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ABSTRACT: Studies of the utilization of inorganic nitrogen (NO5~, NH,*) by sea-ice algal communities
were conducted during 2 field seasons in Barrow Strait, Northwest Territories (NWT), Canada. Results
showed a significant temporal shift from NOj3; -dominated metabolism during the early stages of algal
biomass accumulation under the ice to NH,*-dominated metabolism later on when biomass was in
decline. Volume-based uptake rates of both nitrogen compounds were 2 to 3 orders of magnitude higher
(1 to 80 umol N 1! h™!) than rates typical for coastal plankton populations but so were biomass levels (4
to 18 mg chlorophyll a1"!) and interstitial nitrogen concentrations (NO3™:4 to 123 umol N 17!, NH,* : 4 to
40 pmol N 17'). Ammonium was utilized preferentially as is generally the case in planktonic systems.
Despite high concentrations, however, NH,* apparently had little inhibitory effect on the activity of the
NOj;™ assimilatory enzyme, nitrate reductase (NR), at least during the early stages of ice-algal growth.
Complementary physiological experiments carried out during this same period showed (1) concen-
tration-dependent nitrogen uptake kinetics (K,) for these communities were similar to values seen in
coastal plankton, (2) no apparent light-dependence of NO;~ or NH,* uptake was evident in short-term
experiments, (3) organic nitrogen (urea, amino acids} may represent a significant portion of the sea-ice
communities’ nitrogen nutrition, (4) an important component of the metabolism of NH,* and amino
acids may be mediated by prokaryotic microorganisms. Our results, along with several other indirect
lines of evidence, support the contention that these sea-ice communities are not nitrogen-limited.
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INTRODUCTION

The existence of complex communities of primary
producers, grazers and bacteria residing at the sea-
water-ice interface in polar seas has been known for
many years (Horner 1985a). There has been much
speculation on the ecological role of these communities
(Horner 1985b, Conover et al. 1990) but only in recent
years has a concerted effort been made to study their
component parts, their trophic interactions and the
physiological characteristics which enable them to sur-
vive and proliferate in this unique but hostile environ-
ment. Most work has focussed on the photoautotrophs
(sea-ice algae) and has largely concentrated on their
photosynthetic, biochemical and growth response to
light (e.g. Cota 1985, Palmisano et al. 1985, Smith et al.
1987, 1988, 1989b, Michel et al. 1988) although the
effects of other physical and chemical properties of
their environment (e.qg. temperature, salinity, tidal mix-
ing) have been investigated (e.g. Gosselin et al. 1985,
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1986, 1990a, b, Bates & Cota 1986, Cota et al. 1987,
1990, Cota & Horne 1989, Cota & Sullivan 1990). More
recently, attention has been directed to the possible
influence of dissolved nutrients on ice-algal growth
and photosynthesis, spurred by evidence that: (1)
population growth may be stimulated by the addition of
nutrients to captured samples (Maestrini et al. 1986},
(2) biochemical characteristics are often suggestive of
nutrient-limited growth (Smith et al. 1987, Demers et
al. 1989, Gosselin et al. 1990a, b), and (3) photosynthe-
tic performance and other indices of physiological
activity are positively correlated with tidally-induced
mixing of nutrients at the ice-seawater interface (Gos-
selin et al. 1985, Cota et al. 1987, Cota & Horne 1989,
Demers et al. 1989), and/or other environmental forc-
ing (Cota & Sullivan 1990). Attention has initially focus-
sed on the role of nitrogen because of its known import-
ance as a limiting nutrient in plankton systems;
detailed studies of the nitrogen nutrition of sea-ice
algae have now been completed in both the Antarctic
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(Cota et al. 1988, Priscu et al. 1989, 1990), and the
Arctic (this study) and sub-Arctic (Demers et al. 1989,
Gosselin et al. 1990b).

We describe here the results of a 2-season investiga-
tion of the nitrogen nutrition of ice-algal communities
in Barrow Strait, Northwest Terrories (NWT), Canada
with the main aims of documenting the magnitude and
temporal variations in nitrogen utilization by the bot-
tom-ice communities in relation to the population
growth and decay cycle and, with this and information
from ancillary experiments, addressing the question, ‘is
there compelling evidence for nitrogen limitation of
sea-ice algal communities in Barrow Strait?’

