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Temperature, light and dissolved nutrients are considered the “master” abiotic properties controlling
primary production in the ocean. Each of these properties, in turn, is influenced by water column stability
and vertical mixing. Sustained research over the past several decades has endeavored to ascertain which
of these properties is most important in regulating phytoplankton growth. In no region has this research
effort been more evident than at high latitudes. For both polar regions, extremes in each of these properties
is the rule in surface waters where phytoplankton grow: the lowest ocean temperatures, the greatest
seasonal excursion in incident solar radiation, and the highest dissolved nutrient concentrations.

Based largely on indirect evidence. early researchers speculated that polar primary production was
high relative to production at lower latitudes. This was commonly attributed to the abundant surface
“macronutrients” (NO;, PO,, H,Si0,) since physiological adaptations to the suboptimum temperatures
and light were thought to characterise these high latitude populations. Intensification of polar research
since the late 1960’s has in many respects modified this view. Current perspectives are that important
differences exist between the Arctic and Antarctic with regard to the availability and role nutrients play
in regulating primary production. In general much less emphasis is now placed on the significance of the
macronutrients in the Antarctic although there is speculation and some evidence that “micronutrients”
(Fe) may be important. Macronutrient availability appears to play a more important, though secondary,
role in the Arctic, that of sustaining rather than initiating phytoplankton growth.

This paper reviews early, contemporary, and present research addressing the question, “What role does
nutrient availability play in the distribution and magnitude of primary production in Arctic and Antarctic
waters?” Emphasis is placed on new research on under-ice communities as well as on the historically
studied pelagic communities.
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Introduction

“Over the past two decades, oceanographic
research in polar oceans has made considerable
progress in identifying the environmental (abiotic
and biotic) properties which regulate the biomass
and productivity of high-latitude phytoplankton
(Fogg 1977; Holm-Hansen et al. 1977; Nemoto &
Harrison 1981; Sakshaug & Holm-Hansen 1984;
Priddle et al. 1986; Jacques 1989; Sakshaug 1989;
Smith & Sakshaug 1990). Among the factors com-
monly considered are 1) temperature, 2) light,
both solar variations and how it is influenced by
the presence of sea-ice, 3) nutrients, 4) turbu-
lence, or conversely, water column stability, and
5) food web interactions, e.g., grazing losses (El-
Sayed 1984). Currently, it is believed that the
environmental factors which exert the greatest
control on polar phytoplankton growth are the

low and relatively invariant temperatures, the
presence (or absence) of sea ice and the extreme
seasonal variations in the high-latitude light
regimes (Smith & Sakshaug 1990). In general,
therefore, turbulence/stability, food web inter-
actions and nutrient availability (the latter deter-
mined by these physical and biological processes,
i.e. “new” and “regenerated” nutrients, Dugdale
& Goering 1967) may be considered to exert
secondary effects on primary production or play
a more confined role regionally or temporally.
This paper deals with the specific role nutrients
play in limiting, or more correctly controlling
(Thingstad & Sakshaug 1990) primary production
in both the pelagic and sea-ice phytoplankton
communities of the Arctic and Antarctic. The
emphasis is on the essential macro elements N,
P, and Si, although we recognise that, strictly
speaking, the term “nutrients” has a much
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broader connotation which encompasses the trace
elements essential for plant growth (e.g. Fe) as
well as the non-essential elements (Holm-Hansen
1985).

Under natural conditions, unequivocal proof of
“nutrient limitation™ of primary production can
infrequently, if not rarely, be established. Limi-
tation is generally deduced from indirect evidence
such as 1) the presence or absence of essential
nutrients in the upper water column (usually the
mixed layer), 2) covariance (direct or inverse)
of nutrients with phytoplankton biomass and/or
productivity, 3) nutrient bioassays, 4) cellular
chemical composition, or 5) relative nutrient util-
isation rates. These indirect indices will form the
basis for the discussion developed in this paper.

There is an extensive amount of current litera-
ture dealing with this and allied topics, and our
review merely touches on some of the highlights.

Why consider nutrients?

In the absence of any influence of nutrients, the
general features of oceanic primary production
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Fig. 2. Latitudinal variations in NO; and H,SiO; concentrations
in surface waters of the Atlantic and Pacific Oceans. GEOSECS
Data (Bainbridge 1976a. b).

and phytoplankton biomass would be expected to
follow the global ocean patterns in available light
and temperature (Fig. 1) with the highest levels
at low latitudes. It is clear, however, that the
major patterns in the distribution of biological
activity show lowest levels at low latitudes.
Indeed, global plankton distributions are more
closely correlated with the distributions of elev-
ated sea surface nutrients (Reid 1962) which
increase with latitude (Fig. 2). This apparent link
between nutrients and biology led Sverdrup
(1955) to construct the first global map of ocean
productivity (Fig. 3) based on the tenet that,
.. . productivity depends on the rate at which
plant nutrients of the surface layers are renewed
and that the renewal takes place by physical pro-
cesses, such as vertical convection, upwelling and
turbulent diffusion. . .”. This picture of the global
distribution of ocean productivity and biomass is
remarkably similar to our current views based on
cumulative field measurements (Berger 1989) and
ocean color satellite images (Lewis 1989), with
one notable exception; Sverdrup’s map depicts
polar primary productivity in the highest
category, for example on the same scale as that
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Fig. 3. Schematic representation of global productivity (relative) based on variations in nutrient “renewal” to surface waters by

physical mixing processes (redrawn from Sverdrup 1955).

of coastal upwelling systems. We now know that
this is clearly not the case, particularly for the
Antarctic (Holm-Hansen et al. 1977; Subba Rao
& Platt 1984). The prevailing contemporary view
is that factors other than nutrient “replenishment”
are comparable or of greater importance in setting
the limits on primary production at high latitudes.

