
GENERAL INTRODUCTION ••••• 
LITERATURE CITED ••••••• 

· ..... · . . . . . · ..... 

· ............... . · ............... . · ............... . · ............. . · . . . . . . . . . . . . . . . . · ...... . 

· ..... · ...... . · ...... . · ...... . · ..... · ...... . 

Page 
ii 
iv 
Vl. 

Vi1i 
1 
6 

CHAPTER 
islands 

1. Ice blota 
area. Part 1. 

from 
Sea 

the Gulf of St.Lawrence. 
ice characteristIcs 

Magdalen 

ABSTRACT .•••••••••••• . . · .... · ..... . ... 
INTRODUCTION •••.•••••••••••.• · . . . . · . 
MATERIALS AND METHODS •••••••••••••••••••••• · .. 

Study sItes ...... . . . . . · .... · ..... 
Sampling procedures and analysis. . . . . . . . . 

Sampling methods. · . . . . 
Ice thIckness ••••••••••••••••• 

RESULTS •. 

BrIne volume ..• 
Residence tIme ••••• 
Statlstical analysis. .......... . . . . . . . . . . 

· .... 
Ice thIckness and snow cover. 
Sallnlty ...... ... . . . . . . · . . . . 
BrIne volume .• 

DISCUSSION AND CONCLUSIONS. 
LITERATURE CITED ..••.•.•••• 

· ... " . . . . · .... . . . . . . . . . 

· ..... . 
· ..... . · ... · ..... . · ..... . · ..... . · ..... . 

· . 
. .. 

· .... 

· . · . . . · ...... . · ...... . · ...... . 

· ..... 

· . . ... 
· ..... · ...... . 

Il 
12 
19 
19 
21 
21 
21 
22 
24 
25 
26 
26 
33 
38 
43 
51 

CHAPTER II. Ice 
Islands area. 
varIables. 

biota 
Part 

from 
II • 

the Gulf 
Nutrl.ent 

of St.Lawrence. Magdalen 
biological 

ABSTRACT •••••••••••••••••• tt tt ••• tt. 

INTRODUCTION •••••••••••••••••••••••• 
MATERIALS AND METHODS ••••••••••••••• 

Study sites •••••••••••••••••••• 
Sampling procedures •••••••••••• 
Statlsticai Analysis ••••••••••• 

RESULTS •••••••••••••••••••••••• 
ChemIcal variables ••••• 
Bilological variables ••••• 

DISCUSSION AND CONCLUSIONS ••••• 
LITERATURE CITED ••••••••••••••• 

. . . 
• •••• · .... · .... 

dynam1cs and 

· ........ . · ..... · . . . . . . . . . . . · .... · ...... . · ...... . . . . . . · ...... . · .......... . · ...... . · ...... . · . . . . . . . . . . . · . . . . . · ... · .......... . · ...... . · ........ . · ...... . · ........ . · ...... . 

56 
58 
65 
65 
67 
68 
70 
70 
88 
95 

109 



--

-xii-

CHAPT!R 1 Il • 
islands area. 

Ice blota from the Gulf of St.Lawrence, H&lda1en 
Part 111. Community structure and composition. 

ABSTRACT •••••••••••••••••• . . . . . . . . . . . . 
INTRODUCTION ••••.••••. 
HATERIALS AND HETHODS •••••• 

. . . . . . . . . . . . . . . . . 
· ..... . . . . . . . . • ••• · ................ . · ................ . 

Study sites ....................................... . 
Samp1ing and laboratory procedures ••••••••••••••••• 
Data analysis ...................................... . 
Statlstical ana1ys1s ••••••••••••••••••••••••••••••• 

RESULTS ••••••••••••••••••••••••••••••••••••••••••••••••• 
Species composition •••••••••••••••••••••••••••••••• 
Bottom Ice communities ••••••••••••••••••••••••••••• 
Underlce seawater eommunities •••••••••••••••••••••• 
Communlties of upper iee core sectIons ............ . 
Communlty and envlronmental Interactions ••••••••• 

DISCUSSION AND CONCLUSIONS •••••••••••••••••••••• . ..... 
LITTERATURE CITED •••••••••• . . . . . . . . . · ........... . . . . . . 
CONCLUDING REHARKS •• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

116 
118 
123 
123 
12S 
126 
128 
131 
131 
131 
143 
147 
148 
IS9 
170 

178 



-1-

General Introduction 

The present study was initiated in order to elueidate 

some of the puzzling questions raised by Dunbar and Aereman 

(1980) and Demers et al. (1984) who found that biomass of ice 

algae from the Gulf of St.Lawrence (latltude 4S--S0·N), based 

on chlorophyll a measurements, was one to two orders of 

magnitude less than at higher latitudes (>60-N). They also 

reported that centrlc diatoms ln the drifting pack ice in the 

Gulf of St.Lawrence eomprised 43% of the ice blota as 

compared to less than 4: ln Arctlc lce communities. Simllar 

results were reported by 

pack lce communities 

Demers et 

from the 

al. (1984) for drifting 

St.Lawrence 

Dlfferences ln blomass between the two lce regimes 

Estuary. 

of high 

and low latitudes, as weIl as differences in systematic 

composltlon of the 1ce floras, were attributed to the 

duratlon of the ice cover which lasts only from two to three 

months ln the Gulf of St.Lawrence as opposed to 8 months or 

more ln the ArctlC. Accordlng to Dunbar and Acreman (1980, 

p. 70): "In the Arctlc and Antarctlc. the ice forms a more or 

less permanent upper solid substrate, ecologlcally comparable 

wlth the sea floor, ln fact a "celllng", whieh has allowed 

the evolutlon of a substrate eommunity, analogous to the 

benthos. The benthic dlatoms have taken over the Arctie 

biotope ln a mannner which has not been possible in the Gulf 

of St.Lawrence, where lee lasts only from January to early 
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were also attributed to hlgher underice light 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 planktonlc, I.e. 

centric diatoms, over shade-adapted pennate diatoms (Dunbar 

and Acreman, 1980; Demers et aL, 1984). Planktonlc algae are 

indeed better adapted to hlgher light intensItles than Ice or 

benthlc algae WhlCh are photolnhlblted at irradiances 

thirteen times lower than for planktonlc algae (Rlvkin and 

Putt, 1987). 

The importance and lnterest of ice blota as primary 

productIon contrjbutors in Arctic and AntarctIc regions has 

been put forward ln a number of studIes, summarIzed in 

Horner's (1985) comprehensive book titled "Sea Ice 8iota". 

One hypothesls suggested to expialn enhanced blomass 

production at the Ice-seawater interface 15 that Ice acts as 

an aquatic "ergocllne" deflned as a spatIal Interface between 

"stable" Ice condItIons and "unstable" seawater condItions 

bringlng an Input of auxlllary energy necessary for Ice a1gal 

blooms (Legendre and Demers, 1985). According to Reeburgh 

(1984), elevated ice blota productIon and biomass result from 

short residence time of sea water in bot tom ice skeletal 

layer (2-6 hours), where the bulk of the productIon occurs. 

ThIS i5 further supported by the fact that the skeletal 

layer, which occupies the bottom 10-30 cm of Ice, is ln 
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direct contact with the underlying seawater (Weeks, 1976>, 

and that seawater was demonstrated to be the largest source 

of nutrlent supply to ice biota (Cota et al., 1987). The 

extreme degree of photoadaptation found by Cota (1985) and 

Rivkln and Putt (1987) for Arctic and Antarctic ice algae, 

which are actually considered as an obligate shade flora 

genetically constralned to very low photon flux, lS also 

thought to contrlbute to the success of their development in 

lce. 

Wlth respect to specles composition of ice blota, 

numerous studles from both polar regions have demonstrated 

that pennate dlatoms are the rnost abundant group of algae 

found ln lce (Horner, 1985). This lS partlcular1y true for 

Arctlc and Antarctlc landfast ice studies, where pennate 

dlatoms can contrlbute more than 90% of the speCles abundance 

(Burkholder and Handelll, 1965; Meguro et al., 1967; 

Whlttaker, 1977; 

Schrader, 1982; 

Gralnger and H5iao, 1982; Horner and 

Pett et al. 1983; Rymes, 1986). On the basis 

of abundance of pennate diatoms, ice blota comrnunlties have 

been considered as analogous to benthic communitles (Dunbar 

and Acreman, 1980). There lS, however, no species correlatIon 

between the benthlc and the lce dlatom flora, except for 

predominance of pennate dlatoms (Horner, 1985). The majority 

of pennate lce diatoms seem to be tYPlcal cryophiles found 

only ln aSSOCIatIon wlth ice (Usachev, 1949). In landfast ice 

from polar reglons, centrlc dlatoms are rarely dominant, 
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although more centrie 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 speeies 

(Horner, 1985). However, there are numerous records from 

driftlng pack ice studies of centrIc diatoms as domInant 

speeies of ice biota communltles (Vanhoffen, 1893, 1897; 

Gran, 1897; Melster, 1930; Hart, 1942; Usachev, 1949; 

Mel'nIkov, 1980). These result suggest a reiatlonship between 

ice origin, I.e. landfast or drIfting pack ice, and species 

composItIon dom1nated elther by pennate or centrIc dlatorns. 

On the basls of slmIlar flndlngS by Sutherland (1852), 

Apollonio 

drlftlng 

(1985) had even suggested 

pack 1ce flora ecologIcally 

the existence of a 

dIstinct from the 

landfast ice flora. 

The aim of the present study 

that 1) shorter duratlon of 

lS to test the hypothes1s 

lce cover in the Gulf of 

St.Lawrence lS responslble for the lower blomass of 1ce blota 

communitles there than farther north, and that 2) shorter 

duratlon of lce caver coupled wlth hlgher underice light 

intensities at lower than higher latitudes favour cent rie 

over pennate diatoms. 

In chapter l, sea ice characterlstIcs from the Gulf of 

St.Lawrence are determined for landfast and driftlng pack 

ice, in comparison wlth sea 1ce characteristics frorn higher 

latitudes and in relatIon ta the stabllity of the lce 

subtrate and the rnlcrobrine environment as possible limiting 
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factors of the lce biota biomasse Chapter II deals w~th 

nutrient dynamics in ice and in seawater, in relation to the 

three sources of nutrient supply to ice algae, namely 

desalinatlon, ln-situ regeneration and seawater nutrlent 

supply (Heguro et al., 1967). Nutrients and light are seen as 

ultimately limlting lce flora. Chapter III is concerned with 

the structure and composItIon of the lce blota communities as 

indlcdtors of the stabllity of the lce communities, and with 

the determlnatlon of species compositIon wlth respect to 

varIables assoclated wlth lce origin (landfast and drifting 

pack lce) and latitude. 
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t Abstract 

Sea ice characteristics were stud1ed at SIX landfast lce 

statlons and one drlftlng lce statIon ln the Magdalen Islands 

area, Gulf of St.Lawrence. rce coverage lasted for a maXImum 

of 8 weeks, from m1d-February tll1 the second week of AprIl. 

Average lce thlckness was 54.6 cm ln February and 40.8 cm ln 

March. rce desalinatlon rates were slmllar ta those of Arctlc 

lce ln the flrst week of 1ce formatïon, wlth a 78% decrease 

ln sallnlty, but further desallnation rates were more rapld, 

wlth lce sallnlty down to S2.0 % o assoclated wlth flushlng 

and Ice melt. However, sallnity of the 11qUld brIne, 

estlmated from percent br1ne volumes, gave values ranglng 

from 2.0 ta 85.0 0 /00 ln the f1rst part of March, and values 

close ta underlce seawater sallnlty (20-38 0 /00) ln the latter 

part of March. Res1dence tlme of seawater ln br1ne channels 

above the skeletal layer was estlmated at 3-24 hrs for 

mlnlmum lce thlckness and brine volume, and at 2-18 days for 

maXImum Ice thlckness and br1ne volume. The Instabil1ty of 

the lce substrate lS considered w1th respect ta short 

duratlon of lce caver, lce melt and raftIng processes and ln 

relatIon ta lower blomass 1n the Gulf of St.Lawrence as 

compared to Arctlc lce blota. Longer res1dence tlme of sea 

water ln the upr~r lce 1S suggested as a I1mlting factor for 

the development of Ice blota above the skeletal layer. 

( 
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INTRODUCTION 

In a comparative sturlv of lce blota from dlfferent 

latitudes, Dunbar and Acreman (1980) found that alsal blomass 

of ice biota from the Gulf of St.Lawrence dr~ftlng pack lce 

was one to two orders of magnItude less than for landfasl 

Arctlc ice communltles. Slmllar results were reparted bv 

Demers et al. (1984) from the St.Lawrencp Estuarv. Short 

duratl0n of ice caverage 

factor for the reduced 

was suggested 

blomass. In 

as the responslble 

order to further 

understand the controlling mechanlsm of lce blota productIon 

in the Gulf of St.Lawrence, and as part of a comprehensIve 

study of iee biota communltlf!S from lower latItudes. sea lep. 

characterlstlcs of landfast and drlftlng pack lce were 

determined. ln comparlson with Arctic lce characterlstlcs and 

with a view to defining the lIvIng condItIons for lce blotd 

within the ice habitat for the skeletal layer and the upper 

ice. 

The Gulf of St.Lawrence lS the most southerly reglon of 

the northern hemisphere where sea lce is normally found. lee 

ln the Gulf never develops beyond flrst year stage and has a 

maximum thlcklless of 100 cm (Dunbar and Acreman. 1980). ICI! 

starts to form in sheltered areas in December, increasing 

rapidly in January and February to the pOInt that virtually 

the whole sea surface is covered hy the begInnIng of March. 

Ice dispersal and melting starts ln AprIl. proceeding 
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generally from west to east. The two main types of ice found 

in the Gulf are landfast 1ce and drifting pack ice. Landfast 

ice may be formed in situ from sea water or it may result 

from drlfting pack ice belng pushed to shore. Landfast 1,e is 

generally stable, subjected to limited vertIcal 

dlsplacements, partlcularly ln the Magdalen Islands area 

where maximum tidal amplitude is only O.91m (Auclair, 1977). 

and lS therefore weIl suited for temporal studles of ice 

blota. Driftlng pack ice, also referred ta as "ice floes", 

origlnates from three maIn sources in the Gulf: Labrador tce 

from the North drlfting through the Strait of Belle Isle, ice 

from the St.Lawrence RIver and Estuary, and ice formed withln 

the Gulf Itself (Matheson, 1967). Dnfting ice lS subjected 

to rapld movement (1.2cm/sec: Ingram, 1973) and Intense 

deformat10n dUr1ng the winter months, due to frequent high 

wlnds (Owens and McCann, 1980) and strong currents (Campbell 

et al., 1977). In the Gulf of St.Lawrence, prevailing winter 

wlnds are from the northwest and domInant Gulf 1ce drIft 

motIon lS ln a southeast directIon through Cabot Strait 

(Ingram, 1967). Apart from regular reports on lce coverage. 

lce types and thlckness, issued by the Ice Forecastlng Centre 

ln Ottawa, there IS litt le information available on sea ice 

characterlstlcs from the Gulf of St.Lawrence. Sallnlty and 

lce thlckness were reported for driftlng ice floes ln 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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Ac reman (1980). 

Salinity is an important characteristic of sea ice. 

partlcularly 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 brlne cells durlng the formation of pure Ice 

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 sallnltles of 68 %0 

1n liquid brine. The InItial freezIng perI0d is fol1owed by a 

rapid decrease in salinity. At EClIpse Sound (NakR-oO and 

Shina. 1981), ice Sal1nlty of 25 0/ 00 during the InitIal 

stages of freezing dropped to 8.5 0/ 00 wlthln a week of lce 

formation. After this InItial rapid decrease, sallnlty of 

Arctlc ice attalns quasi-stable values whlch then decrease 

slowly throughout the season, down to around 10% of the 

origInal seawater sallnl ty by the end of the fast growth 

season (Grainger, 1977). The domInant mechanlsm r'!sponslble 

for removing salts from growlng sea lee lS through gravIt Y 

draInage <Weeks and Ackley, 1982). GravIt y draInage Implles a 

downward movement of brIne due to density differences between 

concentrated liquid brlne ln the Ice and the underlYlng 

seawater. FlushIng, a particular type of gravit y draInage, .lS 

the most effective lce desalinatl.on mechanlsm. However, It 

can only occur in cases of surface lce melt and IS therefore 

most important at lower latItudes where al.r 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). 

Determlnat1.0n of ice salinity by the melted lce core 

technique glves ooly diluted salinity concentrations. In 

arder ta determl.ne the actual sal1.nity to which the ice algae 

are exposed ln the lce. it lS necessary to determlne the 

salin1ty w1thin the brine cells. ThIS can be do ne by 

estImating the brine volume of the ice. Brine volume is 

deflned as the volume occupied by 11qUId brine wlth respect 

to sa lId lC e (Ande rson and Weeks. 1977). Tt results from a 

complex thermodynamlc balance between the SOlld pure ice 

phase and the concentrated liquid brine solution. Br1ne 

volume 1S a funct10n of sallnity and ice temperature, both of 

which vary with tlme 

volume 15 expected 

and lce thlckness. Therefore. brine 

to vary, especlally at lower latItudes 

where lce 15 thInner and where aIr tempe rature can rise above 

the freezlng point. Brlne volume fluctuations WIll also 

influence 5alinity and nutrient concentrations of the liqUld 

brine and consequently the Ice biota bathIng in it. 

In arder to determine the lIVIng conditIons of lce 

blota wIthIn the ice. it is necessary to define the ice 

habi tat and the dynamIc processes assoclated wlth i t. On the 

bas1s of brIne cell features and c1rculation. sea ice can be 

regarded as two separate systems: the skeletal layer WhlCh 

occupies the bottom 10 to 30 mm of 1ce, and the upper ice 

layer. A number of small and large scale br1ne cell features 
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1 - have been described in the upper ice layer of r~ngelation 

ice. Small scale features comprIse brine packets wlth a 

rad i usa fIe s s t han J 5 lJ m ( Ho es kt ra e t al.. 1 96 5 ) de fIn e d .1 S 

bubbles of brine surrounded by ice that has elther Ilmlted or 

no communicatIon with other brine masses. Brine tubes .H"P 

also important small scale features wIth d1ameters of 0.1 to 

0.4 mm and lengths of 20 ta 30 cm (Lake and LeWIS. 1970). 

Accordlng ta Nledrauer and Martin (1979). IO~~ af lce consists 

of brine ln small tubes and Lake and LeWIS (1970) report a 

denslty of 42 tubes per cm 2 • tubes are radlallv 

cannected to larger brlne channels 11ke the branches of a 

tree. Large scale features Include those brIne channels WhlCh 

are large vertical cyllnder5 w1th d1ameters up to 7 mm and 

lengths of up ta 90 cm ln lce 1.6 m thlck Lake and Lewls. 

1970 ). They reach densitles of 54 channels PP! meter square 

and are probably the primary draInage sites ln natural sea 

ice. The skeletal layer system 15 deflned by Assur ln Weeks 

and Anderson (1958) as a st rengthless layer of unconnected 

vertical ice platelets. located at the battom of the Ice. The 

skeletal layer lS 10 to 30 mm thick and lt is ln thlS layer 

that the bulk of ice biota bl0mass lS found. lce platelets 

are nat bridged by lce ln this layer. contrary to the upper 

ice, and the skeletal layer is therefore in dIrect contact 

with the underlying seawater. 

In the upper lee layer above the skeletal layer, water 

circulates mainly through brine channels. It was initially 
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thought that brlne channels were fed by the network of small 

brine tubes which sur round them. However, Niedrauer and 

Martin (1979), ln a dye experiment, recorded very high water 

velocitles ln brlne channels (0.25 mm/sec) and very low 

velocities ln brlne tubes (5.5 pm/sec). They conciuded that 

low brIne velocitles found in brine tubes could not account 

for the high veloclties found ln the brine channels, and that 

such high velocltles were due to convectIve replacement of 

outflowlng llquid brlne by seawater ente ring the ice. 

Convection cou Id not occur in brIne tubes WhlCh have a radIus 

smaller than 0.4 mm. A convectIve model for brIne channel 

circulation was proposed wlth a bI-directional flow where 

incoming sea water occupied the top portIon and outflowing 

brlne occupled 

channels. Other 

the bottom portion in SlIghtIy sloplng 

models wIth osclllatory convectIve motIon 

have been proposed (MartIn 1970). Water cIrculation is 

dlfferent in the skeietai layer from that of the upper Ice 

slnce the skeletal layer is ln direct contact wIth the 

underlying seawater. Temperature fluctuations were taken as 

eVIdence of convective cIrculation (Lake and Lewis, 1970) and 

Niedrauer and MartIn (1979) showed that sea water advances up 

the skeletal layer on a serIes of broad fronts and eXlts ln 

discrete plumes separated by 

to the lce-interface. Fluxes 

rapld, about the same 

about 10 cm and extending down 

through the skeletal layer are 

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 lce characteristics from the Gulf of 

5t.Lawrence was undertaken. in consideration of the Dunbar 

and Acreman (1980) and Demers et al. (1984) results on ice 

biota communlties from driftlng pack lce in the Estuary and 

the Gulf of St.Lawrence. The aim of thlS study was ta deflne 

sea lce characteristics and to determine the possIble 

controlllng factors of lce biota production in the Gulf of 

St.Lawrence. Sea lce characterlstics were therefore studled 

for landfast and drlftlng pack lce. ln relatIon to the living 

conditIons of Ice blota within the ice, and ln comparlson 

with Arctlc sea Ice characterlstlcs. Observed ice thIckness 

was compared to theoretical estImations to aecount for 

phenomena such as ridging (plllng up of one sheet of lce on 

another). and for comparison between landfast and drlftlng 

iee. Sallnlty profIles and desalination rates vere determlned 

for fIrst year ice growth and eompared to Arctlc reglmes. 

Brine volumes vere estlmated from lce tempe rature and 

salinity data to determlne theIr fluctuatIons vith time and 

their effects on sallnity concentratIons of the liqUId brine 

vithin the brlne cells. Residence time of sea vater ln the 

upper ice vas calculated for the flrst tIme and eompared to 

the residence time ln the skeletal layer in relation to 

circulation processes and ice blota production ln the tvo 

systems. 
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MATERIALS and KETHODS 

The Magdalen Islands Archipelago lS located in the 

centre of the Gulf of St.Lawrence. 

and longItude 61° to 62 a West. 

landfast ice statIons (1 to 6) 

latItude 47° to 48° North 

The 

and 

statl.on ( 7 ) is lllustrated in FIgure 

located in Havre-aux-Maisons and at 

locatl0n oi the SIX 

of the driftl.ng ice 

1. StatIons 1 and), 

Bassin. are the most 

protected fram wl.nds and 

located on the eastern 

drifting lce effects. Station 2, 

coast, is exposed ta the northwest 

winds and to occaSlonal piling up of ice ln the Baie de 

PlaIsance. Landfast lce was often surrounded by open water at 

that statIon. StatIons 4 and 5. located on the western slde, 

are exposed ln wInter 

to southeast drlftlng 

ta prevailing northwesterly wlnds and 

lce floes conl1ng from the Gulf of 

St.Lawrence. At these two stations, ice was sampled mid-way 

between the shore and the edge of the landfast lce (Stations 

4 and 5), as well as at the lce edge (Stations 4A and 5A), 

the boundary between landfast lce and drifting pack ice. 

StatIon 6, on the northwestern side at Pointe-aux-Loups. lS 

the most exposed to wInds and driftIng ice. Station 7, 

located approxlmately 20 km wes t 0 f Po i nte-aux-Loups. is the 

drifting pack ice statIon which 

landfast lce statIons. 

was used for comparlson to 
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FIGURE 1. Map of the Magdalen Islands. Gulf of 
Sampling stations are designated by numbers 
landfast ice station.: and by number 7 for the 
station. StatIons 4A and 5A are located at the 
edge. 

St.Lawrence. 
1 to 6 for 
dnftIng ice 
landfast lce 
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Sampling Procedure and Analysis -
Sampling Method 

Seawater was sampled at stations 1, 4, Sand 6 111 

January of 1979, before lce formatIon. Landfast lce begdn tn 

for mIn e a r 1 y Fe bru a r y, but 5 am p Il n g 0 f the i c e a n 1 v s t a rt I! Il 

at the end of February when the ice was thlck enough to 

safely t..alk on. From that perl0d on. lce and Weiter samples 

were collected every two weeks at statIons ta 1). 1 c e and 

seawater were sampled only tWlce at station 7 by hellcoptel. 

Iee samples were collected wlth a SIPRE ice corer of 7 .5 cm 

diameter. Ice thlckness was measured and the cores were cut 

into 20 cm sections, startlng from the bottom of the }('P l'Ire 

where the skeletal layer IS found. Seawater was sampled bv 

pumping underice water through hales made by the lce corer. 