METHODS

The study site was located on land-fast ice in Barrow
Strait, NWT, Canada (74°38'N, 94°54’ W) about 4 km
south of Cornwallis Island (Fig.1). The area is
described fully in Cota et al. (1987). Experimental work
on nitrogen dynamics was concentrated during an
approximate 3 wk period in 1985 (17 May to 4 June)
and an additional week in 1986 (5 to 12 May). Samples
of the sea-ice bottom assemblages (Horner et al. 1988)
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were collected either daily (1986) or on alternate days
(1985) in the morning by means of an ice auger from
areas with moderate (5 to 12 ¢m) snow cover. Samples
were then transported to the adjacent ice camp labora-
tory where the loosely consolidated ice crystals from
the bottom ‘skeletal’ layer (ca 3 to 5 cm thick) were
carefully scraped into filtered (Whatman GF/F glass
fiber filter) surface seawater and allowed to slowly melt
(ca —1.0 °C) in the dark. The resulting suspension was
about 90 % seawater and 10 % melted ice with a salin-
ity of about 30 ppt (Smith et al. 1987). Subsamples were
then taken from the slurry for a variety of analyses
including particulate matter (chlorophyll a, CHL:
Holm-Hansen et al. 1965; organic carbon and nitrogen,
POC, PON: Sharp 1974) and dissolved nutrients (NO5™:
Strickland & Parsons 1972; NH,": Solorzano 1969;
urea: McCarthy 1970) from GF/F filtrates of the algal
suspension and the surface seawater. Urea and NO;~
analyses were done on frozen samples, NH, " analyses
were done on fresh samples within 1 to 2 h of collec-
tion. NH,* analyses were also done subsequently on
the frozen samples (as part of the urease-urea analysis)
and gave values similar to those from the fresh sam-
ples, suggesting no serious contamination problem
arising from the freezing and storage process (see also
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Fig. 1 Study site in Barrow Strait, Northwest Territories, Canada. Ice camps were located ca 4 km to the south of
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Smith et al. 1990). Corrections were made for the dilu-
tion effect of the added seawater:

Ca = [(Cmvm)_(csvs)]/va (1)

where C and V = N-concentration and sample volume
of the undiluted ice algae (a), filtered seawater (s), and
ice algae-seawater mixture (m}), respectively. During
both the 1985 and 1986 sampling periods, concen-
trations of NO5~, NH,*, and urea in the surface sea-
water (diluent) were on average 3t0 6, 0to 0.2 and O to
0.2 umol N 17!, respectively (see also Cota et al. 1990).

Nitrogen-15 labelled tracers (95 to 99 atom %
enriched) were employed for the measurements of
NO;~ (as K*NOj), NH, " (as "*NH,Cl) and urea uptake
by the algal communities in the dilute suspensions.
Isotopes were added to a final concentration of 1 to
10 umol N I"!. These additions were usually small com-
pared to the ambient concentrations (see below) and
therefore likely did not perturb (i.e. enhance) the in situ
uptake rates. Incubations (~ 20 m! of algal suspension)
were carried out in acid-cleaned glass scintillation vials
for 1 h in blue-filtered, artificial light incubators main-
tained at ambient temperature and at an irradiance
level of 6.5 uE m~2 s! (Smith et al 1987). Incubations
were terminated by gentle vacuum filtration (< 100
mm Hg) of the particulates onto precombusted GF/F
glass fiber filters. The filters were subsequently dried
and analyzed for nitrogen isotope ratios by emission
spectrometry (Fiedler & Proksch 1975). Uptake rates
were calculated according to the equations of Dugdale
& Goering (1967); no corrections were made for
‘isotope dilution’ in the NH,* experiments (Glibert et
al. 1982). Corrections to uptake rates (mass volume™!)
were made for seawater dilution effects using a formu-
lation similar to Eq. (1) by assuming no contribution to
the uptake from the filtered seawater diluent and
assuming that uptake rates were substrate ‘saturated’
before as well as after the dilution step (see below). On
a few occasions during the 1985 study, a commercial
mixture of algal amino acids labelled with nitrogen-15
(MSD Isotopes) was included in the standard experi-
mental protocol, however, since amino acid substrate
concentrations were not measured, quantitative
estimates of uptake rates was not possible. On other
occasions in 1985, the concentration-dependence of
NO;~, NH,* and urea uptake were measured as well as
the response of NO3~ and NH,* uptake rates to light
level in a light-gradient incubator. Details of this
experimental apparatus are given in Cota (1985).

