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ABSTRACT: Factors controlling the horizontal distribution of sea-ice microalgae were studied in 
Southeastern Hudson Bay and adjacent Manitounuk Sound (Canadian Arctic). Both large (-30 km) 
and small (0.3 to 500m) scales of variability were investigated. Results showed that salinity was the 
most important factor controlling large scale distribution of the ice-microalgal biomass, through its 
effect on the structure of the ice (surface available for colonization). Variation in the thickness of the 
snow-ice cover, which determines irradiance at the bottom of the ice, was the factor controlling 
distribution of the algal biomass at smaller scale (diameter of patches of microalgal biomass ranging 
between 20 and 90 m). The relation between ice-algal abundance and snow-ice thickness changed 
however over the season. At the beginning of the growing season (in April when the bottom-ice 
irradiance was higher than a minimum critical irradiance), maximum algal biomass was observed 
under areas covered by the smallest snow depths. Towards the end of the season, when light 
transmitted through the snow-lce cover increased, maximum algal biomass was observed under areas 
covered by the deepest snow. This suggests that ice algae have both minimum and maximum critical 
light levels. The minimum level is the irradiance below which there is no photosynthetic activity (Imi, - 
7.6 CL Einst m-2 S-') and the maximum level corresponds to the inhibiting light intensity, which may vary 
during the growth season. The horizontal heterogeneity of the snow-ice cover, whlch is influenced by 
wind at the air-ice interface, thus provides diversified bottom-ice habitats where irradiance is compat- 
ible or not with the physiological limits of the ice microalgals cells. This results in a strong patchiness 
in distribution of ice-bottom microalgae. 

INTRODUCTION 

The spatial distribution of microalgae in the natural 
environment is most often heterogeneous, as observed 
in lakes, estuaries, coastal and open ocean areas, etc. 
This heterogeneity has been attributed to an equilibri- 
um between (1) physical processes (e.g. upwelling, 
Langmuir circulation, wind or tidal mixing) which, on 
intermediate scales, tend to homogeneize the aquatic 
environment, and (2) algal growth processes which, on 
larger scales, promote heterogeneities in biomass 
(Skellam 1951, Kierstead & Slobodkin 1953, Denman & 
Platt 1976, Denman et al. 1977). 

In ice-covered seas, the horizontal distribution of ice 
microalgae is also known to be patchy (Bunt & Lee 

1970, Alexander et al. 1974, Horner & Schrader 1982, 
Garrison et al. 1983, McConville & Wetherbee 1983, 
Clarke & Ackley 1984). However, the factors control- 
ling this patchiness are still under debate. A number of 
authors have ascribed the large scale (several km) 
horizontal distribution of the sea-ice algae to processes 
of ice formation and the associated varying ice struc- 
ture (Garrison et al. 1983, McConville & Wetherbee 
1983, Poulin et al. 1983, Clarke & Ackley 1984), while 
at small scale, snow depth (Alexander et  al. 1974, 
Clasby et al. 1976, Horner & Schrader 1982) and light 
intensity at the bottom of the ice (Bunt & Lee 1970, 
Sasaki & Watanabe 1984) were among the factors in- 
voked. 

The present study was designed to test the 
hypothesis that ice-microalgal patchiness results from 
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alternative hypotheses of purely biological (e.g.  
behavioural) or physical (e.g. ice structure) processes. 
This study covers both large (- 30 km) and small (0.3 
to 500 m) scales, and looks at the relations between 
environmental factors and microalgal responses at dif- 
ferent locations and at different times of the growth 
season. 

MATERIALS AND METHODS 

Sampling was conducted on the first-year ice of 
southeastern Hudson Bay, off Kuujjuarapik (Fig. 1). In 
May 1982, a network of sites was sampled around 
Sta. 1 in Manitounuk Sound. Sta. 1 and Sta. 100, the 
latter being located in the plume of the Great Whale 
River, were also sampled twice a week from 30 March 
to 16 May 1982. In 1983, sampling was at Sta. 253 
located in Hudson Bay. Physical characteristics of the 
station in Manitounuk Sound (Sta. l) have been 
described by Poulin et al. (1983). Sta. 100 and 253 were 
located 13 and 18 km respectively offshore from the 
mouth of the Great Whale River, at depths of 26 and 
102 m. Two different sampling regimes were used in 
1982 and 1983, to study the horizontal distributions of 
the ice microflora. 

