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Abstract During January March 1996 the U.S. Ant-
arctic Marine Living Resources program carricd out an
extensive mullidisciplinary study in a 40,000 km? sam-
pling grid around Elephant Island, Antarctica. The
physical, chemical, optical, and biological characteris-
tics of the upper walter column (0750 m) were deter-
mined at 91 hydrographic stations. Analysis of the
temperature and salinity data showed that six diflerent
hydrographic zones could be differentiated. The bio-
logical (phytoplankton distribution and abundance)
and chemical (inorganic nutrient concentrations) data
also showed characteristic differences within cach of
*these six zones. In spitc of high concentrations of in-
organic N, P, and Si in all six zoncs. all stations in the
northwest portion of the sampling grid (Drake Passage
waters) showed very low chlorophyli-a concentrations

. in surface walers and o sub-surfiuce maximum at in-

creased depth. As slations in this zone have a relatively
stable upper mixed layer of 40 m, cxcess macro-nulri-
ents, and adcquate solar radiation lor maximal photo-
synthetic ralcs, this suggests that rates of primary pro-
duction in this zonc arc limited by a micro-nutricnt such
as Fe. Phytoplankton abundance was much grealer in
the Bransfield Strait, in walters influcnced by Bellings-
. hausen Sea Water, and in the frontal zones wherce these
waler masses mix with Drake Passage walers. Relutively
low and deeply distribuled phyloplankton abundunce
was found at all stations in the southcastern portion of
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our sampling grid, where the upper water column was
very weakly stratificd and showed the characleristics of
Weddell Sca water. The areas of enhanced phylo-
plankton biomass in thc AMLR sampling grid roughly
correspond to the areas where krill are generally also
found in greater abundance. The overall biological
productivity of the Elephant Island region would (hus
appeir to be dependent upon the circulation patteras of
the major water masses that intrude into this arca.

Introduction

The physical occanographic characteristics of the area
around Elephant Island, Antarclica arc complex duc to
mixing of differcnt water masses, effects of islands, and
the variable bottom topography that ranges from large
continental shelfl areas to deep pelagic waters. As this is
one of the major arcas lor the commercial harvesting of
krill (Nicol and de la Mare 1993; SC-CCAMLR 1994),
itis important to betler understand the food I'CSCIVoirs
that support these large krill populations. The geo-
graphical distribution and abundance of phytoplunkion
in this area, as well as ratcs of primary produclion,
show great variability from month to month and also
interannually (Helbling et al. 1995). Since the aren
around Elephant Island includes walters coming from
the Bellingshausen Sca, Bransficld Strait, Weddell Sea,
and Drake Passage, considerable variation can be ex-
pected in the physical, chemical, and optical charac-
teristics in the water column, depending upon the
source of the waler mass.

On the basis of analysis of physical occanographic
data over a 7-ycar period, Amos (1997) has recently
described six different geographical water zones in the
arca around Elephant Island, cach of which can be
characterized by the shape of the lemperature/salinity
diagram for the upper water column. There are, of
course, some seasonal and interannual varintions in (he
geographical boundarics delining these six water zoncs,
In carly 1996, the U.S. Antarclic Marine Living Re-
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sources (AMLR) program conducled extensive physical — (5) a pulsed fluorometer (Sca Tech) for estimation of chlorophyll-a.

and biological studies in a large sampling grid centered Al {{j‘“‘ from ‘:“' CTh i et ""‘i""""’" by e ]
- . ter ssumples were oblvined oo the up enst ot stindard depths

around Elephant Istand. Data rom the AMLR pro- A YRS SR !

A : . n ol 8, 10, 18, 20, M), 40, 50, 75, 100, und 200 m, Water was drgtined
gram have been used in this paper to determine i the  direetly from the Niskin bottles into acid-cleaned plastic bottles