The pelagic production zone

Multidisciplinary investigations of the ecology of
polar marine communities (distribution, pro-
ductivity and their relationship to the environ-
ment) did not become an important component
of ocean research until the late 1960s and early
1970s (Llano 1978; El-Sayed 1988). Studies have
increased markedly in recent years: in the Arctic,
the PROBES and ISHTAR programs (Bering-
Chukchi Seas), the MIZEX and CEAREX programs
(East Greenland Sea) and Pro mare (Barents
Sea); and in the Antarctic, the AMERIEZ (Wedd-
ell-Scotia Seas) and RACER programs. Despite
the relatively late start in multidisciplinary polar
oceanography, most of the major Arctic and Ant-
arctic water masses (Fig. 4) have been studied
sufficiently to permit some generalisations about
phytoplankton and the role nutrients play in its
distribution and production.

Antarctic open waters

Persistently high nutrient concentrations,

especially nitrate (NO,), phosphate (PO,), and
silicic acid (H,SiOy), in Antarctic surface waters
are distinctive characteristics of the Southern
Ocean (Fig. 2). Indeed, nutrient concentrations
south of the Polar Front (~50°S) are among the
highest in any surface waters in the world; NO;,
H,Si04, and PO, levels in summer can exceed
20 mmol m~3, 50 mmol m~3, and 2 mmol m~3,
respectively (Priddle et al. 1986; Jones et al.
1990). This is due largely to the massive-scale
upwelling of deep North Atlantic waters at the
Antarctic Divergence. From the standpoint of
phytoplankton ecology, this system has been
described as a “giant chemostat” (Holm-Hansen
1985) which provides an abundant, spatially uni-
form and continuous supply of nutrients for pri-
mary production. Though nutrient concentrations
decrease in response to the phytoplankton growth
cycle, they are rarely consumed to depletion, even
during massive blooms (El-Sayed 1984). More-
over, classical nutrient enrichment assays have
failed to demonstrate an increase in phyto-
plankton biomass or stimulation of production
by the addition of the major or minor (trace)
nutrients (Jacques 1983; Hayes et al. 1984).
Elemental ratios of the particulate matter (C/
N, N/P, C/P) deviate little from the expected
Redfield ratios (Smith & Sakshaug 1990) which
also argues against any significant N or P defi-
ciencies. With respect to nitrogen limitation, the
case is further weakened when one considers that,
in addition to NQOj, reduced forms (NH,, urea)
are available and usually preferentially utilised;
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up to 50% or more of the phytoplankton nitrogen
demand is met by this “regenerated” nitrogen
produced locally as plankton metabolic wastes
(Smith & Nelson 1990, and references cited
therein).

Specific instances have been reported,
however, where nutrient limitation was
suspected. Holm-Hansen et al. (1989), for

example, observed depletion of NOj; and PO, in

surface waters in the vicinity of Palmer Station
during an intense phytoplankton bloom: chloro-
phyll @ (CHL)=4-30mgm™3. Ancillary
measurements of cellular biochemical properties
also revealed abnormally high CHL/adenosine
triphosphate (ATP) and particulate organic car-
bon (POC)/ATP ratios, indicative of nutrient-
limited populations. Exhaustion of surface NO,
and PO, have also been reported in some ice-




edge communities in the Ross Sea (Nelson &
Smith 1986; see next section). Other findings have
suggested that H,SiO, may limit (or have the
potential to limit) phytoplankton growth. Based
on an analysis of NO;3;-H,SiO4 and PO,-H,SiO,
relationships in the world’s oceans using the
extensive NODC nutrient database, Zentara &
Kamykowski (1977) and Kamykowski & Zentara
(1985, 1989) have shown the potential for HSiO,
depletion in surface waters in the Southern
Ocean, particularly in waters south of the sub-
tropical convergence and north of the Antarctic
Divergence. Holm-Hansen et al. (1977) also drew
attention to this region, noting that H,SiO, con-
centrations decreased northward from the Diver-
gence much more rapidly than did NO; and POy;
this is clearly seen in the GEOSECS data in Fig.
2 (see also Le Jehan & Treguer 1985). Differential
loss of the highly silicified phytoplankton
(primarily diatoms) by sinking and low Si-dis-
solution rates (relative to regeneration of N and
P) as a result of the prevailing low seawater tem-
peratures has been the favored explanation (Nel-
son & Gordon 1982; Treguer et al. 1989).
Biochemical and physiological characteristics of
Antarctic diatoms also point to the potential for
Si-limitation. Silicification appears much greater
in Antarctic diatoms than in more temperate
forms; often Si/C ratios are significantly elevated
(see also section below) relative to normal ratios
(Brzezinski 1985), suggesting an unusually high
Si-demand for growth (Smith & Sakshaug 1990).
Studies of Si uptake kinetics have also revealed
very low substrate affinities in some strains of
Antarctic diatoms; K, values ranging from 12-
90 mmol m~3 have been documented (Jacques
1983; Sommer 1986), as compared with normal
values in the range of 1-5 mmol m~3. Elevated
K, values imply the potential for Si-limitation
even at the high ambient H,SiO, levels charac-
teristic of the Southern Ocean.

