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ABSTRACT. Spatial and seasonal variations in primary production by sea ice microalgae and phytoplankton in Frobisher Bay were studied from 1976 to 1986. Sea ice microalgae grew from late winter to
spring. Maximal production of 2.0 mg C m-3 h-' (12 mg C m-' h-') was reached in late spring when a
microalgal bloom occurred in the bottom 5 cm of the ice. At the same time, photosynthetic production
rates of phytoplankton in the water under the ice began to increase but were generally several times
lower than those within the ice. The greatest rate of carbon production in the water column was 4 mg C
m-3 h-' (55 mg C m-'h-'),
reached during the summer. The phytoplankton bloom took place in the
upper 10 m where the pycnocline existed. Production decreased after the summer through the fall and
winter. The most important factors governing primary production of the microalgae in the upper part of
the sea ice were the combined effects of light and temperature. Light alone was the most important
factor for the bottom ice microalgae and the phytoplankton in the water column under the ice and in the
lower parts of the euphotic zone during open water seasons. Nutrients were never limiting during this
study. Evidence is given for the important role of such auxiliary factors a s salinity changes, tides, airwater heat exchanges and winds in generating vertical mixing, either alone or in combination with
light, ir. regulating !he !imc and iiiagiiitiide of Ll~e'uioom.

INTRODUCTION
The contribution of sea ice microalgae and phytoplankton as primary sources of organic carbon and
energy to the marine food chain depends on turnover
rates of carbon biomass (Tilzer et al. 1985). The turnover rates are reflected in relative photosynthetic rates
which determine the transfer of carbon and energy to
the higher trophic levels (Tilzer 1984). Knowledge of
the primary production rate is of great importance to
fisheries through energy transfer in the marine food
chain. Production can be regulated by Light (Grainger
1979, Horner 1981, Legendre et al. 1981, Demers et al.
1984, Horner 1985), temperature (Bunt 1968, Harrison
et al. 1982, Neon & Holm-Hansen 1982), salinity
(Legendre et al. 1981, Poulin et al. 1983, Vargo et al.
1986), nutrients and water column stability (Dunbar
1970, Legendre 1981). Recently, auxiliary factors such
as freshwater runoff, tides, winds and air-water heat
exchanges (Gosselin et al. 1985, Legendre & Demers
1985) have also been considered important.
O Inter-Research/Printed in F. R Germanv

Some observations have been made of the physical,
chemical and biological oceanography of Frobisher
Bay (Grainger 1975, 1977, 1979), but little is known
about primary production. The present investigation
describes and quantifies the spatial and seasonal variations in primary production of sea ice microalgae and
phytoplankton, and correlates these fluctuations with
physical (solar radiation, temperature, salinity) and
chemical (ammonia, nitrate, phosphate and silicate)
changes in Frobisher Bay.

MATERIALS AND METHODS
Study area. The study was carried out in Frobisher
Bay, Arctic Canada (Fig. 1). Sea ice usually forms in
late November or early December and remains unbroken until July. Total darkness occurs in the winter and
continuous light in the summer. Water temperature is
consistently low and often approaches the freezing
point of seawater. The oceanography is dominated by
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Fig. 1. Station locations in Frobisher Bay, Canada
semidiurnal tides with a maximal range of 12 m a n d
with mean currents of 2 knots (Grainger 1975). Salinity
a n d nutrients fluctuate as a result of the annual cycle of
ice formation a n d deterioration, a n d freshwater runoff
from the nearby Sylvia Grinnell River.
Environmental measurements. All environmental
factors (solar radiation, temperature, salinity and
nutrients) were measured concurrently with in situ
photosynthetic production experiments. Solar radiation
was measured with a n Li-185 quantum/radiometer/
photometer equipped with an Li-193 SB underwater
spherical quantum sensor (Lambda Instruments Corporation, Lincoln, Nebraska) at least twice per incubation
during the ice season and more often during the open
water season. Ice temperature was taken only for 1985,
using a temperature probe array designed for this
study. Sensors extended vertically through the ice and
into the water immediately below the ice at 10 cm
intervals. Water temperature was measured by a calibrated immersion thermometer placed in the water