In 1986, daily measurements of nitrate reductase (EC
1.6.6.2) activity (NR) supplemented the nitrogen-15
tracer measurements. The cell-permeabilizing proce-
dure of Hochman et al. (1986) was used on cells con-
centrated on GF/F glass filters; triplicate controls (no
added NADH) and treatments were run. This proce-

dure gave activity levels 3-fold higher than the grind-
ing method often used in plankton studies (Eppley et
al. 1969a); enzyme activity, nonetheless, accounted for
only ~ 20 % of the uptake based on our *NO;~ tracer
measurements but this is not unexpected for crude
enzyme extracts (Eppley et al. 1969a). Incubations
were for 1h (over which time NO,™ production was
linear) and done at ambient temperature (~ —1.0 °C).
Activity was an order of magnitude higher at ambient
than at room temperature (~ 20 °C) (see also Priscu et
al. 1989). Coefficients of variation (CV) for replicate
determinations averaged less than 15%. Early
attempts were made to measure enzyme activity on
directly melted ice algal samples, however, rates were
less than half those from samples melted in seawater
(standard protocol) and the direct-melt procedure was
therefore abandoned (see also Bates & Cota 1986, Gar-
rison & Buck 1986).

RESULTS

The time periods over which these studies were done
emcompassed both the early phase of increasing CHL
biomass (1986} and the declining CHL biomass phase
(1985} of the annual ice-algal growth cycle (Fig. 2a; a
more complete treatment of seasonal CHL dynamics is
given by Smith et al. 1988). Although day-to-day varia-
bility was large, a similar pattern was seen in the NO3;~
concentration of the melted bottom ice, i.e. concen-
trations often exceeding 100 umol N 17! were observed
during the early growth phase in 1986 with signifi-
cantly lower concentrations seen during the algal
decline phase in 1985 (Fig. 2b). Most noteworthy about
the NH4" concentrations was a rapid increase on the
last sampling date in 1985 when biomass was on the
decline (Fig. 2¢).

The dynamics of the CHL biomass and nutrients
were reflected in the utilization of NO;™ and NH, ™" by
bottom-ice assemblages. NO3;~ uptake was substan-
tially higher in 1986 than in 1985, attaining rates as
high as 80 umol N 17! h7!; rates generally decreased
with time in 1985 and increased with time in 1986 as
did biomass (Table 1}. NH,* uptake rates, on the other
hand, tended to increase with time in both 1985 and
1986; in 1986 NO3~ uptake exceeded NH,* uptake at
most samplings whereas NH;* uptake exceed NO5~
uptake at the latter samplings of 1985. With few excep-
tions, NH;* was the preferred form used when com-
pared with its relative concentration (RPInn, > 1,
Table 1). The pattern of a shift from predominantly
NO;~ metabolism during the algal growth phase to
NH, " metabolism during decline is clearly seen when
the f-ratio [NO5~ uptake/(NOs™ + NH, ") uptake] is plot-
ted against time (Fig. 2d). In addition to tracer mea-
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Fig. 2. Temporal variations in bottom-ice chlorophyll a (CHL), nutrients (NO;~, NH,*), f-ratio, and nitrate reductase activity (NR,

NRS) during 1985 and 1986, CHL = mg 1™'; NO3~, NH,* = umol N [7}; f-ratio = [NO;~ uptake/(NO; + NH,*) uptake]; NR = pmol

NO,;~ 17! h™!; NRS = umol NO,~ mgCHL™! h™! Filled circles/solid lines are 1986 data, open circles/dashed lines are 1985 data.
Vertical bars are = 1 standard deviation

surements, the activity of the NO3;~ assimilatory
enzyme, nitrate reductase (NR), was monitored in 1986.
NR activity increased with time, even when normalized
to chlorophyll biomass (Fig. 2e, f), supporting evidence
from the tracer data of the importance of NO;™ utiliza-
tion during this stage of the growth cycle. Moreover,
NR activity showed little sensitivity (i.e. inhibition or
enhancement) to sample enrichment with NH* or
NO;™ (Table 2).

