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The nutrient status of the various water mass structures within a large sampling grid around Elephant
Island are reported and the nutrient concentrations relative to uata from the physical and biological
components of the Antarctic Marine Living Resources Programme are discussed. Concentrations of silicic
acid, nitrate and phosphate (Si/N/P) were measured in the upper water column during January—March of
three successive years. Samples were taken from eleven depths at 17 stations in 1991, and at four depths
at 144 stations in 1992 and 182 stations in 1993. There was considerable variability in the concentrations
of all three nutrients within the study area, but silicic acid showed the greatest variance among the water
masses present in the sampling grid. The ratios (Si/N/P) of the nutrient deficits (difference in winter and
summer values) in the upper 100 m differed considerably in Drake Passage waters as compared to Bransfield
Strait waters, with both nitrate and silicic acid showing the greatest variance. Nutrient deficits did not
increase from January to February, indicating that rates of replenishment of nutrients to the euphotic zone
by physical processes and/or biological regeneration were approximately equal to the rate of uptake and
assimilation by phytoplankton during that time period. The seasonal deficits, however, were substantial.
Estimates of daily rates of primary production based on these nutrient deficits were comparable to the
rates as measured by radiocarbon for Drake Passage waters, but much smaller for Bransfield Strait waters.
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space and time scales in Antarctic waters (Tréguer
& Jacques 1992). It has been shown (Zentara &
Kamykowski 1981; Kamykowski & Zentara 1989)

Introduction

Concentrations of nitrate (N), phosphate (P), and
silicic acid (Si) in Antarctic waters are generally
very high (Le Jehan & Tréguer 1985) due to the
combination of strong and continuous upwelling
of nutrient-rich Upper Circumpolar Deep Water
(UCDW) at the Antarctic Divergence coupled
with relatively low rates of biological uptake.
The UCDW is associated with a maximum in
temperature and phosphorus and nitrogen con-
centrations (Sievers & Nowlin 1984). The low rate
of biological uptake is due to low phytoplankton
biomass and to low growth rates induced by tem-
perature restraints on enzymatic rates (Neori &
Holm-Hansen 1982; Tilzer & Dubinski 1987).
Significant differences in nutrient concentrations
and in covariation of nitrate, phosphate, and sil-
icic acid, however, can be documented at various

that waters to the south and to the north of the
Antarctic Divergence can be distinguished on the
basis of their nutrient relationships, and it has
been suggested that the differences in relative
nutrient concentrations may affect food web
dynamics. Even within the same water mass, con-
siderable mesoscale patchiness and variability can
be detected in surface pelagic Antarctic waters
(El-Sayed 1970). The greatest variability and
patchiness of nutrient concentrations, however,
is generally found in waters over the continental
shelf in association with rich phytoplankton
blooms that often have chlorophyll-a concen-
trations of over 20 ug 171 (Burkholder & Sieburth
1961; Holm-Hansen & Mitchell 1991). In such
rich areas, concentrations of N and P can be
depleted to the extent that they are undetectable
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by conventional calorimetric methods (Nelson &
Smith 1986).

The area around the northern portion of the
South Shetland Islands and Elephant Island is
interesting with regard to nutrient conditions for
phytoplankton, as the region is known to sustain
high krill and zooplankton biomass (Amos 1984;
Brinton et al. 1987; Macaulay et al. 1984; Nast et
al. 1988: Loeb et al. 1993a) and hence is usually
assumed to also have high rates of primary pro-
duction. This area is oceanographically complex
as it is a zone of mixing between waters from
Drake Passage, the Bellingshausen and Weddell
seas, and the Bransfield Strait. Early work by
Sverdrup (1933) and Clowes (1934) indicated the
presence of different water masses interacting in
this general area. More detailed investigations by
Gordon & Nowlin (1978), Patterson & Sievers
(1980), Sievers (1982), Gordon (1988), Stein
(1988), and Sievers & Nowlin (1988) have sub-
sequently shown that there is much temporal and
geographical variability in the physical regime.
The upper 750 m of the water column is influenced
by various water masses (Antarctic Surface
Water, Upper Circumpolar Deep Water, Lower
Circumpolar Deep Water. Bransfield Surface and
Deep waters), each of which shows distinct
characteristics in terms of physical and chemical
features as described by Gordon & Nowlin (1978),
Sievers & Nowlin (1984) and Silva S. (1985, 1986).
The major physical characteristics include the
presence of important frontal systems (Jacobs
1991; Helbling et al. 1993) between the different
water masses. Although various programmes
have measured nutrient concentrations in this
general area (Silva S. 1985, 1986). the sampling
strategy has been too dispersed to permit analysis
of nutrient concentrations relative to the physical
and biological characteristics of the various water
masses which meet and mix in this area.