bottle. Nutrient concentrations and salinity in the brine
channels of the ice in which microalgae live are
difficult to measure. Nutrients a n d salinity were measured, therefore, only from whole ice samples. Salinity
was determined with a Bissett-Berman Model 6230
laboratory salinorneter. Nutrients (NOs, PO, and Si03)
were analysed by spectrophotometric techniques
following the methods of Strickland & Parsons (1972).
Ammonia was measured by the method described in
Dal Pont et al. (1974).
Sampling for spatial and temporal variations. Ice
samples were taken with a 7.6 cm diameter SIPRE
corer. Only the bottom 5 cm of the cores, containing the
densest population of microalgae, were used for this
study. Phytoplankton was collected from the water
beneath the ice and from open water with a 5 1 Nislun
sampling bottle.
The samples were collected at different depths and at
different stations in order to study spatial variations. The
vertical collections were made both from the top of the
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ice column to near the bottom (40 m) of the water
column during winter (December to March) and spring
(April to June), and from the surface to 40 m depth of the
water column during summer (July to August) and fall
(September to November). The horizontal collections
were made from the surface water with a bucket at
several stations across the bay during summer cruises in
1976 and 1977. In order to examine temporal variations
in production by sea ice microalgae and phytoplankton
from 1977 to 1986, Stn 1 was selected as a major study
site. This station was usually occupied once a week
during August and less frequently at other times.
Measurement of primary production. An incubation
chamber was fabricated of plexiglass pipe (15.6 cm
length, 8.9 cm inside diameter, 1.3 cm wall thickness)
and plexiglass sheets which were bolted and glued
together (Fig. 2). All screws, bolts, hooks, washers and
nuts used in this apparatus are stainless steel and are
not directly in contact with the test samples. The screw
plug and '0' ring are made of plastic and neoprene,
respectively. One piece of the bottom 5 cm of the ice
core containing sea ice microalgae was placed in an
incubation chamber with 450 m1 of Millipore-filtered
ice meltwater. A 640 m1 sample containing natural
populations of phytoplankton from 0, 10 and 40 m
under the ice was poured into other incubation chambers. One m1 of 20 pCi of NaHI4CO3 was injected into
each of the incubation chambers and the contents were
thoroughly mixed. The incubation chamber with sea
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ice microalgae was incubated in situ at the bottom of
the ice and those with phytoplankton at the depths
from which the samples were collected. The ice hole
was covered with a sheet of white-painted plywood
and snow in the winter, and with ice and snow in the
spring. During the open-water periods of summer and
fall, the rates were determined at 0, 1, 3, 5, 7, 10, 20, 30
and 40 m by the procedures described in Hsiao e t al.
(1977). The incubation usually started around 10:OO h
and lasted for about 4 h. Incubations were continued
for 24 h during the ice period (late November to June).
At the end of the incubation, 0.4 m1 of concentrated
neutral formalin per 100 m1 of sample was injected into
the chamber to stop photosynthesis.
The 14C labelled samples were filtered in 4 equal
amounts through 47 mm diameter Millipore HA filters
under a vacuum of 380 mm Hg. The filters were rinsed
with 5 m1 of 0.001 N HCl made with prefiltered natural
seawater to remove inorganic radoactive bicarbonate
solution retained on the filters. They were then placed in
glass scintillation vials, and frozen for shipment south
for further analysis. Upon arrival, 20 m1 of Aquasol-2
were added to each vial. After 24 h, the vials were
counted for 10 min with a Nuclear Chicago Isocap
300 liquid scintillation system. After initial counting,
20 p1 of carbon-14 labelled liquid toluene standard
(4.0 X 105dpm ml-') were added to each sample, and all
vials were recounted. Counts were corrected for efficiency by the internal standardization methods of Schindler (1966). The rates of photosynthetic production for
both mg C m-3 h-' and mg C m-2 h-' were calculated
using the formulas listed in Hsiao et al. (1977).
Photosynthetic rates (mg C m-3 h-') of sea ice microalgae are several times to one order of magnitude
greater than those of phytoplankton under the ice. They
may be several times smaller, however, when they are
compared on an area1 basis (mg C m-2 h-'). This is
because the ice algae, although more concentrated than
the phytoplankton during most of the winter, are
restricted to a few centimetres of ice while the plankton
may occupy the full depth of water-i.e. 40 m a n d m o r e i n
the present study. Integrated values of production rates
expressed per m2 are used a s standard values for seasonal and regional comparisons throughout this paper.