A discussion of the nutrient effects on pro-
ductivity of Antarctic open waters would not be
complete without commenting on several recent
papers dealing with the possibility of “trace”
nutrient (specifically, Fe) limitation in the
Southern Ocean (Martin & Fitzwater 1988; Mar-
tin & Gordon 1988; Martin 1990; Martin et al.
1990b). Trace metal enrichment experiments
have been done previously in the Antarctic
{(Jacques 1983; Hayes et al. 1984) but with nega-
tive results. Metal-free “clean” techniques were
not used, and the findings have consequently been
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considered suspect. Using “clean” techniques,
Martin and colleagues showed that despite the
presence of high ambient concentrations of
macro-nutrients, phytoplankton growth in the
subarctic Pacific was stimulated only after the
addition of nmolar amounts of Fe. This apparent
Fe-deficiency was attributed to low inputs from
the atmosphere (the primary source of Fe in the
open ocean) in the region. They further specu-
lated that the “Antarctic paradox” (low pro-
ductivity despite high nutrients) may be explained
using the same argument. Interestingly enough,
Hart (1934) was one of the first to suggest Fe-
deficiency as a controlling fact of Antarctic pro-
ductivity. Martin et al. (1990b) subsequently
showed that high productivity in Antarctic coastal
waters was associated with high ambient Fe con-
centrations, whereas low productivity zones were
extremely low in Fe offshore. Martin (1990) also
noted an apparent link between Fe availability
and glacial/interglacial CO, levels based on analy-
sis of Antarctic ice cores. Martin’s conclusions,
however, have not been universally accepted
because of questions arising from details of his
methodology (Banse 1990, 1991; see also Martin
et al. 1990a). Buma et al. (1990) have carried out
contaminant-free enrichments experiments in the
Weddell and Scotia Seas, showing Fe stimulation
of chiorophyll a synthesis and nutrient assimi-
lation, but growth in their control (unenriched)
treatments also exceeded levels normally
observed. They thus concluded that Fe was likely
only one of several growth-limiting factors. Sak-
shaug & Holm-Hansen (1984) argue that
observed variations in Antarctic productivity and
biomass accumulation can be sufficiently
explained by mixing and its effects on the phy-
toplankton light environment.

Antarctic marginal ice zone

The view of the Antarctic as an “oligotrophic”
ocean (Jacques 1989) has been modified by recent
findings that a substantial portion of the annual
productivity is associated with the southward
retreating ice edge during the austral spring-sum-
mer (Jennings et al. 1984; Smith & Nelson 1986).
According to current estimates, the marginal ice
zone accounts for about 40% of the total Antarctic
primary production (Smith & Nelson 1986). Bio-
mass and productivity associated with the ice edge
are among the highest recorded for the Southern
Ocean (El-Sayed 1971) and are typically higher
than levels found in surrounding waters (Smith
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& Nelson 1985); it therefore tollows that the
potential for nutrient limitation should be greatest
there. Studies to date, however, do not generally
bear this out although nutrient levels are reduced
to a greater extent than in surrounding waters
(El-Sayed & Taguchi 1981; Nelson & Smith 1986
Nelson et al. 1989). The one exception is the
study of Nelson & Smith (1986) where NO; and
PO, were reduced to levels below analytical
detection in surface waters at two stations in the
Ross Sea. These investigators have also noted
exceptionally high H,SiO, demand and Si/C com-
positional ratios (6-8x normal) of the ice edge
diatoms in the Ross (Nelson & Smith 1986) and
Weddell Seas, even in the late summer when the
ice edge is stationary (Nelson et al. 1989). This
fact along with observed low substrate affinities
described previously (Jacques 1983; Sommer
1986) may potentially lead to Si-limitation, even
if concentrations are not reduced to extremely
low levels. Si-limitation, however, has not been
conclusively demonstrated in the field yet. Over-
all, the link between nutrient availability and
primary production in the Antarctic marginal ice
zone seems weak at present.

In summary, despite isolated examples of nutri-
ent exhaustion in intense bloom conditions in
shallow waters or near the ice edge and evidence
of atypically high nutrient demand (specifically,
H,SiO,) by some phytoplankton species, it is
presently felt that the distribution and production
patterns of Southern Ocean phytoplankton bear
little relationship to the distribution of the major
nutrients. The converse apparently is frue on the
small to meso-scale, e.g. biological processes
apparently have a major influence on the dis-
tribution of H,SiO, (relative to that of NO; and
PO,) in waters flowing northward from the Ant-
arctic Divergence (Jones et al. 1990). Other
environmental or biological factors are currently
felt to be more important in the initiation of
Southern Ocean phytoplankton production and
growth, with nutrients playing a secondary role
(i.e. sustaining growth) at best. The exact role of
“trace” nutrients is an intriguing question;
however. their status as major controlling factors
is as yet unresolved.