Sampling design and data analysis in 1982. In 1982, 
ice cores (Sipre ice corer: 7.5 cm int. diam.) were taken 
at  27 sites distributed along 5 transects radiating from 

Sta. 1 in Manitounuk Sound. The distance between 
sites varied from a minimum of 0.3 m to a maximum of 
480 m. This sampling regime was used to assess the 
relations between the values of each sampled variable 
and their omnidirectional horizontal distributions. At 
each site, snow depth and ice thickness were mea- 
sured, and the bottom 20 cm of the ice core were 
collected. Ice thickness concerns here the hardened 
sea ice as there was no brash ice layer, which consists 
of unconsolidated ice crystals accumulating beneath 
the hard sea ice, as found in some areas of Antarctica 
(e.g. Bunt 1963, Bunt & Lee 1970). A subsample of the 
melted ice was filtered on Whatman GF/C for 
fluorometric determination of chlorophyll a (Yentsch & 
Menzel 1963), after 1 h extraction in 100 % methanol at 
0 "C (Holm-Hansen & Riemann 1978). Another sub- 
sample was preserved with acid Lug01 for cell enumer- 
ation. Salinity of melted ice was determined using a 
Hytech 6220 salinometer. In addition, ice cores were 
sampled twice a week at both Sta. 1 and 100, and 
treated as described above. 

Data were log transformed when their distributions 
were significantly different from normal (p >0.05; Kol- 
mogorov-Smirnov test: Conover 1973). The 2-dimen- 
sional horizontal distributions of the variables were 
analysed by spatial autocorrelation (Cliff & Ord 1973, 
1981, Sokal & Oden 1978, Legendre & Legendre 1984, 
Mackas 19841, using Moran's (1950) I. This coefficient 
is somewhat similar to Pearson's coefficient of linear 

Fig. 1. Location of sampling stations in Manitounuk Sound (Sta. 1. 1982), in the plume of the Great Whale River (Sta. 100. 1982) 
and in Hudson Bay (Sta. 253, 1983) 
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correlation. For a class of distances (D) between sites 
(e.g. all the sites distant from each other by about 
0.3 m, or 0.5 m, o r .  . . 480 m: see Fig. 3), Moran's I 
measures how random is the spatial distribution of the 
studied variable. Cliff & Ord (1973, 1981), Sokal & 
Oden (1978) and Legendre & Legendre (1984) explain 
how to test the significance of Moran's I. When I 
exceeds the critical value (positive or negative), the 
hypothesis of a random spatial distribution (i.e. no 
spatial autocorrelation) is rejected at the specified 
level of significance. As we did not have a priori 
hypotheses as to the signs of the spatial autocorrelation 
coefficients I, our tests of significance were 2-tailed. 
The results are presented as correlograms, where I (D) 
is plotted as a function of the classes of distances (D) 
between sites. 

Sampling design and data analysis in  1983. In 1983, 
ice cores were taken from sampling sites 5 m apart 
along three -500 m long transects. On 15-17 April and 
3-4 May the transects were perpendicular to snow- 
drifts; on 6-7 May the transect was perpendicular to 

that of 3-4 May (Site 250 m of 3-4 May corresponded to 
Site 165 m of 6-7 May: Fig. 2). This sampling regime 
was used to assess the relations between the values of 
each sampled variable and their unidirectional hori- 
zontal distributions. At each site, snow depth and ice 
thickness were measured, as well as the photosyntheti- 
cally active irradiance (Biospherical Scalar Irradiance 
Meter) above (Io) and under (I,) the ice. Ice cores were 
sampled as in 1982. The bottom 2 cm, in which almost 
all the microalgal biomass was concentrated, were cut 
from the ice cores and melted; the water was then 
filtered on Whatman GF/C for fluorometric determina- 
tion of chlorophyll a (Yentsch & Menzel 1963), after 24 
h extraction in 90 % acetone. The filtrate was frozen for 
later determination of nutrients using a Technicon 
autoanalyser (Strickland & Parsons 1972). Then, the 
next 5 cm above were cut and melted for salinity deter- 
mination. In addition, under-ice water was collected 
every 10th sampling site using a 1.7 1 Niskin bottle. 
Salinity of the 5 cm ice-core subsamples and of the 
under-ice water was determined as in 1982. 