Table 1. Nitrogen utilization rates by sea-ice algal assemblages in Barrow Strait, Northwest Territories, Canada. CHL =

During the 1985 studies, measurements were also
made of the concentrations and uptake of urea. Sur-
prisingly, urea concentrations of the melted bottom ice
often exceeded those of NH,*, however, uptake rates
of the bottom-ice assemblages were only about half the
NH,* uptake rates (Table 1). Nonetheless, urea rep-
resented about 22 % of the total (NO3;™+ NH,™ + urea)
nitrogen utilized. Normalizing the utilization rates of
the various forms of nitrogen to the dissolved and

chlorophyll a (mg 1I"'); nitrogen uptake (pNO3, pNH,, pUrea) = wmol N 17! h~!; RPI = relative preference index (McCarthy et al.
1977), where e.g. RPlyo, = {pNO3/pTotalN}/[NO; Conc./TotalN Conc.], etc

Date/Julian day

(1985)

17 May/137
19 May/139
22 May/142
28 May/148
02 June/153
04 June/155

(1986)

05 May/125
06 May/126
07 May/127
08 May/128
09 May/129
10 May/130
11 May/131
12 May/132

CHL

10.45
4.45
3.74
6.41

5.38

5.46
5.30
7.52
9.68
5.11
7.17
17.73
14.27

pNO;

10.53
4.25
3.08
9.73
3.00
0.87

7.94
6.99
23.87
80.04
7.24
29.79
38.62
59.45

“* Where urea not measured, TotalN = NO; - NH,4

pNH,

pUrea

4.64
2.64
4.29
14.70
5.32
10.05

11.84
3.97
8.40
9.51
4.17
4.42

36.15

30.98

2.33
5.37
4.67

2.00
2.41

RPIyo*

1.02
0.81
0.60
0.98
1.72
0.69

0.72
0.73
0.95
1.10
0.94
1.21
0.57
0.73

RPIyn?

2.66
1.77
1.57
1.02
2.41
2.46

1.36
2.87
1.19
0.58
1.12
0.46
4.98
3.32

RpIUred

0.66
0.97
1.13

0.32
0.31
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Table 2. Effects of NO;~ and NH ,* additions (10 umol N 17!) on
nitrate reductase activity of sea-ice algae. Protocol for enzyme
assay described in ‘Methods’ Samples to test effects of NH ™
(SW, SW+ NH ;™) were prepared as described in ‘Methods’,
i.e. melted in filtered seawater (dilution ~17:1); initial NO;~
and NH ;™ concentrations of diluted samples were 3.83 and
0.72 umol 17!, respectively. Samples to test NO;~ effects (AQ,
AQ+ NOj;7), because of the high residual NO;™ in the dilution
seawater, were melted in ‘synthetic’ seawater (Aquil®, Morel
et al. 1979) with nitrogen excluded; dilution was ~13:1 and
initial NO 3~ and NH4* concentrations of diluted samples were
0.48 and 0.47 umol 17}, respectively. After ~23h, 1.43 umol I}
of NH,* and 4.49 umol I"! of NO, remained in the N-
supplemented samples (SW+NH,* and AQ+ NO3;", respec-
tively). Nitrate reductase activity in units of pmol NO,~
mgCHL™! h™!

Incubation time (h) AQ AQ+NOj;~ SW SW+NH,*

0.0 0.200 0.200 0.829 0.829
1.3 0.200 0.272 0.511 0.753
3.1 0.381 0.423 1.201 1.109
8.8 0.502 0.650 1.016 0.885
23.1 0.465 0.638 0.541 0.393
Mean: 0.350 0.437 0.820 0.794

particulate pools revealed that the cycling of nitrogen
in the ice-algal communities was rapid (Table 3).
Despite large pools of dissolved and particulate nitro-
gen (compared to what is typically found in planktonic
systems), turnover times of dissolved-N ranged from as
short as < 1 h (in the case of NH;%) to > 1d (urea);
particulate nitrogen (PON) turnover times ranged from
about 1 to 8 d. PON and NO;™ turnover times were
shorter in 1986 than in 1985 while turnover times for
NH,* were comparable for the 2 yr.