Arctic open waters

In marked contrast to the Antarctic, nutrient
concentrations in Arctic/subarctic surface waters
are considerably lower (see Fig. 2) and commonly

reach exhaustion in summer (Codispoti & Rich-
ards 1968: Hameedi 1978, Alexander & Niebauer
1981. Harrison et al. 1982; Rey & Loeng 1985;
Smith et al. 1985; Whitledge et al. 1986; Mac-
Donald & Wong 1987, Spies et al. 1988). In fact,
Sakshaug & Hoim-Hansen (1984) have made the
observation that maximum Arctic concentrations
are typically lower than minimum Antarctic con-
centrations. Of the three macronutrients con-
sidered, PO, is almost universally present in
excess in Arctic waters (but see MacDonald et al.
1987). even during summer when surface con-
centrations are usually at their lowest and the
potential for nutrient limitation therefore gen-
erally focuses on NOj or H SiO,. An inspection
of Kamykowski & Zentara’s (1985) analysis of
NO,-H,SiO; relationships in the world’s oceans
revealed relatively few data sets for Arctic waters
which permit an assessment of the prevalence of,
or potential for, NO; versus H,;SiO,4 exhaustion
in surface waters. The available results suggest
excess H SiO, at NOj depletion in the Chukchi
and western Beaufort Seas and either NO; or
H,Si10, depletion in the northern Bering Sea and
the eastern Greenland/Norwegian Seas. A more
selective but less comprehensive analysis of NO;-
H,SiO, relationships for representative data sets
in summer months suggests that the potential for
NO; limitation may be more common (Fig. 5),
even in the Arctic basin (English 1961). There
are notable exceptions, however, to this pattern
in other Arctic regions. For example, Rey &
Skjoldal (1987) observed a regular and apparently
extensive deep H,SiO, depletion, extending well
beyond the depth of the nitracline, in the Barents
Sea during sedimentation of the spring diatom
bloom. They suggested that subsequent diatom
growth during summer could be retarded as a
result since the positioning of the H,SiO, gradient
below that of the NO; and PO, gradients would
mean relatively less H,SiO, available to the base
of the photic zone when mixing occurred. In a
long term study of NO3-H,SiO, relationships in
waters off Iceland, Stefansson & Olafsson (1990)
described years where H,SiO; was in excess as
“anomalous”, occurring only when the spring
bloom was dominated by non-diatom algae such
as the prymnesiophyte, Phaeocystis pouchetii.
Codispoti et al. (1990) noted a similar residual of
H,SiO, in surface waters of the Greenland Sea
coincident with Phaeocystis blooms. In any event,
surface nutrient exhaustion in summer and con-
comitant reduction in phytoplankton productivity
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Fig. 5. NO3-H,SiO; relationships for selected sites in the Arctic. Line represents least-squares linear regression fit. Data sources:
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and biomass are widespread features of the
Arctic.

Establishing a direct link between nutrients and
phytoplankton variations in the Arctic summer is
not always straightforward. Extensive studies
over several years in the eastern Arctic (Labrador
sea to northern Baffin Bay) have failed to dem-
onstrate any statistical relationship between phy-
toplankton biomass or productivity indices and
ambient nutrient concentrations (Harrison &
Platt 1986). Multivariate analysis (step-wise
regression) of an updated and more extensive
(627 observations) data set of photosynthesis-
irradiance parameters and environmental factors
(Fig. 6, Table 1) confirm Harrison & Platt’s earlier
conclusions; only temperature and light contri-
buted significantly to the variance in P2, the
maximum photosynthetic rate at light saturation,
while biomass contributed (but only marginally)
to the variance in &, the photosynthetic efficiency
parameter (Table 2). A similar analytical

Arctic Ocean

Ungava Bay

F o

Table I. Range and mean values for chlorophyll a (CHL. mg
m™Y). photosynthesis-irradiance parameters (P, = mgC
mgCHL ' h™!, @ = mgC mgCHL ~' h™! (umol m~?s™ 1),
and selected environmental properties of the upper water col-
umn in the Labrador Sea and eastern Canadian Arctic (see
Fig. 6). Sample depth = metres. temperature (t) = °C, NO;
concentration = mmol m™*.

No. Obs Minimum Maximum Mean
P8 674 0.11 12.84 2.04
af 673 0.001 0.188 0.018
CHL 672 0.03 25.27 2.44
Depth 674 0 80 18
t 653 -1.8 11.5 1.9
NO; conc. 650 0.00 16.55 2.17

approach was taken in assessing nutrient effects
on water-column integrated productivity of a sub-
set of the above data (29 stations) from Baffin Bay
and adjoining waters (Table 3). In this analysis,
neither nutrient concentrations nor nutrient util-

Labrador Sea

Fig. 6. Station locations in the eastern Canadian Arctic (Labrador Sca, Baffin Bay and adjoining waters) where photosynthesis-
irradiance (P-1) mcasurements have been made (see also Table 1).
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Table 2. Stepwise regression analysis of photosynthesis-irradiance parameters and selected environmental factors from field work
covering summer periods from 1977-1984 and including regions from ca. 55°N-79°N latitude (data summarised in Table 1).