RESULTS

Environmental measurements
Solar radiation

Fig. 2. Incubation chamber used for in situ primary production
studies of sea ice microalgae and phytoplankton under the ice

Average light energy during winter varied from
about 0.005 FE m-2 S-' at the bottom of the water
column to 33 1tE m-2 S-' at the ice-water interface
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under 126 cm of ice and 26 cm of snow (Fig. 3b).
Although snow and ice thickened through the winter,
to 165 cm of ice and 35 cm of snow in spring, the light
energy also continuously increased (Table 1). During
late spring, an ice bloom usually occurred in the bottom
5 cm of the ice in response to increased solar radiation
as high as 135 pE mP2S-' at the bottom of the ice. As
the snow melted in late June or early July, more light
reached the lower surface of the ice. After open water

198b

Salinity
Salinity of the melted ice ranged from 3 to 8 %O in the
bottom 5 cm of the ice (Fig. 3d). The salinity was very
consistent throughout the water column under the ice
from winter to spring, ranging from 32 to 33 %. It
became variable in the upper 10 m when snow and ice
melted in June and July, ranging from 8 to 32 Yw. This
apparently established a density stratification in the

*

Table 1. Comparison of seasonal variations (mean
SD) in environmental parameters and primary production of sea ice
microalgae in the bottom 5 cm of the ice with the phytoplankton in the upper 10 m in Frobisher Bay at Stn 1 from 1977 to 1986
-

Winter
Ice column
Water column
upper 10 ma
bottom 5 cm
Number of obsewahons
Primary production
(mg C m-3 h-')
Snow thickness (cm)
Ice thickness (cm)
Tidal height (m)
Ammonia (pg-at I-')
Nitrate (pg-at I-')
Phosphate (pg-at l - l )
Silicate (W-at I-')
Temperature ("C)
Salinity (%o)
Solar radiation ern-*S-')

Spring
Ice column
Water column
bottom 5 cm
upper 10 m"

Summer
Water column
upper 10 m'

Fall
Water column
upper 10 me
6
1.68k 1.08

7
0.61 T0.53

7
0.13f0.11

7
1.2020.35

7
0.25kO.13

44
2.48k2.84

25.92 10.9
126.3f 28.0

-

35.04 10.8
165.0+ 18.6

-

-

3.36k2.36
2.052 1.20
0 . 4 0 f 0.27
3.60k2.34
-1.85f0.15
6 . 5 4 2 1.07
3 3 . 2 2 4 9 6b

4.3722.31
1.10+0.66
6 . 0 5 2 1.81
0 9 6 f 0.30
13.37 f 6.04
-1.79f0.03
33.11+0.47
10.2i26.8

4 . 5 9 f 1.98
4.19k 1.60
0.57? 0.84
3.7223.16
6.40F2.36
1.03C0.52
0.88 20.34
3.83C2.10
15.362 4.21
-1.2520.08
-1.5720.35
4.95C2.04
31.0225.30
1 3 4 . 9 51 5 0 . 2 ~
96.1f 144.5