3 - 4  M A Y  1983 6 - 7  MAY 1 9 8 3  

P O S I T I O N  ALONG THE T R A N S E C T S  ( m )  

Fig. 2. Spatial variations of physical and biological variables sampled along transects at  Sta. 253, in 1983 
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Sea-ice microalgae were sampled on 13 different 
occasions in April and May 1983, at Sta. 253 near the 
transects. Using an especially designed 2.0 1 sampler 
(Maestrini et al. unpubl.), we collected the interstitial 
water flowing from the ice together with the micro- 
algae from the ice-water interface. The under-ice 
irradiance (I,) and the chlorophyll a concentrations 
were determined as described above. Microalgal 
photosynthetic rates versus irradiance were measured 
using an incubator described by Lewis & Smith (1983), 
under the light transmitted through commercial plexi- 
glass, in order to simulate the light conditions prevail- 
ing under the ice (light predominantly blue-green: 
Maykut & Grenfell 1975). Photosynthetic parameters, 
normalized per unit chlorophyll a, were estimated 
according to the equations of Platt et al. (1980) using a 
Gauss-Newton algorithm (Jennrich & Sampson 1968). 
These parameters were the photosynthethic capacity 
(PB,,,), the photosynthetic efficiency (aB),  the photo- 
inhibition parameter (pB) and the saturating irradiance 

(1,). 
Data series were transformed (logarithmic or square 

root transformation) when their distributions were sig- 
nificantly different from normal (p > 0.05; Kolmogorov- 
Smirnov test: Conover 1973). They were then 
detrended by moving averages on 7 (15-17 April and 
3-4 May) or 5 (6-7 May) data points, the stationary 
residual data series being computed by subtracting the 
moving-average trend from the original data series. 
The results of harmonic analysis (Jenkins & Watts 
1968) were then plotted as Schuster's periodograms, in 
order to identify dominant periodicities in each 
detrended data series. The same formula as in Demers 
& Legendre (1981) was used for computing the critical 
values of the periodograms. Relations between pairs of 
variables were investigated by linear cross-correla- 
tions between the detrended data series (Legendre & 

Legendre 1984). Mann-Whitney l-way analyses of var- 
iance (Siege1 1956) were used to compare the values 

from the 2 different sampling months for the photo- 
synthetic parameters and the under-ice irradiance (I,). 

Path analysis (Sokal & Rohlf 1981) was used to 
explore causal relations between physical variables 
(snow depth, ice thickness and under-ice irradiance) 
and the ice-microalgal biomass (chlorophyll a). Path 
analysis is an extension of multiple linear regression, 
where hypotheses as to causal relations among vari- 
ables can be assessed. To do so, linear equations were 
written in order to specify the causal order among 
variables. In Fig. 7, for example, these equations are: 

chlorophyll = p,, snow depth + p12 ice thickness 
irradiance I, = p2, snow depth + pz2 ice thickness + 

p,, chlorophyll 

Path coefficients p are then estimated by multiple 
linear regressions on standardized variables. The coef- 
ficients are interpreted in terms of their signs and 
relative magnitudes, rather than their individual statis- 
tical significance (Sokal & Rohlf 1981). 

RESULTS 

At the Manitounuk Sound network of sites (1982), 
chlorophyll concentrations (Table 1) were more than 1 
order of magnitude lower than along the Hudson Bay 
transects (1983). Comparison of Sta. 1 (Manitounuk 
Sound) and 100 (plume of the Great Whale River) in 
April-May 1982 indicates that this difference in 
biomass is a constant feature of the area. The average 
chlorophyll concentration at Sta. 1 was 0.3 mg m-2, 
compared to 1.9 mg m-2 at Sta. 100. The horizontal 
distribution of biomass (including cell numbers, in 
1982) was quite heterogeneous, in both Manitounuk 
Sound and Hudson Bay (Table 1 and Fig. 2e, j, 0). 

