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ABSTRACT: Three sites along a shelf to deep-sea transect near the island of South Georgia (55° S) were
sampled in the latter part of the austral summer for water column structure, inorganic nutrients, partic-
ulate material and microplankton. Median concentrations at the 3 sites were 17 to 24 mmol m~? nitrate
and approximately 1.6 mmol m~? phosphate, whilst silicate concentrations remained at 11 mmol m™*
nearshore but were reduced to approximately 1 mmol m~?* offshore. Microplankton community com-
position appeared to be characteristic of post-bloom conditions. Heterotrophs, including large protists,
dominated microbial biomass at the offshore site. Pigment characterisation was consistent with the
domination of the microplankton by diatoms at all sites. Changes in the carbon and nitrogen content of
particulate material down the water column were consistent with significant remineralisation of nitro-
gen in the mixed layer, with molar C:N ratios of 6.5 to 7.7 in surface waters and up to 11.9 immediately
below the mixed layer. In most cases, peak concentrations of ammonium were found to be associated
with the pycnocline, suggesting that remineralisation of nitrogen was occurring here. However, no
component of the microbial community could be associated with this region of ammonium production.
Carbon fixation over the growing season predicted from published instantaneous nitrogen uptake
rates, from biological nitrate deficit in the mixed layer and from the corresponding silicate deficit sug-
gested that at least 25 g C m~* was produced by phytoplankton during the growth season. However,
there is strong evidence that this is a serious underestimate. Even whilst nitrate concentrations
remained high, ammonium and possibly other ‘recycled nitrogen' appeared to be key inorganic nutri-
ents. Particulate carbon and silicon appeared to be removed from the mixed layer whilst nitrogen was
regenerated in situ. In such systems, nitrate removal does not indicate carbon export, and nitrogen
recycling may be a crucial factor in determining productivity throughout the growing season.
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INTRODUCTION

The dominating perception of the seasonal dynamics
of oceanic microplankton derives from regions where a
spring bloom is initiated by both increasing insolation
and a decreased depth of mixing, but then declines
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after the major source of nitrogen — nitrate injected
into the mixed layer from bellow in winter — is utilized.
The paradigm of new and regenerated production
(Dugdale & Goering 1967) is predicated on the ability
to identify that part of the nutrient pool which is
replaced annually, thereby defining the upper limits to
community carbon uptake and export. Features of the
microbial community follow this annual cycle (Cullen
1991) — diatoms dominate the spring bloom and are
consumed by large herbivores, whilst the regenerative
phase of the community comprises smaller primary
producers grazed by microheterotrophs in the micro-
bial loop. However, the use of the nitrate amount in the
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mixed layer to define the total annual new production
has been challenged on various grounds. First, the
nitrate pool may not be closed, either on local scales
(e.g. Sambrotto & Langdon 1994) or on large scales
(e.g. Jacques 1991, Jacques & Fukuchi 1994). Alterna-
tively, the utilisation of inorganic carbon and nitrogen
may be decoupled (Banse 1994), or differences in ex-
port fluxes from the euphotic zone may mean that
recycled nitrogen may fuel carbon export (Sambrotto
et al. 1993).

Parts of the oceans, sometimes characterised as 'high
nutrient, low chlorophyll'’ (HNLC; see Chisholm &
Morel 1991), do not conform to this stereotype intro-
duced by Dugdale & Goering (1967). In these regions,
nutrient concentrations are not reduced to limiting lev-
els by the spring bloom. New and recycled production
are not separated temporally, at least not in the
ordered sense apparent from the classical picture. The
reasons why nufrients remain underutilized remain
the subject of debate, and have received renewed
attention because HNLC areas might be regions
where carbon dioxide drawdown to the oceans may be
enhanced (Priddle et al. 1992). The largest of such
regions is the Southern Ocean, where summer nitrate
concentrations are commonly of the order of 10 to
30 mmol m~? in surface waters. These values are com-
parable to, or higher than, winter surface nitrate con-
centrations in the North Atlantic (Garside & Garside
1993). Primary production in the Southern Ocean is
low, approximately 1.2 Gt C yr~! for approximately
10% of the world's ocean surface, whereas the global
total is estimated to be 27 Gt (Smith 1991).

An improved understanding of the microbial dynam-
ics within HNLC areas is needed both to test the dif-
ferent hypotheses for mechanisms controlling primary
production and also to examine critically the applica-
tion of concepts of nutrient-based definitions of export
production where a single annual pulse of new pro-
ductivity cannot be delineated. This study describes an
investigation of the dynamics of the microbial commu-
nity in the vicinity of a Subantarctic island, at a time
when phytoplankton growth had already proceeded
for 2 mo or more, and where a well-developed het-
erotrophic microbial community existed alongside
large diatoms and crustacean grazers.

METHODS

Study site and transect. The study was carried out
during the austral summer on a shelf to deep-sea tran-
sect to the northwest of South Georgia, a relatively
large Subantarctic island in the northern Scotia Sea
(Fig. 1). South Georgia is surrounded by an extensive
and deep continental shelf and is an important focus
for primary and secondary production within the
Scotia Sea. The oceanographic conditions around the
island are highly variable. In terms of the large-scale
oceanography, Antarctic Surface Water (ASW) is gen-
erally located to the north and west of South Georgia
and Weddell Sea Water to the south and east.

Samples were obtained at 3 stations along a 110 km
southeast-northwest transect — Stn 2 occurred on the
shelf and had a maximum water depth of 230 m,
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Stn 4 was on the slo, : and had a water depth of
500 m, whilst Stn 6 was fully oceanic with a water
depth of almost 4000 m. Sampling occurred during
January 1990 and each station was occupied for ap-
proximately 3.5 d, during which time a range of phys-
ical, chemical and biological measurements were
made. Data from some of these investigations have al-
ready been published (Owens et al. 1991, Atkinson et
al. 1992a, b).

Sampling and physical and chemical analyses. Sev-
eral samples were taken at each station, and used for a
wide range of analyses and experiments. In many
cases in this paper, data from profiles are combined, or
derived from a unique profile at that station. Where
individual samples from defined stations are referred
to, they are identified by a 'sampling event number’
(e.g. see Fig. 2 and Table 7).

Water samples were collected using a General Oce-
anics water bottle rosette system mounted on a Neil
Brown Mark 3 CTD, The CTD was tank-calibrated for
temperature and pressure (depth) before and after the
cruise. Water samples for salinity calibration were
taken during the course of the project, and their con-
ductivity measured using a Guildline Autosal.

Filtered water samples (Whatman GF/C: nominal
particle retention 1.2 pm) were analyzed for dissolved
nitrate + nitrite (NO3-N + NO,-N), ammonium (NHg-
N), phosphate (PO,4-P) and silicate [Si(OH),-Si]. Nitrite
concentration was not subtracted from the nitrate
value, but the former is typically only about 1% of the
combined amount around South Georgia (Whitehouse
et al. 1993). Details of methods are provided by White-
house & Woodley (1987), who indicate that precision
was better than +1 % for all analyses. Minimum levels
of detection provided by Whitehouse & Woodley (1987,
their Table 5) were all significantly lower than the
concentrations encountered during the present study,
except for a few silicate and ammonium analyses.
Nutrient chemical data were also obtained from the
British Antarctic Survey (BAS) Marine Life Sciences
database and from data held at the British Oceano-
graphic Data Centre.