Ice temperature was measured by thermIstor probes ln the 

bottom and mid-lce sectIons at station 1. Thlckness of the 

snow cover and depth of the water column were also noted for 

each station. Seawater and lce samples were brought back tu 

Environment Canada's laboratory at Cape-aux-Meules where 

salinity was determined, after melting of the ice cores, wlth 

an Autosal model 8400A sal1nometer. 

Iee Thickness 

Iee thiekness was estimated for the Gulf of St.Lawrence 

using Maykut's thermodynamlc model of ice growth (MaYkut 
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1978, 1982>' For th in ice «0.8 m), defined as ice that 

responds rapldly enough to thermal forcIng to malntaln an 

essentlally linear temperature profile, growth rate at the 

bot tom of the lce was obtalned from the following equatlon 

(Maykut 1982): 

p~Lr dH = ~(Tr-To)+(0.124Ho.2a-0.26).Fre-l.5(H-o.l) - Fwo 
dt" 

where p~ = 900 kgm- 3
• average density of sea ice 

Lr 0.3348x10 6 Jkg- 1 , latent heat of fusion of lce 

H = lce thickness 

t = k~k./(k.H+k~h), the thermal conductance of 

the lce-snow slab 

k~ = 2.034 W(mOK)-l, conductlvlty of sea ice 

k. 0.3097 W(m O K)-l, conductivity of snow 

h = snow depth 

Tr = 271.3s o K. freeZlng pOInt of seawater, 32°/00 

TO = surface temperature of the lce. oK 

Fr = Incident short wave radiatIon ln MJm- 2 month- 1 

Fw = 2 Wm- 2 , oceanic heat flux beneath the ice 

BrIne Volume 

Since salinity of liquid brine and brine volumes are ln 

equillbrium with amblent ice temperature, the total volume of 

brlne (V b ) lS the product of those two variables. Vb can 

therefore be linearized as a function of 1/8 and S~, using 
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the empirlcal equation developed by Frankenstein and Garner. 

given ln Weeks and ACkley (1967): 

= S ~ (- 4 9 ê 1 85) + O. 5 3 2 ï 0.1 

where e = ice temperature, oC 

51. = salinlty of layer l, expressed ln parts per 

thousand. 

Br1.ne volumes were estimated uSlng sallnlty values 

determined by the melted ice core technique for the different 

ice sectIons, and Ice temperature obtained from the in SItu 

thermistor probes for mid-lce and bottom Ice sectlons at 

statIon l. For other stations and other collectlng dates. lce 

temperature was calculated using the following equatlon from 

Nakawo and 5hIna (1981): 

G~ = Tm -Ta 
h~ 

where G~ = temperature gradient in OC/cm 

Ta = air tempe rature Oc 

Tm == melting po int of lce, correspondlng to 

-1.8°C for sea water of 32%0 sallnity. 

h~ = ice thickness in cm 
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ReSIdence TIme 

In the upper 1ce, above tbe skeletal layer, water 

clrculates malnly through brine channels by convective motion 

of concentrated brine which drains out of the 1ce and lS 

replaced by entenng sea water. Brine channel fluxes at the 

ice-seawater Interface were obta1ned from field measurements 

made by Waka t suchi (1977) and Wakatsuchl and Ono (1983) on 

growlng sea lce. The fluxes used, and reported J.n Reeburgh 

(1984), are the followlng: 

Br1ne channel fluxes 
(cc cm- 2 S-l) 

3. l8xl0- s to 3.7 4xl0- 6 

6.3xl0- 6 ta 3.4xl0- 5 

References 

Wakatsuch1 1977 

Wakatsuchi and Ono 1983 

USlng these fluxes at the ice sea-water interface. and 

havlng determ1ned brine and ice volume. water residence time 

in brine channels can be calculated from the following 

equatian: 

Residence time (sec) Vi. (cc cm- 2
) x V b (%) 

Flux (cc cm- 2 S-l) 

where V~ (ice volume) = H (ice thlckness) x 1 cm 2 • 
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Statistical AnalYSls 

To determlne statlstlcal differences ln the varlOUS 

environmental variables of ice and seawater among the 

stations sampled, 

package was used 

the Statistical Analysls System (SAS) 

in aIl data analyses (Ray, 1982a.b). AlI 

linear model 

(ANOVA), make 

statistlcs, such as analysls of var1dllce 

the assumption that the underlYlng populatIon 

from WhlCh the sample data are drawn IS aormally dlstrlbuted. 

To test thlS assumptlon, the Shaplro-Wllk. W. statlt>tlc and 

probablilty plot were computed for aIl envlronmental ddta 

sets using the Univariate procedure in the SAS system (Ray. 

1982b); the Fmax test (Zar, 1984) was used to test the 

homogeneity of varIance assumptlon. ApprOprl<lt p 

transformations were applled to data sets. when necessary. as 

suggested by Box et al. (978). A single factor analysls ot 

varIance (ANDVA) was carrled out ta test the null hypotheslS 

Ha! there are no differences in varIables among statIons (or 

among seawater and lce sections at the same statIOn) agdlnst 

an alternate Hl! there are dlfferences ln variables among 

stations, or among seawat~r and lce sectIons. Where 

parametrlc ANOVA lejected the null hypothesls. a speclfle 

among statIons (or among seawater and lce sections at the 

same statIon) comparlson of means (at the P=D.05 level). for 

each of the variables was carried out using the Student­

Newman-Keuls <5NK) 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 Harch Ist when snow accumulation of up to 20 

cm was noted. The ice was often free of snow, 

precipItation and strong and frequent winds 

du rIng the wlnter months in the Hagdalen Islands 

Landfast and drifting ice were composed 

congelatIon ice, belng frozeu SOlld from the 

bottom. Slush ice was found at the bot tom of the 

due to low 

that preval! 

area. 

at statIon 6 and on sorne occasions at stations 2, 

malnly of 

top to the 

ice, namely 

4A and SA 

when lce thlckness exceeded 60 cm. Slush ice was also noted 

at the surface of the lce at aIl stations dUrlng the second 

week of March when aIr tempe ratures rose ab ove the freezing 

pOInt, causlng the melting of surface iee. 

Results on lce thlckness measurements (Table 1) indIcate 

hlghest thlckness at station 6 wlth a mean of 76.2 cm, and 

lowest thickness at station 7 with a me an of 41.1 cm. 

However. data analysls demonstrated statlstically signiflcant 

dlfferences for station 6 only (Table 2). Vertical profIles 

of lce thickness versus tIme (FIg. 2) indicate slmilar 

profiles at statIons l, 3,4, 5 and 7, with ice thickness of 

about 60 cm ln February and beginnlng of March, fol10wed by a 

decrease to about 40 cm at the end of Harch. Different 
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Table 1. Results af depth. iee thickœss am sa1imty for bottan ice 
section (8) am sea lleter (W) at stations 1 ta 7 (fig.l). 
Variables are presented as rœans Wlth stardard deVlatian lJ1 

parentheses am J'I.JI'ber of SéII11»les. 

VARIABLES STATIOOS 

1 2 3 4 4A 5 SA 6 7 

IRpth (m) 8.9 3.0 3.2 3.4 4.4 4.1 6.0 5.1 14.0 

Iee thickœss (cm) 51.6 55.3 50.0 49.9 57.2 42.9 53.7 76.2 41.1 
(7.3) 08.9) (9.4)(11.5)(26.4) (8.7H19.4)()).5) (5.5) 

4 5 5 6 3 5 :2 4 2 

salinity (°/00) B 1.52 2.:!) 1.27 3.51 2.28 1.74 5.88 6.00 3.26 
(0.67)(2.64)(2.42)(2.86)(3.10)(2.2S)(2.21)(4.26)(2.58) 
667838264 

w 26.51 ~.04 23.72 26.43 28.6928.99 31.10 22.30 31.75 
0.15) (1.09)( 12. 78) (9.61) (2.14) 0.30) (2.07) (11.58)(8.31) 

10 9 9 12 3 11 2 9 4 
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Table 2. Pararœtnc Stment~ test for sjgnificant 
(P<O.05) statistical differeœes ~ station neans 
for ice thickness am salimty of surface ice 
section (1), bottm iee section (8) am seawater 
(W). Group~ with saœ letters are mt 
s:igm!lcantly different. 

VARIAlUS STATICRi 

1 2 3 4 4A 5 5A 6 
.., 
1 

rce ttuckœss (cm) b b bc bc b c b a c 

Salinity (0/00) 1 a a a a a a a d a 
B a a a a a a a a a 
W a a a a a a a a a 

Table 3.Pararœtric Stllient-Newœn-l<euls test for sJ.gJtificant 
(P<O.05) statistica1 differences ~ sUlface iee 
section (1). bottan lce sectlOn (8) am sea..ater (W) 
sahmty IœaIlS for stations 1 to 7. Gmupir&s with 
sarre letters are not slgOlficantly different. 

VARIABLES STATIOOS 

1 2 3 4 4A 5 SA 6 7 

1 b b 
8 b b 
W a a 

b b b b b a b 
b b b b b ab b 
a a a a a a a 
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FIGURE 2. Vertical profiles of lce thickness ln cm for 
stations 1 to 1, from February to April. 
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profiles are observed at stations 2. 4A. SA and 6. w1th 1ce 

thickness greater than 60 cm and up to 120 cm at station 6. 

In order to compare observed ice thickness to expected 

ice thickness, Maykut's thermodynaml.c model (Maykut. 1982) 

was used to estimate iee growth. Maykut's model was chose" 

because it i5 a general model not restr1cted to a part1cular 

location or season by using suffiel.ent 1nformation on thermal 

forcing, and because very accurate growth calculations can hp 

made from It. Surface ice tempe rature (To ) was replaced by 

ail temperature (T.) in the equation (see Materlais and 

Methods), because of the lack of informatIon on Incomlng long 

wave radiatIon (F L ) and relative humidIty (r) used in solvlng 

for To • Ice growth and total ice th1ckness were calculated 

for the month of February, wlth Fr=226 MJm-amonth- l
• snow 

thickness h=O.Olm, Ta=264.SS e K and 1n1t1al 1ce thlckness at 

time 0 (dH/dt)o set at a minimum of Il.0crn: 

Ice growth = dH = 53.0crn 
dt H 

Total l.ce thickness = f(H) = (dH/dt)H + (dH/dt)o 

= 53.0 + 11.0 

= 64.0cm 

For the month of March, Fr=301.33 MJm- 2 month- 1
, h~O.Olm, 

Ta=270.94°K and (dH/dt)o = 64.0cm: 

Ice growth = -7.0cm 

Total iee thickness = -7.0 + 64.0 

= 57.0cm 
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expected ice thicknesses to the 

indicates that the observed ice 

thicknesses at stations 2, 4A, SA, 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 Ice thicknesses a thlrd ta nearly 

double the expected Ice thlckness. Therefore, processes other 

than natural ice growth must be involved at these stations. 

RaftIng, a mechanical process whereby one sheet of ice 

overrldes another, is consïdered as a pOSSible explanation. 

In order ta deflne seasonal trends in ice thickness for 

the Gulf of St. Lawrence, lce thlckness was plotted on a time 

scale (FIg. 3) excluding stations 2, 4A, SA and 6, where 

raftIng was suspected. ThIS figure shows that lce thIckness 

was between 40 ta 60 cm from February until the second week 

of March, wIth an average Ice thlckness of 54.6 cm. After 

March lOth, lce thlckness decreased ta less than 50 cm at aIl 

statIons Wlth an average of 40.8 cm. The decrease in ice 

thIckness resulted from ice melt followlng air temperature 

lncreases above freezing point on the 5th ta the 7th of 

March, as lilustrated ln Fig. 3. 
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FIGURE 3. Plot of air temperature and 
time grouped for stations 1. 3. 4 ~ 5 
rafting occurred (stations 2. 4A. 
included. 

of ice thickness versus 
and 7. Stat10ns where 
SA and 6) were not 
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Salinity 

Mean sallnity values for sea water and bottom lce are 

presented ln Table 1. Bottom ice salinlty ranged from 

1.27%0 to 6.00% 0, with highest values at statIons 5A dnd 

6, while sea water salinities ranged from 22.3%0 to 

31.7%0. Salinity values were analyzed statlstlcallv uSlng 

the mUltiple comparlson Student-Newman-Keuls test. The 

results presented in Table 2 lndlcate no slgnlflcant 

differen~es among statIons for seawater or for bottom lce 

salinity. The same test was used for comparlng surface lce 

section (1), bottom ice sectIon (B) and seawater (W) sallnlty 

for each station (Table 3). The results lndlcate that 

seawater sallnltles are slgnlficantly dlfferent from lCP 

salinlty (surface and bottom lce sectIon) at statIons 1 to 5. 

and at statIon 7. At station 6, seawater and bottom lCP 

salinlties are not slgnlflcantly different, but surface lce 

section (1) salinity is signlficantly dlfferent from these 

two. 

Sallnity of seawater was plotted on a tlme scale for 

ail stations (Fig. 4 ) to analyse seasonal trends. From 

February until the mlddle of March, seawater sallnlty under 

the ice varied between 25 ta 31%0. A decrease ln sallnlty 

is observed after the mlddle of March, namely at statIons 1 

and 6 where seawater sallnltles decrease to less than 10%0. 

Despite sorne lower salinlty values, average seawater sallnlty 
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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%0 throughout ice 

coverage. 

Sea ice salin1ty was then analyzed for vertIcal 

distrIbution. Vert~cal profiles of seG ice salinlty Including 

surface to bottom 1ce sections (FIg. 5) do not show any 

consistent patterns such as C-shaped d1strlbution or a 

consIstent surface to bottom increase. ThIS latter pattern 15 

however ob5erved in a few cases at statlon 6 when Ice 

thlc~ness ]s greater than 60cm. A decrease ln sallnlty wlth 

tlme for aIl lce sectlons can be observed ln Flg. 5. 

Desallnatlon rates where then analyzed by plottlng 

sallnltles of bot tom Ice sectIons for aIl the statIons on a 

tlule scale (FIg. 6). ThIS fIgure shows that ln February Ice 

sailnity ranged between 5 and 8%0. A marked decrease ln Ice 

sallnlty occured at the begInn1ng of March. with a cont1nued 

decrease untll mld-March ta sallnities less than 2%0. 

Desalination rates, computed from Fig. 6, Indlcate a salt 

loss of 78% of the orIgInal salt content of the lce, after 

about a week or two of lce formatIon. By the end of March, 

only 15% of the salt was left ln the lce and less than 0.5% 

by AprIl. If we cons1der that the lee starts ta form ln 

February, thls means that rapid desallnatlon occurs wlthln a 

week or two of lce formatIon, dawn ta 6-8%0. ThIS pattern 

is slmllar ta what has been observed ln other lce studies. 

However. later desallnation rates are much more rapid in the 

Gulf than at higher latItudes. 
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FIGURE S. Vertical proflles of ice sallnlty ln parts per 
thousand (%0) at stations 1 to 7, for lce sectlons 20cm 
thick. The horlzontal width (salinlty scale) for each 
profile/sampling date is shawn in the upper rlght hand corner 
of the figure. 
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FIGUR! 6. Time scale plot of salinity ln 
(PPT) of bottom ice sect.ions for stations 

parts per thousand 
1 ta 7. 
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Brine Volume 

Brine volumes were calculated using FrankensteIrI and 

Garner's equation (se e Introductl.on) • The results are 

summarized in Figure 7 • Br l. ne volumes are expressed as 

percentage of va 1 ume occupl.ed by the llqUl.d brIne \01 th 

respec t to the total vo 1 ume of 50 1 id ic e • In the fI rst week 

of March, bottom ice brine volumes generally ranged from 5~~ 

ta 20%, but there were peaks of 25-45% ln late Februarv ttnd 

95% on March 6th. coinclding Wlth aIr temperature fisIng 

above the freeZlng point. After the IOth of March. bottom lce 

brl.ne volumes decreased to less than 10%, and were down to 

around 2% and less by the end of March, with few exceptIons 

at stations 4 and 6 again followlng aIr temperature lncrpases 

above the freezlng point. 

Br1ne volume determlnation allowed for calculatlol1 of 

the actual sallnl.ty or salt content 1n the brine cells. 

Sallni t Y va 1 ues dlscussed so far referred to dlluted 

sallnitles obtalned from the melted lce core techo1que. By 

divldl.ng the se values by the percent brIne volume, the actuaL 

salinityof the llquid brIne can be determloed. ReslJ 1 ts 

(Fig.8), grouping bottom lce corrected sallnltleS for ;111 

stations, show for the flrst week of March, extremelv . 
variable brIne salinl.ties wIth values rangl.ng from 2 ta 

85%0. After the 15th of March, liquid brloe salInltles are - less varIable, ranglng between 20 ta 38° '00, close to 
...... 
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FIGURE 7. Time scale plot of bottom 1ce section br1ne volumes 
(%). for stations 1 ta 7. 
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FIGURE 8. Time scale plot of est1mated brine salinity of 
bottom ice sect10ns for stations 1 to 7. 
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underiee seawater salinity. 

Residence T1me 

Although Ice biota is known to be concentrated in the 

skeletal layer at the bottom of the ice, algal growth also 

occurs ln the upper iee, malnly in brIne channels. ResIdence 

time of seawater in the skeletal layer has been computed (see 

Introduct1on) but there lS no such Informatlon for brlne 

channels 

important 

in the upper ice layers. ThIS Information lS 

to know ln arder ta understand the dynamlcs of 

seawater cIrculation ln the upper lce layers ln relatIon to 

lce blota production. As mentioned in the introductIon, 

concentrated brIne WhlCh lS expelled from the ice through 

IHIne channels has to be replaced by enterIng seawater. ThlS 

has been observed to occur ln brIne channels by convectlve 

replacement of brlne by seawater enterlng the lce (Nledrauer 

and MartIn 1979). HavIng determined brlne volumes (prevI0us 

section) and using sea ice brlne channel fluxes obtalned from 

direct field measurements made by Wakatsuchl (1977) and 

Wakatsuch1 and Ono (1983). it was possible ta estimate the 

resldence tIme of seawater ln brine channels. Residence tlme 

was ca1culated for brine volumes of 1% and 10%. and for ice 

thIckness of 40 cm and 60 cm. The results Indicate a mInImum 

resldence tlme of 3 to 24 hours for ice 40 cm thIck wIth a 

brIne volume of 1%, and maximum residenee tlme of 2 ta 18 
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days for ice 60 cm thick with a brine volume of 10%. 
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DISCUSSION and CONCLUSIONS 

In 1979 landfast Ice started to farm around the Magdalen 

Islands in the first week of February and nearly aIl the Ice 

had melted by the fIrst week of Apnl, wlth a total SOlld 

lce coverage tlme of 8 weeks. A maximum ice thickness of 60 

cm, resultIng from natural Ice growth, was found at the end 

of February and beglnnIng of March, followed by a decrease ln 

ice thickness to around 40 cm ln the latter part of March and 

begInnlng of AprIl. Dunbar and Weeks (1975) report slmilar 

lce thickness of 50 cm for undeformed ice along the south 

sho.e of the St.Lawrence estuary. The decrease ln ice 

thickness observed after the first week of March was 

correlated with aIr temperature rising above O·C, causlng 

meltIng of the surface Ice. 

Estlmatlon of lce thlckness uSlng Maykut's thermodynamlc 

model of Ice growth gave an expected ice thlckness of 64 cm 

for February and 57 cm for March. Lce thlcknesses greater 

than these expected values, such as observed at statIons 2, 

4A, SA and 6, were considered ta have resulted from raftIng, 

especlally Slnce IC~ thIckness at these statlons was close ta 

double the expected values. RaftIng generally occurs ln areas 

subjeeted to strong wInds or drIfting iee pressure. AlI 

statIons where raftIng occurred were statIons exposed ta 

wlnds and drIftIng ice. StatIon 2, loeated on the eastern 

side of the Magdalen Islands, was exposed ta the northwest 
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< winds which at times caused piling up of ice ln the BaIe de -
PlaIsance. Stations 4A and SA, located at the landfast lce 

edge and on the western side of the lsla.nds, were exposeù to 

prevaillng northwesterly wlnds and to dnftlng lce floes. 

S ta t ion 6. wh e r eth e e f f e c t 0 f ra f tIn g wa s r.IO s t a p p..l r e nt. 

was, by loeat10n. the most exposed to w1nds and dnftlug lce. 

Rafting was not observed at stat10ns protected from wluds or 

drifting iee such as statIon and 3 located ln bavs, dud 

statIon 4 and 5 located mldway between the shore and th .. ice 

edge. Slush ice, present ma1nly ln bottom lce sectIons, was 

also assoclated with rafting Slnce It was found conslstently 

at statIon 6, and on a few occaSIons at statIons 2, l'A and 

SA, when lce was thicker than the maXImum expected value for 

the area. Slush formation resulted from melt1ng of the bot tom 

rafted 1ce sheet WhlCh could not be ma1ntalned f rOlen. th .. 

Gulf thermal reg1me allow1ng for a maX1mum expected lep 

thickness of 64 cm only. Slush 1ee was also assoclated Wl.th 

surface lce melt WhlCh oceurred ln the flrst week of March 

resulting in a deerease in lce thlekness. 

With respect to lce thlckness. there 15 eVldence that lt 

is less for driftlng pack 1ce (Stat10n 7) than for landfast 

ice. Th1S is 1n agreement i00i1 th Dunbar and Ac feman (1980) and 

Du n bar and We e k s (1 9 7 5) who r e p 0 rte dIe eth 1 c k ne s s val u e 5 0 f 

44 cm and 15-20 cm for drlft1ng pack lce 1n the Gulf of 

St.Lawrence. Although lee thlckness can vary from year ta 

year at d1fferent locatIons. dependlng on loeallZed thermal 
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reg1mes and raftIng processes, the results on ice thickness 

of dnft1ng and landfast lce from the Gulf of St.Lawrence 

ind1cate that ice 15 mul.~ thinner than at hIgher latItudes 

where 1t can be of 150 cm or more (Gral.nger, 1977; Nakawo and 

Slnha, 1981). 

Therefore. in c omparl.son with Arc tIC lce 

character1stics. the instab1lity of the lce sutstrate 1n the 

Gulf of St.Lawrence can be demonstrated wlt!& respect to short 

duratlon of lce coverage, meltlng and raftIng processes. ThlS 

lS an Important aspect to conslder, especially in relatlon to 

lce blota productlon, Sl.nce the instabill.ty of the lce 

substrate could account for the I1mltatl.on of blomass 

accumulatlon ln the Gulf of St.Lawrence. Th1S aspect, along 

wlth thlnner lce and result1ng hl.gher under1ce 11ght 

Intensit1es, w11l be consldered ln Chapter II. 

UnderIce seawater salln1t1es show no s1gnlf1cant 

d1fferences between stations nor do they ind1cate the 

presence of a brack1sh layer, such as observed by Legendre et 

al. (1981) and WhlCh has been associated in sorne stud1es to 

underlce chlorophyll maXImum 

with sal1nity of 5-10°/00 

(Horner 1972) • Brackish water 

was found ln two Instances: at 

statIon 6 where 1t resulted from the meltIng of a rafted lce 

sheet, and in April at station 1 following the spring snow 

and lce melt. The absence of a permanent bracklsh layer is an 

ind1cation of efflCl.ent under 1(.e seawater circulation, even 

ln lagoons and bays (Stat10ns 1 and ) where one might expect 
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reduced circulation, especlally during iee coverage. ThIS 

aspect will be cons1.dered in relation to nutrient dynamlCS 

(Chapt. II). 

Avera~e ice salinlties (1.52 -6.00%0) were ln th~ 

range of those reported by Dunbar and Acreman (1980) dnd 

Demers et al. (1984) for driftlng lce from the estuarv and 

the Gulf of St.Lawrence. However, vertlcal Ice sal1nlty 

profiles did not show a Ilnear Increase wlth depth such as 

reported by Dunbar and Acreman (1980). or C-shaped prailles 

such as reported by Dunbar and Weeks (1975). ThIS nnght be .ln 

indication of a dlfference between driftlng and landfast lC~. 

The vert1.cal ice salinlty increase, observed at st.ltlon 6. 

was again associated wlth rafting WhlCh caused me1tlng at the 

bottom lce, followed by brlne volume enlargement ~nd 

iuflltratlon of seawater glving bottom lce sallnlties up ta 

10%0. 