Adjusted R? RMS Residual F

A. Dependent variable: P2

Independent variables included:

Temperature 0.252 1.338 164.52

Sample depth 0.274 1.318 20.06
Variables excluded:

NO; conc. 2.49

Chlorophyll a 1.42
B. Dependent variable: a?

Independent variables included:

Chlorophyll a 0.011 0.069 7.67
Variables excluded:

Sample depth 3.14

Temperature 2.51

NO; conc. 0.37

isation rates contributed to the observed variation
in primary productivity; incident radiation and
phytoplankton biomass were the only significant
co-variates (Table 4). Studies in the Bering Sea,
on the other hand, have clearly established the
link between NO; and productivity/biomass
levels in late spring and summer, e.g. in associ-
ation with shelf-break mixing (Iverson et al.
1979), wind mixing events (Sambrotto et al.
1986), and ice edge upwelling (Alexander & Nie-
bauer 1981). The availability of NO; appears to be
a major determinant in the spatial and temporal

Table 3. Range and mean values for chlorophyll 4 (CHL,
mg m™?), carbon productivity (PP, mgC m~? d~'), nitrogen
productivity (pNO; & pNH,, mmol m~2 d-!) and selected
environmental properties of the upper water column in the
eastern Canadian Arctic during summer 1978 & 1980 (Harrison
et al. 1982, 1985). Average daily incident radiation (I,) = mol
m~? h™!, temperature (t) = °C, photic depth (Z,) and mixed-
layer depth (Z,) = metres, NO; & NH, concentration (mmol
m~2), and f-ratio = pNO,/(pNO; + pNH,).

No. Obs  Minimum Maximum Mean
CHL 29 12.8 121.7 49.2
PP 29 105 1076 298
PNO; 29 0.34 8.00 222
pNH, 29 0.19 3.20 1.49
f-ratio 29 0.19 0.88 0.54
I, 29 0.47 3.00 1.51
t 27 -1.0 7.8 1.1
Z 29 24 54 34
Zn 29 0 22 13
NO;conc. 29 0.7 227.1 59.8
NH, conc. 29 0.7 16.5 49

distribution of phytoplankton in that region
(McRoy et al. 1972; Whitledge et al. 1986; Walsh
et al. 1989; Hansell et al. 1989). Further south in
the Gulf of Alaska, surface NO; concentrations
rarely reach undetectable levels even in summer
(Anderson et al. 1969). Martin & Fitzwater (1988)
attribute this and the relatively low productivity
of the region to Fe-limitation, although sup-
pression of NO; uptake by NH, has also been
suggested (Wheeler & Kokkinakis 1990). In the
eastern Arctic, Rey et al. (1987) established a
clear relationship among chlorophyll a biomass,
NO; utilisation rates, and water column stability
in temporal studies in the Barents Sea over a
several year period.

Despite the common absence of NO; from
summer surface waters, reduced-N forms (NH,,
urea), which are often not routinely measured,
constitute a significant fraction of the nitrogen
available for phytoplankton growth in the Arctic
and may mitigate to some extent the potential
limiting effects of NO; depletion (Harrison et al.
1982, 1985); uptake patterns of the reduced-N
compounds to date have provided no evidence
that the summer phytoplankton populations are
severely N-limited (Harrison et al. 1982; Harrison
1983; Kristiansen & Lund 1989). This may help
to explain the lack of correlation between phy-
toplankton indices and nutrients in the eastern
Arctic, It seems clear, in any event, that other
environmental factors may be more important on
the time/space scales characterising these data
(Harrison et al. 1982; Harrison & Platt 1986).
Regenerated-N forms constitute a surprisingly
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Table 4. Stepwise 1cgression analvsis of watcr-column integrated primary productivity and selected environmental factors from
summer field work in Baffin Bay and adjoining waters. eastern Canadian Arctic. 1978 and 1980 (data summariscd in Tablc 3).

Adjusted R* RMS Residual F
A. Dependent variable: Chlorophyll a (CHL)
Independent variables included:
Incident radiation 0.299 25.90 12.07
Variables excluded:
f-ratio 1.70
Inorganic-N conc. 0.49
Temperature 0.43
N-Uptake 0.37
B. Dependent variable: Primary productivity (PP)
Independent variables included:
Chlorophyll a 0.395 159.67 43.49
Incident radiation 0.614 127.54 15.19
Variables excluded:
f-ratio 1.22
Temperaturc 0.98
N-uptake 0.65
Inorganic-N conc. 0.34

Inorganic-N = NO; + NH,. N-uptake = NO; + NH, uptake. f-ratio = NO; uptake/(NO, + NH,) uptake.

large portion of the nitrogen productivity in both
the Arctic (Harrison et al. 1982; Muller-Karger
& Alexander 1987, Kristiansen & Lund 1989;
Smith & Kattner 1989) and the Antarctic (Slawyk
1979; Olson 1980, Gilbert et al. 1982; Roénner et
al. 1983; Collos & Slawyk 1986; Koike et al. 1986
Smith & Nelson 1990). which suggests that biotic
controls on nutrient availability need more serious
consideration than in the past.