Moran's Icorrelograms were used to characterize the 
horizontal 2-dimensional structure of chlorophyll (Fig. 
3a) and microalgal cells (Fig. 3b), in Manitounuk 

Table 1. Range (mean) of physical and biological variables, sampled in Manitounuk Sound and Hudson Bay 

Manitounuk Sound (1982) Hudson Bay (1983) 

15 May 15-17 April 3-4 May 6-7 May 

Snow depth (m) 0.00 (0.01) 0.04 0.01 (0.14) 0.45 0.00 (0.03) 0.18 0.00 (0.04) 0.20 
Ice thickness (m) 0.62 (0.81) 0.95 0.75 (1.24) 2.15 0.90 (1.24) 1.45 0.90 (1.24) 1.60 
Ice salinity' 0.13 (0.32) 0.48 2.91 (5.84) 7.36 3.01 (4.79) 5.95 2.90 (4.18) 5.06 
I,(~Einst m-2 S-') - 0.7 (16) 65 l 0  (39) 100 3 (14) 35 
Chlorophyll a (mg m-2) 0.1 (0.3) 0.6 0.1 (7.1) 22.9 1.2 (10.4) 28 8 1.1 (9.6) 39.7 
Microalgae (lOs cells m-2) 2.2 (6.2) 11 - - - 
Water salinity 1.24 26.53 (27.11) 27.48 21.17 (23.75) 26.07 17.42 (18.28) 19.05 
No. observations' ' 27 100 100 9 1 

' In 1982: salinity of the bottom 20 cm; in 1983: salinity of the 5 cm above the bottom 2 cm 
' ' No. observations for the under-ice water salinity: 1982, N = 1; 1983, N = 11 
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snow depth (Fig. Sa). Chlorophyll increased with sites in 1982, for (a) chlorophyll a concentration and (b) 
number of cells in the bottom 20 cm of the ice. Mathematical higher under-ice irradiance, with a periodicity of about expectancy of I, under the hypothesis of a completely random 

20 m (Fig. 5c). spatial distribution, is not zero but E(1) = -0.0385. Signifi- 
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Fig. 4. Periodograms resulting from the harmonic analyses of variables in Fig. 2; (a-e) 15-17 April; (f-j) 3-4  May; (k-o) 6-7 May 
1983. Horizontal dotted lines: critical values (a  = 0.05) 
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snow-drifts, as in April. Harmonic analysis evidenced 
significant periodic horizontal structures of about 20 m 
for the snow depth (Fig. 2f & 4f), the under-ice 
irradiance (Fig. 2h & 4h) and the concentration of 
chlorophyll a (Fig. 2j & 4j), and of about 35 m for the ice 
thickness (Fig. 2g & 4g). As in April, no significant 
periodic variations were evidenced in ice salinity (Fig. 
2i & 4i). The under-ice irradiance was inversely corre- 
lated (Fig. 5e) with ice thickness, as in April (Fig. 5b). 
and also with snow depth (Fig. 5d). Contrary to April 
(Fig. 5c), chlorophyll increased in early May as under- 
ice irradiance decreased, with a peridocity of about 
20 m (Fig. 5f). 

The 6-7 May transect was perpendicular to that of 
3-4 May. Significant periodic horizontal structures of 
about 20 m were found for both bottom-ice salinity 
(Fig. 2n & 4n) and chlorophyll concentration (Fig. 20 & 

40). No significant periodic variations were found for 
snow depth (Fig. 2k), ice thickness (Fig. 21) or under- 
ice irradiance (Fig. 2m). Cross-correlations indicated 
that the under-ice irradiance was inversely correlated 

with both snow depth and ice thickness (Fig. 5g, h), as 
had been observed for the transect of 3-4 May (Fig. 5d, 
e). Contrary to the 2 other transects, there was no 
significant cross-correlation between chlorophyll and 
under-ice irradiance (Fig. 5i), but there was a signifi- 
cant increase of chlorophyll with higher bottom-ice 
salinity, on the scale of about 20 m (Fig. 6 ) .  

The 3 transects showed positive linear correlations 
between chlorophyll and phosphate concentrations 
(r = 0.67, 0.64 and 0.43; p 5 0.001). However, such 
correlations may have resulted from cell lysis during 
the preparation for nutrient analysis (e.g. Clarke & 
Ackley 1984, in the Antarctic marginal ice zone), so 
that they with not be discussed further. 