Additional experiments were performed in 1985 to
investigate other physiological properties of the nitro-
gen nutrition of the bottom-ice assemblages. Measure-
ments of the response to a light gradient on 2 occasions
revealed no apparent light-dependence in the uptake
of NO;~ or NH,* over a range of light intensities from 0
to 125 uE m~2s7! (Fig. 3) which span natural conditions.
Concentration-dependent uptake kinetics were also
determined for NO5;~, NH,* and urea on one occasion
(20 May, Julian Day 140); half-saturation constants (Kj,
in units of umol N 1! + 95 % confidence limits) were
1.60 * 0.25 and 0.94 = 0.34 for NH," and urea,
respectively. Ambient NO;~ concentrations were too
high to permit an estimate of K, i.e. uptake rate was
saturated at the ~ 4 umol N 17! ambient level, thus the
K, would have been lower than this value.

A single experiment was performed during the 1985
study in an attempt to differentiate the contributions of
prokaryotic and eukaryotic components of the bottom
community to the uptake of NO3~, NH,", urea and a
mixture of algal amino acids. Chloramphenicol and

Table 3. Turnover times for various nitrogen pools

Year Pool No. Turnover time
(Range) (Mean)
1985 PON"* 5 3.12-8.20 6.18 d
NO 3~ 6 0.42-15.32 6.65 h
NH,* 6 0.39-5.00 2.56 h
Urea 5 4.10-32.94 14.36 h
1986 PON 8 1.29-5.76 2.76 d
NO 4~ 8 1.83-6.95 2.51h
NH,* 8 0.40-5.08 2.61h
* PON = particulate organic nitrogen
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Fig. 3. Effects of light intensity on specific uptake rate (v, h™})
of NO;™ and NH,™", 1985 study (16, 18 May, Julian Days 136,
138). Experimental procedure followed that described by Cota
(1985) using the 'photosynthetron’ (Lewis & Smith 1983), light
gradient incubator. Ambient light levels reaching the ice
algae were in the range 1 to 10 uE m™ 57" (Smith et al. 1988)

cycloheximide were used as specific inhibitors of pro-
karyotic and eukaryotic nitrogen metabolism, respec-
tively. Results suggested that a significant portion of
the NH, " and amino acid uptake may have been medi-
ated by prokaryotes; NO;~, NH," and urea uptake
appeared equally affected by the eukaryote inhibitor
while amino acid uptake was relatively unaffected
(Fig. 4).
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Fig. 4. Effects of metabolic inhibitors on the uptake of '*N
labelled NO3;~, NH,™*, urea and amino acids (20 May 1985,
Julian Day 140). Treatments included: controls (no inhibitors)
and alcohol (ethanol carrier and control for chloramphenicol,
0.3 % by volume final addition), chloramphenicol (prokaryote
inhibitor, ~ 100 umol 17! final concentration), and cyclohex-
imide (eukaryote inhibitor, ~ 100 pumol 1! final concentration).
After 1h inhibitor pretreatment, samples were incubated
for an additional 3 h following additions (10 pmol N I7!) of
"N tracer; incubations followed ‘standard protocol’ (see
‘Methods’)

DISCUSSION

We observed, coincident with the annual cycle of
growth and subsequent decline in sea-ice algal bio-
mass in Barrow Strait, a systematic shift from pre-
dominantly NO3~ metabolism during the early growth
stage to predominantly NH,* metabolism during the
algal population decline. Considering that the major
source of NO3™ (and ‘'new’ production, sensu Dugdale &
Goering 1967) in this environment is provided by phys-
ical processes whereas NH,* (and ‘regenerated pro-
duction) is derived largely from in situ biological
metabolism (Cota et al. 1987), it seems clear that the
conceptual model for the cycling of nitrogen in the
pelagic ocean and its relation to primary production
(Dugdale 1967, Dugdale & Goering 1967) holds also for
sea-ice bottom communities. The dominance of NO; -
based production when algal biomass accumulates was
also evident in our 1986 study based on the progressive
increase over the sampling period in nitrate reductase
(NR) activity. NR specific activity (normalized to CHL)
was similar to levels found in planktonic algae but
differed in its apparent insensitivity to high ambient
NH, " concentrations (Eppley et al. 1969a).