Desallnation rates indicate that after a week or two of 

ice formation, lce sal1nlty was down to 5 ta 8%0, 

corresponding to a loss of 78% from orIgInal seawater 

sal1.nity. Following this rapld desallnatlon, Ice SallnJty 

contlnued to drop rapidly to less than 2%, correspondlng ta .t 

15% 10ss, ln a period of two weeks. InItIal desallnatlon 15 

generally observed 1.n young sea lce where lce sa11nlty fdlls 

ta around 8%0 after a week of ice formation (Nakawo and 

Sinha. 1981; Weeks and Ackley, 1982). However. at hlgher 

1at1.tudes, this rapid desallnatlon is fo110wed by ri slow 
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decrease throughout the growing season: Nakawo and Slnha 

(1981) report a slow decrease of 0.5% per month at EclIpse 

sound, in the high Arctic. According to Gralnger (1977), salt 

loss from naturally formed sea ice ln the Arctlc may be 

estImated at about 70% of the amount ln the OrigInal seawater 

after a week of lce growth, and 1055 contInues subsequently 

at a rate of about 3 to 4% of ~he original water content per 

month, wIth th~ content down to around 10% of the orIgInal 

water content by the end of the growIng season. InItIal rapId 

desallnatlon results from dIrect salt rejectIon of brIne at 

the Ice-seawater Interface dUrlng freezIng, but subsequent 

desallnatlon, at slower rates, lS due ta gravltv draInage. 

the dominant mechanlsm by WhlCh concentrated brIne, under the 

lnfluence of gravIt y, draIns out of the lce through brIne 

channels. In the Gulf of St.Lawrence, InItIal desallnatlon 

rates are slmllar ta those of Ice from hlgher latItudes but 

subsequent desallnatlon IS much more rapld. FlushIng IS 

suggested as the mechanlsm Involved ln the rapld desailnatlon 

of lce ln the Gulf of St.Lawrence, Slnce rapld desallnatlon 

cOInCIded wlth Ice melt followlng aIr temperature Increases 

above the freezlng pOInt, and since flushlng ooly occurs 

through surface lce melt WhlCh provldes the necessary 

pressure head to overcome caplliary retentlon ln the brine 

channels. Flushing lS of rare occurrence ln Arctlc lce. 

except durlng the sprlng 

reports of rapld desallnatlon 

thaw perlod. but there have bpen 

rates from Hopedale Labrador 
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(Weeks and Lee, 1958), that were accounted for by wlnter thaw -
periods and associated flushlng mechanlsms. 

Estlmatlon of bot tom lce brlne volume gave values 

ranging from 5-20% in the flrst two weeks of March wlth peaks 

of 30% ta 95% resultlng from temperature Inc rt~ase dbove 

freeZIng point. Following major Iee desallnatloJl. down tn 

less than 2%0, brIne volume decreased ta less thdn 10% dod 

was less affected by aIr temperature varIatIons bpcausp of 

lower lee sallnlty, A brlne volume of 5% was obtalned bv Ldk~ 

and Lewls ( 1 9 70 ), but Cox and We e k s (1 9 7 4) est lm a t e d. f r lJ n' 

experlmental data. brlne volumes greater than 50~. Agdln. 

the Importance of thaw perlods IS IndIcated wIth respect tn 

the Gulf of St.Lawrence sea lce characterlstlCs. ln relatlon 

to brIne volume varIatIons,As for sallnltyof the llqlllcl 

brine, obtalned from brIne volume estImates. values were much 

hlgher than those obtalned f rom the meltpd ] c" co (1' 

technIque. In the flrst week of Ice formatIon. llqUld brlllP 

salinltles were qUlte varIable (2-85 % 01 wlth hlghpst 

sallnlt" es correspOndlng to lower brlne volume and lowest 

salinltles to hlghest brIne volume. Sallnlty of llqUld brlnp 

as hlgh as 68%0 has been reported for newly formed Arct le 

lce (Lewis and MIlne, 1977), Once the lce has lost more t.h;.n 

78% of Its salt content, ln the second week of March. llquld 

brine sallnlties are slmllar ta the underlYlng sea waler 

sallnitles. Reports of dIrect ln 51 tu mea5ures of llqUld 

brine sallnitles {Alexander ~t al. , 1974; Ho rne rand 
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Schrader, 1982; Clasby et al., 1976) also gl.ve values close 

to seawater Sall.nlty. Such results emphasl.ze the importance 

of determl.nlng the sall.nl.ty wl.thl.n the ll.qul.d brIne, Slnce l.t 

glves the exact Sallnl.ty concentratl.ons to WhlCh l.ce algae 

are exposed ln the brl.ne channels. Thl.s lS the flrst tlme 

that the estImatIon of brlne volume has been used to 

can also determlne the sallnlty of 11qUld brlne. ThlS method 

be used for determlnl.ng other characterl.stlcs of the lce 

habItat such as nutrIent concentratl.on wIthin the brlne 

cells. Furthermore, results obtalned from thlS study are ln 

agreement wlth brlne channel circulatIon patterns whereby 

concentrated brIne leavlng the lce through gravIt y draInage 

lS replaced by enterlng sea water, resultlng ln llqUld brIne 

sallnlty slmIlar to underlYlng sea water sallnlty. Sallnltv 

was thought to be the most lmportant factor llmltlng the 

upper extent of tlle lce algae ln sea lce (Meguro et al. 

(1967). The results Indlcate that thlS mlght be true durlng 

the early stages of lce formatIon when sallnity of the 11qUld 

brlne can be very hlgh. but not later ln the Ice season. 

Based on fIeld measurements of sea 1ce brlne channel 

volume fluxes, the flrst 

seawater ln brlne channels 

est1mate of resl.dence tlme of 

1S presented ln thlS study. For 

the Gulf of St.Lawrence 1ce condltlons. a ml.nlmUm resldence 

tlme of 3 ta 24 hours was estImated for lce 40 cm thlck wlth 

a br1ne volume of 1%. and a maXImum res1dence tlme of 2 to 18 

days for lce 60 cm thlCk wlth. a brlne volume of 10%. These 
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results ind1cate that resldence time in brine channels is 

longer than for the skeletal layer, 2-6hrs acCOrd1ng to 

Reeburgh 

and brIne 

(1984), especially 

volumes. Th1S 

for maXImum Gulf lce thickness 

why ice blota 

production lS nat as flourlShing ln the upper lce layers as 

ln the skeletal layer • 
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Abstract 

Ice blota nutrlent dynamlcS were studied ln relatIon ta 

growth and ice algal biomass at six landfast lce statIons and 

one drlftlng lce statIon ln the Magdalen Islands area. Gulf 

of St.Lawrence. Lce nItrate and SIlIcate concentratIons were 

low: N0 3 S 2.0 uM and s 2.0 UMe Seawaler 

concentratIons were hlgher before lce formatIon wlth NO J : 4-

7 UM and Sl(OH)4: 8.0 UM. but both nutrlents became depleted 

1.0 pM) at landfast ice statIons after lce fOlmatlon. 

Depletlon accurred earller ln tlme at statIons where underlce 

circulation was reduced, 

depleted at the drlftlng 

pho~phorus levels were 

concentratIons lncreased 

depletlon was observed 

ratios of nutrient 

but seawater nutrlents 

lce statIon. 1 c e soluble 

also 10101. P0 4 : o . 1 -0 • 2 

wlth time to ~ O.4pM 

ln under lce seawater. 

concentratIons ln ICP. 

Welp. not 

reactlvP 

llM. but 

and III) 

Furthf!r. 

Versus 

concentratIons ln seawater (Cl/CW ratIOS) compared ta CI/CW 

sallnity ratIos IndIcated regeneratlon of phosphorus (SRP), 

particularly ln bottom IC e sectlons. Law IIltrogen 

concentratIons (N0 2 + N0 3 + NH 4 ), N/P ratIos <16 and POC/PON 

ratios >10 suggested nltrogen limItatIon. whlle N:SI r.ltlos 

>1 and poorly slilcifled frustules suggested slilcat~ 

limitatIon. Mean chlorophyll a concentratlon ln bottom lce 

was 12.91 (tlO.36SD) mg.m- 3 wlth lowest concentratIons for 

drlfting lee. SpeclfIc growth rates averaged O.IOt.OS d-J. 
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NutlJent limltation, llght intensity and the instabllity of 

the lce substrate are consldered as mechanisms respons1ble 

for the llmltation of ice algal growth and biomass 

accumulat10n ln the Gulf of St.Lawrence. 
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INTRODUCTION 

Sea l.ce algae, predoml.nantly dlatoms. are s1gnlÎlcLlllt 

contributors to marl.ne pr1mary production ln Arctle d"t! 

Antarct1c waters (Horner. 1976; Horner and Schrader, 1'·Hs:!; 

Palmisano and SullIvan. 1983). They form dense populations ln 

the lower few centimeters of annual sea lce (the skeletal 

layer). often attalnl.ng standIng crops of 100 mgChla,m- 2 or 

more desçl.te chronlcally low tempe ratures (roughlv -l,DuC to 

-1.8°C) and lrrad1ance (a few percent or less of InCIdent 

surface l.rrad1ance) 1n thelr growth enVlronment (Smlth et 

al •• 1987). Sea ice mlcroalgae have been estlmaled ta 

contrlbute as much as 30% of 

productIon ln the Arctlc Ocean 

1976). 

the total 

(Alexander, 

annual carbon 

1974; Hornpr. 

However, in the Gulf of St.Lawrence, WhlCh lS the most 

southerly reglon 1n the North AtlantIc ln Whlch sea lce 1S 

regularly formed. Dunbar and Acreman (1980) found chlorophyll 

a concentrdt10ns ln bottom sectIons of drlftlng lce floes t.o 

be an order of magn1tude less than for hlgher latltude ICI! 

communit1es 1n Hudson Bay, Barrow Strait and Robeson Channel. 

Dl.fferences between the Gulf and Arct1c reglmes were 

attrl.buted to the dUlat10n of the lce caver (at least ~ 

months ln the Arctlc compared to two to three months ln the 

Gulf of St.Lawrence>. the extr~me densl.ty stratIfIcatIon of 

.1 
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the uppermost layer of water in the Arctic, and latitude 

d~fferences ln light reg~mes coupled w~th thinner lce ~n the 

Gulf • Demers et al. (1984), working on driftlng lce floes 

from the St.Lawrence estuary, also found lower lce algal 

blomass ln compa rlson 

attrlbuted to hlgher 

to Arctlc regl0ns, which 

underice l1ght ~ntensltles. 

they 

Cel! 

densltles were comparable to those of higher latitudes but 

chlorophyll ~ content per cell was much lower than ratIos 

observed ln Arctlc regions (Cota, 

hlgher under lce l~ght Intensltles 

1985), suggestlng that 

ln the Gulf were not 

propltlouS to the extreme shade adaptatIon characteristic of 

polar lce algae. 

Apart from duratlon of lce cover and light ~ntensltles. 

nutrlent lImItatIon might be Involved ln reduced ice algal 

blomass. Wlth respect to lce blota, Meguro et al. (1967) 

proposed three potentlally Important sources of nutrlent 

supply for lce algae: 1) nutrlent flux from desal1natlon of 

concentrated brlne, 2 ) ln situ regeneratlon of Inorganic 

nutrlents from dlssolved and partlculate organic materials, 

and )) nutrlent flux from the underlce seawater. 

Meguro and co-workers consldered desalinat~on to be the 

most Important mechanism of nutrient supply ta lce biota: 

"concentrated brlne farmed during inItIal lce freeze-up IS 

brought to bot tom lce algae through desal~natlon processes 

and the elevated nutrlent concentratIons ln brine are 

responslble for hlgh lce algal blomass". Desalination has 
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been lnvoked as a cause of nutrient enrlchm~nt in a number oi 

cases, partlcularly in bottom lce. In FrobIsher Bay. Gralnger 

(l977} reported nItrates and phosphates accumulatIon 111 :-;e.l 

ice durlng the wlnter wlth very low levels ln the uppe\ p~rt 

of ice and hlgh levels at the bottom. Alexander et al. (!q74) 

found ln the Arctic that nItrates and nItrItes ln brlne werl' 

about tWlce as hlgh in sea lce as ln seawater whIle 

phosphates and silIcates had sImllar concentratIons. HOlnet 

and Sch.t:ader (1982) measured nutrlent concentratIons ln the 

ice and ln the water column from the Beaufort sea, and iound 

that they were generally slmilar except for hlgh nItrlte ~nd 

ammonia peaks ln the lce late ln the season. Cota et al. 

(1987), worklng ln Barrow Strait, notlced 

levels ln bottom Ice showed an enrlchment by a factor 01 

about three compared to 

seawater. Tsurlkov (1983) 

thelr concentratIon ln the surfdcP 

reported an enrlchment b Y .1 f de t 0 r 

greater than 4 for phosphates and SIlIcates in Arctle lep. 

Similar results were obtalned by Mel'nlkov and Pavlov (1~7~1 

for P0 4 • Freeman et al. (1982) alsp report N0 2 and NO) 

concentrations two to three times hlgher ln surface lCP. than 

ln seawater from James Bay and Hudson Bay. However, Cota et 

al. (1987) found, by lntegratlng values of rlltrates and 

silicates from whole lee column, that nutrients supplled from 

desalination would be depleted ln a week or two of rapId lee 

algal growth. They also noted that Inorganlc nutrlents from 

brine cells were not directly available to lce algae WhlCh 
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are malnly concentrated in the skeletal layer. Indeed. 

excluded dense brine is shown to leave the ice through brine 

channels ln dlscrete plumes WhlCh do not readily mix back 

lnto the bulk water of the surface water layer (Wakatsuchi 

and Ono, 1983). ThIS is Even more apparent when one considers 

that dense brIne lS only formed in the init~al stages of ice 

formatIon, and that the large pulse of nutrlents from the ice 

occurs durl 'g "flushing" which coincides wIth the sloughing 

off of dense algal mat (Cota et al., 1987). Therefore. in 

Arctlc Ice, desallnatlon supplIes only a small percentage of 

the maXImum nutrIent demand for the whole Ice algal bloom. 

In SItu regeneratlon was considered by Meguro et al. 

(1967) as a pOSSIble source of nutrlents, speclally in the 

case of hlgh phosphate concentratIons in the Iee. Studies on 

heterotrophlc communltles assoclated wlth ArctIc (Dahlback et 

al. , 1982) and AntarctlC (SullIvan et al., 1985) sea ice 

reveal hIgh abundance and actIve bacterial growth in lce, 

plus a potentlal coupling between bacterlai growth and 

mlcroalgal photosynthetlc metabollsm in ice (Grossi et al., 

1984; Kat tmeler et al. , 1987). Larger members of the 

cryofauna 5uch as flagellates, cIllates, amphipods and 

nernatodes can a150 be found ln relatIve abundance ln sea icc 

(Carey, 1985). However, despIte abundant and active 

heterotrophlC communltles a5soclated wlth sea Ice, nutrlen. 

supply by ln SItu regeneratlon 5eems ta represent only a 

{ rnInor component of the total demand for ice algal bloom. Cota 
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et al. (987). uSlng order of magnitude estimates for rates 

of nltrogen (ammon~a) excretl.on. found that regenerative 

fluxes of nltrogen approached the estimated mean demand in 

Barrow Stral.t. but that thlS was not the case for sllicIC 

acid whose regeneratlon is much slower than other nutrients 

(Nelson and Gordon, 1982) and not biologlCally medlated. 

Flux from the water column appears ta be the largesl 

source of nutrient supply for Ice blota (Cota et aL. 1987). 

In Barrow Stra1t, durIng the sprIng bloom of lCe ahae. Cota 

et al. (1987) estImated that the seasonal average nutnent 

demand for the bloom was of a magnltude such thal nutrient 

flux from the water column should be the major source of 

supply. The fluxes were found to vary by an ordE'r of 

magnItude or more over the fortnlghtly tldal cycle. The 

importance of nutrIent flux from the water column IS further 

carroborated by Reeburgh (1984) who estlmated resIdence lIme 

of seawater ln the skeletal layer of Ice at 2-6 hours. 

DespIte the dl.fferent sources of nutrIent supply ta lCe 

algae. there 15 grawlng eVldence that the supply of Inarganlc 

nutnents may llmlt productlon of Ice algae ln polar reglons 

(Gralnger, 1977; GasselIn et aL, 1985; McConvl11e et aL. 

1985; Palmisano and Suillvan, 1985; Cota et aL, 1986; 

Maestrinl et al., lq86). Early development of He algal 

blooms appears to be regulated by 11ght avallablllty, but 

later in the growth season the apparent nulClent consumptlon 

ratIO (Gralnger, 1977) and response to nutnent enrlchrnent 
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(MaestrinI et al., 1986 ) of Arctic ice algae suggest 

limitatIon by nltrogen. In the later stages of lee algal 

dlrected lnto blooms, mueh photosynthate produets are 

carbohydrates, espeeially compounds resembling the storage 

polymer chrysolamlnarin, and relatlvely Ilttle lnto proteln 

(McConvllle et aL, 1985; Palmlsano and SullIvan, 1985). Such 

a proteln-poor pattern mlght suggest nutrlent rather than 

light lImItatIon 

1985). Another 

(Healyand Henzel, 1980; Smith and Gelder. 

line of eVldence for possIble nutrlent 

11mltat1on of lce algal product10n was put forward by Cota et 

al. (1986) ln a study 1n the Central Canadlan ArctlC. Thev 

showed that upward transport of nutrlent t.o the lce algal 

layer (the skeletal layer) varled strongly and coherently 

wlth the fortn1ghtly sprlng-neap tldal cycle, and that the 

calculated transport rates dUflng neap tldes and assoc1ated 

weak mlxlng showed reduced nutrlent transport that could 

Ilmlt productIon, whIle sprlng tIdes could support a 

transport rate roughly matchlng t.he demand of rapldly growlng 

ice algae. In Hudson Bay, ice algal photosynthetlc efflclenCy 

was shown t 0 vary dlrectly wlth the fortnlghtly cycle ln 

tldal amplItude (Gosselln et al.,1985), consistent wlth a 

control11ng raIe for tldally drlven nutrlent supply ln the 

productIon of lce algae. 

ThIS study on ice blota from the Gulf of St.Lawrence was 

undertaken ln view of the differences observed between the 

Gu 1 f 0 f St. Lawrence and Arctlc reglmes. The a 1111 was ta 
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determ~ne environmental var~ables responslble for reduced 1re 

algal biomass in the Gulf of St.Lawrence. Dlstinctlon was 

made between landfast and dr~ftlng 1ce for d bettt>l 

comparlson to Arctlc lce studies. the ma]Orlty belng (rom 

landfast ~ce. dlfferent from the studles of Dunbar ,\lIli 

Acreman (1980), and Demers et al. ( 1 9 8 4 ) wh 1 c h d e ,lIt W 1 t Il 

drlftlng ~Ce only. NutrIent dynamlcs ln 1ce and seawater WPfP 

monltored ln relatIon to the three sources of nutrlf~nt supplv 

to lce algae: desallnatl0n. ln SItu regeneratlon and llutr1pnl 

flux from the undence water column. Nutrlent budget and 1Cr! 

versus seawater nutrlent concentratIon ratIOS were estlmated 

ta deflne WhlCh of the three sources played the most 

Important l'ole. Nutrlent lImItatIon was 1nvestlgated ln VIPW 

of the eVldetlce of nutrlent lImItatIon observed for Arette 

lce algae and of lower lce algal blomass from the Gulf of 

St.Lawrence. Other varIables such as llght Intenslty and sed 

lce characterlstlcs (determlned ln chapter Il were ..1Lso 

investigated and compared to Aretle reglmes. 
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MATERIALS and METHODS 

The Magdalen Islands Archipelago lS located 

approxlmately in the centre of the Gulf of St.Lawrence, 1n 

latItude 47° ta 48° North and longitude 61° to 62° West. 

LocatIon of statIons is lilustrated ln FIgure 1. StatIon 

numbers and locatIons are the same as ln chapter 1. StatIons 

1 and 3 are located respectlvely at Hâvre-aux-Malsons and 

BaSSIn ln shallow protected lagoons and bays. StatIon 2, 

located on the eastern coast of the Magdalen Islands, lS 

exposed to northwesterly wlnds and to occaslonal Plllng up of 

landfast lce ln the BaIe de Plalsance. Statlons 4 and 5. 

located on the western coast, are exposed ta prevalllng 

northwesterly ~1nds 

coml03 from the Gulf 

and to southeast drlftlng lce floes 

of St.Lawrence. At these two statIons 

lce was sampled mld-way between shore and the edge of the 

landfast lce (StatIons 4 and S), as weIl as at the ice edge 

<StatIons 4A and SA), the boundary between landfast Ice and 

drlftlng pack Ice. StatIons 4A clTld SA were compared to 

statIons 4 and 5 for lce boundary effects. StatIon 6, on the 

northwestern coast at Pointe-aux-Loups. 

to wlnds and drlfting ice floes. 

lS the most exposed 

StatIon 7, located 

approxlmatelv 20 km off shore west of POlnte-aux-Loups, lS 

the drlftlng pack lce station which was used for comparlson 
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FIGURE 1. Map of the Magdalen Islands, Gulf of 
Sampllng stations are deslgnated by numbers 
landfast lce stations and by number 7 for the 
statlon. 3tatlons 4A and SA are located at the 
edge. 

St .Lawrencf>. 
1 to 6 tor 
drlftlng lep. 

landfast let! 
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with landfast ice statl0nS. 

Sampling Procedures and Analysis 

Se a w a ter w a s sam p le d i n Jan u a r y a t st a t Ion s 1. 4. ~ ,\ n d 

6 before lce format10n. Landfast 1ce began to torm 111 

sheltered are as ln the flrst week of Februarv but lCP 

sampllng started only in the last week of February. when tht> 

lce was thlck and compact enough to work on. From that pellod 

on, lce and water samples were collected every two wet>ks dl 

statl0ns 1 ta 6. Ice and seawater were sampled onlv tWlce .11 

station 7 by hellCopter. Iee samples were collected WLth ,1 

SIPRE lce corer of 7.5 cm dlameter. A mlOlmum of two corps 

were collected wlthln a 1 meter dlstance. Ice cores were cut 

Into 20 cm sectIons. startlng irom bottom 1ce. Seawatt'f was 

sampled by pumplng underlce water through holes made bv the 

corer. Samples were kept frozen and brought back ta thp 

1 a bar a t 0 r y f n r a n a lys 1 s of che ml cal and b 1 a log lC a 1 var l ,1 b les. 

Seawater and melted lce core sectIons were flltpred onto 

Whatman GF/C glass flbe r fllters for chlorophyll .'} a ri ri 

phaeOplgments and onto Whatman GF/C glass flber fllters 

preeombusted (for 6h at 500 0 e to remo ve an y contamlnat log C 

and N) for particulate organlc carbon (POe, and oltror,pn 

(PON) determlnatlons. The f11trate was dlspensed loto SO ml 

polyethylene bottles fprewashed wlth 0.15N HCL) and stored 

frozen at -20°C for future (withIn 2 monthsJ determlnatlon of 
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( ammonla. nItrites. nItrates, soluble reactive phosphorus 

(P0 4 -P) and sIllCIC aCld concentratIons. Unfiltered water and 

Ice samples were stored in the same way for total dissolved 

phosphorus (TDP) determination. 

In the laboratory, spectrophotometrlc determlnations of 

chI a and phaeopigments were performed using a Bausch and 

Lomb Spectronlc 21 spectrophotometer. Carbon and nitrogen 

contents of the partlculate matter collected on the fllters 

were determIned uSIng a Perkln-Elmer model 240B CHN Elemental 

Analyser. Nutrlent concentratIons were determined uSlng 

manual methods descrlbed ln StrIckland and Parsons (1972). 

Statistical Analysis 

Ta determlne statlstlcal dlfferences ln the varlOUS 

envlronmental varIables ln lce and seawater among the 

statIons, a SAS statlstlcal package was used ln aIl data 

analyses (Ray, 1982a,b). AlI 11near model statlstlCs, such as 

analysls of varIance (ANOVA). make the assurnptlon that the 

underlying populatIon from WhlCh the sample data are drawn IS 

normally dlstrlbuted. To test t hlS assump t Ion, the Shaplro-

WIlk, W. statIstIc and probabllity plot were computed for aIl 

envlronrnental data sets uSlng the Unlvarlate procedure ln the 

SAS system (Ray, 1982b); the Fmax test (Zar. 1984) was used 

to test the homogenelty of varIance assumptlon. Approprlate 

( 
" 

transformatIons were applled to data sets, when necessary, as 
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suggested by Box et al. (1978). A sIngle factor analysls of 

variance (ANOVA) was carrled out to test the null hypotheslS 

Ho: there are no d1fferences ln varIables among statIons 101 

among seawater and ice sectIons at the same statIon) dgalnst 

an alternate Hl: there are d1fferences in varIables affiollg 

stations. or among seawater and Iee sectIons. Wherp 

the nul! hypotheSIS. a specIflc parametric ANOVA rejected 

among statIons (or among seawater and lee sectIons at thl~ 

same statIon) comparison of means (at the P~O.05 level). fOl 

each of the varIables was carrled out uSlng Student-Newman-

Keuls (SNK) multiple range test. 
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( RESULTS 

Chemical Variables 

Results on chemlcal variables are summarlzed ln Table 1. 