Arctic marginal ice zone

Biological activity in the marginal ice zones is as
important to the annual primary production cycle
in the Arctic as it is in the Antarctic (Smith 1987).
Detailed calculations for the Bering Sea. for
example, show that the ice-edge communities
account for 40-50% of the total regional pro-
duction (McRoy & Goering 1976; V. Alexander,
cited in Smith 1987). Although the effects of
melting ice on vertical stability is considered the
major factor in the initiation of the ice edge
blooms, its consequences in the Arctic are mark-
edly different from those in the Antarctic.
Meltwater stability provides a more suitable light
environment for phytoplankton growth but it also
imposes a barrier to nutrient resupply once mixed
layer reserves are depleted. In the Antarctic, of
course, this presents little problem since nutrient
concentrations are usually well in excess of growth
requirements. However. in the Arctic, surface

concentrations are much lower and are generally
depleted early in the growing season, particularly
in the marginal ice zone (Alexander & Niebauer
1981 1989; Rey & Loeng 1985; Smith et al. 1985;
Spies et al. 1988). In the Arctic, therefore, nutri-
ent availability (i.e. resupply) is a major factor in
the maintenance of ice edge production. Mixing
processes such as ice edge upwelling and eddy
formation are considered the principal resupply
mechanisms in both the Bering (Alexander &
Niebauer 1981; Muller-Karger & Alexander
1987) and East Greenland (Buckley et al 1979;
Smith et al. 1985; Johannessen et al. 1987) Seas.
Rey & Loeng (1985) found no evidence of upwell-
ing in their studies of the ice edge production
cycle in the western Barents Sea but noted a
seasonally progressive deepening of the phy-
toplankton biomass, tracking the nitracline and
residing well below the pycnocline by late
summer. Post bloom production appeared to be
supported principally by biotic nitrogen sources,
1.e. "regenerated”-N (Harrison et al. 1982, 1985;
Muller-Karger & Alexander 1987; Kristiansen &
Lund 1989) as is the case in temperate waters.
In summary, whereas nutrient availability may
only rarely influence phytoplankton dynamics in
the Antarctic, some degree of nutrient limitation
seems the rule in Arctic waters, especially in
summer. The link between nutrients (NO; or
H,SiO,) and phytoplankton biomass and pro-
ductivity has been clear in some studies, par-



ticularly where physical mixing processes
dominate (for example the marginal ice zone),
but more difficult to establish in other studies
where regenerative, “biotic”, processes appar-
ently dominate (for example the summer open
waters condition of the eastern Canadian Arctic).
In polar waters in general, it is clear that several
environmental factors collectively determine the
distribution and activity of phytoplankton, how-
ever, nutrient availability appears to rank high
among these in the Arctic.

The under-ice production zone

Besides being vast, remote and inhospitable with
planetary extremes in temperature, light and
nutrients, polar oceans have an annual fluctuation
in ice cover of about 23 X 10° km?, most of which
is first-year ice. Sea ice influences heat flux, ther-
mohaline structure of the upper ocean, air-sea
interactions such as gas exchange and momentum
transfer, albedo, the transmission of irradiance,
and biological activity, especially primary pro-
ductivity. Acute undersampling and bias in polar
observations reflect the historical emphasis on
ice-free areas during the summer navigable
season. The proliferation of studies near ice edges
and in ice-covered systems over the last decade
or two has greatly improved our appreciation for
the space/time variability of primary productivity.

Initially, primary productivity under seasonal
or permanent ice cover was thought to be neg-
ligible because of very low irradiance and tem-
perature (English 1961), but several groups of
algae are capable of growing in ice-covered waters
or on sea ice. Benthic algae, including micro-
phytes and macrophytes, phytoplankton, and ice
algae, all have been found to display net pro-
duction under certain ice-covered conditions
(Horner & Schrader 1982; Dunton 1985; Dayton
et al. 1986; Rivkin et al. 1989). These algal groups
have characteristic distributions and periods of
maximum growth. The benthic algae are restric-
ted to shallow regions (<20-50 m), and although
most algae have summer growth maxima during
open water periods, some macrophytes utilise
stored carbon reserves and display winter growth
peaks when nutrients are highest and competition
lowest (Dunton 1985). Ice algae are associated
with most types of sea ice, but particularly annual
(first-year) ice. Little is known about pack ice
assemblages except that biomass levels are rela-
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tively low with little seasonal variability; evidence
for in situ growth is limited to a slight nutrient
depletion in ice (Dieckmann et al. 1990). Bottom
ice algae on land-fast ice, by contrast, have been
studied intensively and the largest blooms occur
during local spring when there is little competition
for nutrients. Benthic algae with summer growth
maxima, on the other hand, are in direct com-
petition with phytoplankton for light and nutri-
ents. Over large scales phytoplankton and ice
algae dominate polar productivity because of their
wider distributions.