During the past four years the U.S. Antarctic
Marine Living Resources (AMLR) programme
has supported a multidisciplinary study of the
area around Elephant Island, which has included
measurement of inorganic nutrient concentra-
tions in the upper water column over a large
sampling grid during January-March of three suc-
cessive years (1991 to 1993). In this paper we
report the nutrient status of the various water
mass structures within the sampling grid and dis-
cuss the nutrient concentrations relative to data
from the physical and biological components of
the AMLR programme.

Materials and methods

The AMLR study grid, which was occupied from
early January to mid-March of 1991-93, covers
approximately 50 x 10°km? around Elephant
Island (Fig. 1). Each station was occupied two
times during each field season (during Leg I in
January-February and Leg II in February-
March) with a total number of stations being 100
in 1991, 144 in 1992, and 182 in 1993.

A profiling unit, consisting of a General
Oceanics rosette with Conductivity-Tempera-
ture-Depth sensors (Sea Bird CTD, model SBE-
9) and eleven Niskin bottles with Teflon covered
springs, was used at every station to acquire con-
tinuous data of the upper water column charac-
teristics from the surface down to 750 m depth or
to within 10 m of the bottom at shallower stations.
Water samples (35 ml) from the Niskin bottles
were placed in acid-cleaned high density poly-
ethylene bottles (50 ml) and frozen until time of
analysis (during April-May of each year) at the
Universidad Catolica de Valparaiso, Chile. Inor-
ganic nutrient concentrations (nitrate + nitrite,
phosphate, and silicic acid) were determined in
an autoanalyzer following the techniques
described by Atlas et al. (1971). Throughout the
text we use the term nitrate to indicate the con-
centration of nitrate plus nitrite.

During 1991 samples for nutrient analyses were
obtained from 11 depths (0 to 100 m) at all stations
where primary production measurements were
made (total of 17). During our studies in 1992
and 1993 we took water samples for nutrient
analysis from four depths (5, 50, 200, and 750 m)
at every station in order to be able to contour the
distribution of nutrient concentrations through-
out the sampling grid.

In order to test differences in nutrient con-
centrations among the different regions described
for the AMLR study area, a non-parametric stat-
istical analysis, Kruskal-Wallis (Zar 1984), was
used. Also, a posteriori test (Nemenyi procedure)
was used whenever required by the analysis.

Results

The Temperature-Salinity (T-S) diagrams from
all the stations in the sampling grid could be
described by three general patterns of T-S struc-
tures (Fig. 2). The T-S diagrams in Fig. 2A are
typical of Drake Passage waters, those in Fig. 2B
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are typical for the transition or confluence zone
between Bransfield and Drake Passage waters
and those shown in Fig. 2C are typical of Brans-
field Strait. The water masses involved in these
T-S structures are (1) Antarctic Surface Water
(AASW) which includes the Winter Water (WW)
remnant, (2) the Upper and Lower Circumpolar
Deep Water (UCDW and LCDW, respectively),
(3) Bransfield Surface Water (BSW), and (4)
Bransfield Deep Water (BDW).

The T-S diagrams shown in Fig. 2A, B, and C
are representative of all stations within the regions
designated as A, B, and C, respectively, as shown
in Fig. 1. The T-S structure associated with region
A (Fig. 2A) includes contributions from the
AASW, the UCDW and the LCDW water
masses. Stations in this region show a temperature
minimum (<0°C) between 50 to 150 m, which
represents the WW of the AASW. The T-S struc-
ture associated with region C (Fig. 2C) includes
BSW and the BDW, while the T-S structures
associated with region B (Fig. 2B) are the result of
mixing in different proportions of Drake Passage
and Bransfield Strait waters. The open circles in
Fig. 2B represent the T-S diagrams of stations
most similar to those in Region A, while the solid
squares represent the T-S diagrams of stations
most similar to those in Region C.