They lnclude mean, standard devlatlon and sample Slze of the 

dlfferent variables at statIons 1 ta 7, for seawater and 

bottom lce sectIons. ConcentratIons of sIlIcates and of the 

nltrogen fractIons (N0 3 , N0 2 and NH 4 ) are low ln bottorn lce 

sectIons. They are generally hlgher ln 5eawater than ln the 

lce and show an lncreaslng trend in mean concentration values 

from statIon 1 to statIon 7. Soluble reactlve phosphorus 

concentratIons are, however, somewhat slmllar for 

seawater and bottom lce sectIons, alld total dlssolved 

phosphorus (TDP) IS, at sorne statIons, even higher ln bottom 

Ice sectIons t han ln seawater. No trend ln seawater 

phosphorus concentratIons 15 observed between the dlfferent 

statIons, but the lowest concentratIons are found at statIon 

and the hlghest at statIon 7. 

Chemlcal varIables (Table 1) were analyzed uSlng SIngle 

factor analysls of varIance, parametrlc ANOVA. to test for 

statlstlcal dlfferences ln varIables among lce sectIons and 

seawater, and among statIons The results (Table 2) for 

comparlson between surface lce section (1). bot tom lce 

sectlon (S) and seawater (W) Indlcate that ln the Ice 

nutrIent concentratIons from surface and bottom Ice sections 



Table 1. Results of rutient~· ,ÜYSlS for sea Wlter (W) élI'li bottan lce sectIon 
(8) at statloœ 1 ta 7 (fig.l ). 1he van.ab1e are presented as ITedllS 

Wlth staniard devIatlOl1 ln parentheses an1 ruriler of SéIlples. 
Coœentratl.OŒ are ln \.M (lJg-at/U an! the syrrbo1 "~<" reft:'l'S to ~ 
coœentratIons below O.Olll'f, the 1:um.t of detectlon. 

VAlUABLES 

NL.-N 

STATICNi 

1 2 3 

n 0.68 0.90 1.19 
".64) (0.31) (0.60) 

l 5 5 
~ 19 0.94 1.30 

,,2) (O.OO) 0.96) 
6 6 

B 

w 

.09 
(.01 ) 

2 
.09 

( .11) 
3 

.06 
(.Ol) 

2 
.12 

( .02) 
2 

B .06 * 
(.05) 

4 
W .15 ;'; 

( .11) 
6 

.05 
( .02) 

3 
.58 

( .98) 
4 

t: 

4 4a 5 Sa 

o.~ 0.58 1.23 0.&3 
(0.45) (0.24) (0.94) <0.13) 

6 3 5 .... 
3.77 3.~ 3.12 3.02 

(2.0) (l.I:?) (2.58) (2.66) 
7 3 6 ') 

.07 
(06) 

3 
.19 

(.07) 
3 

.10 

1 
.19 

1 

.09 
(,04) 

) 

.Il 
( .1U 

3 

.08 

1 
.17 

~ 

1 b 

1.05 1.27 
\0.44) (0.20) 

I.f 
,) 

I.CJl 7.19 
(J,bl) L!.I71 

5 2 

.06 .06 
1.02) 1.011 

) ') 

.21 .0 
(,20) (.03) 

If ,) 

. .. 1, 

ro4 -P B 0.28 0.46 1.09 0.37 0.45 0.37 0.50 0.29 0.41 
<0.18) (0.22) 0.57> W.15) (0.15) <O.))) (0.2)) (0.14) iO.30) 

4 5 5 6 ) 5 2 I~ 2 
W 0.08 0.38 0.42 0.77 o.n 0.48 0.64 0.48 1.02 

(0.75) (0.15) <0.18) <0,4) (0.15) <0.32) (0.19) (0.21) (0./.0, 

B 

W 

W 

666 7 362'> 2 

1.50 1.72 1.42 1.83 0.87 1.63 
(1.22) (1.31) n.19) (1.35) <0.92) (}.28) 

3 5 4 4 2 5 
0.47 0.87 0.93 1.23 0.98 1.22 

<0.68) (0.93) (0.96) 0.11> (0.98) (1.10) 
5 b 5 5 2 6 

1.56 0.92 
IO.~) 

1 ) 
1.~ 1.02 

Il .01 ) 
4 

0.92 
cO.'J2 J 

1.26 
( 1.12) 

1.16 O.~ 0.34 0.32 0.49 0.52 0.54 0.48 0.21) 
<0.84) <0.35) W.I7> <0.20) (0.43) (0.40) 10.01, 10,1.)) (0.1)) 

4 5 5 6 ) 5 2 /~ 2 
0.37 1.04 1.57 3.25 3.49 2.91 3.70 2.44 4.72 

(0.13) 0.77) (1.60 (2.86) (1.58) (l.23) (J.61) ().04) ().84J 

666 7 3 625 2 
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(-
Table 2. Pararœtnc Stuient~ls test (Zar 

1984) for Slglllilcant (P<O,OS) differeœes 
be~ surface lce sect10n (1). rouan lce 
sectIon (8) aal sea Wlter (W) varIable rœans 
at statIons 1 ta 7 (F1.g.1). GlUUp~ with 
sarœ letters are rot slgIUflcantly different. 

VARIABLES STATIONS 

2 3 4 4A 5 SA 6 7 

f'lJl-N 1 d a a b b a a a b 
B a a a b b a a a b 
W a a a a a a a a a 

r-l>2-N 1 a a a a a a a 
B a a a a a a a 
W a a a a a a a 

S1(00)4 1 a a b b b b a a b 
B a a b b b b a a b 
w a a a a a a a a a 

ro4 -P 1 a b a b b a a b a 
B a a a ab ab a a ab a 
W a d a a a a a a a 

b b a a a a a a a 
B b b a a a a a a a 
W a a a a a a a a ci 

Chl. a 1 c b b b b b b b b 
B b b b b b b b b b 
W a a a a a a a a a 

Ehleo. 1 b b b b b b b b b 
B b b b b b b b b b 
W a a a a a a a a a 

( 
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do not differ significantly, except for PO. concentratIons at 

station 2. However, when comparing seawater ta bottom ic~ 

nutrlent concentratIons, Slgnlficant dlfferences are found 

for N0 3 at statIons 4, 4A and 7, and for SI(OH)4 at stations 

3, 4, 4A, 5 and 7, but not for P0 4 nor TDP. 

Cornparlson of varIable rneans between stations, for 

bottom lce sectIons and seawater (Table 3) shows no 

slgnificant dlfferences between statIons for bottorn ice 

nutrient concentratIons. In seawater, P0 4 and TDP 

concent ration means from slatlon are slgnIfIcantly 

dlfferent frorn statIons 2 ta 7, SI(OH)4 from station 7 is 

slgniflcantly dIfferent from statIons 1 to 6, and NO;) from 

statIons 1, 2 and 3 are sIgniflcantly dlfferent from statIon 

7, and Intermedlate concentratIons are found at statIons 4 to 

6 • 

DIstrIbutIon of nItrates ln the ice 15 presented as 

vertIcal profIles of theIT concentratIons ln the ice sections 

at statIons 1 to 7 respectlvely (FIg. 2). Irregular patterns 

of vertIcal dlstrlbutlon are observed from top lo bot tom lce 

sectIons Wlth lce nItrate concentratIons le~s than 2.0lJM. 

Similar patterns were observed for the vertical dIstrIbution 

of nitrites III the lce, wlth concentratIons generally less 

than 0.10 pM and Ilttle varlatlon ~lth tIme. Time scalc 

evolutlon of nItrates ln bottom Iee sectIons was then 

analyzed and compared ta seawater concentratIons for thp 

dlfferent statIons (FIg. 3), In bottorn lce sections, 
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Table 3. Paralatric Stulent~ test for 
s:igmficant (P<O.05) statistical differerx:es 
ben.!en station JœalIS for IJ.ltrient variables 
of bottan ice sectlOll (B) am sea water (W). 
Group~ W1th sarre letters are mt 
sjgnificantly different. 

VALUABLES STATItfiS 

1 2 3 4 lIA 5 SA 6 7 

Mh~ B a a a a a a a a a 
W a a a ab ab ab ab ab b 

Mla-N B a a a a a a a a a 
W a a a a a a a a a 

Si(Œ04 B a a a a a a a a a 
W a a a a a a a a b 

ro4 -P B a a a a a a a a a 
W b a a a a a a a a 

B a a a a a a a a a 
W b a a a a a a a a 

Chl. a B ab ab ab ab ab ab a ab b 
W a a a a a a a a a 

Ebaeo. B a a a a a a a a a 
W a a a a a a a a a 

'""1 
l 
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Figure 2. Vertical profiles of nitrate concentratlons ()lM) 
in ice. at stations 1 ta 7. for ice sections 20cm thick. The 
horizontal width (N0 3 -N scale) for each profile/sampling date 
is also shawn ln the upper right hand corner of the figure. 
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Fi&ure 3. Time scale evolution of nitrate concentrat10ns (UM) 
ln bottom ice sections ( .----. ) and in seawater 
(e----e) at statIons 1 te 7. 
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concentrations are less than 2.0 ~M, and remaIn low 

throughout the lce season wlthout slgniflcant changes except 

for a slight increase at sorne stations at the end of March 

and the beglnnlng of April. In seawater, nItrate 

concentratlons are higher than ln bot tom lce ln January. 

befare ice formatlon, when N0 3 concentratIons vary between 4 

to 7 ~M. After Ice formatIon, i.e. middle of February, 

seawater nItrate levels decrease at aIl statIons reachlng 

concentratlons of 1.0 ~M or less, slmllar ta bottom lce N0 3 

levels. A trend ln seawater nItrate depletlon lS however 

observed from statIons 1 to 7. Depletlon occurs earlIer at 

statlons located ln lagoons and on the eastern slde of the 

Magdalen Islands (StatIons l, 2 and 3) where seawater nItrate 

levels are down to less than 1.0 ~M by the first week af 

March. At statIons located on the western slde of the Islands 

(StatIons 4, 4A, 5. SA and 6) seawater nltrate depletlon does 

not accur before the second or the last week of March. 

NItrate depletIon lS not observed at the drIfting lce statlon 

(StatIon 7). Time scale evolutlon of nitrites showed the same 

trends as for nItrates. Ammonia concentratIons (Table 1) were 

low at statIon 1 (0.11-0.38 ~M), and below the limlt of 

detection of 0.03 ~M (McCarthy and Goldman, 1979) at statIons 

2 to 7, and could therefare not be analyzed for vertIcal 

dIstributIon or tlme scale evalution. 

VertIcal profIles of silicate concentrations ln the ice 

(FIg. 4) Indlcate more lrregular patterns of dlstributlon 
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Ficure 4. Vert1cal prof11es of s11icate concentratIons (\lMI 
in ice, at stat10ns 1 to 7. for ice sect10ns 20cm thick. The 
horlzontal width (51(OH)4 scaie ) for each proflle/sampllng 
date 15 aiso shown ln the upper right hand corner of the 
figure. 
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than for nitrates. Bottom ice 5i(OH)4 concentratIons are ln 

some cores much higher than ln surface Ice sectIons but thple 

are general1y no Signlficant dlfferences between surfdce ICI' 

and bottom ice sectIons (Table 2). Ade cre il sel n s 1 1 I (' .1 t P 

levels is observed ln most ice sectIons at aIl statIons Wlth 

time. Time scale evolutlon of sIlIcates ln sealNater .1nd LII 

bot tom Ice sectIons (Fig. 5) indlcate~ that ln lce. silIcate 

concentratIons are low (1.0-2.0 uM) at the end of Febru..ll v 

and the beglnning of March, and decrease to l~ss than 0.05 ~M 

by the end of M~rch. In sealN~ter, concentratIons are greatpr 

than 8 UM ln January before lce formatIon (Fig. 5. st.ltlons 

4, 5 and 6) and decrease to less than 1.0 ~M after lep. 

formatIon at most statIons, exeept for statIon 7. The pattl!rn 

of seawater sIlIcate depietlon IS slmllar to that of 

nItrates, with depletlon oecurrlng by the flrst lNeek of Mareh 

at statIons 1,2 and 3, by the second to the thInl week of 

March at 

statIon 

statIons 4, 4A, 5, 

7, the drlfting Iee 

SA and 6, and no depletlon dt 

statIon. As for nItrates, 

seawater silicate depietion occurs earller and 1 S mo r e 

pronounced at statIons located ln protected lagoons or on the 

eastern side of the Magdalen Islands. 

VertIcal profiles of soluble reactive PO" ln the lep 

(Fig. 6) shows a distrIbutIon INhereby PO" concentratIons are 

generally higher in bottom lce sectIons than ln surface lee 

sections. ConcentratIons ln surface and bottom lce sections 

are actually slgniflcantly different for statIon 2 and 
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Filure S. Time scale evolution of sIlicates (~M) in bottom 
lce sections (------) and ln seawater <e----e) at stations 1 
to 7. 
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Figure 6. Vert1cal proilles of soluble react1ve phûsphorus 
concentrat10ns (lJM) ln 1ce. at statIons to 7. for lce 
sectIons 20cm thick. The horizontal wldth CP0 4 -P scale) for 
each proflle/samp11ng date 1S also shawn ln the upper r1ght 
hand corner of the flgure. 
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partially for statIons 4~ 4A and 6 (Table 2). Time scale 

evolutlon of phosphorus (Fig. 7) reveals a dlfferent pattern 

than for nItrates ~c sIlicates. First, an Increase ln ice PO. 

concentratIons IS observed at most statIons, f rom O. 1-0.2 lAM 

at the begInning of March ta more than 0.4 lAM by the end of 

March. Second, seawater P0 4 concentratIons do not become 

depleted after 

formation, P0 4 

formatIon the 

lce forma' ion. In January, before lce 

levels reach up ta 0.10 lAM. After Ice 

concentratIons decrease SlIghtly at most 

statIons wlth marked fluctuations, but do not reach levels 

below 0.20 pM. Agaln, seawater P0 4 concentratIons remaln much 

hlgher at statIon 7. StatIon 1 seems to stand out from the 

others, wlth significantly lower seawater P0 4 concentratIons 

(Table ) and wlth bottom lce levels hlgher than ln seawater 

(FIg. 7). 

VertIcal profIles of total dlsso1ved phosphorus (TDP) ln 

the ice 8) reveal a more irregular pattern of 

dIstrIbutIon than for the soluble reactlve P0 4 fractIon. 

Bottom Ice TOP concentratIons are in a few cores higher than 

for surface lce sectIons, but, ln general, the concentratIons 

are not 

evolutlon 

nutrjents, 

signlficantly 

of TOP (Fig. 

different (Table 2 ) • Tlme scale 

9 ) 

that concentrations 

reveals, contrary to aU other 

are higher for bottom ice 

sectIons than for seawater, namely at stations l, 2 and 3. 

while they are Sllghtly hlgher ta slmilar for stations 4, 4A, 

S, 6 and 7. TDP concentrations ln seawater and bottom lce are 



-83-

Filure 7. Time scale evolut10n of soluble reactive phosphorus 
(lAH) in bottom ice sections (---) and in seawater (.-.) 
at stations 1 to 7. 
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Figure 8. Vertical profiles of total dlssolved phosphurus 
concentrations (\.lM) in ice, at statIons 1 ta 7, for lce 
sections 20cm thick. The horizontal width (TOS Scale) for 
each proflle/sarnpllng date is aiso shown ln the upper rlght 
band corner of the figure. 



( 

-~ 
U 

o 
N -
lA 
C 
o 

TOP Scale 
o , 2 JAM 



--

-85-

Ficure 9. Time scale evolution of total dissolved phosphorus 
(pM) in bottom ice sections (.----.) and in seawater <e----e) 
at stations 1 to 7. 
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actually significantly different for stations 1 and 2 (Table 

2>' 

In sumary. seawater and lce nutrients from the Mdgddlell 

Islands can be character1zed by low N0 3 and Si(OH)4 ln ire. 

and depletion of these nutrients ln seawater from Febru~rv 

through AprIl. Phosphorus (SRP and TOP), contrary to N0 3 Jnd 

Si(OH)4. increases ln concentration ln lce wlth tlme dnd 

shows no sign of depletlon ln seawater: SRP dec \-edSPS 

slightly in tlme whlle TOP 15 5een to Increase. 

Sea ice nutrlent enrichment, speciflcally concentrated 

in bottorn lce sectIons, has been observed in a number of 

studies. as rnentioned ln the IntroductIon. Sea lce nutrIent 

enrlchment can be determlned by computlng Cl/CW nut rient 

ratIos (Cl:concentratlons ln bottom lce se (' t Ion s ,t11 fi 

Cw:concentratlons ln seawater at the tlme of lce formatIOn) 

for the different nutrlents and comparlng them ta sall/llty 

ratIos. The results (FIg. 10) lndlcate that CI/CW fOI 

silicates follow the same trend as for salinlty ratIOS. 

However. Ci/Cw ratios for nItrates are somewhat hlgher thdn 

salinity ratios, and phosphate rat10s are mu c h h ] l', h.~ r 

throughout the season ranging between to more than 7. 

Salinlty being a conservative praperty, Cl/CW ratIos for 

salinlty will vary onlv as a functlon of desallnatlon rates. 

Nutrient Cl/CW ratIOS vary as a functlon of desallnatlon 

rates but also as a function of biological processes such as 

uptake or regeneration. and therefore nutrlent Cl/CW ratios 
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Figure 10. Ci/Cw ratIos (Ci:concentration in bottom Ice, 
Cw:concentratlon in seawater) for salinity, silIcates, 
nitrates and phosphates (SRP), grouping aIl stations. 
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higher than salinity ratios are an indiéation of 

regeneratlon. 

Biolocical Variables 

ln SItu 

Chlorophyll ~ levels in bottom Ice vary from low mean 

concentrations of 5.45 mgm- 3 at station 7 to a high of 39.88 

mgm- 3 at station SA (Table 4). A parametrlc Student-Newmen­

Keuls test (Table ) Indlcated that bottom lce chlorophyll ~ 

levels from statIons 5A and 7 were actually slgnlflcantly 

dlfferent, but slmllar for stations 1, 2, 3, 4, 4A, 5 and 6. 

VertIcal profIles of ice chlorophyll ~ concentratIons (FIg. 

Il) clearly show that maximum chlorophyll levels are found in 

bottom lce sectIons at aIl statIons. ThIS trend IS however 

attenuated towards the middle of March when lce chlorophvll ~ 

concentratIons become more regularly dlstrlbuted. Tlme scale 

evolutI0n of chlorophyll ~ in bottom ice sectIons (FIg. 12) 

IndIcates for statlons l, 2, 3, 4 and 5, an Increase from the 

end of February untll the flrst week of March, followed by a 

decrease ln the second week of March, an Increase ln the 

thlrd week of March followed agaln by a decrease in the last 

week of March. By plottlng chlorophyll ~ concentratIons from 

aIl statIons (Fig. 13) the decrease in chlorophvll 

concentration ln the second week of March lS more evident, 

except for stations 4A. 5A. 6 and 7. The decrease follows the 

aIr temperature lncrease abov~ freezing point on the 5th 
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Table 4. Results of biolog:ical variables fmu sea Witer (W) am oottan lce 
section (B) at statioœ 1 ta 7. 'Ihe variables are presented clS rreans 
with stamard deVJ.ation:in parentheses am l1lIIiler of Sc1J11>les below. 
Negative grDJth rates are represented by tI*". 

VARIABLF.S STATIOO 

1 2 3 4 4a 5 Sa 6 ~ , 

Chla B 10.55 9.57 12.22 12.74 8.33 9.85 39.88 7.62 5.45 
(ng.m-.J) 0.86) (8.76) (8.~) (5.41) (8.26) (4.65) ( 4.30) (6.29) (5. JI. ) 

4 5 5 6 ) 5 2 4 '1 

W 0.16 0.67 0.62 0.56 1.05 O.(D 0.57 0.77 0.19 
<0.14) (0.27) <0.33) <0.34) 0.28) <0.53) (0.72) (0.48) (0.11/ 

6 6 6 7 3 6 :2 5 ') 

tmeop. B 2.49 3.43 6.97 1.37 2.78 1.08 2.70 2.08 1.29 
(ng.m-.J) (3.21) (4.04) (9.27> 0.32) (-) (0.92) 0.27) (1.63) (}.12, 

4 5 5 6 1 5 2 4 2 

W 0.10 0.05 0.07 0.28 0.18 0.11 0.28 0.10 0.10 
<0.05) <0.05) (0.05) (0.26) (0.19) (0.13) <0.39) (O.lU 10.101 

6 6 6 7 3 ,., 5 ') 

GrDJth B 0.04 0.18 0.13 0.08 * 0.04 * 0.11 * 
(day-1 ) ( .01) (0.12) <0.02) (0.04) (0.05 ) 

3 3 4 4 4 ) 
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Figure Il. Vertical profIles of chlorophyll a concentrations 
(mg.m- l

) ln ice, at statIons 1 to 7, fo( ice sections 20cm 
thlCk. The horIzontal width (chlorophyll ~ scale) for each 
proflle/sampling date 1S also shawn ln the upper r1ght hand 
corner of the fIgure. 
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Figure 12. Time scale evolut10n of chlorophyl1 a 
concentrat1ons (mg.m- 3

) ln bottom ice sections (.----.) dt 
stat10ns 1 to 7. Seawater chlorophyll a concentratlons are 
not 111ustrated because values were less than 1.00 mg.m- 3

• 
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until the 8th of March, which caused a 20cm reduction 1n 1ce 

thickness (see Chapt. 1). In seawater, chlorophvll a 

concentrations were generally less than 1.00 mgm- 3 (Table 4) 

~1th no Slgnlflcant var1atlons in time. 

Concentrat10ns of phaeopIgments varied from a me an of 

1.08 mgm- J at statIon 5 ta 6.97 mgm- J at stat10n 6 (Table 4), 

No slgnificant dIfferences were observed between the statIons 

(Table 3). Pp.rcent ratios of phaeOpIgments over chlorophyll ~ 

were plotted for bottom Ice sections from aIl statIons. 

Results (F1g. 14) seem to Indicate an Increase ln percent 

phaeopigments from less than 20% in February and early March. 

exceptIon made of stat10ns 3 and 6, ta more than 50% at the 

end of March. However, no SignIflcant regression could be 

fitted through the data pOInts. Seawater phaeoplgment 

concentrations were low (Table 4), wIth no slgnIflcant 

variat10ns over tIme. 

Estimates of specIflc growth rates, derived from 

chlorophyll ~ concentratIons (Table 4) gave positive estImate 

means of 0.10(~O.05SD) doublings.day-l for bottom ice 

sections. These estimates should be conservatlve because they 

are not corrected for biomass losses associated wlth sinking, 

grazIng and erosion, 

rates are not included. 

and because apparent negative growth 
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Figure 14. Percentage of phaeopigments with respect ta 
chlorophyll a. in bottom ice sectlons, grauped for stations 1 
to 7 versus time. Le. from end of February ta April. 
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i : DISCUSSION and CORCLUSIONS -
Before sea ice formatloon, in January, seawater nutrlent 

concentrations were 6.12 ~M for N0 3 , 6.12 ~M for SI(OH)~ and 

Simllar concentratIons are reported fOl 

winter surface seawater of the Magdalen shallows (Bugden. 

pers.comm.), Cabot Stralt (Coote and Yeats, 1979) and the 

Gu 1 f 0 f St.Lawrence (Dunbar et al •• 1977). Aiter lce 

for mat ion and t h r 0 u g hou tic e c 0 ver age. a S 1 g nIf 1 c a n t de cre ,1 s e 

ln seawater nitrates and s111cates is observed. wlth 

concentratIons of both nutrients falling to less than 1 llM. 

Depletion is more drastlc and occurs earller at stations J 

and 3 located in lagoons and at station 2 on the easterll 

coast of the Islands. Depietion is less pronounced and occurs 

later'in t1me at statl0ns 4, 4A. 5, SA and 6 located on the 

western side, while nutrloents are not depleted at stat10n 7, 

the drift long ice statIon. These results suggest that sea~dter 

nutrients are used up by Ice algae, and that depletlon 1S 

more pronounced at statlons where underlce seawater mlxlng 15 

reduced such as lagoons and the eastern side of the Magdalen 

islands. Nutrlent depletlon is less pronounced on the western 

side possibly because it lS exposed to the preva111ng winter 

northwesterly winds and to driftlong lee floes whlch cOlJld 

enhance underloce seawater mlxing. No depletlon lS observed 

for the dr1fting lce station where scawater 15, 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 se en to increase 

with time. 

In ice. nitrate fractions 

sIlIcate concentratlons are low (~1.0 ~M) with sillçates 

decreasing to less than 0.5 pM by the end of the ice season: 

but phosphate fractIons (SRP and TDP) concentrated malnly in 

the bottom lce sections are hlgher than ln seawater and 

lncrease in concentration wlth time. 