Similar temporal patterns, i.e. progressive shifts from
the predominance of ‘'new’ to regenerated’ nitrogen
nutrition as the growth season progresses, have been
documented recently in Hudson Bay (Gosselin et al.
1990b). Grossi et al. {1987) and Cota & Sullivan (1990)
in the Antarctic and Smith et al. (1988) in the Arctic
recently calculated an excess of '"C-based primary
production over observed biomass accumulation in the
ice, which was stated to imply either an export from the
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ice or consumption within the ice, or both. Our low f-
ratios late in the growth season suggested that con-
sumption within the ice not only occurred but may have
been the dominant loss term . High f-ratios early in the
growth season would be indicative of export if current
conceptual models (Eppley & Peterson 1979) are
applicable to sea-ice communities. For 1985, Smith et
al. (1988) estimated that 20 to 50 % of the seasonal
primary production under thin snow covers was
exported or consumed; this matches reasonably well
with the f-ratios we observed (with the exception of the
last sampling point). For 1986, Smith et al. (1988) esti-
mated the loss to be on the order of 70 % this suggests
losses higher than inferred from our f-ratios but this
would include events much later in the season, when
the f-ratios would presumably be lower than we mea-
sured and more like the 1985 values. These results
suggest that the role nitrogen plays in the integrity of
the under-ince communities late in the growth season
may be less dependent on physical forcing (Cota et al.
1987, Cota & Horne 1989) and more so on community
structure/metabolism. It is apparent, for example, that
microheterotrophs (bacteria) and grazers which feed on
the sea ice algae (and constitute the major source of
‘regenerated’ nutrients) increase in abundance and
relative importance over the growth season (Grossi et
al. 1984, Carey 1985, Smith et al. 1989a; see also Cota
et al. 1987). Some portion, however, of the regener-
ated’ nutrients may be channeled directly back into the
heterotrophs and specifically into the prokaryotes (bac-
teria) based on the results of our single metabolic
inhibitor experiment. This may not be surprising when
considering the low molecular weight organics, i.e.
amino acids, but has only recently been documented
for inorganic-N, i.e. NH,* (Wheeler & Kirchman 1986).
Although our results did imply that prokaryotes domi-
nate the metabolism of amino acids, other studies sug-
gest an important role by eukaryotes (Rivkin & Putt
1987, R.E.H. Smith unpubl). Our findings based on
such limited data therefore should be interpreted with
caution. The seasonal dynamics of heterotrophic utili-
zation of inorganic-N in sea ice communities, whether
by prokaryotes or eukaryotes, is poorly understood at
present.

Our experiments to investigate the effects of light on
nitrogen uptake revealed that both NO;™ and NH,"
uptake were apparently light independent in short-
term (1 h) incubations. Cota et al. {1988} and Priscu et
al. (1990), by contrast, did detect a light-dependent
response of NO;™ and NH," uptake in antarctic ice
algae, although uptake in the dark was significant and
saturation light intensities were near ambient as is
characteristic of the photosynthetic response of sea ice
algae in both polar oceans (e.g. Cota 1985, Palmisano
et al. 1985, Michel et al. 1988).
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Results from our few kinetics experiments suggest
that the substrate concentration-dependence of N-
uptake resembles that for coastal planktonic algae
(Eppley et al. 1969b), i.e. K, on the order 1 umol N 17",
Considering the fact that substrate concentrations were
generally 1 to 2 orders of magnitude greater than this, it
is unlikely that uptake rates of nitrogenous compounds
were regulated by nutrient level during our 1985 or
1986 experiments. Nitrogen limitation may be of some
importance earlier in the growth cycle when bottom-ice
nutrients are much lower (Cota et al. 1990). A potential
complication in this interpretation, however, arises
from recent observations of a strong correlation
between skeletal-layer dissolved nitrogen and algal
chlorophyll a (Cota et al. 1990, Smith et al. 1990),
suggesting that some (possibly significant) portion of
what we describe as ‘substrate’ nitrogen may have in
fact been intracellular nitrogen pools which leaked
from the algal cells during the process of melting the
ice and filtration of the particulates.