Concentrations of nitrate, phosphate, and sil-
icic acid in the upper 100 m of the water column
of all the stations in regions A, B, and C, for
which nutrient samples were obtained in 1991,
are shown in Fig. 3. The major difference between
the three regions is that silicic acid concentrations
in region A (25 to 42 mmol m ™ in surface waters
and 40 to 56 mmol m ™3 at 100 m) are much lower
than in regions B or C, where the corresponding
values are 55 to 80 mmol m™* in surface waters
and 74 to 83 mmol m~? at 100 m. The one station
in region A with higher than average Si in surface
waters was station A37. which is at or very close
to the mixing front with region B; the higher Si
concentrations in the upper 50 m thus probably
signifies some mixing with the higher Si-con-
taining waters of region B.

Variations in nitrate or phosphate concen-
trations between the three regions were much
smaller than for silicic acid. In regions A and C,
nitrate and phosphate concentrations are fairly
uniform in the upper 50 m of the water column at
stations within each zone, but both nutrients are
generally slightly higher in region C than in region
A. Nutrient concentrations in region B show a

greater spread, which is most likely related to the
physical mixing of waters from regions A and C.
Nitrate concentrations in region B segregate into
two groups; the stations with lower nitrate con-
centrations are all geographically close to region
A, while the three stations with the higher nitrate
levels are located in proximity to region C.

The concentrations of nitrate, phosphate, and
silicic acid at 5 m and 200 m at all stations in the
sampling grid in 1992 and 1993 are shown by the
contoured data in Figs. 4, 5, and 6, respectively.
There is considerable mesoscale patchiness in the
nitrate concentrations in surface waters (Fig. 4),
with lowest concentrations in regions A and B
and highest concentrations in the southeastern
portion of the sampling grid within Region C. At
200 m, the situation is reversed, with the highest
nitrate concentrations being found in region A.
The pattern of phosphate concentrations (Fig. 5)
is quite similar to that of nitrate; at 5m depth
lowest concentrations are found within region
A, whereas at 200 m stations within region A
generally show the highest phosphate concen-
trations. The pattern of distribution of silicic acid
concentrations (Fig. 6) at 5 m depth is quite simi-
lar to that of either nitrate or phosphate, but
the range of silicic acid concentrations between
regions A and C is much greater. At 200m,
however, the lowest concentrations were also
found within region A, in contrast to the pattern
for either nitrate or phosphate.

At 5m depth, stations within region A have
slightly lower N and P concentrations than sta-
tions in regions B or C. but the concentrations of
Si are only approximately 50 % of those in regions
B or C (Table 1). At 200m, N and P con-
centrations are slightly higher in region A than in
regions B or C, whereas Si concentrations in
region A are lower than in regions B or C. The
N/P ratios at all stations at Sm or 200 m are
similar to the Redfield ratio of 16/1 (Redfield et
al. 1963), while the Si/P ratios varied in Region
A from 23/1 at 5m depth to 35/1 at 200 m.
However, Si/P ratios in Regions B and C were
similar at both depths, ranging from 37/1 to 44/1.
The mean concentrations of nitrate, phosphate,
and silicic acid at 5 m depth during each leg for
the years of 1991 to 1993, together with results
of the statistical test to indicate any significant
differences between mean nutrient values, are
shown in Table 1. The internal variability within
each region during the three years was such that
there was a significant difference (P < 0.01) in
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Table 1. Mean inorganic nutrient concentrations (mmolm %) for nitrogen
(N), phosphate (P) and silicic acid (Si) for Leg I (I) and Leg II (II) for the
years 1991, 1992 and 1993; statistical analysis to test differences in nutrient
concentrations for samples at 5 m within regions A, B, and C of the AMLR
sampling grid, and Si/N/P rations at 5m and 200 m. The lines under the
years and Legs indicate groups of data that were not significantly different.