6-72? 2.26
0.53 0.58
O.75f 1.01
0.51 i 0 . 5 0
3.75k3.49
1.04+1.41
30.64zk3.60
343.9f 390.4

+

-

5.36k2.68
0.46 k 0.49
1.1721.44
0.61 k0.17
4.43k3.05
1.26k 1.02
31.32-Cl.82
228.7k406.5

Mean values for 6 depths ( 0 , l . 3 . 5 , 7 and 10 m)
Measurements were made at the bottom of the ice

appeared in late July, the light increased to a mean
value of 344 PE mp2 S-' in the upper 10 m coincidently
with the phytoplankton bloom. In August, light
reached a maximum of 1500 LIEm-2 S-' in the surface
water and attenuated with increasing depth (Fig. 3b).
Thereafter, light decreased with shortening daylength
until complete darkness set in during winter.

Temperature
The mean temperature at 5 cm above the bottom of
the sea ice was -1.85 and -1.25"C for winter and
spring, respectively, while the water temperature
beneath the ice remained fairly constant ranging from
-1.8 to -1.6OC at Stn 1 (Fig. 3c; Table 1). It increased
to O°C in late spring, and continued to rise throughout
the water column with the onset of summer. The h g h est temperature was 4°C in the surface water during
July (Fig. 3c). The temperature fluctuated w t h depth
only in the upper 10 m, remaining fairly constant below
that depth.

upper layer (Fig. 3e). During the open water period
(summer and fall), the stratification became less significant with the surface salinity about 29 %o and between
30 and 33 % in the deeper water.

Inorganic nutrients
Ammonia concentrations in the bottom 5 cm of the
ice were always higher than those in the water column,
while nitrate, phosphate and silicate concentrations
were lower in the ice than in the water column (Fig. 4b
to e). All nutrients in the water column generally
increased with depth, and were highest during winter
and lowest during summer.

Spatial variation
Primary production rates of sea ice microalgae were
always higher than those of the underlying phytoplankton at Stn 1 during the ice period. The production
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a PRIMARY PRODUCTION (mgC m-3 h-'
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b SOLAR RADIATION (@Ern-'s-' )

c TEMPERATURE ('C)
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( Oi )

Fig. 3. Temporalvariations of (a)primaryproduction, (b)solar radiation, (c)temperature. (d)salinity, (e)density at Frobisher Bay Stn 1

rates of phytoplankton generally decreased with depth
(Fig. 3a). The whole bay became open water during
summer when primary production rates of the phytoplankton in the surface water across the bay ranged
from 0.13 mg C m-3 h-' at Stn 25 to 12.98 mg C m-3 h-'
at Stn 18 (Fig. 5). During the same period the greatest
production rates in the water column varied from 0.4 to
3.7 mg C m-3 h-' and were found at depths between
5 and 10 m, except for 15 m at Stn 8 (Fig. 6).
In upper Frobisher Bay, the integrated production
rates of phytoplankton at Stn 1 were greater than at
Stn 5 (Fig. 7). The rates were also higher in July than in
August at both stations.
The phytoplankton bloom occurred about 7 to 10 d
earlier at Stn 1 than at Stn 5 based on 10 yr of observations.

Seasonal variation
The mean primary production rates of sea ice microalgae in the bottom 5 cm of the ice varied from 0.61
mg C m-3 h-' during winter to 1.20 mg C m-3 h-'
during spring in Frobisher Bay at Stn 1 (Table 1).These
rates were about 5 times greater than those of phytoplankton in the underlying waters. At the same time
the production rates of phytoplankton immediately
under the ice were greater than those in the deeper
waters (Fig. 3a). The average overall phytoplankton
production rate in the upper 10 m varied from a low of
0.13 mg C m-3 h-' in wi nter to a high of 2.48 mg C
m-3 h-' in summer (Table 1).
In late spring, microalgae from the lower surface of
the ice were dispersed into the water column as the ice
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Fig. 4. Temporal variations of (a)thickness of snow and ice, (b)ammonia, (c)nitrate, (d)phosphate, (e)silicate in Frobisher Bay at Stn 1