distribution and abundance of phytoplankton can be  (polycarbonate or polycthylene) for the following analyses:
related to the dilTerent physical and chemical conditions (1) For measurement of chlorophyll-a (chl-i), snmples (100 i)
found within cach of these six waler zones and thus (o were Bilered nt n pressure dilferentiol < 150 man T through o 25-
v the gcogmphicnl origin ol the water within cach of the mm plass liber filer (Wlmll}mn G, which was thcu) placed in
ZONES. 10 ml nbsolute methanol in o glass-stoppered gcullpﬁlgc tube
(tlolm-Hansen and Riemann 1978). Alter extraction in the dark
for at leust 4 h, chl-a concentrations were calculated by measure-
ment of ¢hl-n Huorescence (Holme-1ansen et al, 1968) in a Tarner
Materials and methods Designs Nuoromeler (model 10-005R), which ]nul been calibrated
: against purified chl-a (Sigma C-6144) and the instrument response
checked daily with a coproporphyrin stundard (Sigma C-4529).
The sumpling grid around Llephant Islind consisted of 91 hy- (2) Samples for nutrient analyses (75 ml) were collected in ucid-
drographic stations (Fig. 1), which inchuded stations in relatively  cleancd (1N HICI) polyethylenc bottles und maintained at =20°C
shallow continental shell” regions and also in deep pelagic areas, until analysis, An autoanalyzer was used lor determination of
The 91 stations were occupicd sequentinlly during the time period  nitrate + nitrite, phosphate, and silicic acid (Atlas et al. 1971).
January 23-February 4 1996. Throughout this paper we will refer to the concentration of ni-
At cach station an instrumented rosette was deployed down to rate + nilrite a8 nitrate concentration.
750 m (or to within a few meters of the bottom when the depih
wits less thian 750 m), with data being recorded on both the down
and up casts. In addition to cleven 10-liter Niskin water-sampling
bottles equipped with Tellon-covercd springs, the following sen-  Results
sors were mounted on the rosette: (1) o Sca-Bird model SBELE-Y
PLUS CTD, (2) un ORIE 12-kHz pinger, (3) a 25-cm beam . . . , .
transmissomelter (Sca Tech), (4) an irradiunce sensor (BS1, model i Analyses ol the temperature (1) and sul]mly ('5) profiles
QCP-200L) for photosynthetically available radiation (PAR), and  al the 91 stations in the AMLR sampling grid showed
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that six geographical zones could be identified, cach of
which could be characterized by the shape of the 1/S
dingrams. ‘These six characteristic T/S diagrams are
shown in Fig. 2, together with maps showing the geo-
graphical area for cach of the six water zones: The chicl
characteristics of the upper water column (0-750 )
within cach of these water zones are:

Zone 1 Drake Passage stalions, characterized by
warm, low-salinity surface waler, a strong sub-surface
temperature minimum (generally < 0°C), and a T/S
maximuwm near 500 m. Major waler masses include
Antarclic Surface Waler (AASW) and Circumpolar
Dcep Water (CDW).

Zone 2 A transition waler zonc with surface walcrs
having higher salinity thian in zone | and a broader

temperature minimum at approximately 80-m depth.
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Major water masses include AASW and CDW, which
show some mixing with shell walters.

Zone 3 This zone also includes AASW and CDW,
but the relatively few stations in this zone can be dif-
ferentiated from zones | and 2 by a broad temperalure
minimum generally below 100-m depth and no CDW
temperiture maximum around 500-m depth,

Zone 4 Lastern Bransficld Strait stations, with sur-
lace walers slightly cooler and more saline than in zonces
1-3. Temperature generally decreases continuously with
depth, with no temperaturc-minimum layer close o
100 m; boltom waters close to —1°C. Waler massces
include AASW, CDW, and Bransficld Strait deep
walcer,

Zone 5 Walers in this zonc arc typical ol the physical

characteristics ol Weddell Sca waler. Surfitce walcers arc
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colder and more saline than in zones 1-4. The water
column is weakly stratificd and shows little vertical
structure,

Zone 6 The relatively lew stations within this zone
represent shallow shell stations close to Eicphant Island
or King George Island, and are grouped logether as
they do not fit in any of the other live water zones. The
witler columuns show little vertical structure,

The mcan profiles ol water density (sigma-t) for the
upper 200 m of the water column for all stations within
cach of the six waler zones are shown in Fig. 3. A
refatively stable upper mixed fayer (UML) of approxi-
mately 40-m depth characterizes stations in zone .
Stations in zone 3 show weaker stratification, but with
an UML of approximately 35-m depth. In the renuin-

33 33.5 34

ing zones (zonces 2, 4, 5, and 6) there was no well defined
UMI as the water density increases continuously with
depth, The least stable water columns are Tound in.
zones S and 6.