These results can be Interpreted with respect to the 

three major 

desallnation. 

sources of nutrient supply to ice biota: 

ln SItu regeneration and underice seawater 

supply. Flrst a 

estlmate of 

desallnatlon 

the 

can 

look at desallnation nutrient supply. An 

potentlal nutrient 

be made by 

supply derlved from 

integrat~ng nutrient 

concentratIons over the whole ice thlckness. For nItrates. 

average ice concentratIon of 0.89 mg-atN0 3 -.m- 3 lS multlplied 

by average lce thlckness of 0.48m ta glve a potential supply 

of 0.42 mg-atN0 3 -N.m- 2• For silIcates, average iee 

concentratIon of also multlplied by 

average lce thlckness of 0.48m gives a potential supply of 

0.48 mgatSl(OH)4.m-2. Ice biota autotrophic nutrlent demand. 

estimated for average bottom lce concentrations of 3.65 

mgChl~.m-3 uSlng N:Chl ratIo of 9.1 and specific growth rate 

of O.IOd- l
• as mean values obtalned in this study, and Si:Chl 
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ratio of 10 (Nelson and Gordon. 1982) gives dll average dally 

nutrient demand of O.24mmol.m-~.d-l for nItrates dnd 

0.13mmol.m- 2 .d- 1 for silIcates. Sueh estlmates of autotrophlC 

nutrient demand, although they are consldered as arder oi 

magnitude only Slnce the ratIOS of the major cellulal 

constltuents can vary by factors of more than 2 ln cases ai 

nutrient limitation (Parsons et al •• 1984) or llght 

adaptation (Palmlsano et al., 1985), Indlcate that nut rIent 

supply from the lee IS not Important. Put another ~ay, th~ 

èstimated supply from desalination, If lt were the ooly 

source of nutrient available to the bottom lee algae, would 

be used up ln approxlmately 4 days. Cota et al. (19871 .11so 

found that nutrient supply from desallnatl0n represented oillv 

a small portIon of the bloom's mlnlmum demand for nltroge" 

and sll1con for Aretic lce biota. Aceording to them, thlS IS 

even more apparent ln the ArctIc, If one conslders th,il the 

large pulse of nutrlent from the lee occurs dUrlng ilushlJlr, 

by snow meit waters, and that thiS event IS more or less 

coincident with the sloughing off of the dense algal mat. In 

the Gulf of St.Lawrence, flushing oceurs more frequently 

because of higher aIr temperatures, but the ~xeluded brlne 15 

not readll y available to ice algae, speclally those 

eoneentrated in the bottom skeletal layer, since brine leaves 

the ice ln dlscrete plumes wlthout appreclable dIffUSIon and 

little mixing back into the seawater layer under the lce 

(Wakatsuchl and Ono, 1983). However, nutrient supply from 
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desalinatlon might be more lmportant to ice algae livlng ln 

brlne channels above the skeletal layer since desalination is 

accompanled by convectlve replacement of brlne by seawater 

enterlng the lce through brine channels (Martln, 1970: 

Niedrauer and Martln, 1979), But long resldence tIme of sea 

water ln brlne channels, as estlmated ln Chapter 1. could 

lead to nutrlent llmitatlon despite brlne concentrations of 

nutrlents. 

Regeneratl0n can be consldered as a source of nutrlent 

supply ta lce algae. In thls study, Cl/CW ratIOS for 

phosphates (SRP) indicated an Important enrichment, speclall v 

ln bottom lce sectlons. The enrlchment lS felt mainly ln the 

ice where SOP and TDP concentratlons increase with time. but 

also ln seawater where, cantrary to nltrates and slllcates 

WhlCh are depleted wlth tIme, the phosphorus levels remaln 

more or less constant with 11ttle decrease, even ln protected 

statlons 1,2 and 3 where N0 3 and Sl(OH)4 depletlon was mast 

apparent. Phosphorus enrlchment of bottom lce reported by 

Meguro et al. (1967), Mel'n1kov and Pavlov (1978) and 

Tsurikov (1983) was thought to result from desallnation 

processes. In this study, Cl/CW ratIOS for phosphorus were 

much hlgher than salinlty ratios indlcating that desalination 

could be ruled out as a posslble mechanism of nutrient 

enrichment. Regeneration i5 one 

observed phosphorus enrlchment. 

considering that enrichment lS 

possible cause for the 

This is even more apparent 

greatest in bot tom ice 
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sections where the maximum ice algal blomass is tound. Wlth 

respect ta CI/Cw rat1.OS for nltrogen (NO J • N0 2 and NH 4 ). some 

enrichment is observed, particularly in the latter part of 

Mareh. RegeneratIon is also suggested here. but enrlChment 1S 

limited and not suffieient to prevent seawater depletlon. 

This could be explained by the fact that phosphorus 

regeneration 1.S faster than for nitrogen: Garber (19841 

observed regeneratlon of P accurrlng after two weeks. but not 

befare 4 weeks for N. In the Aretlc, Cota et .11. (1987) 

estimated that regenerat1.ve fluxes of nltrogen, based 011 

nitrogen excret1.on by the heterotrophlc communlty. approached 

the est1.mated demand 1.n Barrow Stralt. but that thlS was not 

the case for sll1.con for which regeneratlon 15 even much 

slower belng mostly a dlssolving process (Nelson and Gordon. 

1982). 

The thlrd source of nutrient supply for lCe algae coml~s 

from the underice water eolumn. Results on the evolutlon of 

nutrients ln seawater Indlcate that nutrlent flux from the 

wa ter col u m n i san i m po r tan t 5 our c e 0 f 5 U P ply t 0 lC e a 1 g ,li! • 

Nitrates and silicates from the water column are used up hy 

Ice algae to the point of depletlon, especlally at statlons 

protected from ",tnds or dr1.ftlng lce floes where underlce 

nutrient flux should be reduced. Cota et al. (1987) also 

found that nutrient flux from the water caIurnn was the 

largest source of nutrIent supply for lce algae from Barrow 
, .... 
î - Strait, and tha.t the magnitude of the flux varled 
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slgniflcantly with time over the fortnlghtly cycle. 

Conslderlng that the nutrient flux from the water colurnn 

is the largest source of supply to lce algae, we can ask 

ourselves If the observed nitrate and sllicate seawater 

depietlon act as a 11miting factor to ice algal blornass 

production ln the Magdalen Islands area. Nltrogen reaches 

concentratl0ns ln seawater that are less than the starvatl0n 

levelof 0.3 llM reported by Collos (1980). Furthermore, 

seawater N:P ratIOS dre generally less than 10 (FIg. 15) wlth 

have a mean value of 3.6306.55SD), and C:N ratios from poe 

and PON data glve cell ratios of 8-9 for February, Increaslng 

to more than 10 by Aprl1 (Fig. 16). Although It IS sometlmes 

mlsleadlng to lnterpret low seawater N:P ratIOS as IndIcatIve 

of N lImItatIon, it lS general1y consldered that C:N ratIOS 

~lO represent real subsaturatlon wlth nItrogen ln marlne 

dlatoms (Sakshaugh et al., 1983). C:N ratl0s increase under N 

deprlvatlon as a result of photosynthates belng directed iuto 

carbohydrates and relatively 11ttle into protelns (Smith et 

al., 1987>. 

SIlIcate limitatIon should also be considered wlth 

concentrations less than 1 }lM and N:Sl 

ratIOS greater than 1 (Fig. 17). SIlicate starvatlon lS 

reported te occur at Sl.(OH)4 concentratl.ons of 2.0-5.0}lM 

( Dug da 1 e e t al., 1981; Jacques, 1983; LaIng, 1985) and Si 

ll.mitatlon predl.cted for N:SI ratios >1 (Levasseur and 

Therrl.ault, 1987). SI ll.mItatl.On can also lead to an increase 
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Figure 15. N:P ratIos in 
stations 1 to 7 versus time. 
April. 

bottom Ice sectIons grouped for 
l.e. from end of Febl"uary to 



~ 
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Fi.ure 16. C:N ratios from bottom l.ce sections. grouped f'l, 
statil)os 1 ta 7 versus time. i.e. fram the end of February , , 
April. 
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Fieure 17. N:Si ratios fram battom ice sections, grouped for 
stations 1 ta 7 versus time, i.e. from the end of February ta 
Ap ri 1. 
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G in C:N ratios as a result of lipid accumulatIon (Taguchl et 

al., 1987). and to thin walled diatom frustules WhlCh were 

frequent1y observed in this study. 

Chlorophyll measures of Ice biota from the Magddlen 

Islands for bottom ice sectIons vary from a mInimum of 5.45 

mg.m- 3 of chI a at station 7 to a maX1mum of 39.9 mg.m- J at 

station SA. Such biomass values are much lower than values 

found at higher lat1tudes. Dunbar and Acreman (1980) report 

bottom ice chI a concentrations of 89.31 mg.m-~ ln Hudson 

Bay, 49.75 mg.m- 3 in Barrow Stralt and 20.36 m~.m-) ln 

Robeson Channel. Poulin et al. (1983) found maximum ch] ~ 

concentrations of 247 mg.m- 3 ln Man1tounouk Sound, Hudson 

Bay. and Cota et al. (1987) found a mean of 335 mg.m-~ ln 

Barrow Stralt. 

Chlorophyll a values from landfast lce stat10ns are 

signIflcantly h1gher than at the drlfting Ice statIon. Th~se 

results are ln accordance w1th Dunbar and Acreman (1980) ~nd 

Demers et al. (1984) who found dr1ft1ng lce chi d 

concentrations of 2.82 mg.m- 3 for the Gulf of St.Lawrence and 

of 0.5-2.3 mg.m- 3 ln the St.Lawrence Estuary. This suggests 

that ar~fting 1ce 1S less suited for the development of lee 

biota than 1andfast ice, possib1y because It IS less stable 

and subjected to rap1d mouvement and deformatlon. It should 

be noted that contrary to results from landfast lce statIons. 

no nutrient dep1et10n occurs at statlon 7, and therefore 
~ 

f ' . . nutrient llmltation cannot be consldered a slgnlflcant 
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factor. 

Time scale evolution of chlorophyll ~ for bottom lce 

sections (Fig. 13) lndicates a decrease in ehlorophyll 

concentrations in the second week of March following aIr 

temperature increases above OOC. Air temperature increases 

above the freezing pOInt cause meltlng of surface lce and 

allow for flushing. whieh is the most effectIve mechanism for 

ice desallnatlon. The flrst lce melt actually resulted ln a 

20cm decrease ln ice thlckness (see Chapter 1). Therefore 

flushing, assoclated with decreases ln ice thlckness seems to 

limlt blomass accumulatIon of lce biota in the Magdalen area, 

especiallyat landfast lce statIons protected from rafting. 

At higher latitudes, flushlng oceurs only at the end of the 

ice algal bloom and lS associated with the sloughlng off of 

the ice algae (Cota et al., 1987). Therefore the instabll1ty 

of the lce substrate, wlth respect to iee melt, could be 

suggested here as a llmltlng factor of lce algal biomass 

accumulation. 

SpecIfie growth rate estimates for bottom lce sections 

were in the order of O.10t.05SD doublings per day. Recent 

data for Arctic species lndieate a range of O.3-0.7d- 1 

(Hegseth, 1982). However, in the high Aretlc, Cota et al. 

(1987) estimated speciflc growth rates of 0.08-0.25d- 1 , with 

a maximum of O.96d- 1 for natural assemblages; Alexander et 

al. (1974) reported O.13-0.16d- 1
• and Harner and Schrader 

(1982) reported O.26d- 1
, aU from bottom lce ehloraphyll 
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accumulation. Growth rates for ice algae from the Gulf of 

St.Lawrence would therefore fit in the lower range of Arette 

ice biota growth rates. Reduced algal growth rates can result 

from low temperature. low 11ght l.ntens1.ty, high envlronmelltal 

variab1lity or nutrient limitat1.on. Cons1dering that bottom 

ice temperature 15 somewhat 51milar at aIl latitudes, It Cdn 

be asked which env1ronmental factor limlts growth and 1re 

algal biomass accumulat10n ln the Gulf of St.Lawrence. 

Nutrient lim1.tation. specially of nitrates ~nd 

silicates, 15 a possIble cause of lower lce algal blOm.1SS III 

the Gulf of St.Lawrence as Ind1cated by N/P and C/N fdtlOS. 

C/chl~ ratios of 99.6(t64.3SD) could further support N 

lim1tation or indicate poor physiologlcal state (Epplpv, 

1972). There are indications of nltrogen llmltation of lee 

algal product1on ln the Arctic (Gra1nger, 1977; Gasselin et 

al., 1985; Cota et al., 1986; Maestrlni et al., 1986) bllt 

perhap5 not to such an extent as for ice blota ln the Gulf of 

St.Lawrence. 

Differences ln under1.ce llght reglmes could also account 

for reduced ice algal biomass at lower 1at1tudes as suggested 

by Dunbar and Acreman (1980) and Demers et al. (198);. 

Underlce light intensities, estimated for the Gulf of 

St.Lawrence using Maykut and Grenfell (1975) light absorptIon 

spectra for an average ice thlckness of 50cm and an average 

surface irrad1.ance of 5,266.4ftcd (data obtalned from 

Environment Canada). gave underice llght irradiance of 526.6-
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1053.28ftcd. compared with 5-10ftcd during Arctic ice algal 

bloom (Grainger, 1977). Shade adapted Arctic lce algae are 

reported to be light saturated at 110ftcd with 

photolnhibltion at about 1200ftcd (Bunt, 1964; Sakshaugh. 

1983). Low compensation light intensitles, achieved through 

Increased numbers of photosynthetlc units and chlorophyll ~ 

content per cell, is a critical adaptatIon permittlng the 

growth of lce algae ln the Arctic despIte low light 

intensltles. Therefore higher underice light intenslties in 

the Gulf of St.Lawrence. coupled with short duratlon of ice 

coverage, could possibly limit ice biota productIon by not 

al10wlng for extreme shade-adaptatl0n. Although no dlrect 

proof of thlS eXlsts, since the results of chlorophyll ~ 

content per ce1l were hlghly variable, the C/chl~ ratIos of 

99.6(t64.3SD) cou1d suggest poor adaption to 11ght 

intensltles. Indeed. C/chl~ ratIos of 38 are tYPlcal of 

bottom lce communltles adapted to low 1ight levels whlle 

ratios ~100 are found when there lS not sufflclent tlme for 

adaptatIon to underice light reglmes (Bunt, 1964; Palmlsano 

et aL, 1985). Palmlsano et al. (1985) report that 

adaptatIon to low light lntensities, resultlng ln a decrease 

ln C/chl~ ratIos due to a 5 fold lncrease in chlorophyll~, 

was found to occur after a period of SIX weeks. This lS 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 



-108-

indicate nutrient limitation wlth respect to nitrates and 

silicates. However. no correlations are observed between 

nutrients and blomass of bottom ice, based on chlorophvll ~ 

concentrations, suggesting that growth rates more than 

biomass are affected by the nutrient limItation. ThlS 15 

supported by growth rate estimates being in the lower range 

of values described for Arctic lce algae. The Instabllitv of 

the ice substrate, with respect to ice melt, 15 als~ 

suggested as a limiting factor ln Vlew of the decrease ln 

chlorophyll ~ associated wlth a decrease ln ice thlckness. Â~ 

for higher underice light intenslties, there 15 sorne eVldence 

of lack of shade adaptation of ice algae in the Gulf of 

St.Lawrence, but it rnlght be a consequence of the short 

duration of ice coverage. 
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Abstract 

The structure and the composition of lce blot.! 

communities from the Gulf of St.Lawrence, Magdalen Islands 

area, were studied at six landfast ice statIons and one 

driftlng ice statIon throughout the period of ice coverdgp. 

On the basis of speCles compOl-titlon, two types of ice bIotd 

communitles were found in bottom lce: communlties composed of 

predomlnantly pennate dlatoms (abundance ~ 

communities wlth a high abundance of centrlc dlatoms 

(abundance > 46.2%). The flrst communlty type, found .H 

stations located in lagoons and on the eastern coast of thp 

Magdalen Islands, IS slmilar to Arctlc landfast lce blota 

communitles wlth Nltzsch1a cyl1ndrus, ~. polarIs and NdVlculd 

karlana as domInant spee1es. The second commun1ty type, found 

at statIons located on the western coast of the Islands and 

at the drlfting 1ee station, 1S Slm1lar to drlft1ng lee blota 

communi t 1 e s p revious 1 y descrlbed f rom the Gulf oi 

St.Lawrence, with a high percentage of centr1c dlatom speCles 

( > 46.2%) due to the dominance of the planktonlc dldlom 

ThalasSloSlra nordenskloldli. Spec1es richness and the 

Shannon-Weaver Index of diverslty were low, wlth mean valups 

for bottom ice of S=9.5 and H'=O.57. Density ln numbe r of 

cells/L was varIable with me an values for bottom Ice ran~lng 

between l04-106 xce ll s /L. and was negatlvely correlated with % 

centrlc dlatoms. the density belng two orders of maCQltude 
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higher at stations with low % centric diatoms « 2%). Results 

on the structure and the composition of the ice biota 

communities are discussed in relation ta 1ce type, i.e. 

landfast and drifting pack ice, and in comparison to ice 

biota communities from hlgher latitudes. 
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.1! ., " " - INTRODUCTION 

The presence of ice algae has been known for nearly 150 

years. They were flrst described from the Arctic by Ehrenberg 

(1853 ) and from the Antarctic by Hooker (1847). The 

11terature on ice biota which has grown conslderably Slnce 

then, and more partlcularly in recent years. was summarlzed 

by Grainger (1977, 1979) and by Horner 0976, 1977 and l'i35). 

Three maln types of lce mlcroalgal communltles have been 

described: surface, interior and bottom ice commllnltles. 

Surface lce communitles lnclude microaigae found ln 

associatlon with the snOW-lce lnterface flooded by seawater 

upon lce depression by snow weight, such as descrlbed by 

Meguro (1962) in the Ant~rctic. Another type of surface lep. 

community is found ln assoclatl0n wlth lce surface me1t pools 

when there is not enough snow to depress the lce (McConvllle 

and Wetherbee, 1983). In pack lce from DaVIS Stralt (Booth. 

1984) and in Antarctlc wa ters (Fukushlma and Meguro, l 'ifJh) • 

surface water washlng over lce floes has been observed ta 

seed the surface of the ice wlth planktonlc a1g~e. but 

without indlcatlon of survlval or growth of the algae 

(Horner,1985). This 15 also true of surface lce communltles 

described ln the Arctlc by Gralnger and HSlao (1982) and ln 

the AntarctIc by Hoshiai (1977) which are thought ta be 

remnant populations of bottom ice autumn blooms. 

-
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Interior ice communl.ties are main1y found in the 

Antarctl.c, a1though there 15 one report of an interior lce 

C'ommunity from the Bering sea (Horner, 1985). In the 

Antarctic, this type of communlty re5ults from br1ne dra1nage 

processes Initiated by summer warmlng but not carrled to 

complet1on (Aekley et al. , 1978). Th1S process causes 

redIstrIbution of salinlty and of nutr1ents ln the mId-depth 

reglon of the Ice, thus promotlng lce m1croaigal growth. 

Bottom ice communltles are the most 1mportant ln terms 

of productIon and standing crop. In the Antarctic, bottom 1ce 

communltl.eS are maln1y found in fraZl! lce WhlCh forms 

through aggregatian of uncansolidated ice crystals he!d ln 

place by their positIve buoyancy (Bunt and Lee. 1970). In the 

Aretic. bottom ice commun1ties are concentrated ln the 

skeletal layer Wh1Ch oecuples the bot tom cent1meters of 

congelatIon lee and whl.ch 1S ln d1rect contact wlth the 

underlYlng seawater. Seawater nutr1ent supply to the skeletal 

layer is responsible for active growth of bottam lce 

m1croalgal communitles (Cota et al •• 1987). An addlt10nal 

type of bottom eommun1tv, the mat-strand community, form1ng a 

mat-l1ke cover1ng with suspended strands of microalgae, is 

(McConvi11e and Wetherbee, aiso reported 

1983), 

from Antarctica 

Underice phytop1ankton blooms have been recorded 1n 

Hudson Bay (Legendre et 

(Salto and Tan1guchl. 1978) 

al., 1981) and in the 8erlng sea 

where they were assoclated w1th 



-120-

underice brackish layers and dominated by flagellates. There -
are also reports of spring blooms assoclated wlth front~1 

structure at the ice edge (Alexander and N1ebrauer, 1981) 

with similar species composition ln lce and ln seawdter. 

However, underice seawater communitles usually conslst of 

senescent. sloughed ie e mIe roa 1 gae ln low concentratIons 

(Horner, 1977; Horner and Schrader, 1982; Pett et al., 1983; 

Rymes. 1986), 

In sea lce the most commonly oecurrlng mlcroalgae belong 

to such classes as the Baclilariophyceae (Dlatoms), the 

Chrysophyceae, the Chlorophyceae. the Dynophyceae and the 

Euglenophyceae. Diatoms are the most abundant group of 

microalgae found ln sea ice wlth pennate forms belng 

domInant. ThIS lS particularly true of landfast 1re 

communltles, ln both polar reglons, where pennate dlatoms 

account for more than 90% of the speCles abunddnce 

(Burkholder and Mandelll, 1965 ; Meguro et ci 1. , 1967; 

Whittaker. 1977; Horner and Schrader, 1982; Pett et al. 19l:S); 

Rymes. 1986). Considerlng sea ice as a substrate analogous to 

the benthos, ln fact an upper SOlld substrate or a "celling" 

as proposed by Dunbar and Ac reman (1980',lt 15 not 

surprising to flnd that lce blota eommunltles are, slmllarly 

to benthic mlcroalgal communltles, domlnated by pennatp 

diatoms. Indeed pennate diatom5, contrary to centrlc dlatoms, 

are found mainly in assocIation wlth substrates to WhlCh they 

can attach by mucilaglnous secretIons and on which they can 
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move about through cytoplasmic streaming in the raphe 

(Pa~rick and Reimer, 1966). Furtherrnore, a number of stud1es 

h1~e shown that pennate dIa toms are adapted to low 11ght 

intenslties, a condItion Inherent to benthic and lce 

envlronments (Rlvkln and Putt, 1987), There is however no 

signlflcant species correlation between benthlc and lC e 

diatom communitles (Horner, 1985). Pennate ice dlatoms seem 

to be typlcal cryophlles found only in association wlth sea 

ice (Usachev, 1949), 

Centric dlatoms have been reported for landfast lce 

communltles. but only for a few 5pecle5 and never ln great 

abundance (Gralnger and HSlao. 1982). The occurrence of 

than in Arctlc lce. centrlc speCles 15 hlgher ln Antarctlc 

pOS51b1y due to the unconso11dated frazl1 lce structure of 

Antarctlc lce WhlCh al10ws more water to be present between 

lce crystals, thus provldlng a more favorable habItat for 

"entrlc species (Horner. 1985>' However, centrlc dlatoms a.re 

reported as domInant specles ln a number of studles on 

dnftlng pack lce communlties from both polar reglons 

(Vanhoffen, 

1938. 1949; 

1893, 1897: Gran, 

Hart, 1942). 

Sut he l' 1 and 's (1 8 5 2 ) r e p 0 r t 

1897: Melster. 1930; Usachev. 

Apollonlo (1985). referring to 

of an Arctlc summer pack lce 

community that wa5 dominated by the centric dlatom Meloslra 

arctlca, even suggested the existence of a second arctlc lce 

flora separated florlstically and ecologlCally 

dlstlnguishab1e from landfast lce flora. 
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\ Dunbar and Acreman (1980) also found ice blota -
commun1ties that were dominated by centric diatom speCles 111 

drifting pack lce from the Gulf of St.Lawrence. but the\! 

repo rt tha t pennate diatoms are dominant in landfast lC~ 

communities from higher latitudes. Demers et al. (1984). ln 

their study of 1ce blota from drlft1ng lce floes ln th~ 

St.Lawrence estuary. similarly found communities with hlgh 

abundance of centrlc species. The dlfferences in speCles 

composItion between hlghe r and lowe r latltudes were 

attributed to the shorter duration of 1ce cover and hlgher 

underice light intensity in the Gulf of St.Lawrence (Dunbar 

and Acreman. 1980). These condItions were suggested ta favour 

planktonic centric diatoms over shade-adapted pennate ones. 