Concentration of chlorophyll a (chl a) was deter-
mined for particulate material retained by glass fibre
filters (Whatman GF/F: nominal retention 0.7 pm) after
pre-screening through a 200 pm mesh. Replicate filters
from known volumes of seawater were frozen at-25°C
until analysis in the UK. Filters were extracted in 90 %
v:v acetone:water, and chl a concentration in the
extract measured spectrophotometrically (Pye-Unicam
SP8-100) using the equations of Strickland & Parsons
(1972, p. 193). A second pair of replicate filters (pre-
combusted GF/F) were frozen at -25°C for analysis of
total- and organic-particulate carbon and nitrogen.
Prior to analysis, the filters were dried at 55°C and

stored in a desiccator. Subsamples from each filter
were then taken using a punch of known area — at
least 3 subsamples were used for each C-N analysis.
More than 1 set of subsamples was analyzed for each
filter pad. Analysis for particulate C and N was then
undertaken on an elemental analyzer (Carlo Erba
model 1106). The filter pad remaining after subsam-
pling was then ashed in a low-temperature plasma
asher to drive off the organic fraction. Subsequent
elemental analysis provided the concentrations of the
remaining inorganic C and N, which were subtracted
from total values to give the concentrations of organic
material used here. Particulate biogenic silica in
material retained by a 2 pm pore size polycarbonate
membrane filter was analyzed for the offshore site
approximately 1 mo later than the other samples were
obtained, using the method of Paasche (1980). Sepa-
rate samples of particulate material were obtained for
detailed pigment analysis by filtering 30 | of seawater
through large glass fibre filter pads (Whatman GF/F),
from sediment traps (approximately 50 m depth) and
from vertical net hauls (mesh size 20 pm, 50 m depth to
surface). Sampling was undertaken around midday,
and all samples were extracted and analyzed using
high-performance liquid chromatography (HPLC) fol-
lowing Mantoura & Llewellyn (1983).

Microbial analyses. The abundance and biomass of
bacteria and nanoflagellates were determined from fil-
tered samples analyzed by epifluorescence microscopy
(Hobbie et al. 1977, Porter & Feig 1980). Three repli-
cate 10 ml samples were preserved in 2.5% final con-
centration glutaraldehyde, stained with 5 pg ml~! final
concentration DAPI, concentrated onto 0.2 pm pore
size Nuclepore polycarbonate filters, and examined at
% 1250 magnification under UV illumination. To deter-
mine bacterial abundance and carbon biomass, bac-
terial cells were enumerated from 25 fields of view
from each filter. Bacteria were identified by their blue
fluorescence and grouped into 3 size categories:
0.5-1.0 pm diameter cocci, 0.5-1.0 pm long rods and
1.0-1.5 pm long rods. Mean population abundance
and biovolume were then calculated using cell volume
estimates, and carbon biomass was calculated using a
conversion factor of 220 fg C pm~? (Bratbak & Dundas
1984). To determine nanoflagellate abundance and
biomass, cells were enumerated from 50 fields of view
from each filter. Flagellate cells were identified by
their blue fluorescence and classified into distinct taxa
according to size and shape. The cell volume of each
taxon was then calculated by equating the shape of
each cell to a standard geometric figure, and mean
population abundance and biovolume calculated. Car-
bon biomass was then calculated from population bio-
volume using the conversion factors of Eppley et al.
(1970).
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The abundance and biomass of diatoms, dinoflagel-
lates and ciliates were determined from settled sam-
ples analyzed by inverted microscopy following the
methodology of Utermahl (1958). Three replicate 50 ml
samples were preserved in 1% final concentration acid
Lugol's, concentrated by settling for 48 h, and exam-
ined at x400 magnification. To determine abundance
and biomass, cells were enumerated from either the
whole or a representative proportion of the settling
chamber, Mean population abundance and biovolume,
and diatom and dinoflagellate carbon biomass, were
then calculated from cell volume as for nanoflagellates.
To determine ciliate carbon biomass, population bio-
volumes were converted to carbon mass using a factor
of 190 fg C pm~? (Putt & Stoecker 1989),

Statistical analyses were undertaken using the SAS
and Minitab packages (SAS 1985, Ryan et al. 1988).
Principal Components Analysis (PCA) was used to
reduce the large microplankton species composition
data sets. As these data were derived from several dif-
ferent counting procedures, biomass was re-scaled to
be a proportion of the total biomass for the appropriate
counting method, in order to standardise the expres-
sion of abundance for the different microplankton
groups. This method avoided any inconsistencies
arising from the different counting techniques, and
enabled more scarce groups, such as protists, to be
better represented in the ordination.

RESULTS
Water column structure

Water column structure was similar at the 3 sites and
typical of conditions to the south of the Polar Front.
This region, the Antarctic Zone, is typified by a layer of
relatively cool, fresh ASW (approximately 200 m thick)
overlying a thicker layer of warmer, saltier and nutri-
ent-rich Circumpolar Deep Water (CDW). As all the
biological and chemical samples were obtained from
the upper layer this description focuses on ASW only.

During the austral summer ASW has a seasonal
mixed layer of approximately 50 m at the surface. This
less-dense surface layer results mainly from ice melt
(and surface runoff near land) and is underlain by a
strong seasonal halocline. Surface temperatures also
show a strong seasonal signal, with mixed layer tem-
peratures increasing during the summer, generating a
thermocline of several degrees relative to the underly-
ing ‘winter water' (a remnant of the fully mixed ASW of
the previous winter). Since there is a strong permanent
thermocline between ASW (i.e. the base of the temper-
ature minimum during summer) and the underlying
CDW, seasonal heating at the ASW surface results in a
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Fig. 2. Temperature and salinity profiles for the 3 stations near
South Georgia

characteristic temperature inversion in the ASW dur-
ing summer.

Fig. 2 shows typical temperature and salinity profiles
for the 3 sites and Table 1 describes the major features
of the surface mixed layers. Average mixed layer
depths ranged from 50 to 60 m but individual profiles
varied from 45 to 70 m according to changes in wind

Table 1. Average mixed layer properties for 3 stations near
South Georgia. Mixed layer defined by an increase in the
density gradient of 20.007 kg m~*

Property Stn 2 Stn 4 Stn 6
Depth (m) (range) 60 (55-68) 57 (46-65) 50 (46-58)
Temperature (°C) 29 3.5 4.3
Salinity (psu) 33.777 33.774 33.797
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stress. There was occasional, short-lived stratification
closer to the surface during particularly calm weather.
The salinity of the mixed layers varied — it was higher
and less variable at Stn 6 than at Stns 2 and 4. Surface
runoff, principally glacial meltwater, was likely to have
been the major factor responsible for this difference
between the onshore and offshore sites.