Mann-Whitney l-way analyses of variance showed a 
significant effect (p 5 0.05) of the sampling months 
(April and May 1983) on some photosynthetic parame- 
ters and the under-ice irradiance (I,). The photosynthe- 
tic capacity (PB,,,), the photosynthetic efficiency (aB), 
the photoinhibition parameter (pB) and the under-ice 
irradiance (I,) were higher in May than in April (Table 

15-17 A P R I L  1983 3 - 4  M A Y  1983 6 - 7  M A Y  1983 

L A G  ( m  ) L A G  ( m )  L A G  ( m )  

Fig. 5. Linear cross-correlations between (a, d, g) I, and snow depth. (b, e,  h) 1, and Ice th~ckness, and (c, f ,  i) I, and chlorophyll a 
concentration in the bottom 2 cm of the ice; (a-c) 15-17 April; (d-f) 3-4 May; (g-i) G 7  May 1983. Horizontal dotted lines: 

confidence interval (a = 0.05) 
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-0.4 l 1 

-40 -30 -20  -10 0 10 20 30 40 

L A G  ( m )  

Fig. 6. Linear cross-correlation between sea-ice salinity and 
chlorophyll a concentration in the bottom 2 cm of the ice, 6-7 
May 1983. Horizontal dotted lines: confidence interval (a = 

0.05) 

2). There was no significant difference between the 
sampling months for the saturating irradiance (I,; p = 

0.735). 

DISCUSSION 

Physical control of large-scale distribution of ice 
microalgae 

At the large scale (- 30 km), which corresponds to 
the distance covered by the sampling stations (Fig. l),  
there exists a general gradient in chlorophyll concent- 
rations, the average value decreasing from - 7 to 10 
mg m-2 in Hudson Bay (Table 1) to - 2 mg m-2 in the 
plume of the Great Whale River (Sta. 100, in April- 
May 1982), and to 0.4 mg m-' in Manitounuk Sound 
(Sta. 1, in April-May 1982). This gradient in biomass 
parallels the salinity of the underlying waters, which 
decreases, on average, from - 17 to 27 960 in Hudson 
Bay (Table 1) to - 15 O/w in the plume of the River, and 
to - 4 %o in the Sound. Salinity and chlorophyll values 
at some intermediate stations (Poulin et al. 1983) sup- 
port the existence of this general gradient. 

According to Poulin et al. (1983), the salinity of the 

underlying water influences both (a) the structure of 
the ice (surface available for colonization by the cells) 
and thus the settlement efficiency of the microalgae, 
and (b) the ice thickness, which changes the irradiance 
at the bottom of the ice. These 2 factors would conse- 
quently control the ice-microalgal biomass in coastal 
waters. The control of ice microalgae by ice thickness 
is however unlikely, since the extinction coefficient of 
the ice increases with its salinity (Davis & Munis 1973, 
Lane 1975). It is therefore probably through the struc- 
ture of the ice, rather than its optical properties, that 
salinity controls the large-scale horizontal distribution 
of ice-microalgal biomass. 

Responses of ice microflora to seasonal variations of 
in situ irradiance 

Cross-correlations have shown (Fig. 5) that the 
under-ice irradiance (I,) is simultaneously related to 
snow depth, ice thickness and the concentration of sea- 
ice microalgae. It could be concluded from these rela- 
tions that, at  the scale of the microalgal patches, the 
horizontal variability in snow-ice cover is transferred 
to the sea-ice microflora through the agency of under- 
ice irradiance. Such a conclusion, however, would be 
incorrect since the under-ice irradiance is measured 
below the ice-microalgal layer, so that I, partly results 
from the concentration of microalgae in the ice. A more 
appropriate causal model would be as schematized by 
the path diagrams of Fig. 7. In this model, the horizon- 
tal variability in the snow-ice cover causes changes in 
bottom-ice irradiance, that influence the growth of ice 
microalgae. When path coefficients (Sokal & Rohlf 
1981) are computed by multiple regressions on stan- 
dardized variables, it becomes evident that the 
responses of microalgae to the thickness of the snow- 
ice cover change as the season progresses (Fig. 7). In 
April, a thicker snow-ice cover was probably respons- 
ible for the lower chlorophyll concentrations (negative 
path coefficients), while in May, it resulted in higher 
chlorophyll concentrations (positive path coefficients). 
This difference can be attributed to the photosynthetic 