Examination ol the concentrations of chi-a in the
upper 200 m of the water column in cach of the above
waler zones (Fig. 4) shows that zone | had very low chl-a
concentrations as compared (o the other live waler
zones and also that there was a sub-surface maximum at
approximately 20-m depth. Chl-a concentrations were
highest in zonc 2, with the maximal values (mcan of
1.9 pug 17 at or close Lo the surface, with concentra-
lions decrcasing quite rapidly with increasing depth.
The profiles of chl-a concentrations in zones 3-5 werc
fairly similar to that in zone 2, but the maximal values
(1.0-1.3 pg I™Y were lower than in zonc 2. Stalions
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Fig. 3u-f Mcaan profiles (heave fline) of waler density (sigma-1) in the
upper water column at all stations included within cach ol the six

ilentificd waler zones. The fighter fmes show the individual protiles of

sigma-t for cach station

within waler zone 6 show maximal but low concentri-
tions of chl-a (0.8 pg 17" close to the surface, with
concentrations decereasing relatively slowly with depth.
The depths of the cuphotic zone (surface o depth where
solar irradiance is 1% of incident PAR) in the various
walcrzones were generally between 65 and 75 m (zone 1),
40 and 45 m (zonc 2), 40 and S0 m (zonc 4), 50 and
60 m (zone S), and 60 and 65 m (zone G). There were
insufficicnt duta to report. the depth of the cuphotic
zone for zone 3 as the five stations in this zone were
“occupied during night-time.

Previous studics (Villafade ct al. 1993) have shown

that transmissometer data are a very good indicator of

phytoplankton biomass expressed in cellulur organic
carbon. Data in Fig. 5 show the mean beam lransmis-
..sion values in percent as determined with the trans-
missomeler mounted on (he profiling CTD array. The
highest percent beam transmission values, both in sur-
face walers and below 100 m were in zone I, in agree-
ment with the low chi-a values in this zone. The lowest
beam transmission values in the upper 40 m ol the
water column werce in zone 2, followed by zones 3 and 4.
In zones 5 and 6 the prolfiles of the beam Lransmission
values were quite high and increased slowly from the
surface (0 200 m, thus resembling the chl-a profiles seen
in Fig. 4. ,
The sub-surface chl-a maximum at approximaltely
20-m depth for all the stations in zone | was surprising,

i
'
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Fig, o Mean concentrations ol ¢hi-u in the upper wirter column al all
stitions included within cach of the six identificd water zones, The
horizontal fines show the standard deviation from the mein

as these pelagic walers (o the north and northwest of
Elephant Island usually have a chl-a maximum at close
to 80-m depth (Holm-Hansen ct al. 1994). The indi-
vidual chl-a profiles lor cach of these stations were thus
examined and it was apparent that the stations in zone |
could be broken down into two groups, with cach group
showing a mean chl-a profile that was characteristic of
all stations in that subgroup but that was different from
the mean chl-a prolile in the other sub-group (FFig. 6).
Stations in sub-groul) IA had very low chil-a concen-
trations (<0.1 pg I™") in surface walers, and a sub-
surface maximum (approximately 0.13 pe 7Y ac ap-
proximalely 80-m depth. Stations in sub-group 1B had
much higher chl-a concentrations in the upper 20 m ol
the waler column (approximately 0.8 pg I™'), below
which the concentrations decreascd rapidly.

The stations in the sub-groups 1A and 18 could also
be differentiated on physical and optical charuacteristics
of the upper water column (Fig. 7). The T/S diagrams
and profiles of water densily for stations in the 1A sub-
group are very similar to those for zone | stalions
(Figs. 2, 3) whereas the T/S diagrams and profiles of
wiler density for stations in the 1B sub-group are in-
termediate between those for zones | and 2. The mean
profile of beam transmission values lor stations in the
IA sub-group (FFig. 7) shows considerably higher valucs
(and thus lower biomass) than the mean proflile for all
stations in zone 1 (FFig. 2); the mean prolile lor stations
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Fig. 5a-f Profiles of beum transmission (in percent) in the upper
water column at all stations included within cach of the six identilied
waler zones, “The fieavy fine in cach sub-figure is the mean ol all the
individual proliles, which are shown as flighier lines (the mean has
been omilled for zone #6 as there are relatively few stations in that
arca and there is considerable variability)

in the 1B sub-group is intermediate between the mecan
profiles in zones | and 2.

The above data sugpest that the distribution and
abundance of phytoplankton in the Llephant Island
arca may be influenced by the physical and chemical
characteristics of (he various walter masses that flow
“through the AMLR study arca, Nutrient analyscs
showed that the concentrations ol inorganic nilrogen
(>22 uM), phosphorus (> 1.6 uM), and silicic acid
(>36 uM) are all high in all six waler zones and are well
above the concentrations that are thought Lo limil
phytoplankton growth rates (Table 1), Chl-a vadues,
however, difllered markedly between some of the waler
zones, as the S-m and integrated values in zone 1A were
only 5% and 20%, respectively, of those in zone 2,