Ice algal productivity appears to be most pro-
nounced under land-fast annual ice in regions with
high nutrients and low snow cover. In providing
a highly concentrated resource for grazers and
augmenting phytoplankton production, they are
important in prolonging the brief polar growth
season. During their peak growth season, ice
algae dominate local autotrophic activity (Horner
& Schrader 1982). Bottom ice algal assemblages
are confined to the ice water interface because of
low temperatures; this represents the top of the
seasonal euphotic zone. Photosynthetically active
radiation incident on bottom ice algae is usually
1-5% or less of surface irradiance, and when
heavily colonised 80-90% is absorbed within the
algal layer (Welch & Bergmann 1989). Accumu-
lations of 100-300 mg CHL m™?, predominantly
pennate diatoms, are common in productive
regions (Smith et al. 1988; Cota & Sullivan 1990;
Weich & Bergmann 1989). Visible bands of pig-
ments are confined to a few cm. Intense gradients
of nutrients and light across this layer suggest that
cells at the top receive elevated irradiances but
may be nutrient-limited whereas the reverse
occurs at the bottom of the layer, i.e. light-limited
and nutrient replete (Cota & Horne 1989; Cota
etal. 1990; Smith et al. 1988, 1990). In this regard,
the ice algal layer may be largely analogous to
phytoplankton in the water column but vertically
compressed.

Nutrients available to ice algae come from three
principal sources: ice desalination, biological
regeneration in situ, and mixing of the adjacent
water column (Cota et al. 1987). The largest pool
of nutrients is the latter (Fig. 7). Most salts (70—
80%) are excluded from sea ice during formation
while ice growth, which persists over about half
of the vernal bloom, promotes convective fluxes
at the interface (Reeburgh 1984). Subsequent
brine drainage is almost continuous, but most
salts in sea ice are locked within the ice until the



98 W. G. Harrison & G. F. Cota

NITRATE (mmol m" 3)

10

20

DEPTH (m)
H
o

]
o

—

80

100

| |

SKELETAL LAYER ~ 1cm 4=

AN
-

| I A,

0 10 20

SILICIC ACID (mmol m™ 3

30
)

Fig. 7. Schematic representation of NO; and H,SiO, distribution through ice and water column.

late spring melt when concentrated brines exit
from particular sites (50-200 brine channels m~?),
maintaining their identity well below the
interface. Biomass accumulations indicate that
large amounts of nitrogen and silicon are needed
to account for minimal requirements of net popu-
lation growth. Regenerative fluxes can supply
only a small portion of algal demand, especially
for silicon. However, nutrients in seawater are
more than adequate to satisfy demand, but fluxes
are episodic (Cota et al. 1987; Cota & Sullivan
1990).

Productivity and maximum biomass accumu-
lation of bottom ice algae in some cases appear to
be related to nutrient availability. In southeastern
Hudson Bay classical enrichment bioassays have

shown that nitrogen limits ice algal biomass in
estuarine waters (Maestrini et al. 1986).
Moreover, Welch et al. (1991) suggest that the
maximum ice algal biomass is directly pro-
portional to mean water column NO; for 5 shallow
(<150 m) sites in the Canadian Arctic. Welch and
co-workers also hypothesised that NO; con-
sumption by macrophytes in winter may reduce
nearshore nitrogen concentrations in northwest-
ern Hudson Bay. They also found that depletion
of H,SiO, in Barrow Strait exceeded 275 mmol
m~2 between April and June in the top 100 m of
the water column well before any phytoplankton
bloom (Welch & Begmann 1989; see also Cota et
al. 1990). Even in areas with relatively strong
currents, steep and persistent nutrient gradients



with near surface minima have been observed
in “well mixed” surface layers beneath heavily
colonised sea ice, confirming a strong source-
sink relationship (Cota et al. 1987, 1990; Cota &
Horne 1989). At sites in the Arctic and subarctic,
vertical nutrient fluxes appear to be linked closely
to tidal forcing, and fluctuations in supply can
influence ice algal photosynthetic response and
biomass (Gosselin et al. 1985; Cota et al. 1987;
Cota & Horne 1989; Demers et al. 1989); other
environmental forcing may dominate currents and
mixing in McMurdo Sound, Antarctica (Cota &
Sullivan 1990). Ice algae are apparently capable
of storing significant amounts of phosphorus and
nitrogen so that nutrient ratios and concentrations
in melted bottom ice cores may exceed those in
seawater (Cota et al. 1990; Smith et al. 1990).
Ammonium concentrations in bottom ice are also
elevated, but about half of the nitrogen utilisation
by ice algae is NO; (Table 5, Cota et al. 1988;
Harrison et al. 1990). Significant internal nitrogen
stores and compositional ratios (C:N, C:CHL)
in the Redfield proportions are indicative of N-
sufficient populations (Harrison et al. 1990). Sev-
eral lines of evidence, however, suggest that
H,SiO, is likely to be limiting for bottom ice algae
in fully marine waters (Cota et al. 1990; Cota &
Sullivan 1990; Gosselin et al. 1990).

Microalgal populations colonising the inters-
tices of sea ice represent a special situation with
extreme and prolonged vertical stability where
temperature, salinity and irradiance are often
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relatively constant compared to planktonic
systems. Nutrients, on the other hand, may be
depleted and resupplied episodically as in pelagic
environments; in sea ice, nutrients must be avail-
able within, or delivered to, a narrow stratum.
Except in the lowest few centimetres, nutrient
concentrations are low in sea ice and could sustain
only a brief ice algal bloom if they were readily
available. Regenerative processes satisfy a por-
tion of the required nitrogen and phosphorus, but
dissolution of biogenic silica appears to be too
slow to provide much H,SiO,. If high standing
stocks of ice algae are attained and have sufficient
light to continue growing, then rates of external
nutrient supply, particularly from the water
column, may become limiting even in the most
nutrient-rich polar waters.