Region A (5m)

Region B (5m)

Region C (5m)

Cruise N P Si N

P Si N P Si

1-91 265 146 345 270 185 656 277 176 763
I1-91 258 143 250 268 173 660 274 156 73.0
1-92 275 172 397 281 184 664 298 20 80.0
1H-92 278 182 520 293 194 722 299 202 844
[-93 262 172 328 263 179 688 278 1.88 899
II-93 252 1.67 417 269 183 327 27.6 1.89 903
Statistical analysis for samples at Sm depth
N H3 111 1311 [2 112 3311112112 111 H 131312 152
P<0.01 P<0.01 P<0.01
P IH 11 1131213 112 I 1113 113 12 112 111113 H3 12 112
P<0.01 P<0.01 P<0.01
Si [ I3THI2103 112 I 12 12 13 113
P<0.0t P=0.05 P<0.01
Mean concentrations and Si/N/P ratios
Sm depth
Mean 265 164 376 274 .84 689 283 185 823
Si/N/P 23/16/1 37/15/1 44/15/1
200m depth
Mean 343 231 803 325 220 893 316 216 919
S¥YN/P 35/15/1 41/15/1 43/15/1

nutrient concentrations at 5 m depth for nitrogen,
phosphorus and silicic acid with the exception of
silicic acid in region B where the probability was
equal to 0.05 (Table 1). In general, 1992 was the
year with higher nitrate and phosphate con-
centrations and 1991 was the year with the lowest
concentrations in the three regions, with minor
exceptions.

Data in Table 2 show the seasonal depletion of
N, P, and Si in the upper 100 m in each region

during January to March of 1991, assuming that
the values at 100 m represent the concentrations
in surface waters at the end of winter. It is seen
that the greatest depletion is found in region A,
and the least in region C. The ratios of depletion
of Si and N relative to P also varies between the
regions, with stations in region A having the
largest Si/P and N/P depletion ratios (50/1 and
16/1, respectively) and region C the smallest
ratios (17/1 and 6/1, respectively).
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2

Table 2. Calculated nutrient deficits (mmol m™2, 0 to 100 m) within regions A, B and C,

and ratios of the deficits. Data are from 1991

Region A Region B Region C
Nitrogen (N) 488 215 116
Phosphorus (P) 30.3 17.9 20.3
Silicic acid (Si) 1509 449 338
Si/N/P 50/16/1 25/12/1 17/6/1
Discussion distribution and productivity of phytoplankton in

Our physical data (see Fig. 2) indicate that most
of the stations in the AMLR grid are located in
AASW (Region A in Fig. 1) and in the wide
mixing zone between AASW from the Drake
Passage and Bransfield Strait waters (Region B).
The T-S structures for stations in region C (Fig.
2C) represent mostly Bransfield Strait waters.
Nevertheless, there is a possibility of some influ-
ence of water from the Weddell Sea or from the
Weddeli-Scotia Confluence (WSC) to the south-
east of Elephant Island.

Inorganic nutrients were relatively high
throughout the entire sampling grid (Figs. 4, 5,
and 6). All stations in region A, however, could
be distinguished from those in regions B and C
by significantly lower concentrations of silicic acid
in the upper 100 m (Fig. 3), resulting in lower
Si/P ratios (Table 1). Although we have grouped
stations in region B and considered it as a tran-
sition zone between regions A and C, there is
considerable variability in T-S diagrams (Fig. 2)
and in nutrient concentrations (Fig. 3, 4, 5, 6, and
Table 1) in this region. This undoubtedly results
from different nutrient conditions and mixing
between regions A and C. As the concentrations
of N, P and Si in all regions are well above
published Ks constants for these nutrients
(Eppley et al. 1969; Perry & Eppley 1981; Nelson
& Tréguer 1992), it is unlikely that concentrations
of these nutrients are limiting phytoplankton
growth anywhere within the AMLR study area.
This conclusion does not exclude the possibility
of growth limitation by micronutrients (e.g., Fe)
as suggested by Martin et al. (1990) and given
considerable credence by experiments with
addition of Fe to sea water samples (de Baar et
al. 1990; Helbling et al. 1991).