As the major waler masses influencing the AMLR
arca have slightly different nutrient concentrations in
addition to characteristic temperature and salinity
profiles, the nutrient data were analyzed to see il the six
deseribed water zones could also be difTerentinted by
their nutrient concentrations or nutrient ratios (Fig. 8).
When mean phosphate concentrations arc ploticd
against nitrate concentrations (Fig. 8A) or silicic acid
concentrations (IFig. 813) for the various waler zoncs, it
is scen that the stations in sub-groups 1A, 1B, and in
zone 2 tend to group together, as do stations in zones 3
and 4 and stations in zones S and 6. Valucs Tor stalions
in sub-groups [A and 18 arc scparated [rom cach other,
particularly in respect Lo silicic acid concentrations. All
three nutrients (N, P, Si) show maximum concentra-
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tions in zones 5 and 6. When phosphate concentrations

are plotted against chl-a concentrations at S-m depth  Discussion

(Fig. 8C), it is scen that sub-group 1A and IB are dis- ' L ,

tinct from the other five waler zones, There is a faicly  Our data show that the demarcation for the six chare-
good lincar relutionship between integrated chl-a values  leristic geographic zones described by Amos (1997) Tor
and 5-m chl-a concentrations in the various water zones ~ the AMLR sampling grid on the basis of physical

(Fig. 8D), with stations in subgroup 1A sp

tinct from the other six zones,

atially dis-  characteristics of the water column are apparently also

relevant in regard both (o phytoplunkton distribution
and abundance and to nultrient status of the upper
water column in these six zones. Zone | is clearly very

Table 1 Chiorophyl-¢ and in-

0-200 m » Nutrient (uM) at 5-m depth

, h . Wilter n 5m

orgitnic nutrient concentrations R =1 1 . a2

in the six different water zones  20N¢ mg CHL -1 mg CHL - m .

found within the AMLR study PO, NO, SO,

fren around Elephant Istand, = 7 I 0 E 039 284 179 172 4 0.09 234 & 1.62 427 % 1.0

nlarctica IA 20 0100 £ 003 165 % 5.0 174 & 009 238 + 1.6 36.6 + 6.2

3 10 0.75 4 043 44,1 + 20.7 168 £ 009 22,7 & 1.28 S54 £ 7.5
2 12 190 4: 0.59 821 £ 294 176 & 0.09  24.0 % 1.52 659 14 6.04
3 5 1O 4 0.26 08.5 % 9.3 1.87 4: 0.03 25.3 4 0.55 70.6 2 0.49
< 20 1.27 4 040 731k 182 1.8} + 0.06 249 & (.09 77.5 £ 2.01
5 Y 098 & 0.30 73.0 £ (1.2 19§ 4: 0.10 28.0 & .54 809 £ 1,29
6 13 0.80 + 0.21 66.5 & 13.2 2.00 4: 0.07 273 + 1.15 779 £ 2.06
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Fig. 8A~D Nutrient and chi-a relationships in the six waler zones
within the AMLR sampling aren. Nutrient concentrations are all at
Sem depth, The rectinnailar boxes indicate the standard devintions
about the mean values for all stations within ench zone. A nitrate
“concentrations regressed against phosphale concentrations; B silicic
acid concentrations regressed against phosphale concentrations: C
phosphate concentrations regressed ngainst chi-i concentrations it 5-m
depth; 1Y integrated chil-u concentrations (0-200 m) regressed against
chl-a concentrations at 5-m depth

different from the other five zones as stations in that
zonc have very low phytoplanklon biomass, a sub-sur-
face maximum in chl-a concentrations, and very low
silicic acid concentrations. Stations in zoncs 2-4 all have
fairly high chl-a concentrations, which are maximal at
or close to the surfuce, but the nutrient data (Fig. 8)
show that stuations in zone 2 are most similir to zone |
stations, whereas concentrations of N, P, and Si urc
fairly uniform in zones 3 and 4 but higher than in zone
2. The highest nutrient concentrations arc found in zone
5, which reflects the influence of the nutrient-rich out-
Now [rom the Weddell Sea. Chl-a concentrations within
this zone, however, are fairly low and arc morce decply
distributed than in stations in zoncs 2-4. Stalions in
zone 6, which are rclatively shallow and show weaker
density stratification than the other five zoncs, have the
lowest phyloplankton biomass, which decreases slowly
with depth. ’
Although the physical characteristics ol the walcer
column suggested that all stations withjn zone | should
be grouped together, cxamination of the chl-a data
[rom these stations clearly showed that there were two
well-delincated groups within zone 1 that could be de-
scribed on the basis of chl-a concentrations, as well as
the profile of chl-a with depth. When the physical data
of these two sub-groups were analysed, it was apparcnt
that the biological and physical characleristics of sta-
tions in zone 1B reflected the mixing of waters of zone 2
with Drake Passage walers, which characterize stations

in zone A, This cffect of mixing is apparcnt in the
physical (T/S diagrams and proliles of walcr density),
oplical (beam transmission valuces), nutrient (particu-
larly Si), and biological (chl-a distribution and abun-
dance) leatures of the stations in zone | 3.