The present study of lce blota from the Gulf of 

St.Lawrence was undertaken ln V1ew of the results obtalned bv 

Dunbar and Acreman (1980) and bv Demers et al. (198 /.). The 

objective of th1S study was to test the hypothesls thdt 

abundance of centric species ln ice blota from lower 

latitudes was favoured by the shorter duratlon of the lC~ 

caver and by the h1gher underice light lntenslties. Communlty 

structure and speC1es compos1tlon were therefore determlned 

for landfast and drift1ng pack lce statIons ln relatIon to l, 

sea ice character1stics. 2) envlronmental variables Includlng 

nutrient regimes. and ) ice biota from h1gher latitudes. 
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MATERIALS and MITHODS 

The structure and composition of 1ce biota commun1ties 

from the Gulf of St.Lawrence were studied in the Magdalen 

Islands area. sltuated in the centre of the Gulf of 

St.Lawrence at latItude 47° to 48° North and long1tude 61° ta 

62° West. The locat10n of the SlX land fast 1ce statlons (1 

to 6) and of the drift1ng 1ce stat10n (7) lS illustrated ln 

F1gure 1. Stat10n numbers and locations are the same as ln 

Chapters 1 and II. Stat10ns 1 and 3. located in Havre-aux­

Ma1sons and at Bass1n. are protected from w1nds and drlftlng 

lce effects. Station 2, located on the eastern coast. is 

exposed to the northwest wlnds and to occaslonal plllng up of 

ice ln the BaIe 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 prevalllng 

northwesterly wlnds and to southeast driftlng lce floes 

coming from the Gulf of St.Lawrence. At these two stations. 

ice was sampled mld-way between the shore and the edge of the 

Iandfast ice <Stat10ns 4 and 5). as weIl as at the ice edge 

(Statlons 4A and SA). the boundary between landfast lce and 

drifting pack Ice. to determine ice edge effects. StatIon 6. 

on the northwestern slde at POlnte-aux-Loups. is the most 

exposed to w1nds and drlfting Iee. StatIon 7. located 
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Fiaure 1. Map of the Magdalen Islands, Gulf of 
Sampling stations are designated by numbers 
landfast ice stations and by number 7 for the 
station. Stations 4A and SA are located at the 
edge. 

St.Lawrence. 
1 ta b for 
driftlng lce 
landfast lee 
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approx1mately 20 km west of Pointe-aux-Loups, 1S the ctr1ftlng -
pack ice station which was used for eompanson to landfast 

1ce. 

Sampling and Laboratory Procedures 

Seawater was sampled at statIons l, 4, 5 and 6 ln 

January of 1979, before iee formation. Landfast Ice begJn tu 

form in the fl.cst week of February, but sarnpllng of l.ce onlv 

started at the end of February when the lce was thlck t~nough 

t 0 sa f e 1 y wa 1 k 0 n. • F rom t ha t peri 0 don, 1 c e a n ct wa l ers ,1 m pIe s 

were collected every two weeks at statIons t 0 6. Iee and 

seawater were sampled only twice at statIon 7 by hellcopter. 

Ice sarnples were collected wlth a SIPRE lce corer of 7.5 C Tf1 

diameter. A mInImum of two cores were collected wlthui .. 

meter dIstance. The ice cores were cut Into 20 cm sections 

start1ng from bottom lee. Ice sectIons were numbered by "1" 

for surface lce down to "B" for bottom Ice. Seaw<.lter W.'lS 

sampled by pumplng underlce seawater through holes made bv 

the corer. The samples were kept ln a cooler at 

brought back to EnVlronment Canada's laboratory at Cape-aux-

Meules. 

In the laboratory, samples were melted ln warm water 

baths From each sample, two 125 ml aUquots were 

preserved ln Lugol's solutIon (Throndsen 1978) for systematlc 

r , . determinatIon. One aliquot was prepared for IdentIfIcatIon 
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and cell counts of diatoms usine the muffle furnace technique 

(Zoto et al. 1973). The cleaned frustules were then mounted 

in Hyrax (Patr~ck and Rel.mer, 19(6) and observed under a 

ZelSS phase contrast microscope. The muffle furnace technique 

was preferred ov~r the oxidatl.on technique because it 

preserves the colonIal forms whl.ch can be used as a criterion 

for ldentlflcatlon. S1nce thlS cleanlng procedure destroys 

mIcroalgae other than diatoms, as weIl as all cellular 

components makIng It lmpossible to dlstinguish between dead 

and 11ve d1atoms, the second al1quot was analyzed using the 

Uthermol (1958) sedlmentatl.on tpchn1que wlth a Zeiss phase 

contrast Inverted microscope. Th1s techn1que is most 

approprlate for 1dentIf1cation and cell count of mlcroalgae 

other than d1atoms, and for evaluat10n of the percentage of 

empty dlatom frustules. 

Data Analysis 

A mln1mum of 500 cells were 1dentif1ed and counted ln a 

senes of transects at magnlfication up to 1250X for 

subsequent analys1s of community structure and composition. 

The 1dentif1cation and count1ng of a min1mum of 300 

indlv1duals is considered to g1ve rel1able evaluation of 

dlatom commUnl.tles (Margalef, 1978). The nomenclature follows 

Van Landlngham (1967-1979), and the taxonom1C works of 

Hustedt (1930a, 1930b, 1959, 19(6), Cupp (1943), eleve-Euler 
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(1951, 1952, 1953a, 1953b, 1955), BruneI (1962) and Patrick 

and Reimer (1966, 1975) were used for the identIfIcation of 

diatoms. 

The structure of the various communitles is analyzed 

uSIng the followlng community descriptors: 

1) the number of speCles. S 

2) t~e Shannon-Weaver index of diversIty (Shannon 

and Weaver. 1949). 

H' = -Ip~logp:i 

where p~= n~/N IS the proportIon 

speCles (n~) over the total denslty 

per lItre. 

of the densIty of the Ith 

(N) ln nurnber of ce11s 

) Plelou's (1966) evenness Index, 

J = H' / Hmax 

whe re Hmax = log S, S 

encountered ln the sample. 

observed dlverslty (H') 

belng the total number of speCles 

"J" lS deflned as the ratIo of 

to maXImum dlverslty. the latter 

being sald to occur when the specles ln a collectIon are 

equally abundant. When J=l, there lS evenness. Departure from 

1 15 an Indlcat Lon of Increaslng domInance. Slnce H' ref 1ects 

on both total number of speCles and thelr relatIve numerlcal 

representatlon, Plelou's evenness Index lS a better Indlcalor 

than domInance Slnce It dlstlngUlshes between these two 

components. 

4) total denslty ln number of cellslL, as a rneasure 

of bl0mass. 
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5 ) % centric dlatoms, representing the percent 

contribution ln densIty (na cells/L) of centrlc dlatom 

specles over the total denslty. 

The specles composItion of the varIOUS communltles lS 

determlned on the basls of abundance. defined as the percent 

densltv (n° of cells/L) contrIbutIon of Indlvldual speCles 

over the total densltv. Dominant speCles were deflned as 

specles wIth an abundance greater than 5% • 

Statistical Analysis 

Ta determlne statlstlcal differences in the varlOUS 

communlty descrlptors, ln lce and ln seawater among the 

statIons. a SAS statlstlcal package was used ln aIl data 

ana 1 vses (Ray. 1982a. bl, AlI llnear model statlstlCS. such 

as analysl. 'li varIance (ANOVA), make the assumptlon that the 

underlYlng populatIon from which the sample data are drawn 15 

normallv dlstrlbuted. To test thlS assumptlon. the Shaplro­

Wllk, W. statlstlc and probablilty plot were computed for aIl 

the data sets uSlng the UnIvarlate procedure ln the SAS 

system (Ray. 1982b); the Fmax test (Zar, 1984) was used to 

test the homogenelty of varIance assumptlon. AlI communlty 

descrlptors were normally distributed, except for densIty 

values WhICh were log-transformed. A SIngle factor analysls 

of varIance (ANOVA) was carrled out to test the null 

hypothesls Ho: the re are no differences in community 
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descriptors among statIons (or among seawater and le e 

sectIons at the same statIon) agalnst an alternate HI: lhell~ 

are differences ln communlty descrlptors among statIons. ut 

among seawater and ice sectIons. Where par a met r 1 {' A N () V 1\ 

rejected the null hypothesls, a speclflc among statlons lot 

among seawater and lce sectIons at the same statlolll 

comparlson of means (at the P=O.OS level ). for each of the 

descriptors was carrled out uSlng the Student-Newman-I\t'uls 

(SNK) multIple range test. 

Dlverslty measures are sometimes Ineffectlve III 

segregatlng dlfferent enVlronments Slnce thev do not takp 

lnto account the specles composItIon of the comrnunLtlt'S 

compared. Therefore to estimate slmllarltH'!:> tOk 

dlsSlmllarltles) of specles composItIon and abunddnce bet """Pli 

the dIfferent statIons and compartments (Ice $pctluns ,llId 

seawater), wacd's agglomeratlve hlerarchicai ClolSSlflCJt 1011 

\Vas performed (SAS cluster procedure. ThiS 

procedure groups varIables. specles densLty ln thlS case. oi 

hlgh mean slmIlarlty with 

multIple correlatIon R:2 

each 

(the 

other based on the SqUo1lf' 

sum of squares between ail 

clusters dlvlded by the corrected sum of squares). Speclt's 

densities (na of cells/L) were fIrst root-root transformed tn 

reduce the welghIng of very abundant specles (FIeld et al .. 

1982). The transformed densllies were then used to const cuet 

a Bray-Curtis dissimllarity matrIx (Bray dnd CurtIS. 1957). 

The Bray-Curtis measure has the farm: 
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a = l y~~ - Y~k / l (Y1J - Y1k ) 

where Y~J = denslty oi the Ith s~eCles at the Jth sta~10n; 

Y1k : denslty of the Ith speCles at the kth statIon: and 

aJk = dlssimilarity matrlx between the Jth and the kth 

statIons summed over aIl speCles. range from 0 

(complete simllarity or Identlcal scores for ail specles) ta 

1 (complete dIsslmllarlty or no specles ln common!. The 

values calculated for are then arranged ln 

dlSSlmllarlty matrix from WhlCh a dendogram IS produc~d. 

uSlng group-average sorting whlch JOIns two groups of sample 

together at the average level of sIml1arlty between aIl 

members of one group and aIl members of the other. 

SlgnIflcant reiationshlps between the varlous 

environmentai varIables (Chapt. II) 

based on community descriptors. 

and community structure. 

were determined uSlng 

Pearson's correlatIon. 

reiationships between 

Ta slmpllfy the InterpretatIon of 

the environmentai varIables and the 

communlty descriptors. prInCIpal component analysis (PCAI 

procedure (Ray. 1982a) was performed. The alm of the PCA was 

ta dellneate Independent aSSOCIatIons among the sets of 

envlronmental and community varIables. Ta draw some Inference 

about the general relationship between the environme~tal 

condItIons and communlty structure, ~Imple Ilnear regression 

analYSls was used to test the reiationship between 

scores of the environmentai and community data sets, 

the PC 
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RRSULTS 

A total of 86 diatorn taxa were identIfied from 1ce and 

water samples (Table 1), wlth Il species belonglng to the 

subdivIsIon "CentfIcae" and 71 speCIes to the subdIvIsIon 

"Pennatae" accordIng to (,Jstrup's (1970) clasSIfIcation 

system. Only 34 diatom speCles were found ln seawater as 

opposed to 84 specles ln lce. Mlcroflagellates were the only 

other group of mlcroalgae present, and they accounted for a 

mean abundance of only 

seawater (Table 1). 

Bottom Iee Communities 

1. 78% ln bottom lce and 0.09% ln 

VornInant microalgal speCIes, deflned as species wlth 

abundances greater than 5%, were determlned and are Ilsted 

for each statIon in Table 2. The results for bottorn lce 

sections lndlcate that speCIes composItIon dIffers among 

statIons. At statIons 1 and 3, the most abundant speCIes are 

Nitzschla polaris (abundance of 36.99% and 63.63% 

respectIvely) and Amphora straurophora (6.91% and 16.83%). At 

station 2, the community lS almost entlrely composed of 

Navicula karlana wlth a mean abund~nce of 91.84% • ThIS 

speCIes is also dominant at stations 4, 4A. 5 and SA (S6.88%, 
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Table 1. Ll.st oi taxa (Bacillanophyceae am Microflagellates) 
l.dentlfled fmn ice aoI Wilter sarrples in the Magdalen 
Islan:ls area. :iœl~ relative abniaœe (%) In the 
total colllectlOllS fmn seaater (W) mi bottan lce 
sectlon (8). 

Baclilanophyceae 
Centrales 

Actl!lJPtyctu; lDiulatus l<iitz. 
Biddulptua aunta (L~. )Bréb. 
~.gramlata Rop. 
CœclJDbscus astermphalœ Ehr. 
Ç.decrescens var • palans Grt.Il. 
Cyc10tella t'tmeghuuana l<iitz. 
C.socl.alls ScJutt 
~IQSlra su1cata (Ehr. )l<iltz. 
1halasslBSua declPler5 Grt.Il. 
T.mrdeœkl.dldii Cl. 
Tnceratl\Jn al teIl'laffi Bal.l. 

Pemales 
Achnanthes haynaldl.1 (Schaarschn. em. )A. Cl. 
Al!ptDra IDlsatlca HlBt. 
~.œtreana Œréb. H<iJ.tz. 
~.perpu:ill1a Grun. 
~.proteus Greg. 
~.proteus var.oculata Per. 
~.staurophJra (Gastr. )Cl. 
calonelS brevlS GrP..g. 
CocconelS placentula Ehr. 
Ç.scutellun Ehr. 
C. tlDœsl.al1a Brun. 
cynœ Ua sp.l 
Diatœa elorpttJII var. terms Ag. 
Diploneis i.œwvat.a Greg. )Cl. 
Q.Smlthli <Bréb. )Cl. 
Q.splelmda (Greg. )Cl. 
Q.suborluculans (Greg. )Cl. 
Ffithemla zebra (Ehr. Hwtz. 
Flmtl.a lllW"l.S var. ventœa <Berg. )Cl. 
~.pectmallS (l<iltz. )Rab. 
~. vaMeurcku Patr. 
~.venens U<l1tz. )ü.rotUl. 
EinltogIël!1l8 prodœtlll\ (GIlIl. )V.H. 
f.construens (Ehr.)Gnn. 
Fraplana :invesUeœ (W.Sm. )CI. 

B 

0.25 
5.35 
0.09 
0.04 
0.38 
O.qo 
1.23 
2.09 
3.48 

15.63 
0.03 

0.01 
0.24 
0.05 
0.04 
0.54 
0.01 
4.13 

<0.01 
0.38 
0.12 
0.05 
0.05 

0.08 
0.01 
1.26 

<0.01 
1.41 
0.05 

<0.01 
0.01 

<0.01 
0.47 
0.01 
0.09 
0.08 

w 

3.57 
2.06 

0.32 
10.87 
0.79 

3.57 
8.41 

1.78 

3.73 
1.71 

0.14 
0.65 

0.40 

1.19 
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Table 1. (contlJlled) 

B w 

f.lapponica (Gnn. )V.H. 0.01 
f • viresceœ Ralfs 0.06 0.22 
Garptmena sp.l <0.01 
G}I!QS:ÎtJ!B baltlCllll ElIr. 1.19 
Q.rectun (Ikxit. )Cl. 0.01 
Hantzschia éIIIlIuoxYs (Ehr. )Gnrt. O.l) 
~.sp 1. 0.01 
LlgroplDra graclhs var .gllca Per. O.l) 
MastoglOla éUplata Lew.1s <0.01 
~.aplcu1at.a w. Sm. <0.01 
Navicu1a baclllun au-. 0.01 
~.cancel1ata Donk. 3.27 0.89 
~.c!YPtocephala var. veœta (l<iitz. )RaIil. 0.01 
~.dl.rect.a W.Sm. 0.37 0.14 
~.fOrclpat.a Grev. <0.01 
~ .ga1iku Pant. 0.14 
~ .glaciallS Cl. <0.01 
~.graclloldes A.Mayer 0.13 
~.Grevillel (Ag. )Helb. 1.03 4.54 
~.hume~ Bréb. 0.17 
~.kan.ana (Gnm. )Cl. 20.02 18.14 
~.1aeVl.S A.CI. 1.00 1.19 
~.laoceolata (Ag. Jl<iltz. 0.22 
~.~ Ehr. 5.l) 1.19 
N.nurahs Grun. 2.ll 1.4':1 
~.protracta Grun. O.l) 
~ • rh)'ŒOCephala l<iltz. 0.05 0.29 
~.spicu1a (Hlck. )Cl. 2.26 
~.sp.1 <0.01 
~.sp.2 <0.01 
~.sp.3 0.85 0.30 
~.yarrenslS var .arœncana Cl. 0.91 5.95 
Nitzsclua. acuninata (W.Sm. )Grun. <0.01 
~.capltel1ata var .lappom.ca 0.15 
~.cylmlru; (Gnn. )Hasle 5.39 8.70 
~.liœari.s (Ag. )W.Srn. 0.79 
~.littorallS Grun. <-0.01 
~.polaris Grun. 12.01 8.37 
~. themallS (l<iitz. )Gnm. 0.03 
~.~ Norm. 0.01 
Plmllana aestuaru Ihnterrupta<Hœt. )A.Cl. 0.001 

...... ~.baltlca (Sdl1l.z) 0.01 
{ " 

~ .globiceps var.Krooku Grun. 3.30 2.59 ,> < 
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Table 1. (continJed) 

~ .quadratarea var .balt1ClJ11 Gnm. 
~ .streptqraphe Cl. 
Plag,jq;rama stauroplmrun (Greg. )Heib. 
PleurosJgJ!'il elmptun var .fallax GllI1. 
Synedra pllchella (Ralfs)l<iitz. 
SUrirella lSlarxhca Q:;tr. 
Trad1yneis aspera Ehr. 

Mlcroflagellates 

8 W 

0.13 1.19 
0.01 
0.03 
0.05 
0.18 
0.27 
0.03 3.57 

1.i8 0.09 
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Table 2. L:ist of <bninant dJatan species (ab.ntaœe ~ 5%) tran 
bottan lce sectioœ. at statlons 1 to 1. l.œl~ 
percent mean aIuI1aœe. Tœan denslty am staOOard 
deviation (ln parentheses) per statlOO. 

STA'l'Iœs SIII!I:IPS AIIIIMZ IDSI1Y 
(%) ( 10.lxcells/L> 

Nl.tzsclua palans 36.99 85.9 (!%.5) 
Navicula caœellata 1l.83 48.4 (!11.2) 
PinrIllaria globl.ceps var.Kroola.i 15.11 35.1 (!32.81 
ArrpIDra stmllOPhlra 6.91 16. 1 . !:!3. i ) 

'l Navlcula kanana 91.84 359.h (!4:!5.~ 1 .. 
3 NitzscJua polaris 63.63 157.9 (!:l») .6) 

Ar!pDra stauroplpra 16.83 41.8 (t46.8) 
NaVlcula nuralis 8.61 21.5 (t25 • 2 ) 

4 NaVlcula kan.ana 56.88 6.1 ttI0.8) 
'DlalasslClSua oordenskJ.o ldn 21.14 2. 'j (!).1) 

~\ 'lbalassiosua mrdensla.o ldn 46.22 2.9 (t5.2) 
Navicula kanana 38.66 3.1 (t4.3) 

5 1halasslClSl.ra ooroenskJ.o ldn 48.22 1. 7 (t5.5, 
NaVlcula kanana 27.74 3.6 (t8.4, 
Nitzschla c~ll.ndrus 6.23 0.9 (t8.6) 

5A 1halasslClSl.ra oordenskJ.o ldil 58.83 3.4 (t4.8) 
Navicula kanana 34.32 2.0 (t2.81 

6 Nitzschla cyllrxlrus 55.25 65.7 (t131.4) 
NaVlcula kanana 36.73 1.1.1 (t87.3) 
1halasslClSl.r3 ooroenskJ.o ldn 36.98 43.7 (t87.3) 

1 1halasslClS1Ia ooroensla.o ldn 35.98 3. 5 (t8.) 
Nitzschia cyllrxlrus 16.01 1.5 (t2.2' 
Navlcula laevlS 10.96 1.1 (t1.9) 
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38.66%, 25. 74% and 34.32%), but dominance at these stations 

is also shared by the centrlc species Thalassiosira 

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

composItIon dIffers slightly at statIon 6 wlth Nitzschla 

cylindrus being most abundant (55.25%) fol10wed by ~. kariana 

(36.73%) and Thalassloslra nordenskioldll (4.56%). At the 

drIftlng lee station 7, T. nordenskloldil is again dominant 

(35.98%) wlth Nltzschla cyllndrus (16.01%) and Navicula 

laevls (10.96%). 

To estlmate simllarity of species composItion between 

the dlfferent statIons, Ward's agglomerative hierarchical 

classlfIcatIon was used. Figure 2 is the resultant dendogram 

produced by group average sort1ng of stations using the Bray­

CurtIs d1SS1mI1arlty matrIx, based on mean densIty of each 

specles. A broken 1Ine drawn at an arbItrary slmIlarity level 

of 30% dellneates 2 major groups of statIons. The fIrst group 

Includes statIons 1 and 3, the protected lagoon statIons. The 

becond group dIvIdes 1nto two major subgroups at the 40% 

slmilarlty level: landfast ice statIons 2 and 6, located 

respectlvely on the eastern coast and on the northwestern 

coast of the Islands, form1ng the first subgroup, and 

landfast Ice stations 4, 4A, 5 and SA located on the western 

coast plus the drift1ng 1ce station 7 forming the second 

subgroup. 

The structure of the bot tom 1ee community was defined on 

the basls of a number of community descriptors including: 
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Ficure 2. Dendogram showlng classlflcatl0n of statIons 1 ta 7 
based on communlty composltl0n, l.e. mean specles densltv (nU 

of cells/L). Denslties were root-root transformed beforp 
comparlson uSIng group-average sortlng of Bray-CurtIs 
dlsSlmllarltle~. Statl0ns spllt lnto two maIn groups at the 
30% slmilarlty level, and the second group SpLltS Jllta two 
maIn subgroups at the 40% slmllarlty level. 
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number of species ( S ) • the Shannon-Weaver diversltv ludex 

(H'). Plelou's evenness index (J'). density in n° of cells/L. 

and percentage of centric specles. The results are summdll~~d 

i n Ta t- l '.! 3. 

The number of species ranged from a medn of 20 ~t 

station 1 to a mean of 4.5 at statlon SA. Analysis of 

variance (ANOVA) of the communlty descrlptors (Tablp ~) 

indicates that for station l, the number of speC1PS L5 

signiflcantly dlfferent from stations 4, 4~, SA and b, wlth 

intermedlate values for stations 2, 3, 5 "and 7. The 

Shannon-Weaver dlverslty IndIces (H') were low (Table JI, 

with me an values ranglng from a minImum of 0.40 at statIon 2 

to a maXImum of 0.79 at station 7. No slgnlflcant dlfferences 

between station means were demonstrated by the ANOVA test 

(Table 4). 

Evenness index varled from 0.76 at statIon 6 to 0.)4 ~t 

station 2. Slnce departure of J from lS an IndIcatIon of 

domInance, the bottom lce blota communltles seem to show 

signs of domInance. This 15 partlcularly true of stations 

with hlgh percent abundance of domInant specles such as 

station 2 where the dominant speCles contribute5 91.8~% of 

t he a bundanc e • But agaln, the mean J values are not 

signlflcantly dlfferent when compared between statlons USln~ 

the AND VA procedure (Table 4). 

Density. expressed as number of cells per litre, was 

-f qUlte variable ranglng from a minimum mean value of O.97x10 s 
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Table 3. camuuty descriptors for 5eaW!lter (W) am bottcrn ice sectIon (8) at 

stauons 1 to 7. Descriptors :iŒltde rœan values for S iruOOel' oi 
species, HI (Shamm Weaver dJ.verslty lRle.x), J (E.venness ux:lexJ. DensIty 
(rF of cells/U am % Centric (percen1:age of centnc dlatOOS). Staoiard 
dev"l.atlOŒ are also m:lu:led (:m parentheses) am rurœr of sarrples. 