Summary

Nutrient availability varies in its importance for
phytoplankton growth in polar oceans. Generally
speaking, the Antarctic is characterised by a con-
tinuous and ample supply of nutrients. Nutrient
limitation (or the potential for nutrient limitation)
is apparently rare, but local depletion can occur
if other growth-limiting conditions (for example
water-column stability) are conducive to optimum
production, biomass accumulation, and elevated
nutrient demand (Mitchell & Holm-Hansen
1991). Such conditions occur in shallow coastal

Table 5. Range and mean values for ice algal chlorophyll a (CHL, mg m™?). photosynthesis-irradiance parameters (P2 = mgC
mgCHL ™" h™"), & = mgC mgCHL ™" h™! (umol m~? s=")"", and selected environmental properties for bottom ice assemblages
under low snow cover from Barrow Strait, NWT, Canada and McMurdo Sound. Antarctica in 1985 and 1986. Temperature (t) =

°C, NO; & NH; concentration = mmol m~3, pNH; & pNH, = mmol m~* h™!, f-ratio = pNO,/(pNO; + pNH.,).

No. Obs Minimum Maximum Mean
P8 60 0.01 1.80 0.37
af 60 0.002 0.362 0.050
t 60 -1.90 -1.80 —-1.85
CHL 96 4.5 182.0 68.9
NO;* conc. 95 1.80 72.3 18.3
NO;** conc. 14 391 123.40 40.39
NH** conc. 14 4,05 40.39 16.38
H,Si0,* conc. 95 2.90 14.40 6.90
pNO, 52 0.02 80.04 6.05
pNH, 50 0.05 36.15 3.45
f-ratio 45 0.08 0.92 0.53

* Concentrations based on bottom 3-5 cm of ice cores, Resolute 1985 (Cota et al. 1990). Directly comparable measurements were

not available from the Antarctic.

** Concentrations based on bottom 1-3cm of ice cores, Resolute 1985 and 1986 (Harrison et al. 1990). Directly comparable

measurements were not available from the Antarctic.
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waters, along receding ice edges and in under-ice
(epontic) communities where vertical stratifi-
cation is more persistent or prolonged. The gen-
erally more favorable growth conditions in the
northern ocean, i.e. water-column stability (e.g.
Dunbar 1968), combined with lower overall nutri-
ent concentrations result in nutrient depletion
being a common feature in subarctic and Arctic
surface waters, in open waters as well as along ice
edges. In both polar regions. factors other than
nutrients are apparently most important in the
initiation of growth whereas nutrients may be
relegated to a more secondary role of sustaining
growth and setting the upper limit on biomass
accumulation.

Studies to date have provided a convincing
picture of the interaction of ocean physics and
phytoplankton as manifest through the supply
of nutrients for growth. In both polar oceans,
physically-mediated nutrient supply (“new” pro-
duction, Eppley & Peterson 1979) is more impor-
tant than at lower latitudes (Fig. 8), accounting
for over 50% of the total primary production,
particularly in the marginal ice zones (Smith &
Nelson 1990). This high proportion of new pro-
duction, however, is not commensurate with the
level of primary production predicted if nutrient-
limitation were the only consideration (Fig. 9).
Clearly, other factors come into play in setting
the upper limits on polar productivity, even in
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Fig. 8. Schematic representation of the relative importance of
physical and biological sources of nutricnts for phytoplankton
growth along a latitudinal axis. [N] = surface nutrient con-
centration. TEMP = scawatcr temperature. Physical sources
(“new™ nutrients) are scaled by the f-ratio (Eppley & Peterson
1979) and range from approximately 0.1 (10% of total) in
tropical oceans to approximately 0.6 (60% of total) in polar
oceans. “Regenerated™ nutrients (biological sources) make up
the balance.
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Fig. 9. Relationship between {-ratio (new/total nitrogen pro-
duction) and total primary production. Open symbols and
curve = temperate/tropical data (Eppley & Peterson 1979);
closed symbols = polar data, circles are pelagic studies, triangles
are ice edge studies (Smith & Nelson 1990).

the Arctic where nutrient depletion is prevalent.
Nonetheless, the close link between new pro-
duction and the export (and redistribution) of
biogenic materials (Eppley & Peterson 1979)
points to the importance of nutrient-phyto-
plankton relationships in developing a better
understanding of the role of polar oceans in global
biogeochemical cycles (Dugdale & Wilkerson
1989; Jones et al. 1990; Smith & Sakshaug 1990).

The so-called “biotic” factors have received
surprisingly little attention in studies of polar
phytoplankton (Ei-Sayed 1984; Holm-Hansen
1985). In view of the large proportion (almost
half) of the primary production that is supported
by locally regenerated nutrients (NHg, urea),
despite often high “new” nutrient (NO,) con-
centrations, attempts to model polar phyto-
plankton growth dynamics will be incomplete
until plankton food web interactions (both in
terms of grazing losses and nutrient resupply) are
incorporated.
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