Vertical and horizontal distribution of inorganic
nutrients

Nitrate, silicate and phosphate profiles were similar
at all 3 stations, with a relatively homogeneous distrib-
ution over the mixed layer and a progressive increase
in concentration with depth below this level (Fig. 3).
This distribution is consistent with the resupply of
nutrients to the ASW from the underlying CDW.
Nitrate and phosphate concentrations in the mixed
layer differed little between stations (Table 2) while sil-
icate showed a pronounced gradient from onshore to

offshore. These silicate concentrations were very much
lower than summer levels reported previously for
South Georgia (Whitehouse et al. 1993). Although
mixed layer silicate levels were lowest for Stn 6, below
the mixed layer concentrations were similar at all 3
sites (Fig. 3, Table 2).

Nitrate, phosphate and silicate concentrations are
considerably higher in the surface waters during win-
ter, when the surface stratification has broken down
and the ASW is fully mixed (Whitehouse et al. 1993).
Table 2 summarises the data available from the BAS
archives and compares these with the T-min nutrient
levels from the present study. As the T-min layer rep-
resents the remnant of the winter mixed layer it is to be
expected that these values will correspond well.

Ammonium profiles were very different from those
of the other nutrients (Fig. 3). Concentrations ranged
from undetectable to 1.6 mmol m™* At Stns 2 and 4,
the peak in ammonium concentration appeared to be
associated with the pycnocline, while profiles obtained
at Stn 6 were more variable.
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Fig. 3. Vertical profiles of nitrate, ammonium, silicate and phosphate concentrations for the 3 stations. Each scatter plot includes
data from several profiles. Average mixed layer depths are given in Table 1
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Table 2. Average nitrate, phosphate and silicate concentra-

tions (mmol m~%) at 3 stations near South Georgia. Values are

from all available profiles. Data for the summer and winter

mixed layers (ML) are presented as means (range in paren-

theses). T-min: residue of the winter mixed layer, charac-
terised by a temperature minimum

Nitrate Phosphate Silicate
Stn 2
Summer ML* 24 (21-26) 1.7 (1.6-1.9) 10.3 (5.1-12.2)
Winter ML" 23 (20-26) 2.1 (1.7-2.5) 26 (18-34)
T-min® 31 24 38
Stn 4
Summer ML* 16 (14-18) 1.6 (1.5-1.7) 1.6 (0.9-2.7)
Winter ML" 23 (20-26) 2.0 (1.7-2.3) 25 (19-36)
T-min® 24 23 24
Stn 6
Summer ML* 18 (16-19) 1.6(1.5-1.9) 0.7 (0.3-1.3)
Winter ML" 23 (17-27) 2.1 (1.6-2.5) 27 (20-34)
T-min* 31 2.7 43

“This study. Not enough data points to give a meaningful
range for the T-min

"Data for the winter ML near South Georgia are derived
from BAS archives and are based on Antarctic Surface
Water values for July-September and depths =30 m from
shelf, shelf-break and offshore sites, corresponding to
Stns 2, 4 and 6 respectively

Composition of particulate material

Chl a concentrations in the mixed layer were higher
at Stn 2 (maximum of approximately 4 mg m™? be-
tween 10 and 40 m depth) than at the offshore stations
(1 and 1.2 mg m? maxima at approximately 20 m
depth at Stns 4 and 6 respectively; Fig. 4). Particulate
carbon and nitrogen profiles did not exhibit the same
spatial pattern. The comparison between Stns 2 and 4
was similar, with higher values at the shelf station.
However, Stn 6 had particulate organic carbon and
nitrogen concentrations which, whilst being variable,
were of the same order as those from Stn 2 (Fig. 4). This
suggests that the contribution of photoautotrophs (as
indicated by chlorophyll biomass) to total particulate
material differed from station to station, a hypothesis
which is borne out by the ratios of C:chl and C:N
(Table 3).

Detailed pigment analysis of water bottle samples
showed considerable resemblance between stations,
since the phytoplankton biomass was dominated by
diatoms at all 3 stations (see 'Taxonomic composition of
the microplankton'). Fucoxanthin and chl ¢; and ¢,
were abundant in all samples. Indicators of other
phytoplankton groups were present in smaller quanti-
ties — chl ¢3 (characteristic of prymnesiophytes and
chrysophytes) and hexanoylfucoxanthin (prymnesio-

phytes). Peridinin, a specific indicator of dinoflagel-
lates, and butanoylfucoxanthin, characteristic of chrys-
ophytes, were found at Stn 6 only.

Sediment trap and vertical net haul samples con-
tained higher proportions of degradation products
than the water bottles. Vertical net hauls contained
larger amounts of chlorophyllides, especially phaeo-
pigments, and had lower values for the ratio of chloro-
phyll to fucoxanthin than the surface water at 10 m
depth at the same station. The sediment frap at Sin 2
contained recognizable faecal strings and other
organic debris, whilst material in the other 2 traps was
more amorphous. Overall, the amounts of material
recovered from frap deployments at all 3 stations were
low. Degradation products of chlorophylls were abun-
dant, especially phaeophytin a and phaeophorbides.
Chl ¢y and c; and fucoxanthin were present in sedi-
ment trap samples at all sites, but chl a was found only
in the sample from Stn 2. Carotenoid pigments derived
from zooplankton were found in the sediment trap at
Stn 6.

Taxonomic composition of the microplankton

Microplankton biomass (estimated from calculated
cell volumes and volume-fo-carbon conversions)
ranged from 50 to 130 mg C m? in surface waters at
the 3 stations, and declined to 3 or less in the deepest
samples examined. Autotrophs dominated in the upper

Table 3. Characteristics of particulate material at 3 represen-

tative depths for 3 stations near South Georgia (see Fig. 4).

The carbon-to-chlorophyll ratio (C:chl) is calculated on a

mass:mass basis, ¢f. C:N which is molar. Chl prop.: chloro-

phyll concentration expressed as a proportion of chlorophyll
plus phaeopigments

Stn Depth (m) Molar C:N C:chl Chl prop.