Regardless of whether the high concentrations of
NO;~, NH,* and urea were external to the cell or
internal, the implication remains that the algal assem-
blages never appeared to be nitrogen-limited; the
kinetics argue that uptake is always ‘saturated” and if
the observed nutrient levels represented to some extent
internal pools, levels are equivalent to those generally
reported for nutrient-sufficient cells (Cota et al. 1990,
Smith et al. 1990). Gosselin et al. (1990b) came to
similar conclusions from studies in Hudson Bay.
Biochemical evidence from our studies also argues
against nitrogen limitation: particulate organic carbon
(POC)/CHL ratios (g/g) were 35+ 6 (1 SD} and 20 + 2
in 1985 and 1986, respectively and POC/PON
ratios (atomic) were 8.8 = 0.4 and 6.7 = 1.6, all well

within the range characteristic of nitrogen-sufficient
cells (e.g. Goldman 1980, Laws & Bannister 1980). In
addition, growth rates estimated from our short-term
N-uptake measurements were similar to estimates
based on CHL and particulate carbon from previous
years (Table 4) and are consistent with those repor-
ted for nutrient-sufficient, temperature-limited cells
(Eppley 1972).

There still remains the question of the role of
nutrients in the well-documented fluctuations between
ice algal photosynthetic activity and the physical for-
cing associated with the fortnightly tidal cycles (Gosse-
lin et al. 1985, Cota et al. 1987, Cota & Horne 1989,
Demers et al. 1989) and other environmental variability
(Cota & Sullivan 1990). The results described here, as
well as for other polar regions (Cota & Sullivan 1990,
Gosselin et al. 1990a, b) certainly argue for less
emphasis on nitrogen. Recent evidence now points to
silicon as a potential limiting nutrient (Cota & Sullivan
1990, Cota et al. 1990, Gosselin et al. 19904, b). Silicon,
as silicic acid, is not highly concentrated in colonized
bottom ice, unlike soluble reactive phosphorus (PO4*7)
and nitrogen (NOj37) which show accumulations pro-
portional to algal biomass (Cota et al. 1990). Welch &
Bergmann (1989) found significant Si-depletion over
the upper 100 m in Barrow Strait well before phyto-
plankton blooms (also see Cota et al. 1990). Seasonal
patterns in biochemical composition suggest that sili-
con becomes limiting during the later stages of ice algal
blooms (Gosselin et al. 1990a). Bioassays in nonbrack-
ish waters of Hudson Bay revealed stimulation of
growth only by silicic acid {(Gosselin pers. comm.).
Moreover, dissolution of biogenic silicon in polar
waters is relatively slow (e.g. Nelson & Gordon 1982)
compared to phosphorous and nitrogen regeneration

Table 4. Estimated or measured biomass, nitrogen requirements and growth rates of ice-algal assemblages, Barrow Strait,
Northwest Territories, Canada. Chlorophyll a (CHL) = mg m™, N-uptake = mmol N m~ d°!, growth rate = d-!

Growth rate® Source
Mean # Range Mean
0.68 14 0.01-0.78  0.24 Cota_e-t al. (1987)
0.52 30 0.01-0.18 0.08 Cota et al. (1987)
2.92 5 0.12-0.32 0.18 This study
14.42 8 0.17-0.78 0.45 This study

¢ Cota et al. (1987) estimated growth rate from netf positive changes in cell number or carbon biomass over time. Our growth
rates are based on N-uptake measurements (daily rates = hourly rates X 24), i.e. growth rate = N-uptake/PON, and are
somewhat higher as might be expected since short-term N-uptake would more likely measure 'gross’ rather than ‘net’
uptake. Regression analysis (PON versus CHL) suggested a minor contribution of detritus to the PON, j.e. the regression

Time period CHL N-uptake
# Range Mean # Range

07 Apr—06Jun 21 0.0-52.3 7.6 14  0.00-14.57
(1983)

17 Apr—06 Jun 63 1.4-79.8 18.3 30  0.01-5.13
(1984)

17 May-04 Jun 5 37.4-104.5 60.9 6 1.65-5.86
(1985)

05May-12May 8 51.1-177.3 107.9 8 2.63-21.70
(1986)

intercept on the PON axis represented <5 % of the average PON level observed
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(Harrison 1980). Furthermore, nutrient uptake experi-
ments on antarctic phytoplankton (Sommer 1986) and
ice algae (Cota et al. unpubl.) show that half-saturation
constants for silicic acid are amongst the highest ever
noted and may even exceed the high ambient concen-
trations.

Recently refined approaches for studying the vertical
fine structure in the bottom-ice assemblages and their
micro-environments (Smith et al. 1990) will also be of
considerable value in helping to elucidate how
nutrients supplied by physical and biological process
are involved in the production cycle of bottom ice
communities.
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