In order to understand the variability of nutri-
ent concentrations it is necessary to know the

the area as well as the autotrophic/heterotrophic
characteristics of the food web. Our data indicate
that there were relatively small changes in inor-
ganic nutrient concentrations between Leg I and
Leg II of each year, in spite of the fact that the
month between each Leg occurs during the austral
summer period (Jan-Feb). The measured rates
of primary production in regions A, B, and C
during this period averaged 225, 450, and
380 mg Cm~ 2 day ! (Helbling et al. 1995), which
would equate to assimilation of approximately
0.03 to 0.06 umol N 17! day™! throughout the
euphotic zone. These nitrogen assimilation num-
bers are comparable to the ones reported by
Roénner et al. (1983) in a nearby area of the Scotia
Sea. If these rates are valid for the entire month
between the two Legs the decrease in nutrient
concentrations should have been detected by our
nutrient analyses, unless rates of upwelling and/
or regeneration of nutrients were high. The data
in Table 2, however, show that there are signifi-
cant nutrient deficits in the euphotic zone for all
three nutrients in all three regions when com-
paring winter to summer nutrient concentrations,
in spite of the fact that there were only relatively
small differences between the two Legs (Table
1). These data are in agreement with seasonal
studies of rates of regeneration, which show high
rates of ammonium assimilation relative to nitrate
uptake in summer (Ronner et al. 1983) and sig-
nificantly lower relative ammonium assimilation
rates in fall or spring (Koike et al. 1986).

The calculated nutrient deficits in the upper
100 m showed considerable differences between
the three regions (Table 2). Greatest depletion
was found in region A for all three nutrients, with
the least depletion being in region C except for P
depletion, which was lowest in region B. Region
A, however, also had the lowest rate of primary
production as noted above. It is interesting to
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note that these seasonal deficits do not correlate
very well with the measured rate of primary pro-
duction in the three regions as region A has the
lowest rate of primary production but showed the
greatest nutrient deficits. We believe that the
reasons for this lack of agreement between pri-
mary production and nutrient deficits include the
following processes:

(1) Historical data (Gordon & Molinelli 1982;
Sommer & Stabel 1986) show that concentrations
of both N and P, and particularly Si, decrease
progressively from Elephant Island to the north
and northwest. Waters coming from the Bellings-
hausen Sea, as well as from Bransfield Strait,
generally do not show as steep a gradient in
nutrient concentrations as they have more
recently been ice-covered and thus have had a
shorter period for phytoplankton growth com-
pared to Drake Passage waters (Nelson et al.
1987). The marked loss of Si from Drake Passage
waters is most likely due to the refractory nature
of Si in diatom frustules, which results in Si-
rich sedimentation to the benthos (Le Jehan &
Tréguer 1983; Tréguer et al. 1989). In shallower
waters over the continental shelf (most of regions
B and C), there is likely to be considerable min-
eralisation in the sediments and subsequent
enrichment of the water column with N, P and Si
by physical mixing processes.

(2) Stations in regions B and C apparently
experience a greater rate of nutrient input due to
an upwelling of Circumpolar Deep Water (Sievers
& Nowlin 1984) which is rich in nutrients, together
with the possibility of continuous injection of
nutrients into the euphotic zone by turbulent mix-
ing processes. Such injection of nutrients in these
two regions will decrease the apparent nutrient
deficits in the upper water column. This would
be in agreement with the north-south nutrient
sections shown by Sievers & Nowlin (1984) and
with the Si/P ratios shown in Table 1. As shown
by Holm-Hansen et al. (1994), the stability of the
water column, as indicated by the vertical gradient
in Sigma-t, decreased from region A to region C.

(3) Biological regeneration processes in the
euphotic zone will also diminish the magnitude of
the apparent nutrient deficit. It is known that
there is much regeneration of nutrients in these
waters (Ronner et al. 1983; Koike et al. 1986),
so it is not surprising that significant changes in
nutrient concentrations were not detected during
the two-month period of each AMLR cruise. The
fact that significant nutrient deficits do develop

between late winter and early summer most likely
reflects the autotrophic nature of the planktonic
communities during spring time, which would be
consistent with low rates of nutrient regeneration
and primary production being based primarily on
assimilation of nitrate (Tréguer & Jacques 1992).