2 10 7.37 80 0.78
(Event 129) 40 8.11 69 0.83
160 >11.87" 692 0.83
4 10 6.54 166 0.75
(Event 197) 40 5.82 161 0.75
160 >9.86" 395 0.38
6 10 7.67 231 0.99
(Event 290) 40 6.78 256 0.99

160 >0.58 (987)" (0.84)"

“For these 2 samples, particulate nitrogen could not be
measured accurately, so an acceptable upper limit of
10 mg m~* (0.71 mmol m~¥) has been used to calculate
the minimum likely value for the C:N ratio

PNeither chlorophyll nor phaeopigment concentration
could be measured in the 160 m depth sample; the data
presented in the table are for 80 m depth. C:chl for the
160 m depth sample was likely to have exceeded 5000
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Fig. 4. Vertical profiles of chlorophyll a, and particulate organic carbon and nitrogen for the 3 stations. Data are derived from
single profiles at each site (see Table 3)

water column at Stns 2 and 4 (70 to 90% of biomass),
but accounted for less than half of the microbial bio-
mass at Stn 6. At all 3 stations, the proportion of hetero-
trophic biomass increased with depth (Fig. 5, Table 4).
Only very approximate estimates of total microbial bio-
mass are possible for the upper water column. Integra-
tions over the mixed layer suggest values of 4.5, 2.25
and 3.5 g C m~? for Stns 2, 4 and 6 respectively, with
corresponding proportions of autotrophic biomass
being 0.66, 0.66 and 0.43.

Microplankton (=20 pm), mostly diatoms, dominated
the autotrophic microbiota in all samples (Table 4). No

autotrophic picoplankton (<2 pm) were seen, although
several nanoplankters (2-20 pm) were encountered.
The non-diatom phytoplankton also included Phaeo-
cystis, autotrophic dinoflagellates, cryptomonads and a
range of indeterminate taxa, predominately small
phytoflagellates.

The heterotrophic microbes were equally diverse,
but with 2 clear biomass groups. Microplankton again
dominated the biomass in many samples, but bacteria
(picoplankton) accounted for 25 to 50% biomass in
shallow water and up to 90% of the biomass in the
deepest samples (Fig. 5, Table 5). Differences between
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Autotrophic microplankton

Biomass (mg C rn'3)

Heterotrophic microplankton

similar amounts of sample variability, and
together explained 43 % of the total variation
(Table 6). A comprehensive picture of the ordi-

90 120 0 30 60 120 nation is only obtained when all 3 axes are
o1 [ ” ” W«,gg considered, as each is dominated to a great
| m”'lm o 8 extent by depth variation at 1 of the 3 stations
40 | (Fig. 6). Key taxa determining the variability
include bacteria, ciliates, several diatom taxa,
: dinoflagellates and cryptomonads.
80 {
12018 Station 2 DISCUSSION
The data presented here provide a 'snap-
160 shot' view of microbial processes in the upper
i ’ water column around South Georgia. Here we
consider how representative these data are in
a0l the context of other studies in the region, and
) assess the implications for nutrient cycling and
= the possible spatial and temporal correlations
£ 80 between the microbial community and nutri-
g ent distributions.
1201 Station 4
Status of the microbial population and the
16041 nutrient pool
o
The phytoplankton around the island of
South Georgia has been studied relatively
o thoroughly, beginning with the 'Discovery’
Investigations (Hart 1934, 1942, Hardy &
801 Gunther 1935, Hendey 1937). Diatoms appear
to be important elements of the phytoplank-
p— ton throughout the year, including winter
1201 (Heywood et al. 1985, Morris & Priddle 1985).
Although some detailed taxonomic investiga-
tion of the phytoplankton has been carried

160

Fig. 5. Vertical profiles of the photoautotrophic and heterotrophic
microbial biomass for the 3 stations. Biomass is classified by size:
0.2-2 pm (black, heterotrophs only), 2-20 pm (cross hatching) and
=20 pm (vertical hatching). Data derive from single profiles (see also
Tables 4 & 5), and the sample depths used are indicated on the first

panel

stations were evident in their heterotrophic micro-
plankton populations, with aloricate ciliates and tin-
tinnids dominating inshore and large heterotrophic
dinoflagellates being most abundant offshore. The
inclusion of putative mixotrophs in this analysis made
no significant difference to the partition of biomass,
and so was ignored.

PCA produced a plausible ordination of the samples
which resolved both interstation differences and depth
variation. The first 3 components each accounted for

out, this is largely restricted to diatoms from
net samples (e.g. Theriot & Fryxell 1985),
although Dodge & Priddle (1986) present data
on the spatial variability of photoautotrophic
and heterotrophic dinoflagellates around the
island. In contrast to the information for
larger-celled phytoplankton, the relative
contribution of smaller, non-diatom taxa to
phytoplankton biomass is only poorly understood for
this region.

A few studies of size-fractionated phytoplankton com-
position in the Southern Ocean, usually based on
chlorophyll biomass, suggest that the relatively large
contribution of net phytoplankton to total phytoplankton
biomass found for South Georgia may be atypical of
Antarctic waters as a whole. Brockel (1981) found that
77 to 87 % of phytoplankton carbon was in the micro-
plankton size fraction (=20 pm) for 3 stations near South
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Table 4. Characteristics of autotrophic microbiota at 3 repre-
sentative depths for 3 stations near South Georgia (see Fig. 5)

Stn Depth Prop. Prop. Prop.
(m) auto.” micro.” diat.”

2 10 0.80 0.89 0.93
(Event 128) 40 0.59 0.92 0.96
160 0.16 0.48 0.56

4 10 0.67 0.96 0.98
(Event 200) 40 0.63 0.94 0.94
160 0.36 0.89 0.76

6 10 0.34 0.90 0.92
(Event 296) 40 0.40 0.86 0.95
160 0.26 0.58 0.64

“Autotrophic biomass in all size classes expressed as a
proportion of the total microbial biomass

b Autotrophic microplankton (=20 pm) biomass as propor-
tion of total autotrophic microbial biomass

“Diatom biomass in all size classes as proportion of total
autotrophic microbial biomass

Georgia, whereas microphytoplankion represented as
little as 4 % of phytoplankton carbon at stations near the
Antarctic Peninsula. Similarly, Weber & El-Sayed (1987)
found that only 3 % of phytoplankton chlorophyll at sta-
tions in Bransfield Strait was retained by a 20 pm filter.
Typically, it appears that dominance by microplankton
is related to overall phytoplankton biomass. Chlorophyll
concentrations in this study did not exceed 4 mg m?,
whereas dense diatom blooms in the same area may
achieve peak biomass exceeding 20 mg m~* (White-
house et al. 1993). This high biomass is composed of
large, often colonial diatoms, with as much as 90 % of
the chlorophyll biomass in the =20 pm size fraction, and
40 % retained by a 200 pm screen (Priddle unpubl. obs.).

The importance of the larger photoautotrophs in the
microplankton in the present study was less marked, but
still significant. At the opposite extreme of the size
range, picophytoplankton, specifically small cyanobac-
teria such as Synechococcus, appeared to be absent
from the present study, in accordance with the observa-
tions of Marchant et al. (1987).