Table 2. Mean (standard deviation) photosynthetic parameters of the sea-ice microalgae, measured under blue-green light in 
April and May 1983 at Sta. 253 

10-30 April 1-10 May 

P\,, (mg C [mg Chl a]-' h-') 1.8 (0.9) 5.2 (2.1) 
aB (mg C [mg Chl a]-' [yEinst m-2 ss1]-' h-') 0.11 (0.07) 0.32 (0.13) 
PB (mg C [mg Chl a]-' [pEinst m-* S-']-' h-') 0.005 (0.004) 0.011 (0.003) 
I, (pEinst m-2 S-') 69 (20) 64 (1.3) 
I, (pEinst m-2 S-') 10 (7) 30 (9) 
No. observations 10 3 
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response of microalgae to the seasonal increase in 
irradiance. 

The only ice irradiance measurement available is I,, 
the under-ice irradiance. It must be remembered that I, 
underestimates the bottom-ice irradiance, the degree 
of this underestimation increasing with the concentra- 
tion of ice-microalgae. A positive correlation between 
chlorophyll and I,, as in April (Fig. 5c), therefore indi- 
cates a very strong positive response of sea-ice mi- 
croalgae to bottom-ice irradiance. In April, stations 
where I, < 4 p Einst m-2 S-' (Fig. 2c) have very low 
chlorophyll concentrations (Fig. 2e), while those where 
I, > 4 p Einst m-2 S-I show chlorophyll concentrations 
that increase with I,. The critical under-ice irradiance 4 
p Einst m-2 S-', below which no biomass seemed to 
develop, is very similar to that (7.6 p Einst mP2 S-') 

published by Gosselin et al. (1985) for Manitounuk 
Sound in 1982. Using 17 values from the literature, 
Richardson et al. (1983) calculated that the mean 
minimum photon flux density for the growth of Bacil- 
lariophyceae was 6.4 p Einst mP2 S-' (SE = 0.9). They 
also indicated that the minimum value may actually be 
lower than reported. Our observed critical minimum 
irradiance values for bottom-ice microalgae (mainly 
pennate diatoms) therefore correspond well to known 
values for this taxonomic group. 

The photosynthetic characteristics of the sea-ice 
microalgae changed with time: from April to May 
(Table 2), both the photosynthetic capacity (PB,,,) and 
efficiency (aB) increased as well as the under-ice 
irradiance (I,), which suggests photoadaptation; the 
same is true for the photoinhibition parameter (pB), 
which indicates higher susceptibility to high light 
intensities in May. The ice microalgae were thus 
potentially very susceptible to photoinhibition in May, 
when I, (and therefore the bottom-ice) irradiance was 
sometimes higher (Fig. 2h) than the saturating 
irradiance (I, = 64 p Einst mP2 S-'). 

In terms of horizontal distribution of microflora, the 
differences in photosynthetic characteristics of the mi- 
croalgae, combined with the seasonal irradiance 
increase, explain why a thinner snow-ice cover led to 
higher microalgal biomass in April, while it resulted in 
lower biomass in May (Fig. 7). Areas with thinner 
cover, which were favourable for the development of 
microalgal patches in April (bottom-ice irradiance 
> Icnt, became adverse to ice microalgae in May 
(bottom-ice irradiance > I,,. ,,,). As the ice microal- 
gae progressively adapt their photosynthetic charac- 
teristics to the bottom-ice light environment, the actual 
values of I,, ,,,, probably change with the seasonal 
increase in irradiance. 

Physical control of small-scale patchiness 

Horizontal differences in the thickness of the snow- 
ice cover determine part of the horizontal 
heterogeneity of the ice-microalgal biomass (Fig. 7). 
Changes in ice thickness are obviously much slower 
than changes in snow depth and, consequently, snow 
depth is much more variable than ice thickness in both 
space and time (Table 1). In addition to its seasonal 
changes, snow depth is subjected to short-term varia- 
tions since its spatial distribution is controlled by the 
tangential drag exerted by the wind at the air-ice 
interface. These short-term variations in the snow 
cover can influence the sea-ice microalgae by rapidly 
changing the bottom-ice irradiance. 