melted. Phytoplankton subsequently developed rapidly and reached maximum production during summer.
Thereafter, rates decreased wlth time and depth
(Fig. 3a; Table 1).
The integrated phytoplankton production at Stn 1
was greater than that of the sea ice microalgae during
the ice season (Fig. 8 ) . The production of both sea ice
microalgae and phytoplankton ranged from 4.5 mg C
m-2 h-' in winter to 11.7 mg C m-'h-' in spring. In
mid-July when the ice broke up and open water
appeared, sea ice microalgae were released into the
water. During summer the phytoplankton production
in the water reached its highest value of 54.5 mg C
m-2 h-', and then decreased to 23 mg C m-' h-' during
fall.

DISCUSSION

The h g h e s t production rate in the surface water of
Frobisher Bay was found at Stn 18. This is situated on
the northeast side near the mouth of the bay where one
could expect a net 1nflo.v~of water at the surface in
response to the Coriolis force. The surface water (O°C,
31 %o) may be mixed or exchanged with deep or intermediate depth water by tides and currents from below
and by winds and convection at the surface. Such water
movements stabilize the surface water and also
abruptly supply nutrients to the surface. This stability
keeps cells near the surface where the availability of
light and the input of heat produces more buoyancy
(Smayda & Boleyn 1966, Hegseth 1982, Erga & Heim-
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STATION NUMBER

Fig. 5. Mean primary production rates (n = 2) of phytoplankton in the surface water of Frobisher Bay stations during
August 1976 and 1977
Primary Production ( m g C m-3 h - ' )

28 1

rates decreased in the fall and through the winter. They
were significantly negatively correlated with depth at
all seasons except in winter as a result of shadeadapted microalgae living within or under the ice
(Table 2).
The phytoplankton blooms earlier at Stn 1 because of
an earlier breakup resulting from its location at the
head of upper Frobisher Bay with stronger currents and
semidiurnal tidal mixing and nearer to the Sylvia
Grinnell fiver with a large amount of freshwater
runoff. This supports the recent hypothesis of Legendre
& Demers (1985) that inputs of auxiliary energy are
essential for increasing the productivity and for controlling the timing of the spring phytoplankton bloom.
As winter changed to spring, the photosynthetic rates
of microalgae in the bottom ice increased 2-fold as the
temperature rose from - 1.85"C to - 1.25"C and light
energy increased from 33 to 135 pE m-2 S-' with nonlimiting concentrations of nutrients. This indicates that
light may be more important than temperature in regulating production of microalgae in the bottom ice
(Table 2). Talling (1957) has shown that usually only
light-saturated photosynthesis is temperature-dependent whereas temperature effects are absent under
limiting light. This has been explained by the fact that
light-saturated photosynthesis is controlled by enzymatic processes while light-limited photosynthetic rates
depend on photochemical reactions which are temper-

Fig. 6. Depth profile of primary production rates of phytoplankton at various stations during August

dal 1984). This results in the phytoplankton blooming
and depleting the nutrients.
The least productive zone was at the bottom of the
water column under the ice during winter; in contrast
the most productive zone was the lower 5 cm of the ice
in late spring just prior to ice melting. During summer,
the production in the water reached a maximum in the
upper 10 m, and declined in the deeper waters. The