Phytoplankton blooms (> 1-2 pg chi-a 17"y in Ant-
arclic walers are generally found only when there is a
well-developed UML that is sulliciently shallow, so that
the mean irradiance to which phytoplankion arc cx-
poscd in the UML permits a rapid increase of biomass.
Both ficld data (Mitchell and Holm-Hansen 1991} and
mathematical models (Sakshaug et al. 1991) suggest
that o UML of 40 m in which there is no nutrient
limitation of phytoplankton growth should be able to
develop a phytoplankton crop of close to 5 pg chl-a 17!,
The proliles of water density in the six zones ol the
AMLR grid show that a well-defined and relatively
shallow and stable UML is found in zonc |, and that
stations in zone 3 have o less stable UML ol approxi-
nutely the same depth, Profiles of sigma-tin the other
four zones do not show any well-defined UML, but
instead show that water densily incrcasces continuously
with depth. One would thus expect stations in zonc | 1o
have higher phytoplankton crops than in the other
waler zones. On the contrary, however, stations in zone
I have very low concentrations of chl-a. There is obvi-
ously some factor(s) that is limiting phytoplankton
biomass in zone 1. As the physical, optical, and mucro-
nutricnt (N, P, Si) conditions in zone | would scem Lo
be optimum for phytoplankton growth, the most likely
growth-controlling faclor is an essential micro-clement
such as Fe. This suggestion is well supported by mea-
surement of dissolved Fe in shallow and deep waters of
Antarctica (de Baar ct al. 1990), as well as by Fe-ad-
dition growth experiments of .natural Antarctic phyto-
plinkton assemblages in the AMLR study area
(Liclbling et al. 1991). In contrast to walers in zone |,
available data in the literature would indicate that there
should be relatively high Fe concentrations in the wa-
ters Tound within the other five zones. (Martin ct al,
1990). The low phytoplankton biomass in zone | and
the correspondingly low rates of primary production in
this zone (Heibling et al. 1995) thus scem Lo resull from
concentrations ol available iron thal arc controlling
phytoplinkton growlth,

With the mixing of shelf waters (presumably with
sufficient dissolved iron to permit maximal phylo-
plankton growth rates) with zonc | walers (wilh low
iron concentrations), onc would expect that the physi-
cal, chemical, and optical conditions in the upper
portion of the waler column within the mixing zone
would result in clevited phytoplankton biomass and
increased rates of primary production. Stations within
this mixing region (zonc 1B) are scen (o lic on the pe-
riphcry of zone [ and do indeed show much higher
phytoplankton concentrations than throughout zonc
IA (Figs. 4, 6). Previous studies (Helbling el al. 1993)
have also described dramatically clevated phytoplank-
ton biomass in the region encompassing some of our



zone 1B stations, but in those studics the reason for the
increased phytoplankton biomass was discussed only in
relation to ehanges in profiles of water column stability.

Data from previous AM LR cruises have shown
that dreas ol high krill abundance (e.g. sce Fig. 4.3 in
Locb et al. 1995) gencrally also have refatively high
phytoplankton biomass (Villafaie ct al. 1995). Con-
versely, our stations in zone 1A have very low concen-
trations of chl-a and generally also show very low
concentrations of krill as shown by acoustic data (He-
witt et al. 1996). This positive correlation between
phytoplankton and krill biomass is not surprising as it
has been shown previously that dense swarms of krill in
the area north of Elephant Island are actively [feeding
(Antezana and Ray 1984) and hence must depend upon
adequate rates of primary production. The distribution

and abundance of phytoplankton (and hence concom--

itant rates of primary production) in the Elephant Is-
land area, however, vary considerably in the six waler
zones, which can be distinguished from cach other on
both physical and chemical characteristics. The geo-
graphical extent of these diflerent zones (purticularly
zones 1-3), which cin be expected 1o be dependent
upon variations in the flow patterns of the various walter
masses found in the AMLR study area, will thus
strongly influence the distribution and abundance of
phytoplankton and, in turn, the distribution and
abundance of grazing zooplankton such as krill. Thus
both scasonal and long-term climate changes (c.g.,
global warming) that aflect physical dynamic processcs
can be expected lo influence stock sizes ol higher
trophic levels as o result of changes in phytoplankion
productivity.
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