W<lUPIœS STATIONS 

2 3 4 4A 5 SA 6 
.., 
1 

S B ll.2 10.4 9.4 6.5 6.0 11.6 4.5 5.5 11.5 
0.7) (6.7) (6.5) 0.4) (8.5) <3.2) (6.4) ( 3.6) (o. i) 

4 5 5 6 3 5 ') 4 ') .. 
w 1.3 0.8 1.8 3.1 1.0 2.2 0.5 

0.7) ( 1.6) 0.0) 0.8) 0.4) 0.2) (o.n 
6 6 7 6 2 5 2 

HI B 0.74 0.40 0.58 0.42 0.58 0.76 0.43 0.46 0.79 
<0.10) (0.39) (0.13) (0.12) CO.09) (0.12) (0.18) CO.21) (0.16) 

4 5 5 6 3 5 2 4 ,) 

w 0.38 0.27 0.51 0.58 O.ll 0.65 
(0.09) <0.39) <0.29) (0.39) '0.12) 

) 2 ') 3 '+ .. 
JI B 0.57 0.34 0.56 0.63 0.54 0.74 0.45 0.76 0.74 

(0.06) (0.30) <0.17) <0.23) CO.21) <0.17) <0.12) (0.22) (0.13, 
4 5 5 b 3 5 2 .. '1 .. 

w 0.86 0.91 0.92 0.69 0.65 0.91 
(O.l::!) - (0.11 ) <0.42) (0.53\ 

3 l 2 3 1 

'+ 

Cells/L B 23.2 48.9 31.0 1.1 1.6 1.4 1.1 12.0 1.0 
(xI04

) 09.2) (45.1) (28.9) 0.6) 0.3) (1.7) (0.9) CD.7) 0.3) 
4 5 5 6 3 5 ') 4 2 

W 0 0.06 0.12 0.45 0 1.75 0.01 O.ll 0.01 
(0.06) (0.16) (0.63) 0.77) (0.00 (2.54) CO.01) 

6 6 7 6 ') 5 2 .. 
% Centnc B 1.9 1.3 0.3 29.1 47.1 52.2 61.8 5.0 qo.8 

0.9) (2.1> (0.1) (17.3) 00.2) (5.2) (9.1) 02.5) (19.':') 
4 5 5 6 3 6 2 4 2 

w 0 10.6 0 12.5 0 7.9 0 33.3 0 
(14.6) (25.0) 02.1) (0) 

6 7 6 5 

( 
,1 
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Table 4. Pararœtnc Stuient-Newœn-l<euls test for 
slgIlÜicant (P<O.05) statlStical differeœes 
be~ statlons of cœnuutv descnptors S 
(rumer of Specles) • H' (SharmrrWeaver 
dl.vers1tv :miex). J (P.lelou's evenness miex). 
IRn~nty (rt' of eells/L) aJI'i al cent ne 10 

(percentage of cent rie d1atars 1 • In bottom lce 
sectIon (8) am seaIoBter (W). 

VARIABLES STATIOOS 

:2 3 4 4A 5 5A 6 7 

S B a ab ab b b ab b b ab 
W a a a a a a a a a 

H' B a a a a a a a a a 
W a a a a a a a a a 

J B a a a a a a a a a 
W a a a a a a a a a 

~œity B a a a a a a a a a 
W a a a a a a a a a 

%Centnc B a a a ab b b b a b 
W a a a a a a a a a 
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cells/L at statIon 7 to a max~mum of 48. 9xl0 5 cells/L at 

statIon 2 (Table 3). The results also ~ndlcate that cell 

numbers are an order of magnItude higher at statIons l, 2. 3 

and 6 (10 6 cells/L) than at statIons 4, 4A. 5, 5A and i ~ 10 5 

cells/L). DespIte these dlfferences ln mean dens1.ty between 

statIons. the ANOVA performed for denslty ~Table 4! dld Ilot 

show SlgnIflcant dlfferences between 5tatlon means because ai 

the very hlgh standard deVla tIans assoc 1ated \.Olth celi 

denslty. 

The results on percent centrlc specles 1ndlcate a clea. 

demarcatl0n of commun1ty structure between statIons (fable )l 

w~th statlst~cally Slgnlflcant dlfferences (Table 4). At 

statIons l, 2 and 3 located ln Iagoons and on the eastern 

coast of the Islands, the communltles are composed of il 

maJorlty of pennate specIes, Wl th centric dlatoms 

contrlbutlng to less than 2"~ 0 f the abundance. The 

communltles from statIons 4, 4A, 5 and 5 A. located on the 

western coast and from the dnftIng lce statIon i have a 

dIfferent. composItIon, Wlth centrlc specIes accountlng for 

29.13% or more of the abundance. 

Communlty descriptors were then anaIvzed for tlme scale 

evolutlon. An Increase ln number of species S (Fig, 3) was 

notlceable at statIons 4 and 5, ""hIle varIable patterns were 

observed at statIons 2 and 3 • StatIon 1 stands out wlth 

constantly hlgher number of speCIes, and station 6 wlth low 

( 
• number of speCles throughout the 1ce season. No disceflllbie 
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Fiaure 1. Time scale evolutlon of communlty descrlptor S 
(number of specles). for statlons 1 ta 7. 
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trends in time were observed for diversity (H') and evenness 

(J). Denslty plotted on a log scale versus time (FIS. 4) 

illustrates the same trend as S. with a marked increase in 

number of cells from February untll mld-Harch. followed by a 

decrease ln the latter part of Harch. except for statIon 3. 

Stations l, 2 and 3 are dlstlngulshed from the other statIons 

by havlng cell densitles one arder of magnItude hlgher. 

StatIon 6 stands out agaln wlth densltles less than 10J 

cells/L ln Harch, followed by a marked Inerease ln AprIl. 

Graphle presentatIon of % eentrlc dlatoms versus tIme (FIg. 

5) again lliustrates the peculiarltles ln communlty structure 

at statIons l, 2 and 3 WhlCh have a very low pereentage of 

centrics dlatoms « 3.0%J. At statIon 6, the percentage of 

centnc lS around 20% ln March and down to less than S% III 

AprIl. At statIons 4. 4A, 5 and SA, the pprcentage of 

centrIcs Increases frorn 0 ta about 45% and more by mld-Harch, 

following the increase ln cell density. At statIon 7 the 

percentage of centrlc is always greater than 40% WI th 

respect ta speCles composItIon, no statlstlcally dlseernlble 

patterns of speeles succession cou Id be dernonstrated for the 

bottom ice microalgal communltles. 

Underice Seawater Communities 

The species composItion of underlce seawater was slmilar 

- to that of bottom ice communities (Table 5) with Navieula 
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Figure 4. Tlme scale evolution of community descriptor 
Denslty (na of cells/L) on a logarithmic scale for stations 1 
t 0 7. 



._"\ 
Î r' , \ 

~.. . 

1000000 
2 3 

1 3 6 
316228 -i 1 

2 
1 

100000 l 3 

.3 

" 31623 ] 5 4 
.J 

1 

" 2 4A 
IJ 10000 5A 5 4 --., 
0 

=1: 3162 
\oJ 1 

~ 1000 
(1) 4 6 Z 
W 

316 c 
7 

6 5 100 

32 
4 6 

10 

14-Feb 06-Mar 26-Mar 15-Apr 

DATE 



... -------------------- ----------

(. 

( 

-145-

Fi&ure 5. Time scale evolution of community descriptor % 
Centr1c Diatoms for stations 1 to 7. 
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Table S. List of daninant diatan specl.es (a1uùaŒe ~ 5%) fran 
5eailter. at statl.oœ 1 ta 7. iŒI~ percent IœaI1 

ablnIaŒe. rœan deœity am starliard deviation (ln 

parentheses) per station. 

1 

2 

3 

4 

5 

AIIIDlI:E IJ!NSm 

NavJ.cu1a kanana 
'Ibalassiosua mrdenskilid:iJ. 
ActlJDPtyctœ lftIulatlE 
Biddulphia aurita 
Diataœ elorptun var.tends 

Nl.tzsclu.a polans 
P.iInJlaria globicep; var .I<roolcii 
NaVl.cula kariana 
Cyclotella ~ 

Nitzschia polaris 
AnpiDra stauropbJra 
NaVl.cu1a I!lllallS 
Navicula Grev111el. 

NaVl.cula kan.ana 
'Ibalassiosua mrdenskioldil 
Navicula Grev111el. 
Nitzschia cylirxlru; 

(%) (cells/L) 

QG.44 
18.58 
11.27 
6.19 
6.19 

36.24 
36.24 
18.12 
9.06 

33.16 
24.87 
20.73 
8.29 

66.48 
8.43 
7.11 
7.11 

o 

131 (t264) 
50 (tl33) 
30 (t80) 
17 (t44) 
17 (t44) 

142 (t348) 
142 (t348) 

71 (t174) 
35 (t87) 

597 (t1336) 
448 (tl336) 
373 (t835) 
149 (t334) 

o 

5813 (:t1347U 
737 (:t1493) 
622 (t1523) 
622 (:t1523) 

SA Navicula yarrensis var .amaricana 83 .33 20 

6 

7 

Navicula ~ 16.67 4 

1hal.asslOSira mrdenskioldti 
NaVl.cula Grevillei 
Navicula kan.ana 
Biddulphia aunta 
Nitzschia polans 

Cyclotella M:megh:im.ana 

33.33 tœ 
26.64 320 
18.87 227 
9.99 120 
5.58 67 

100.00 32 
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kariana dominant at stations 2. J. 5 and 6; Nitzschla polarIs 

at statIons 3 and 4; Thalassioslra nordenskldldll at statlons 

2, 5 and 6; Navlcula muralis and Amphora stdurophora dt 

statIon 4; and Plnnularia globlceps var. Krokll at stations) 

and 5. 

The structure of the community was analyzed on the basls 

of the same community descriptors as for the bottom ice 

sections (Table 3>' The mean number of speCles found ln 

seawater was very low at aIl statIons (S < 3), and meeln 

values for denslty ranged from 10 2 ta 10 4 cells/L at statIons 

7 and 5 respectlvely. wlth no cells at stations 1 and !.A. 

Diversity was low (H' < 0.58) and mean J > 0.65. Percent 

centric dlatoms ranged from a mean of 7.9 at statlon ) ta 

33.3 at statIon 6. However, for cel! counts of less than 300 

cells/L, community descrlptors and speCles composltlon should 

not be consldered as representatlve of the communlty, 

Communities of Upper Ice Core Sections 

The structure and composItion of lce mlcroalgal 

communlties were analyzed for vertical dlstributlon ln lce 

section above bottom lce. Agaln, species compOSItIon and 

community desc rlptors should not be considered as 

representative of the communlties when cell counts (0 r 

densities) are less than 300. The compositIon of the 

communities, includlng only dominant species (abundance ) 5%1 
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lS summarized in Table 6. In cases of representative 

densltles (> 300 cells/L), speCles composltion of upper ice 

sectIons lS slmllar to bottom lce sectl0ns, wlth the same 

domlnant speCles throughout the lce sectIons at respective 

stations. The only species WhlCh shows up as domInant ln 

upper lce sectlons, desplte a low abundance ln bottom lce 

(abundance < 5%) lS thp. ceatric dlatom Blddulphla aurlta. 

Biddulphla aunta 15 domInant at statIon 2 ln lce sections 2 

and 3, at statIon SA ln sectIon 3, and at statl0n 6 ln 

sectIons 3, 4 and 5 (Table 6). 

The structure of the lce blota communities in the upper 

ice sectIons was analyzed uSlng the same communlty 

descrlptors and compared to bottom lce communltles. The 

results (Tabl ... 7) Indlcate slmllarity wlth respect to number 

of speCles S, dlverslty H' and evenness J. However, cell 

densIty ln upper ice sectIons is two or three orders of 

magnItude less than ln bottom lce, except at stat10n 3. But 

again, an ANOVA did not show slgnificant statistlcal 

dlfferences between the ice sections (Table 8) • The 

percentage of centrl.C speCles lS similar at statlons l, 3, 4. 

5 and SA, but slgnlflcant dlfferences (Student-Newman-Keuls 

test. P < 0.05) are observed at stations 2 and 6 wlth hlgher 

% centrlc dlatoms in upper lce sectIons than ln bottom lce 

(Table 8), Paralla sulcata lS responsible for the Increased 

percentage of centrlc diatoms 

these two stations. 

ln the upper ice sectIons at 
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~e 6. Llst of ckImmnt diatan species (abœd!n:e ~ 5%) fmn ~r lœ sections (wltical profiles) 
fmn surface ice section 1 to bottan iœ sectiœ • at stat.:i.aœ 1 ta 7, ird\lliJw perœnt trean 
atuùm:e ml mean dens1ty (in parenthpaes) in cel1s/L. 

STATIat SR!CJIS ICZ SI!Cl'JIKS 

1 2 B 
1 Navlcula nuralis 56.24% (98lI) 

Nitzschia eolans 19.24% (33l1l) 36.99% (859,00) 
~ staJr'tJlltl)ra 10.36% (l8:!) 6.91% (23,700) 
Navlcula tuœrosa 16.96% (52) 
Navicula Grevillei 11.62% (52) 
Navlcula lm 9.82% (44) 
l!!I!!m pl'OteU! 7.14% (32) 
*&tWcna arplata 5.36% (24) 
Navicula d:i.recta 5.J6% (24) 
P1!S'!œrama stalrOJ!lprun 5.36% (24) 
Navicula can:ellata :!).83% (48,400) 
P.unJlarla lloln.cells var .Kndcn 15.11% (32,tlX) 

1 2 3 B 
2 Navlcula kar.iana 46.621 (27,360) 41.26% (59,0l.0) 91.84% (359.00) 

J4arpJltDra Ç'8C1lls v.glica 11.04% (6Ia) 

Nitzsctna çyl..mlrus 9.821 (5760) 48.26% (10.5~) 
I!DJ:ltla venens 6.13% (3600) 
'DIalassl.DSira decipiens 6.13% (3600) 
B1ddulptDa ~ 32.71% (46,tlX) 7.31% (1600) 
Navlcula can:ellata 5.53% (7, 9~) 10.97% (2400) 
Melosua sulcata 11 ,52% (2S~) 

l 2 8 
3 Nitzschia çyl..mùus 28.82% (76,350) 24.75% (39,D) 

N1tzschla eolans 25.45% (72.~) 45.96% (72,lD)) 63.6~% <157,m) 
Nav.icula JIIJI'ahs 23.24% (66.U~)) 10.10% 06,(XX) 8.67% (2S,:Dl) 
Navic:ula kariana 5.05% (14,381) 
AlldDra st-I'I"OIlhora 16.83% (41,8X» 

2 B 
4 '!ha lac;sinsira mrdenslci.ëdii 48.50% (259) ~7.14% (2,~) 

Agl!!ra proteus 16.17% (86) 
DJ.plœeis smithiJ. 16.17% (86) 
Nitzschia çylmbus 16.17% (86) 
Navicula karlana 56.88% (3,100) 

2 B 
4A C)lclotella Hergtnm.ana 62.50% (<<l) 

DJ.ploneJS ~t1ni 37.50% (24) 
1balasslOSlI'8 mrdeœkiéidJ.i 46,22% (2,D» 
Navlcula karlana 38.66% (J,lm) ._-
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'bible 6 (aIItiJuId) 

smTJIII SHI:iIS ICZ SIL'ID1B 

1 B 
5 'h"sJcwira IDJdeœlc:iOldii 39.60% (8)5) 48.22% (l.700) 

Niu.dria CYliJdrus 19.56% (1435) 6.23% (CD) 
Mavicula protl'Eta 6.18% (453) 
Navicula Grev111e1 6.18% (453) 
Dipl.aœis~ 5.18% (38) 

Mav:icula lraJUna 27.74'1. (l.lO» 

1 2 3 1 
SA Nitz9dlia polaris 19.721 (246) 
~ nDrdenslci.Oldil. 15.491 (979) 70.591 (192) 232.26% (960) 58.83% (3.400) 
Para1.ia IUlcata 15.491 (979) 
NitzllCb:ia çyliJllrus 11.27% (712) 
AgIDra proteus 7.014 (445) 
Mav:icula c:an:ellata 7.014 (445) 8.82% (24) 
Diplaneis~ 5.88% (16) 6.45% (16) 
BidIbldlia !!!'i!! 22.58% (713) 
Mav:icula lm 12 •• (32) 
Çyçlotella lOC;aliS g.68% (24) 
Nav1cula~ 34.32% (2,(XX» 

1 2 3 4 
(, 'BIll -lœlr& ,1DrderEk:iOldii 54.71% (5552) 22.m (13.766) 28.78% (2136) 36.73% (4~) 

Navicula lcamn: ll.78% (3124) 17.05% (10.526) 52.70% (3911) 38.77% (4500) 
NiUSChia çylindnB 4.77% (484) 48.47% (29, 918) 14.28% <161ll) 
Biddulpna~ 9.00% (714) 

5 B 
Nav1cula~ 00.38% (128) 36.73% (43.700) 
hlaIIsiosira nordeœkiOldii 15.091 (32) 36.CJ6% (43.700) 
BidIblphia !!l&! 
Niusch1a çyllndrus 55.25% (65,700) 

1 B 
7 '1halass:ic.:MD nordenslc::iOld:iJ. 100% (8) 35.98: (3.500) 

Nitzschia CYbJdrus 16.01% 0.5(0) 
Navic:ula ~ 10.CJ6% 0.1(0) 
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Mie 7. CCImU'Ilty deIcr:iptors fJUll surface :ice secuons (1) tD bottm ic:e sectiCll (8» at stations 
1 ta 7. Descriptom :iŒbIIe __ valœs of S (IUdJer of spec:ies), H' (Shaniu. 'ileaver 
divers1ty irD!X). J (ev..- :iJIII!Ic). Deœity (Jt8 cella/L) ml % c:entric (pe~ of 
centn.c diatœs). Stlrllard deviatiDœ fmn the meaœ are :iJ1cl\lled in pmntb!ses. 

STATmIi SI!Cl"DIIS ID1liPitii 

S H' J Dl!œity % Centnc 

1 1 3).0 0.65 0.49 17,566 1.57 
2 16.5 (:t9.2) 1.07 (~.19 0.91 (10.03) 448 (!39f!) 4.46 (:t2.11) 
B 3).2 (tl.7) 0.74 (~.10) 0.57 (10.06) 232.305 (~192,149) ].98 (tl.86) 

2 1 13.0 0.82 0.74 58,6fK) 11.04 
2 17.0 0.73 0.59 143.(11) 33.21 
3 17.0 O.fI) 0.65 21,_ 12.43 
B 10.4 (t6.7) 0.1tO (~.39) 0.34 (10.30) 489.435 (450,816) 1.35 (:t2.14) 

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 (16.5) 0.58 (~.13) 0.56 (10.17) 310.3)8 (t289,l09) 0.27 (10.9) 

4 1 0 
2 3.0 (tl.4) 0.42 (10.12) 0.95 (10.07) 535 (t7l1) 48.50 (:t4.05) 
B 6.5 (tB.5) 0.42 (~.12) 0.63 (10.23) 10,813 U:15,588) 29.13 (:t17.32) 

4A 1 0 
2 2.0 0.29 0.95 64 0 
B 6.0 (tB.5) 0.58 (10.09) 0.54 (10.21) 15,865 (:t10,318) 47.10 (:tl0.24) 

5 1 13.3 (t7.23) 0.78 (10.35) 0.70 (10.17) 7,338 (:t12,293) 40.02 (ta.Ol) 
B 11.6 (t6.36) 0.76 (10,12) 0.74 (10.17) 14,103 (:t16,596) 52,24 (t9.15) 

SA 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 2t.8 46.13 
B 4.5 (16.36) 0.43 (10.18) 0.45 (10.12) 11,556 (:t12,582) 61.n ~t9.15) 

6 1 8.0 (:tl.4) 0.64 (~.17) 0.71 (10.14) 10,148 (:t14,159) 54.75 (:t4.3) 
2 8.0 (tl.4) 0.65 (10.07 J 0.72 (10.12) 61.722 (:!:63,919) 24.92 (:tU.Ol) 
3 4.6 (tl.8) 0.47 (10.07) 0.81 (:!O.3» 7 ,43> (:t12,724) 36.59 (tB.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 (:!:3.6) 0.46 (10.21) 0.76 (tO.22) 118,903 (:!:237 ,331) 5.02 (:t12.52) 

7 1 0.5 16 0 
B 11.5 (10.7) 0.79 (10.16) 0.74 (10.13) 9,670 (:t13,375) 40.79 (:t19.44) 

( 
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lJ 
'nIble 8. Paraœtric Stuient~s test for 

sign;ücant (P<O.OS) statistical differeœes 
ben.Jeen upper ice sectlOllS grtqJed (U) ard 
bottan ice section (8) of the cammity 
descriptors S (l'UItJer of species). H' 
(ShamJn Weaver diversity mlex). J (Pielw's 
evemess :in1ex), Dens1ty (rt" of cells/L) am % 
centrie (percentage of cent ne diatœs), at 
statioœ 1 ta 6. StatlOR 7 is mt lŒl\lled 
because li) statistical carpanson cwld he 
nade. 

VARIABLFS STATIOOS 

1 2 3 4 4A 5 SA 6 7 

5 U a a a a a a a a 
8 a a a a a a a a 

H' U 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 
8 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 relationsh1ps between ice biota commun1ty 

structure and the environmental var1ables, principal 

component analysis (PCA) was performed for both env1ronmental 

vari:tbles (PENV) and commun1ty descriptors (PCOM). This 

analys1s was done for bottom ice sect10n only. S1nce the 1ce 

biota is concentrated in that section, and because a more 

complete data set was ava1lable and necessary for PCA 

analysis. Table 9 presents the results· of PCA fo r 7 

environmental variables measured during this study (see 

Chapter II). The flrst pr1nc1pal component (PCI), wh1ch 

accounts for 36.7% of the varIance 1n the data, has a h1gh 

positIve 10ad1ng on silicates and a high negative loading on 

nltrates, both signIficant at the P < 0.002 level. Posltlve 

loading is also observed for chlorophyll ~ • but ooly at the 

P < 0.05 level. The second principal component (PC2) accounts 

for 27.7% of the varlance. and has a high posltive loading on 

orthophosphates ano phaeopigments, sIgn1ficant respectlvely 

at the P < 0.002 and P < 0.01 levels. As PCI and PC2 together 

account for 64.4% of the var1ance, it can be concluded that 

major dIfferences among the stat10ns are related to 

nutrIents, namely nitrates, silicates and orthophosphates. 

In principal component analysis of community de5criptors 

PCOM (Table 10), PCI accounts for 46.6% of the variance, w1th 

a hlgh posItive loading on density and percent centric, 
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'DIble 9. Eigenvector load:iQ!;s am Pearson's correlauon coefficients (r) for 
correlations bet\ftn environnental variables am priŒipal ca,.-)nents 
(PC) 1. 2 an! 3; statlStica1 significaœe (L'.n-taJ.led test) 15 

:m::I:i.cated by *** at p < .002, ** at p < .01, -/; at p < .02 ard + at 
p < .05; n=9 stat:ioœ. 

E'nviI'Ol1œOtal 
variables 

Salini.ty (0/00) 

E04-P (\.ft) 

rlh-N (\.ft) 

~-N (\.ft) 

SHŒI)4 (\.M) 

<hl ~ (rrg/fri3) 

Alaeop. (ng/ng3) 

0.089 

0.032 

-0.506 

0.395 

0.541 

0.417 

0.333 

PCI 

0.14 

0.05 

-0.81*** 

0.63 

0.87*** 

0.67+ 

0.53 

~.lt06 -0.56 0.618 

0.674 O.94;!#.7; 0.170 

0.052 0.07 -0.066 

~.177 -0.25 -0.514 

~.186 -0.26 -0.187 

0.064 0.09 0.533 

0.555 0.77** -0.037 

Abbreviations Œed: <lû ~ = chIorophyll ~; phaeop. = phaeop:I.gJœJlts. 

0.70+ 

0.19 

-0.07 

-0.58 

-0.21 

0.60 

-0.04 
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Table 10. Eigenvector loadiI&s am Pearson's correlation coefficients (r) for 
correlations be~ CCI'IIIU1ity dE'SCriptolS am priœipal calponents 
(PC) 1. 2 am 3; stat:istical signif:i.caœe (tw>-tailed test) lS 

mlicated by *** at p < .002. 1.'* at p < .01. * at p < .02 am + at 
p < .05; n=9 statlOlS. 

Camuuty 
descriptolS 

s 

H' 

J' 

Der51ty 

% Centn.c 

PCl 

0.389 0.50 

~.021 ~.05 

~.260 -0.12 

0.630 O.B8-1-~~ 

~.619 ~. 93*"-'"* 

PC3 

0.512 0.63 0.413 0.12 

0.699 0.92*** 0.215 ~.03 

0.486 0.67+ -0.775 ~.65 

-0.113 -0.22 -0.195 0 

-0.021 -0.15 0.380 0.32 

Abbrev:i.atlOllS used: S =specles richœss; H' = Sharron-WP..aver dIversity mle.,,<; J' 
= Pielou's evemess miex; Der5ity = rurber of cel1s/L; % Centric = percent 
atnrlaœe of centric diatan Specles. 
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significant at the P < 0.002 level. PC2 accounts for 37.8% oi 

the variance with high positive loadl.ng on H' at the p ... 