Correspondingly few data exist for the heterotrophic
microplankton around South Georgia, or in Antarctic
waters in general. Very few studies have quantified
heterotrophic microbial biomass in Southern Ocean
waters (see review in Vincent 1988, and Karl et al.
1991), and data for bacterioplankton and protozoo-
plankton for the South Georgia region are restricted
(Brockel 1981, Dodge & Priddle 1986). The few avail-
able data do suggest that heterotrophic protozoans can
comprise a significant fraction of total nanoplankton
and microplankton biomass in Antarctic surface
waters, ranging from <10 to >75 % depending on loca-
tion and season (Brockel 1981, Tien et al. 1987, Garri-
son 1991). In the present study, the heterotrophic
nanoplankton and microplankton represented about
20 % of total microbial biomass in the top 100 m of the
water column at the shelf and shelf-break stations, but
>50% at the oceanic station. Thus throughout the
study area, protozoa made a significant contribution to
total microbial biomass. Although ciliates were com-
mon, heterotrophic dinoflagellates often contributed
most to protozooplankton biomass. At Stn 6, large Pro-
toperidinium spp. dominated heterotrophic biomass,
which in turn contributed 60 % of total microbial bio-
mass. Heterotrophic flagellates have also been found
to dominate protozooplankton biomass in the ice edge
zone of the Weddell Sea (Garrison & Buck 1989). Cili-
ate abundance in Antarctic waters typically ranges
from 10° to 10° m~?, with biomass up to 38 mg C m ™%,

Table 5. Characteristics of heterotrophic microbiota at 3 representative depths for 3 stations near South Georgia (see Fig. 5)

Stn Depth (m) Prop. micro.? Prop. bact.” Prop. dino.© Prop. alor.® Prop. tint.”
2 10 0.43 0.52 0.37 0.09 0.02
(Event 128) 40 0.66 0.30 0.38 0.24 0.06
160 0.45 0.52 0.29 0.18 0.01
B 10 0.53 0.40 0.09 0.29 0.21
(Event 200) 40 0.31 0.61 0.06 0.17 0.15
160 0.43 0.55 0.02 0.41 0
6 10 0.84 0.15 0.71 0.12 0.01
(Event 296) 40 0.89 0.13 0.83 0.03 0.01
160 0.11 0.87 0.04 0.08 0
“Heterotrophic microplankton (=20 pm) biomass expressed as a proportion of total heterotrophic microbial biomass
"Bacterial biomass (heterotrophic picoplankton) as proportion of total heterotrophic microbial biomass
“Dinoflagellate biomass in all size classes as proportion of total heterotrophic microbial biomass
4 Aloricate ciliate biomass in all size classes as proportion of total heterotrophic microbial biomass
“Tintinnid ciliate biomass in all size classes as proportion of total heterotrophic microbial biomass
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Table 6. Taxa determining the character of the first 3 axes in Principal Component Analysis (PCA) of microbial proportionate bio-

mass for samples from 6 depths at each of 3 stations near South Georgia. Significant loadings have been determined subjectively,

and are not consistent between axes. Very rare taxa which nonetheless had significant loadings have been excluded. An ordina-
tion of the samples on these principal components is shown in Fig. 6

Principal component 1 (18 % of total variability)

Positive loadings
Negative loadings

Proboscia, Gymnodinium spp.

Principal component 2 (14 % of total variability)

score for 80 m sample)

Positive loadings
Negative loadings

Principal component 3 (12 % of total variability)

Positive loadings

Negative loadings 4 unidentified aloricate species

Depth gradient for Stn 6, with the 160 m sample as an outlier (high positive score) from all other samples

Bacteria, Strombidium, Eucampia, Pleurosigma, Protoperidinium, autotrophic nanoflagellates

Segregates Stn 4 samples (high positive scores) from the remainder, but with very little depth resolution (except negative

Unidentified aloricate ciliate, Cymatocylis, Odontella, Thalassionema
Chaetoceros spp., Protoperidinium, cryptomonads

Provides clear depth profile for Stn 2; positive scores for shallow samples, negative scores for deep
Bacteria, unidentified aloricate ciliate, Salpingella, Mesodinium

whilst abundances of heterotrophic flagellates are typ-
ically higher (10® to 10° m~*) but account for similar
biomass (2 to 60 mg C m~?) (Garrison 1991). Thus the
values obtained in this study accord with the few pub-
lished data for Antarctic waters.

The role and importance of bacterioplankton in the
Antarctic marine euphotic zone have been the subject
of speculation. Karl et al. (1991) note that published
data for bacterial abundance in the Southern Ocean

positive 160 m

Principal
component 3

negative

positive

Principal component 1

Station 2: a

Station 4 : @

resemble values for other parts of the world's oceans,
with numbers of 107 to 10° 17!, Bacterial activity in
Antarctic waters may also be high (e.g. Hanson et al.
1983, Karl & Winn 1986). The picture is complicated,
however, by apparent uncoupling between bacterial
biomass and activity, and primary production (Mullins
& Priddle 1986, Karl et al. 1991). In the present study,
bacterial biomass contributed approximately 10% of
total microbial biomass and 15 to 60 % of heterotrophic

e Rl
= BQOm 830"‘ 10m
5
f- 40m 20m
40 m
160 m
ca B positive
Principal
----- sl | component 2

negative

Station 6 ¢ 4)

Fig. 6. Three-dimensional plot of the ordination of samples on principal components generated from microbial community com-
position data. Station symbols are keyed on the figure, and individual samples identified by depth. Composition of the axes is
presented in Table 6
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biomass. These values agree with data from 2 studies
in Antarctic waters, which found a range of 0.4 to 10 %
of total microbial carbon for bacterial biomass from
sites in Drake Passage (Hanson et al. 1983) and Mc-
Murdo Sound (Hodson et al. 1981).

Inorganic nutrient concentrations in surface water
resembled those found in earlier studies around the
island. Whitehouse et al. (1993) present data for sum-
mer and winter nutrient concentrations in a series of
surveys in South Georgia waters. The concentrations
of nitrate and phosphate reported here fall within the
ranges reported for summer values. Median concen-
trations of nitrate for 0 to 30 m depth for 2 summer
cruises were 20.3 and 21.7 mmol m~?, and 1.61 and
1.78 mmol m~? for phosphate, comparing well with
median concentrations in the mixed layer at the 3 sta-
tions studied here of 17 to 24 mmol m~? nitrate and 1.6
to 1.7 mmol m~? phosphate. The values also agree with
data of Chlapowski & Grelowski (1978), whose mea-
surements were concentrated on the northern shelf
area of South Georgia in February-March. Their
nitrate and phosphate concentrations in surface waters
ranged from 15 to 20 and 1.2 to 1.65 mmol m ™~ respec-
tively. Silicate concentrations encountered in this
study were lower than those measured by Whitehouse
and co-workers during 3 summer cruises in the area.
Their lowest value was 8.8 mmol m ? whilst the pre-
sent study found median concentrations at the 2 off-
shore sites lower than 1.5 mmol m~* Chlapowski &
Grelowski (1978) also failed to encounter such low sili-
cate concentrations, recording 4 to 21 mmol m~? in the
surface waters. Although the relative distributions of
ASW and Weddell Sea Water (WSW) play an important
part in determining the spatial variation in silicate, we
have already noted that the very low concentrations at
Stn 6 did not correspond to low values in the T-min
layer.