In open waters, high winds have, first, a tendency to 
increase small-scale phytoplankton structures by 
breaking up larger patches into smaller patches, 
before completely eliminating them (Therriault et al. 
1978, Levasseur et al. 1983). At the air-ice interface, on 
the contrary, the effect of the wind is to increase the 
patchiness of the sea-ice microflora, by changing the 

15 -17 APRIL 1983 - 
I C H L O R O P H Y L L  

3 - 4  M A Y  1983 6 - 7  M A Y  1983 

Fig. 7. Path diagrams of possible causal 
relations (arrows) between snow depth, 
ice thickness, chlorophyll a concentra- 

tion and under-ice irradiance 



Gosselin et al.: Horizontal pa tchiness of sea-ice microalgae 297 

snow drift distribution and consequently the bottom- 
ice irradiance. 

Snow depth decreased significantly from April to 
May (Table l ) ,  with the result that, relative to ice 
thickness, the importance of snow cover for the ice 
microalgae should decrease from April to May. This is 
exactly what the path analyses show (Fig. 7), since the 
April coefficient between snow and chlorophyll is 
larger than the coefficient between ice and 
chlorophyll, while the reverse occurs for the transect 
perpendicular to snow-drifts on 3 4  May (Fig. 7). In 
May however, even small changes in snow depth 
might prove very significant for the microalgae, as they 
can provide protection from photoinhibition (bottom- 
ice irradiance < I,,,, ,,,). Transects perpendicular to 
snow-drifts, in both April and May, did show signifi- 
cant periodic horizontal structures of about 20 m in 
snow depth (Fig. 4a, f ) ,  that can account for part of the 
microalgal patchiness (Fig. 4e, j )  through the agency of 
bottom-ice irradiance (Fig. 7). In accordance with the 
model in which snow depth should be random if mea- 
sured along a transect between parallel snow-drifts, 
the second transect in May 1983 did not show any 
significant periodicity in snow depth (Fig. 4k). Mi- 
croalgae along this transect were however distributed 
in patches (Fig. 40) despite the lack of spatial 
heterogeneities in the snow-ice cover (Fig. 4k, 1). In 
this last case, microalgal patchiness was related to the 
spatial distribution of bottom-ice salinity (Fig. 6). The 
rate of change of bottom-ice salinity caused by gravity 
drainage or flushing (Cox & Weeks 1975) or by another 
desalination mechanism increased during the season 
from 0.06 d-' (15-17 April to 3 4  May) to 0.20 d-' ( 3 4  
May to 6-7 May), without however modifying the 
thickness of the ice (Table 1). On 6-7 May, the positive 
relation between the spatial distribution of bottom-ice 
salinity and chlorophyll (Fig. 6) suggests that both the 
liquid brine and the microalgae were simultaneously 
drained from the ice into the underlying water. During 
the period of ice melt and associated decay of the 
bottom-ice interface, the horizontal variability of the 
microalgae is therefore perhaps mainly governed by 
the thermal properties of the snow-ice cover. 

In Manitounuk Sound and southeastern Hudson Bay, 
the ice microalgae are thus distributed in patches of 
about 20 to 90 m in diameter. This patchiness seems to 
be partly controlled by snow depth, which is influ- 
enced by the wind. The horizontal heterogeneity of the 
snow-ice cover contributes to extend the growth sea- 
son for sea-ice microalgae, by providing bottom-ice 
habitats where irradiance is compatible with the 
photosynthetic limits of the cells (I,,, ,,, < bottom-ice 
irradiance < I,,,, ,, ). 

It can be hypothesized that the existence of 
minimum and maximum critical irradiances for ice- 

microalgal photosynthesis could perhaps also explain 
some of the large-scale variations of sea-ice microal- 
gae,  in environments where sea water salinity is rela- 
tively uniform. As these critical irradiances would 
probably not be reached simultaneously over a large 
area, spatial heterogeneities could perhaps lead to 
various developmental stages of the ice-microalgal 
populations, as proposed for phytoplankton by Steele 
(1978). 
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