STATION NUMBER

Fig. 7. Integrated primary production rates (mean 2 SD) of
phytoplankton in upper Frobisher Bay at Stns 1 and 5 during
July ( 0 ; n = 6) and August (e; n = 10) from 1976 to 1986
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Sea ice
microalgae
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Fig. 8. Seasonal variahons in integrated pnmary production
rates of sea ice microalgae and phytoplankton in the water
column underneath the ice and in the open water at Stn 1.
Horizontal line on each bar: mean; hatched portion of bar:
standard deviation; vertical line: range of observations
ature independent (Steemann-Nielsen 1975). However, microalgae living within or under ice are generally considered to be shade-adapted and characteristically have low compensation light intensities (Bunt
1968, Platt et al. 1982). The compensation point varies
from as low as 0.18 pE m-' S-' to as high as 21 uE
m-2 s - ~(Cota 1985, Horner 1985). Photoinhibition
occurs at light intensities ranging from 10 LIEm-2 S-' to
231 pE m-2 S-' (Bunt 1964, Palmisano e t al. 1985,
Rivkin & Putt 1987). The surface ice temperature
approaches the air temperature which may be a s low as
-38 "C, while the bottom ice temperature is close to the
underlying seawater temperature ( - 1.8"C). The ice
temperatures between these 2 layers exhibit steep gradients. This apparently shows that both light and temperature control the production of microalgae in the

upper part of the ice column. During late spring in
Frobisher Bay, water temperature remained low
(-1.6"C) and nutrient concentrations high. The photosynthetic production of phytoplankton in the water
column under the thickest ice (1.6 m) began to increase
slightly in conjunction with increasing solar radiation
(Table 1). The amount of light penetrating to the water
depends partly on the thickness of snow and ice. Once
the ice microalgal layer has formed, however, light
intensity under the ice may be further reduced. It has
been reported that the amount of light energy required
to initiate photosynthesis is about 1 pE m-' S-', to reach
a maximum production is 65 pE m-' S-', and to inhibit
production is 240 pE m-' S-' (Horner 1985). However,
Platt et al. (1980) found that maximum photosynthesis
for arctic summer phytoplankton required a somewhat
higher irradiance of about 359 pE m-' S-'. Solar radiation in the present study ranged from 300 to 1500 yE
m-' S-' in the surface water and from 0.5 to 1 yE
s -1 at a depth of 40 m during summer. Higher light
intensities are usually accompanied by higher temperature in the surface water. During the study period, the
highest surface temperature was 4.0°C and growth was
negatively correlated with surface temperature (Hsiao
1985). Growth declines as a result of over-saturation by
light, possibly because of photoinhibition of photosynthesis (Platt et al. 1980, Gallegos et al. 1983). T h s leads
to the conclusion that phytoplankton photosynthesis
may be inhibited in the surface water and limited in the
lower part of the euphotic zone by light. The light
regime experienced by phytoplankton varies greatly
both seasonally and daily, particularly during the ice
cover period. It is also strongly affected by vertical
mixing processes which distribute the cells throughout
the upper water column. This demonstrates that both
Light (r = 0.91, p < 0.001) and temperature (r = 0.78, p
< 0.01) strongly correlate with primary production during spring but only with light during winter and summer. These 2 factors are independent of production
during fall (Table 2). In contrast both light-saturated
and light-limited photosynthesis of phytoplankton in
the Antarctic waters are temperature dependent (Tilzer
et al. 1986).
Salinity of the brine in the sea ice is as high as 68 to
76 7m (Zukov 1943 reported in Grant 81 Horner 1976,
Lewis & Mllne 1977).It decreases when the ice starts to
melt. Ice melt often occurs concomitantly with melting
of the overlying snow resulting in much higher
irradiance and lower salinities. The salinity of the surface water may drop to as low as 7 % during late spring
(Fig. 3d). The sea ice microalgae are exposed to both
high salinlties resulting from brine exclusion during ice
formation and low salinities as snow and ice meltwater
and freshwater runoff percolate through the algal layer
in late spring or early summer. Such changes in salinity
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Table 2. Partial correlation coefficients of seasonal primary production a n d environmental parameters a t Stn 1 in Frobisher Bay
from 1977 to 1986
Primary
production

Depth

NH,

PO,

Si03

Temp.