Considering the time of year, the biomass and spe-
cies composition of phytoplankton, we have suggested
that the community had already passed through its
period of maximum growth, although we would not
exclude further population maxima (cf. Owens et al.
1991). This supposition is borne out by the reduction
in nutrients in the mixed layer, indicative of primary
production in the growing season prior to our visit
(see Whitehouse et al. 1993).

Calculation of a nutrient budget for the study region,
and its implications for ‘new’ and ‘regenerated’
production

The utilisation and cycling of inorganic nutrients re-
mains a central paradox in the study of microbial ecol-
ogy in the Southern Ocean pelagic ecosystem, in view

of the surplus nutrients generally present in the system
(Priddle et al. 1992). Here we use biological, chemical
and physical data to compare the use of nuirients,
especially inorganic nitrogen, over a range of time-
scales from diurnal to seasonal. Clearly, with the
exception of direct rate measurements, this is depen-
dent on a budget approach. This in turn relies strongly
on the selection of baseline levels against which ambi-
ent concentrations are compared. We have used the
resemblance between the vertical gradients in salinity
and nutrients below the mixed layer (Fig. 7) to predict
an average nufrient concentration within the mixed
layer, on the basis of observed mixed layer salinities. It
is apparent that submixed layer nutrient levels exhibit
a consistent relationship with salinity, increasing as
salinity increases towards the core of the CDW. The
mixed layer nutrient concentrations are reasonably
similar within each profile and deviate strongly from
the regression line relating submixed layer concentra-
tions to salinity. This difference is assumed to be due to
biological uptake, although physical processes of con-
centration or dilution within the mixed layer will alter
the apparent relationship between nutrients and salin-
ity (K. Banse pers. comm.). In the present study, dilu-
tion appears to be the dominant mechanism and this
will result in slight underestimate of nufrient uptake
in the mixed layer. Le Jehan & Tréguer (1983) used a
similar technique which related salinity and nutrient
concentrations, but with regional rather than single-
station relationships, to estimate nutrient deficits in a
study in the Indian Ocean sector of the Southern
Ocean. The results of our calculations are presented in
Table 7. We have assumed that all nitrate and silicate
in the ASW is derived from the underlying CDW (we
have discounted phosphate since we cannot estimate
recycling, and ammonium is assumed to arise solely
from recycling). This is probably a reasonable assump-
tion for nitrate, but ignores the contribution of silicate
from WSW. However, for the purposes of calculating
carbon budgets by extrapolation from these nutrient
deficits, the likely underestimation arising from this
source is not critical.

Daily carbon production rates estimated irom
measurements of nitrogen uptake

Owens et al. (1991) measured nitrogen utilisation by
microplankton using tracer techniques (*°N) at Stns 4
and 6, but did not obtain nitrogen uptake rates for
Stn 2. Their rates for Stns 4 and 6, for nitrate-plus-
ammonium uptake integrated over the mixed layer,
were equivalent to 0.5 and 0.45 g C m~* d™! respec-
tively (assuming Redfield ratio of 106:16 = 6.625 for
C:N, which is consistent with measured values in this
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study; Table 3). Corresponding uptake f-ratios (propor-
tion of total nitrogen uptake accounted for by nitrate)
were 0.8 and 0.62.

As noted previously, the phytoplankton biomass
encountered during this study was lower than the
maxima found during other investigations at the same
sites, especially slightly earlier in the year. Data from
a series of cruises around South Georgia indicate that
there is marked spatial and temporal variability during
the spring and summer (Priddle et al. 1986, White-
house et al. 1993), but that dense diatom blooms with
biomass up to 20 mg chl m~® may occur locally during
the period November—February, perhaps occurring
even earlier nearshore. Thus, we would expect that the
short-term rates estimated here would not represent
the highest nitrogen, and thus carbon, flux rates for the
growth season.

Carbon production estimated from the nitrate deficit

For this study, it is not possible to calculate absolute
nutrient budgets, since the effects of periodic mixing
events, shelf break processes, and horizontal advection
cannot be quantified (cf. Sambrotto et al. 1993). Here
were calculate the apparent biological nitrogen deficit
over the mixed layer, scale this to carbon using both
Redfield ratio and the observed particulate C:N in this
study, and then compare this with the carbon produc-
tion estimates based on the instantaneous N-produc-
tion values cited above. In the following calculations,
carbon is simply used as the 'common currency’ to
compare rates derived from different measurements
("°N instantaneous rates, growing season NO; and sili-
cate deficits). In all cases, we assume that the ratio
between carbon, nitrogen and silicon in both phyto-
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Table 7. Derivation of nutrient deficits for mixed layers at 3
stations near South Georgia. Observed: mean concentrations
in the mixed layer (ML); Expected: values predicted by the
intersection of the nutrient-salinity regression with ML salin-
ity (see Fig. 7). Concentrations are in mmol m~". Difference:
expected ML concentration minus observed mean value;
Deficit: the difference multiplied by ML depth, in mmol m~%;
Ratio: silicate deficit divided by nitrate deficit

Stn 2 Stn 4 Stn 6
Event 111 Event 197 Event 233 Event 275

ML depth (m) 56 48 50 46
Nitrate

Observed 24 14 18 19

Expected 29 18 20 24

Difference 5 4 3 k7

Deficit ([mmol m~?%) 268 188 125 239
Silicate

Observed 8 1 1 0.4

Expected 16 10 3 11

Difference 8 9 2 11

Deficit (mmol m %) 461 421 117 506
Ratio 1.72 2,22 0.93 212

plankton uptake and the composition of euphotic zone
particulate material is nearly constant over the grow-
ing season. In the case of C:N where our data indicate
broad agreement with the classical Redfield propor-
tion, we have used the latter in calculation. This
approach would clearly be compromised if there were
progressive changes in the relative uptake of dissolved
inorganic carbon (DIC) and the other nutrients, as
demonstrated by Banse (1994). Banse's argument is
based on the varying properties of both the micro-
plankton community and the nutrient pool over the
course of the spring bloom in areas where nitrate is
utilised fully. At the start of the growing season, recy-
cling of carbon within a plankton community, where
nitrate was the major nitrogen source, gave rise to high
uptake of NO;, relative to consumption of DIC, whilst
conversely DIC uptake continued after nitrate was
exhausted at later in the bloom. Particulate C:N also
changed systematically in the studies analyzed by
Banse, being as low as 4 in the nitrate-uptake phase.
Although such changes might apply in the South
Georgia area, we have no data on the composition of
particulate material from early in the season to assess
the potential impact. However, we note that nitrate
concentrations would not have changed markedly
through the growth season because of the high initial
levels (Whitehouse et al. 1993). During the growing
season, the microplankton probably oscillated through
several short episodes of high phytoplankton biomass
and production, alternating with the more heteroge-
neous microbial system found during our study (see

Owens et al. 1991, Sakshaug et al. 1991). Thus we sug-
gest that even if the decoupling of carbon and nitrogen
uptake suggested by Banse (1994) applied to this
study, it would have been limited in effect and would
possibly have been smoothed by relatively rapid
transitions between net producers and recycling com-
munities.