Using the measured rates of production during
the AMLR cruises, the length of time required to
generate the observed nutrient deficits in regions
A, B and C would be approximately 180, 40 and
25 days, respectively; this would indicate that
higher production rates must prevail in region A
during the spring. Regional differences in the
depth of the upper mixed layer (UML) did not
affect the above depletion rates to any significant
extent as the UML averaged between 44-50 m
throughout the sampling area, and the depth of
the euphotic zone was close to 90 m depth (Helb-
ling et al. 1995).

Results from the statistical analyses showed
that in general the year of 1991 tended to have
lower nutrient concentrations as compared to
1992 and 1993 (Table 1). This is consistent with
phytoplankton biomass data (Helbling et al. 1995)
as phytoplankton concentrations, integrated
throughout the euphotic zone, during 1991 were
about double the concentrations observed during
1992 and 1993 in the three regions. The phyto-
plankton crop in Region A was usually dominated
by nanoplanktonic diatoms such as Fragilariopsis
pseudonana; while Region B, although it tended
to be dominated by microplanktonic diatoms such
as Pseudonitzshia spp, Proboscia alata and Rhi-
zosolenia antennata f. semispina (Villafaiie et al.
1993), often contained significant numbers of
cryptophytes and flagellates (Villafaie et al. in
press). However, the phytoplankton in Region C
was dominated by cryptophytes and flagellates
ranging from 2 to 10 um (Villafadie 1993). These
differences in dominance of species could explain
part of the variability observed in nutrient uptake
ratios, as areas dominated by diatoms (regions A
and B) showed more Si uptake (Table 2) than in
region C which was dominated by flagellates.
Region C also showed a low ratio N/P uptake (6/
1) as compared to regions A and B where the
ratios were 16/1 and 12/1, respectively. One poss-
ible explanation of the low N/P uptake ratio in
region C is that production of ammonia (i.e., via
zooplankton grazing and excretion) could play an
important role in decreasing nitrate assimilation
rates. In addition to high concentrations of Ant-
arctic krill (Euphausia superba) in this area (Hew-
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itt & Demer 1993), region C also had maximum
concentrations of salps (Salpa thomsoni) and the
euphausiid Thysanoessa macrura (Loeb et al.
1992, 1993b; Park & Wormuth 1993).

The results discussed in this paper, coupled
with other data in the literature, point out the
possible inherent errors if one attempts to esti-
mate daily or seasonal production in Antarctic
waters based on nutrient deficits in the upper
water column. The reliability of such estimates
will be related to both physical and biological
factors. The biological factors include (1) varia-
bility in the winter-time concentrations of nutri-
ents (e.g., the low Si concentrations in Drake
Passage waters in contrast to Weddell Sea
waters); (2) chemical composition of the phyto-
plankton crop, which will depend upon what
phylogenetic groups are dominant (e.g., diatoms
orsilicoflagellates with high Si content, in contrast
to cryptophytes or flagellates); (3) the size and
sinking rates of the dominant phytoplankton
species; (4) the rate of regeneration of nutrients
in the upper water column, which will be depen-
dent upon the nature of the heterotrophic assem-
blages (especially the bacterioplankton, micro-
zooplankton, and macro-zooplankton); and (5)
the seasonality in phytoplankton species suc-
cession and variations in the ratio of autotrophic
to heterotrophic biomass. Primary production
estimates based on such nutrient deficits will rep-
resent minimal values. The error will probably be
less if working within one well-defined water mass
such as the Weddell Sea (e.g. Jennings et al. 1984)
as compared to an oceanographically complex
area as the AMLR sampling grid around Elephant
Island. Our data from the AMLR programme
illustrate the great biological and chemical varia-
bility occurring within one fairly small geo-
graphical region, and point out the necessity of a
multidisciplinary programme in order to under-
stand the seasonal changes in primary production
in Antarctic waters.
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