Salinity

Solar
radiation

Winter
Primary production
Depth
NH4
No3
p04
Si03
Temp.
Salinity
Solar radiation

0.661""
0.289"'
-0.562"'
1.000
0.623""
0.911
-0.7 85'
0.861
0.848"

Spring

Summer
Primary production
Depth
NH4
No3
p04
S103
Temp.
Salinity
Solar radiation

-0.394 '
0.625 '
0.391 ' '
1.000
0.881 ' '
0.312"'
-0.669' '
0.424"'
-0.649'
Fall

99 % confidence level

confidence level
Not significant

' ' 99.9 %

could have a profound effect not only on primary production but also on cell viability. individudi species
may respond in different ways depending on whether
they are euryhaline or stenohaline (Palmisano & Sullivan 1985). The present study shows that higher production rates occurred at lower salinities ( r = -0.83,
p < 0.01) in the spring but were not significantly influenced by salinity in other seasons (Table 2). Bunt
(1964) found that photosynthesis by ice microalgae was
strongly affected by salinity with an optimum at only
7.5 to 10 %o.
The sea ice microalgal layer disappears rapidly,
probably through the grazing of herbivorous organisms
and/or through a combination of melting ice, brine
drainage and flushing by tidal currents that wash away
the soft bottom (Horner 1976, 1981). Microalgae are
consequently introduced into the water column. The
salinity of the upper water column decreased with
increasing temperature and mixing of meltwater and
freshwater runoff. This layer was well stratified particularly during spring (Fig. 3e). The water column
stability subsequently decreased with vertical mixing
caused by the strong semidiurnal tides and prevalent
winds. These conditions are favorable for phytoplankton growth. The phytoplankton bloom usually occurs at
the pycnocline concurrently with the breakup of the

fast ice during summer (late July). This confirms that
the estabiishment of density stratification in the water
column is closely correlated with blooms which always
occur at the spatio-temporal interface between unstable and stable conditions (Legendre 1981, Perry et
al. 1983, Legendre & Demers 1985, Smith & Nelson
1985). As summer changed to fall, the vertical stability
decreased and the production subsequently decreased.
It reached its lowest point during the winter.
Nutrients were most rapidly utilized by the cells
during bloom periods. The concentrations of nitrate,
phosphate and silicate were low in the ice, w h l e
ammonia was high. This suggests that an active assimilation of nutrients by microalgae and high activity of
animals occur in the ice. The partial correlations of
primary production with nutrients are shown in
Table 2. Silicate is continuously supplied from the
nearby Sylvia Grinnell River and is not correlated with
production during any season. Phosphate is negatively
correlated except in the winter. Ammonia and nitrate
do not show any significant correlation with production
during winter and spring, but they become inversely
correlated when the phytoplankton vigorously grow
during summer and fall. The nutrients in the water
column either under the ice (winter and spring) or in
the open water (summer and fall) were consequently
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lowered but never low enough to limit growth or primary production (Table l ) . This agrees with previous
observations made by Grainger (1977) in Frobisher Bay
and wlth several other results (Meguro et al. 1967,
Hamson et al. 1982, Horner & Schrader 1982, Poulin et
al. 1983) for arctic waters. The nutrients were rapidly
replenished by various physical actions: tides, winds,
river runoff and currents.
It may be concluded that both temperature and light
control the growth and distribution of the microalgae in
the upper part of the ice column during winter and
spring, while light may be more important than temperature in regulating their production in both lower
part of the ice column and in the underlying water
column. During summer, light is too high in the surface
and inhibits production. As the season progresses
toward autumn, light diminishes and daylength shortens. The availability of light in the lower part of euphotic zone becomes more critical, particularly during the
sunless winter months. The vertical stability of the
water column in addition to the mixing forces of semidiurnal tidal currents, air-water heat exchanges and
winds may also regulate the production. These
changes consequently influence the annual secondary
production at higher levels of the food web.
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