For the 3 South Georgia stations, subtraction of the
mixed layer nitrate concentrations from the predicted
mixed layer mean concentrations indicated nitrate
deficits over the growth season of 125 to 270 mmol m ?
(Table 7). These values can be converted to carbon
uptake: 21, 13 and 19 g C m™? for Stns 2, 4 and 6
respectively [Redfield ratio has been used in this calcu-
lation, but the observed values of particulate C:N in
this study (see Table 3) provide similar numbers].
Clearly, these nitrate deficits cannot be compared
directly with the short-term nitrate and ammonium
uptake measurements made by Owens et al. (1991)
since there is no precise indication of the timescale for
the nutrient uptake, other than a plausible estimate of
the length of the growing season. In consequence, and
because we have no short-term rate measurement for
Stn 2, we have had to assume that the rates and uptake
f-ratios measured by Owens et al. (1991) applied uni-
formly to the study area through the growth season. If
we make these 2 assumptions, the uptake rates
measured by Owens and co-workers would result in
nitrogen consumption approximately equal to that
predicted by the nitrate deficit if the growing season
was 40 to 80 d.

Such a growth season is plausible but appears short
on the basis of our previous observations. We have
already pointed out that we believe that higher phyto-
plankton production rates would have preceded our
study, based on information from other investigations
in the area and supported by the evidence of the nutri-
ent pools and microplankton community composition.
Thus the length of the growth season inferred from the
amount of nitrate removed from the mixed layer would
tend towards the lower values suggested here. This
appears to be an underestimate of the likely value and
thus implies that nitrate removal underestimated car-
bon uptake by the phytoplankton over the growth
season.

Carbon production estimated from the silicate deficit

Our suggestion that nitrate is underestimating car-
bon production can be tested by undertaking a similar
calculation using the silicate deficit. Since all primary
producers should utilize nitrate, whilst only a propor-
tion of the microplankton (predominantly diatoms) will
take up silicate, we would expect that silicate would
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underestimate primary production relative to nitrate.
Furthermore, advective and other inputs would be
likely to further reduce the carbon production estimate
produced by the silicate deficit. However, we would
also expect biogenic silica to be wholly exported from
the mixed layer without significant remineralisation,
which would not necessarily be the case for nitrate
(Zentara & Kamykowski 1981, Le Jehan & Tréguer
1983, Tréguer & Jacques 1992).

The calculation of carbon production in the euphotic
zone using apparent silicate deficits is slightly more
problematic because the stoichiometry of carbon and
silicon incorporation is poorly defined. Jordan et al.
(1991) used published data, largely non-Antarctic, to
arrive at a C:Si ratio of approximately 4 for interpreting
sedimentation rates of Antarctic diatom blooms.
Copin-Montegut & Copin-Montegut (1978) calculated
a value of 2.7 for Antarctic phytoplankton in the Indian
Ocean sector of the Southern Ocean. This might be
biased by the predominance of highly silicified pen-
nate diatoms. An even lower value of 1.6 was obtained
by Smith & Nelson (1985), again for phytoplankton
dominated by pennate diatoms. Data from a single sta-
tion undertaken 2 wk after the main study provide the
only ‘local’ information for the calculation of a C:Si
ratio for particulate material in the South Georgia area
(Table 8). This ratio, 4.05 averaged within the euphotic
zone, is higher than some other Antarctic data cited
here, but is lower than the value of ca 8 given as the
oceanic mean by Jacques (1989). The expected ratio of
Si:N for particulate material in this study would be
ca 1.63, whilst the mean uptake Si:N ratio (ASi/AN) was
1.56 (Table 7).

Calculated silicate deficits are 115 to 505 mmol m?,
and with 1 exception were approximately twice the
nitrate deficit (Table 7). The variability at Stn 4 is con-
sistent with its position at the shelf break. We have
calculated carbon fixation from these values using
both a C:Si value of 4 (corresponding to our own data
and many published values) and of 2.5 {taken as an
average of the data for silicon-rich Antarctic diatom
blooms, from references given above). Use of the

higher value produces a carbon fixation estimate
which closely resembles that derived from nitrate
deficit — 22, 12.5 and 24 g C m~? for Stns 2, 4 and 6
respectively — whilst the corresponding values for
C:Si=2.5are 14, 8 and 15 g C m % Acceptance of the
lower values would imply that primary production was
carried out by heavily silicified diatoms alone; these
taxa appear to be less typical for the South Georgia
zone (Theriot & Fryxell 1985) than they are for the
Indian Ocean sector where low C:Si ratios are found.
Furthermore, such a scenario is at variance with our
observations of both community composition and par-
ticulate C:Si ratio. Le Jehan & Tréguer (1983) sug-
gested that ASi/AN should be ca 3 for the Indian Ocean
sector, approximately double our deficit ratio values.

Production and nutrient relationships

As already noted, we consider that ‘biological’
nitrate deficit, whilst certainly a conservative estimate
of nitrate removal by phytoplankton, is almost cer-
tainly an underestimate of phytoplankton growth over
the growing season. Both the short growing season
suggested by the nitrate flux estimate in comparison
with what were probably low values of instantaneous
rates, and the indication from silicate uptake that only
a proportion of phytoplankton production was repre-
sented by nitrate uptake, show that much carbon fixa-
tion in the euphotic zone did not give rise to a corre-
sponding decrease in nitrate. This conclusion was also
reached in a more detailed and extensive study by
Sambrotto et al. (1993). They suggested that over long
timescales, nitrate deficit would underestimate carbon
export from the euphotic zone because of the more
rapid recycling of the organic nitrogen present in
sedimenting particulate material. Their conclusion is
borne out, inter alia, by their observation of elevated
particulate C:N ratios (8.82 at 100 m depth) at a site in
Bransfield Strait (Antarctic Peninsula). This value is
very similar to the results obtained in this study
(Table 3).

Table 8. Particulate carbon, nitrogen and silicon, and dissolved silicate and nitrate concentrations (all in mmol m?), for sampling
events 673 and 676 (corresponding to Stn 4, but sampled in a later part of the cruise). Nutrient ratios are molar

Depth (m) Part. C Part. N Part. Si C:N C:5i Diss. Si Diss. NO;
10 37.1 6.5 8.9 5.7 4.2 1.2 17.8
20 29.6 4.9 9.8 6.0 3.0 1.6 18.1
40 39.0 6.1 9.3 6.4 4.2 2.1 19.0
60 21.2 3.3 4.4 6.4 4.8 9.9 233
80 12.9 2.1 0.5 6.1 25.8 18.5 25.0
200 a2 1.1 1.4 4.7 3.7 56.7 34.1
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Our estimates of phytoplankton carbon fixation also
appear low in comparison with the requirements for
zooplankton grazing fluxes. The carbon flux to cope-
pods and euphausiids (other than krill) alone are esti-
mated to be 0.35 and 0.23 g Cm~2d~"' at Stns 2 and 6
respectively (Ward et al. in press). Uptake at Stn 2 was
dominated by grazing of diatoms, whilst at Stn 6 het-
erotrophic microplankton accounted for nearly half of
the flux to grazers (consistent with their proportion of
the biomass). If we add consumption by heterotrophic
microplankton and other zooplankton (krill, salps),
then clearly carbon fixation by phytoplankton must
exceed the estimates based on nitrate deficit.