0.002 level. PCI and pe2 account for 84.4% of the vanance of 

the community data set. Therefore, major differences ln 

community structure among stations are pr1marily related to 

denslty and % centr1c diatoms. These two deSCf1ptofS WPIP. 

a c tua Il y fou n d t 0 ben e g a t ive 1 y cor rel a t e d b e t we e n e a c hot he 1" 

(Pearson's correlat10n coefficl.ent r = -0.83, P (.0.005) wlth 

hl.ghest densi tleS found at stations where percent centric 

diatom are low, namely statl.ons l , 2 and 3. It l.S aiso 

interesting to note that on the basis of the 

three-dimensional projection onto the PCI, PC2 and PC) of the 

PCOM (Fig.6), the stations are grouped sl.mllarly as ln the 

dendogram produced in Figure 2 

classification analysls. 

from speCIes composltloll 

To assess the 

variables and community 

relatl.onshlp 

structure, 

between envIronmental 

Pearson's correlatIons 

were performed between the three pnncIpal components of PENV 

and the community descr1ptors. The results (Table 11) 

indl.cate a lack of correlatlon between communlty descrlptors 

and PC 1, PC 2 and PC) of the envlronmentai varlables, 

suggesting that factors other than nutnellts are responslble 

for the variations in density and % centric 

for the stat10ns. 

dlatoms observed 
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Filure 6. Three-dimenslonal projection of stations 1 to 7 
onto the f1rst three principal components (PCl, pe2 and PC3) 
of pricipal component analysis based on a matrix of 
correlations among community descriptors (PCOM) for bottom 
ice sectIons. 
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Table 11. Pearson' s correlatlon coefficients benan three pr1œ1pal 
calpments (PCl, PC2 arr:i PC3) of E!IlVl.l"ODIl!ntal variables ard 
cammity descriptors; fi) statist1ca1 s:ign:ificance W3S oœerved. 

camuuty 
descriptors 

s 

HI 

JI 

Density 

% Centnc 

PCI 

0.03 

'{).19 

'{).48 

0.04 

0.05 

PC2 

~.28 -0.55 

~.23 '{).64 

~.47 -0.11 

0.26 -0.23 

~.16 0.32 

AbbrevIat10Œ used: S =species richœss; HI = SharJrDll1Jeaver dl.vers1ty 
11Iiex; JI = Pieloo's evenness :im.ex; Density = rurber of cells/L: 
% Centric = percent abI.nIaoce of cent ne diatan Spec1es 
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DISCUSSION and COICLUSIONS 

Bottom Iee Communities 

Ice blota mlcroalgal communltles from the Magdtllen 

Island3 area were composed almost entlrely of dlùtoms, wlth 

mIcroflagellates accountlng for less than 2% of the 

abundance. Slmilar communltles have been descrlhpd fI nm 

higher latitudes (Hstao, 1980; Pett et al., 1983: PoulIn et 

al., 1983). Ho~ever, Ice blota communltlp.s ~lth a tllgh 

percentage of mlcroflagellates have been reported, Ildmp.lv 

from Baffin Island (Rymes. 1986) and from fraZll lce ln the 

Gulf of St.Lawrence (De!Tlers et aL, 1984). 

ComposItion of bottom lce communltles Included thp 

followlng domInant specles: Nltzschla polans and !\mphor.i 

staurophora (stations 1 and J); Navlcula karlana (stdt Ions 2. 

4, 4A and 6); Th a 1 as S lOS 1 r a no rd e n SkI 0 1 d 1 I ( S t a t Ion s '.. 1,,\. 

5 • SA and 7); NItzschla cyllndrus (statIons 6 ,lnd 7). , 

NItzschia polarIs and N. cyllndrus are tYPlCal lce speCles. 

and are reported as dominant ln a number of Arctlc lee blnta 

studles (Usachev, 1949; HSlao, 1979; Horner and Schrader. 

1981; Pett et al., 1983; Rymes 1986). NaVlcula karlana 15 

also reported from hlgher latitude lCP. communltlp.s. but 

rarelyas a dominant speCles (Hslao.l~79: Pett et al.. }1j83; 

PoulIn et al. 198). Thalassloslra nordenskloldll. a Cp.ntrlc 

dIa tom wlth a temperature optimum of 2.)'C (PatrIck and 
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Reimer, 1966 ) is reported as a dominan t sp rI ng 

phytoplanktonlC speC:Ies ln the Gulf of St.La""rencce (Steven. 

\Q:"4) and ln the ArctIc (Hslao, 1983). It lS also reported ln 

a numbf'r of studles on Arctlc ice bI0ta (Alexander et al .. 

1974; Pett et al. , 1983 ; 1986), but never as a 

doml ndnt specIes. In the Magdalf'n Islands, thlS centrIc 

dlatorn was domInant at stac.lons located on the western coast 

(statIons 4, 4A. S and SA). dnd at the drlftlng Ice statIon ï 

where lt reached an abundance of 

Ac reman ( 1980 ) and Deme rs 

T. nordenskIoldI1 as a domInant 

up 

et 

to 50% 

al. 

Dunbar and 

(1984) found 

specIes, along wlth other 

centrlc dlatoms. of lce blota commUnl.tles from drlftlng lce 

ln the estuary and Gulf of St.Lawrence. The!e. the domInance 

of ThalasSlOSI ra speCleS actuallv accounted for the hlgh 

percentage 

(1980) ta 

latltUtlPS. 

of 

be 

centrlcs cansldered by Dunbar and Acreman 

characterIstlc of lce bI0ta from lOlNer 

Mean specles rlchness and dlverslty IndIces of battom 

lce cOlllmunitles were low (S=9.5 H'=0.57). at landfast and 

drlftlng lce statIons. These values are much lower than thase 

of lce blota communltles from hlgher latItudes: Rymes (1986) 

reparted a speCles rlchness of S=47.7 and dIversIty values of 

H'=·1.14 for BaffIn Island. Consldenng the lce substrate as 

an energetlc Interface or "ergocllne" (Legendre and Demers. 

1385) slmllar ta a benthlc substrate. comparlson of the two 

envlronments can be made. Dlversity of undlsturbed benthlc 
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dlatom cornmunities average H'=1.40 (O'Quinn and SullIvan, 

1983), but can be reduced te· less than 0.70 ln po lluted or 

turbulent areas (DeSève and Goldsteln, 1981; Luttenton and 

Rada, 1986). Furthermore, Margalef (1978) suggested that 

speCles dlversity of H'=1.09 are tYPlCal of unstablt> 

environments (e.g. estuan~s, upwelling and polluted areas). 

In the Gulf of St.Lawrence, Instablilty of the Ice substrate. 

due to meltlng and raftIng of landfast and drlftlng pack lce 

(see Chapt. 1). could account for the low dive rslty observed. 

Further, short duratlon of lce coverage (less than two 

months) 

typlcal 

rnlght be responslble for reduced speCles rlchness, 

of dlatoul comrnunltles ln the early stages of 

colonlzatlon (Hudon and Bourget, 1981). 

Densltyof bottom lCe comrnunltles ln the Gulf was one ta 

two orders of magnItude less than that of Arctlc lce 

communltles, wlth rnean values of IJ.Sxl0· cells/L cornpared to 

denslty values of > 10 7 cells/L at hlgher latItudes (Graingel 

and HSlao, 1982; Pett et al., 

Rymes, 1986). Low values of denslty 

1983; PoulIn et al., 1983; 

mlght agaln result from 

the Instablllty and short dur a 1. Ion 0 f the lCP. substrate ln 

the Gulf of St.Lawrence. These two factors CO!TI b l ne d cou 1 cl 

prevent blomass and cell accumulatIon, ln addItIon ta 

nut. ient limItatIon and llght level factors discussed ln 

Chapt. II. DensltleS of bo' .. tom lce mlcroa 16ae found ln this 

study were ln the same range as those reported from drlftlng 

pack lce in the St.Lawrence estuary (Demers et al.. 1984). 
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Also, density was negatively correlated with percent centric 

dlatoms, with cel! na/l one order of magn1tude higher at 

statIons with a low percent abundance of centrIc diatoms. 

This important aspect of the Ice biota communities of the 

Gulf of St.Lawrence 

followlng sectIon. 

wi 11 be discussed furthe r in the 

On the basis of percentage of centr1c dlatoms, two types 

of lce biota communlties can be described from the Magdalen 

Islands area. 

composed of 

The first type is a community almost entlrely 

pennate dlatoms, wlth centric specles 

contrlbutlng less than 2% of the abundance. This type of 

community, found at stations located in protected lagoons 

(Statlons 1 and 3) and on the eastern coast of the Magdalen 

Islands (StatIon 2), is simllar to landfast ice blota 

communitles from hlgher latItudes (Horner, 1985). It is the 

first tlme that such communitles are descrIbed for the Gulf 

of St.Lawrence. 

The second type of community 

percentage of centric diatoms (29.1% to 

IS composed of a high 

61.8%) and is found 

at statIons located on the western coast (StatIons 4, 4A, 5 

and SA) and at the dr1ftIng lce station (Station 7). ThIS 

type of community is s1mllar to the communlties described by 

Dunbar and Acreman (1980) and Demers et al. (1984) from 

driftlng pack ice ln the Gulf and the St.Lawrence estuary 

where the abundance of centric diatoms was greater than 43% • 
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Dunbar and Acreman (1980) and Demers et al. (1984) 

attributed the d1fferences in systematic composltion of ice 

flora between the Gulf and higher latitude communities to 1) 

the short duration of ice cover 1n the Gulf (2 months). 

compared ta Arctic and Antarctic regions where the ice forms 

a more or less permanent substrate allowlng for the evolution 

of a benthic type commun1ty not possJble for the Gulf, and 2) 

ta higher under1ce llght levels in the Gulf due ta thinner 

ice and 1ncreased light intensity from lower latitudes, 

favouring the growth of planktonic centrlc diatom over shade 

adapted pennate forms. Wlth respect to systemat1c composition 

for the first communlty type the explanations g1ven by Dunbar 

and Acreman and Demers et al. do not hold because ice biota 

communltles Slmllar to Arctlc landfast lce communlt1es, wlth 

a majoflty of pennate dlatoms, were found in the Gulf of 

St.Lawrence. Further, their 1mpllcatlon of h1gher underice 

light levels favouring the growth of centr1c diatoms over 

pennate forms lS not substantlated in 

fact that communities wlth a high 

spec1es have densltles one order of 

th1s study due to the 

percentage of cent rie 

magnltude less than 

communities where pennate diatoms are domlnant. However, th~ 

explanations given could account for the lower density and 

biomass of the Gulf communities, in conjunction with nutrient 

lim1tation. as discussed ln Chapter II. 

Pnncipal component 

variables to community 

analYSls relating 

structure failed 

environmental 

to show any 
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slgnificant correlations that could account for the eXIstence 

of the two types of ice biota communities. However. there 

seems to be a reiatlonship between the two different types oÏ 

communities and the location of these communltles. 

Communlties wIth a dominance of pennate diatoms are Ïound in 

lagoons and on the eastern coast of the Islands, at landfast 

lce statlons protected from wInd effects and from drlfting 

pack ice. Such landfast Ice condItion seem to favour the 

establlshment of communities slmIlar to hlgher latltude 

landfast lce communltles. Communlties with a hlgh percentage 

of centrIc specles are found at the driÏtlng ice statl0n 

(StatIon 7) and at statIons located on the western coast of 

the Islands (Stations 4, 4A. 5 and SA). SlmIlarlty of speCles 

composltI0n at these statIons with the drlftlng pack lce 

communltles descrIbed by Dunbar and Acrewan (1980) and Demers 

et al. (1984), for the Gulf and the St.Lawrence estuary seems 

to suggest a correspondence in speCIes composition wlth lce 

types. ThlS is partIcularly true 

landfast lce stations located on the 

cons Ide ring that the 

western coast of the 

Magdalen Islands are subjected to the influence of drlftlng 

pack lce from the estuary and the Gulf of St.Lawrence by 1) 

belng directly ln the line of flow of the drIftIng pack ice 

and 2) beIng directly exposed to the prevailing northwesterly 

wInds WhlCh cause rafting of drlfting pack Ice under landfast 

ice, as demonstrated in Chapter 1. Although the occurrence of 

cent rie dlatoms is rare for Arctic and Antarctlc landfast ice 
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communities (Grainger and Hsiao. 1982; Pett et al. 1983). 

there are numerous reports of ice biota communltIes 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 Arctlc sea ice, dlstlngulshable ln 

species composition and related ta ice of different Ollgin. 

was even put forward by Apollonio (1985) ln hlS account of 

Sutherland's (1852) report of a drifting pack ice communlty 

off the west coast of Greenland dOffilnated by centrlc dlatoms. 

How can the two types of ice flora be accounted for on 

the basis of landfast or drifting pack lce types? The 

abundance of pennate dlatoms in landfast lce communltles was 

thought to result from the close proxim~ty of landfast lce ta 

the benthos, from which It could be seeded by benthlc pennate 

diatoms. There is however no Slgnlficant specles correlatIon 

between the benthic and lce diatom flora (Horner. 198). 

except for the dominance of pennate forms. Indeed. the 

majorlty of widely dlstrlbuted and dominant lce diatoms are 

typical cryophiles found only ln assocIatIon with lce 

(Usachev, 1949). Pack lce formed in deep waters (> 200 m). 

away from coastal influence, would be expected to contaln 

more phytopiankto1l1C centric dlatoms than pennate dlatoms, 

since they are the dominant speCles present ln the water 

column. Actually, the co-occurrence of phytoplanktonlc 

species in drifting pack lce and ln seawater has led to the 
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hypothesis that drifting pack ice may be a seasonal hab1tat 

for planktonic forms (Garisson and Buck, 

al. 1987). In the Gulf of St.Lawrence, 

1985; Garrison et 

the abundance of 

Thalassioslra nordenskioldii 

sprIng phytoplankton speCles 

hypo thesls. 

The results obtained 

in drifting 

"'1ould appear 

in 

pack ice and as a 

to support this 

relationshlp between Ice types 

this study indicate a clear 

and specles composItion. but 

the mechanlsms 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 

t"'1o floral types. Diatom resting spore formatIon is common ln 

the life cycle of rnany centrIc specles (Hargrave and French, 

1983), namely for Thaiasslosira sp. (Fryxell et aL, 1979; 

Durbin, 1978), and rarely occurs ln pennate forms. Only t"'1o 

marIne pennate dlatoms are kno"'1 to form resting spores (Von 

Stosch and Fecher, 1979). The absence of restlng spore 

formatIon ln pennate ice diatoms might restrict thelr 

survival to coastai shallow areas, which could partly explaln 

thelr absence from drifting pack ice. But future research lS 

needed, partlcularly with respect to the life cycle of 

pennate versus centric ice dlatoms, to fully understand the 

reiatlonshlps between ice types and the different ice flora. 
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1 i - Underice Seavater Coamunities 

Density was low in underice seawater, wlth no cells 

found at two of the seven stations studied. This l.ndlcates 

the absence of a true underice communl.ty such as the ones 

observed l.n Manitounouk Sound (Legendre et al., 1981.) aud at 

Cape Hatt (Rymes, 1986). Furthermore, domInant dlatom 

species found 1n seawater were similar to bottom lce ones 

suggesting that cells found ln seawater orlginated from the 

ice. Garrisson et al. (1983) and Pett et al. (983) (11so 

found similarity in specles composItion ln young sea lce and 

in seawater samples. w1th much higher cell concentratIons ln 

ice than in seawater. The presence of such speCles as 

Biddulphla aur1ta, Cyclotella Meneghlnlana, Dl.atoma elongatum 

var. tenuis in seawater, and of Nl.tzschl.3 cyllndrus dnd 

Thalassiosira nordensk101di1 in ice and ln seawater, may 

provide evidence for an lmpendlng b100m once the lce breaks 

up. slnce ail these speCl.es are part of the sprlng 

phytop1ankton bloom 1n the Gulf of St.Lawrence (Vlckers, 

1980). Other studies of ice-covered reglons of the Arctlc 

have documented sIm1lar mIxtures of Ice penna tes and sprlng 

b100m centrics before and after ice breakup (Horner and 

Schrader, 1981; Horner et al.. 1974; Legendre et aL, 1981; 

Saito and Tanlguchi. 1978), but litt1e 15 known about the 

sequence of events occurring dUfIng breakup Itse1f. -. , . , 
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Communities of Upper Ice Core Sections 

Ice bl0ta communlty structure and compos1tl0n ln upper 

ice core sectlons were similar to bottom ice communitles 

except for cel! density and % centrlc dlatoms. Specles 

composltlon of the different 1ce sections were comparable to 

bottom lce ones, wlth s1mllar domInant specles for Judivldua1 

stations. The on1y speC1es found to be domInant ln upper lce 

sectIons, desplte a low abundance ln the bottom lce sections, 

was Biddulphla aurlta. The abundance of thls centrlc dlatom, 

namely at statIons 2 and 6, resulted ln hlgher percent 

abundance of cent rie diatoms 1n the upper lce sectIons than 

in the bottom lce. Rymes (1986) a1so reported slml1arlty ln 

species composItIon from bottorn lce and upper lce sectIons ln 

Cape Hatt, Wlth less abundance and co-dominance of added 

centrlc specles ln mId-core sectIons. However, HSlao (1980) 

and Grainger and HSlao (1982) found ln the Canadlan Arctlc 

that domInant specles composItIon ln the bottom of the lce 

was different from the dominant species found elsewhere ln 

the ice, but wlth standing stock one order of magnitude less 

ln the upper lce layers. Differences ln speclPS composition 

or co-dominance of added species in upper ice sections may 

result from the mechanism by WhlCh mlcroalgae orlginate ln 

sea Ice. One of the mechanisms proposed IS by successive 

trapplng of dlfferent mlcroalgal assemblages at the lce-water 

Interface as the seawater freezes (Heguro et al •• 1967; 
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Horner, 1976). Other mechanisms involve the transportatIon of 

microalgae through the water column to the Ice under surfac~ 

by association with frazil ice crystals (Garrlson et al •• 

1983); but this mechanlsm lS unlikely to occur ln the Gulf oi 

St.Lawrence where there IS no frazil ice formatIon. 

Although distInct and apparently vIable algal 

assemblages are recorded throughout the entlre lce core 

(Hslao, 1980), recent eVldence suggests that actIve growth lS 

restrlcted to the 

SullIvan, 1985), 

lower portion of sea lce (GrossI and 

wlth algae ln the upper sectlons remalnlng 

in an anabiotic state (Ackley et al. 1979; Mel 'nlkov, 1980). 

In the Arctlc, sallnity and temperature are thought to Ilmlt 

the upper extent of actlvely growing populations of algae ln 

sea ice (Horner, 1976). However, for the thlnner lce of the 

Gulf of St.Lawrence, ice temperature and sallnlty of the 

liquid brlne (see Chapt. !) are wlthln tolerable ranges for 

dlatom growth (PatrIck and Reimer, 19(6), But, as ""'as 

demonstrated ln Chapter !, resldence tlme of seawater ln 

brine channels lS much longer (1-18 days) ln upper lce 

sectIons than ln the bottom lce skeletal layer (2-6 hours, 

Reeburgh, 1984) WhlCh is in dIrect contact wlth the 

underlying seawater. ThIS may cause more pronounced nutrlent 

limitation ln the upper ice sectIons (Gralnger, 1977; GrOSSI 

and Sullivan. 1985) and account for the 10wer denslty of lce 

algae in the upper ice sections. 
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Cone ludinc Re.arks 

This is the first extensive study of ice blota 

communities from the Gulf of St.Lawrence. coverlng temporal 

and spatial aspects of sea ice characteristics, nutnent 

dynam1cs and communlty structure and composition. Ice biota 

communltles were studled from the beginning of 1ce format1on 

untll after ice melt, in ice and in seawater, at landfast and 

a t dri ftIng ice statIons. The purpose of the study was to 

test the hypothesls that short 

hlgher underlce llght IntensIty 

durat10n of lce cover and 

in lower latItudes lce 

commun1ties are responsible for the lower blomass, and that 

the d1fferences observed in species compOSl.tlon between the 

Gulf of St.Lawrence and Arctic ice communltles, are 

attrlbutable to hl.gher underlce light intensitv which favours 

planktonic dIatoms over shade adapted pennate dIatoms. 

In chapter I. the instabilityof the le"" subtrate is 

clearly demonstrated by 1) short duratlon of ice cover (2 

months), il) melting of lce wl.th reduction in 1ce thickness 

and i11) raftIng processes wh1ch also account for ice melt 

and slush ice formation. D1fferent1at10n between Idndfast lce 

and dr1fting pack ice is put forward wlth respect to raftIng 

processes and drifting pack ice 1nfluence. Estimated ice 

brine volumes are used for the first time as a mean of 

determinlng the exact sallnity concentrations to which the 

Ice ml.C roalgae are exposed ln the brine cells. From these 

measurements. il was estl.mated that salinity of the liquid 
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brine are within tolerable ranges for diatom growth. However. 

residence time of seawater ln upper lce sections, estimated 

for the first time, is suggested to llmit the upper ~xtent of 

actively growing ice biota population, and could account fOl 

the lower blomass of iee biata ln upper iee sectIons. Indeed. 

a residence tlme of 1-18 days was calculated for upper lee 

sections, as opposed to 2-6 hours in the bottom ice skeletal 

layer where the hlghest blomass concentratlons are observed. 

Seawater belng the maIn source of nutrlent supplv to lce 

algae, the longer resldence tlme may enhanced nutrlent 

limitatlon particularly ln the upper lce sectIons. 

In chapter II, nutrient llmltatlon was lnvestlgated as d 

possible cause of lower blomass of lce blota communltles from 

lower latitude. Nutrients concentratlons were thelefore 

monitored on a temporal and spatial scale ln lC~ dnrl ln 

seawater, and ln relatIon to the three sources of nutllent 

supply to the ice microalgae. These Include 1) desaLlndtlon 

through brlne draInage, il) in-sItu regeneratlon and 111 J 

seawater nutrient supply. Desalinatlon was found to play a 

minor raie in nutrlent supply. In-situ regeneration was 

demonstrated for phosphorus only. Seawater nutrlent supply 

was illustrated by the decrease of nItrate and SIlIcate 

concentratIons in seawater with time, and nutrient Ilffiitatl0n 

with respect to these two nutrlents was clearly demonstratp.~. 

Nutrient lImitation could account for lower blomass of lce 

biota communitles in the Gulf of St.Lawrence, and sleciflc 
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growth rates in the lower range of values observed for Arctic 

ice algae would further support thlS. However, a lack of 

correlatlon between nutrlent and blomass concentratl0ns, with 

lowest blornass at the drifting lce station where nutrient 

concentratIons were highest, suggests that other factors may 

be Involved ln the limlting of biomass accumulation. Higher 

underice 11ght intensity could be involved by not allowing 

for the extreme shade adaptation necessary and observed in 

ice microaigae from ~ 19her latitudes. ThIS aspect 1S stlll 

opened to future investigatlons since no eVldence of lack of 

shade adaptation could be demonstrated form the data. 

In chapter III, the structure and composltl0n of ice 

biota communities were 

dlfferences observed ln 

studied wlth respect 

Ice flora between the 

ta the 

GuI f of 

St.Lawrence and hlgher latltude ice bl0ta communltles. and 

with respect ta the lower biomasse On the basis of very low 

number of speCles and low diverslty, the structure of the lce 

biota cornmunities from the Gulf of St.Lawrence lS a 

reflectlon of an unstable enVlronment. The Instabillty of the 

lce substrate was put forward in chapter 1. But low number of 

species and low diverslty can aiso be a reflectlon a 

community ln the early stages of colonization. which suggests 

that the short duratlon of the lce caver might also be 

involved. Analysls of species composition 

presence of two different types of ice biota 

revealed the 

communlties: 1) 

communltles composed of a majority of pennate diatorns with a 



-181-

U
·." 

. , 
low percentage of centric species «2%). and 2} cornmunltles 

composed of a h1gh percentage of centric diatoms (" )'l%). The 

presence of ice biota communities of type 1. descr1bed fat 

the f1rst time 1n the Gulf of St.Lawrence area. does not 

support the hypothesis that higher underice 11ght intensltles 

1n the Gulf favours the establlshment o fIC e b lot .1 

communities of second type only. The ice biota commun1tles of 

the second type, found at the drlftlng Ice statIons ~nd dt 

stations located on the western coast of the 

Islands, are slm1lar to drIfting pack 1ce communltles 

previously described for the Gulf of St.La~rence, and ta 

drift1ng pack ice commun1ties found 1n the AretlC. S Inc e no 

correlat10n was found between the structure and the 

eompos1tion of the ice biota commun1 t les and the 

environmental variables, 1t is suggested, based on 

aSSOC1.atlon of commun1ties of type one wIth landfast and nf 

type two community with drIft1ng pack 1. e e , the 

differences ln 1ce flora abserved are related ta lce Orlglll, 

i.e. landfast 1ce close to shore in shallow waters and 

drift1.ng pack 1.ce away from shore ln deep waters. Although 

the or1gin of ice algae 1S still a matter for speculatlon, 

differences in the life cycle of centrlc diatoms versus 

pennate ones might be involved, but further research 

is needed to fully eluc1date the quest10n. 