This in turn implies that reduced nitrogen was a sig-
nificant source throughout the growth season, despite
the high concentrations of nitrate typical of ASW.
Owens et al. (1991) obtained uptake f-ratios of 0.8 and
0.62 for Stns 4 and 6 respectively, indicating significant
use of ammonium at the time of measurement. In a
review paper, Tréguer & Jacques (1992) noted the con-
sistently low uptake f-ratios recorded in Antarctic
studies, with average summer values from a range of
locations varying from 0.65 to 0.22, indicative of the
importance of regenerated nitrogen in phytoplankton
production in the Southern Ocean despite high nitrate
concentrations. This generalisation is, however, not
completely applicable, and ice-edge blooms may be
more strongly dominated by nitrate utilization (Smith
1991, Kristiansen et al. 1992) The presence of ammo-
nium peaks at the bottom of the mixed layer in this
study and significant demineralisation of particulate
material (increase in C:N ratio from near-Redfield pro-
portions in the mixed layer to around 10 at the bottom
of the pycnocline) are consistent with recycling of sig-
nificant quantities of nitrogen over the growing sea-
son. This agrees with the observations of Ronner et al.
(1983) who demonstrated the relatively rapid recycling
of nitrogen in the mixed layer in Antarctic waters.
Remineralisation of nitrogen in the mixed layer would
allow the loss of particulate carbon and silicon from the
mixed layer, especially in periods of blooms of large
and colonial diatoms (cf. Tréguer & Jacques 1992,
Sambrotto et al. 1993, Sieracki et al. 1993). We cannot
estimate the proportions of carbon and nitrogen
exported from the euphotic zone, based simply on the
particulate C:N ratio. However, the consistency of C:Si
ratios in the upper 200 m of the water column in one
sample from this study (Table 8) provides an indication
if we accept biogenic silica as a conservative property
of particulate matter in the upper water column (Le
Jehan & Tréguer 1983, Tande & Slagstad 1985). This in
turn suggests that approximately 25 % of the particu-
late nitrogen would be remineralised to provide the
observed change from near-Redfield C:N in the
euphotic zone to values of 8 to 9 immediately below it.

Vertical and horizontal variability in the microbial
community

The microbial community showed distinct vertical
gradients at all 3 stations, as indicated both by gross
features of the community and in the multivariate
analysis of species composition. In particular, hetero-
trophic and smaller microbes were more abundant in
deeper samples than shallow at all stations, The char-
acter of the heterotrophic community also varied from
station to station. At Stn 2, there was a marked dis-
continuity between the autotrophic community, domi-
nated by diatoms, in the mixed layer, and a het-
erotrophic community below the pycnocline. Species
correlates were demonstrated by Principal Component
3 of the community analysis, and a microplankton
grazing cohort appeared to be located at the base of
the mixed layer (high proportion of large heterotrophs,
especially dinoflagellates and aloricate ciliates). At the
opposite extreme of the horizontal gradient, Stn 6 had
a microbial community dominated by heterotroph bio-
mass, principally dinoflagellates in the mixed layer,
and nanoplankton and bacteria beneath the mixed
layer. Stn 4 was intermediate in character between the
2 other stations, although ciliates rather than dinofla-
gellates were the dominant 'large’ heterotrophs.

In the context of nitrogen cycling, it would be of par-
ticular importance to explain the vertical distribution of
ammonium and link this to likely functional groups of
microbes. However, no particular community or spe-
cies can be identified with the location of the ammo-
nium peaks in the profiles. This may indicate that
nitrogen remineralisation was taking place over most
of the mixed layer depth, but that concentrations were
reduced at shallow depths by phytoplankton uptake.
This explanation seems unlikely, given the similarity
between the ammonium profiles for the 3 stations and
the significant difference both in microbial biomass
and composition. Thus it seems plausible that the
ammonium peaks represented localised sites of nitro-
gen remineralisation, a supposition strengthened by
their coincidence with the values of increasing particu-
late C:N, suggesting loss of nitrogen from particulate
organic material. Microorganisms responsible for this
remineralisation would most probably have been dom-
inated by groups not well resolved by our counting —
either through insufficient taxonomic resolution (e.g.
bacteria, nanoflagellates) or through their association
with particulate material.

Conclusion

Although nitrate utilisation was clearly important in
primary production at these sites both during and be-
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fore the study, a significant part of the nitrogen nutri-
tion of the microplankton appeared to be from re-
duced sources. Nitrate accounted for >95% of the
inorganic nitrogen (nitrate plus ammonium) in the
mixed layer. This suggests that the nitrogen nutrition
of phytoplankton may not be well represented by
ambient nitrate concentrations, in turn supporting the
suggestion that winter nitrate concentration is not a
proxy for export production (Sambrotto et al. 1993,
Banse 1994, Sambrotto & Langdon 1994). The convo-
luted path of nitrogen to the phytoplankton sug-
gested by the present study of microbial nutrient
cycling suggests that a simple succession in which
nitrate-fuelled new production is followed by a nitro-
gen-recycling microbial ecosystem is neither a ten-
able description of the seasonal cycle nor a realistic
approach to estimation of export flux. This still
prompts the question of why nitrate utilization by
phytoplankton is apparently suboptimal, given the
very high ambient concentrations —a topic which
has received considerable attention over the last few
years (e.g. Chisholm & Morel 1991, Priddle et al.
1992), Utilization of ammonium is more efficient ener-
getically than nitrate (Williams et al. 1979, McCarthy
1980). The direct inhibition of nitrate uptake by am-
monium has also been demonstrated (McCarthy 1981,
Syrett 1981) and its importance shown for some
HNLC areas such as the north Pacific and the South-
ern Ocean (Wheeler & Kokkinakis 1990, Miller et al.
1991, Smith 1991). Such inhibition appears to operate
at ammonium concentrations within the range de-
tected in the mixed layer at the 3 stations studied
here (Olson 1980, Glibert et al. 1982, Wheeler &
Kokkinakis 1990, Smith 1991). Whatever mechanism
was acting in the nitrogen cycling at these stations,
ammonium concentration and/or availability was
clearly a major determinant of primary productivity.
Thus microbial nitrogen recycling is likely to be a
rate-limiting process for carbon fixation in surface
waters, despite high overall dissolved inorganic nitro-
gen levels. The rapid change in particulate C:N, ac-
companied by negligible change in C:Si, demon-
strated in this study indicates that carbon export
through the pycnocline can take place in a system
which is dominated by regenerated nitrogen.
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