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Abstract

The spatial and temporal variability of phytoplankton biomass, estimated as chlorophyll-a (chl-a) concentration, is
examined in the continental shelf-slope region west of the Antarctic Peninsula. Relationships between temporal observations
in the nearshore Palmer Station grid (64°46.77'S, 64°04.36'W) and spatial observations in a larger regional grid 200 km
on/off-shore and 900 km alongshore are presented. Average chl-a concentrations in the upper layers of the water column in
the immediate vicinity of Palmer Station show strong seasona and interannual variability. Biomass accumulation typically
starts during mid-November, while strong blooms devel op from December through January. The 1991 /1992 and 1994 /1995
seasons developed higher overall chl-a concentrations (average maximum water column values reaching 8 and 16 mg chl-a
m~3, respectively) than the 1992 /1993 and 1993 /1994 seasons (average maximum water column values of less than 3 mg
chl-a m~3). The 1994 /1995 season of extremely high chl-a concentrations also showed a prolonged bloom period into
February, while the 1991 /1992 season did not. Similar interannual variability was observed in the regional grid. Average
chl-a concentration in the top 30 m was 0.91, 1.24 and 1.66 mg chl-am ™2 for January of 1993, 1994 and 1995, respectively.
The regional grid contains an on/off-shore gradient in bottom topography, measured physical and optical characteristics, as
well as chl-a concentrations. Regiona inshore grid stations in January had, on average, amost four times more chl-a
biomass than off-shore stations (2.18 vs. 0.59 mg chl-am™2, respectively). There is evidence that this on /off-shore gradient
is modulated alongshore by latitudinal variability which follows the annual advance and retreat of seaice.

Résume

La variabilite spatidle et temporelle de la biomasse phytoplanctonique, exprimée en termes de concentration de
chlorophylle a, est examinée dans la région du plateau continental et du talus a I’ouest de la Péninsule Antarctique. Les
observations temporelles sur la grille cotiere de la Station Palmer (64°46.77'S, 64°04.36' W) sont mises en relation avec les
observations spatiales réalisées sur une plus vaste grille régionale de stations (900 km en parallele a la cote et 200 km selon
la perpendiculaire). La teneur moyenne en chlorophylle dans les couches supérieures de la colonne d’ eau présente une forte
variabilite saisonniére et interannuelle au voisinage immeédiat de la Station Palmer. L’ accumulation de biomasse commence
typiquement a la mi-novembre et de fortes floraisons se développent de décembre a janvier. En 1991-1992 et 1994-1995
ont été atteintes des teneurs chlorophylliennes beaucoup plus fortes (moyenne maximale sur la colonne d’eau 8 et 16 mg
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m~3, respectivement) qu’en 1992—1993 et 1993-1994 (moyenne maximale sur la colonne d’eau < 3 mg m~3). Outre sa
biomasse chlorophyllienne extrémement & evée, la saison 1994—1995 se caractérise par une période de floraison prolongée
jusqu’en février, ce qui n'a pas été observe en 1991-1992. Une variabilite interannuelle comparable s observe sur la grille
régionale. Les teneurs chlorophylliennes moyennes pour les 30 m supérieurs sont de 0.91, 1.24 et 1.66 mg m™2 pour janvier
1993, 1994 et 1995, respectivement. La grille régionale montre un gradient cote-large, pour la topographie du fond et les
caractéristiques physiques et optiques mesurées comme pour la biomasse chlorophyllienne. Les stations cotieres de la grille
régionale présentent en moyenne des biomasses chlorophylliennes pres de quatre fois plus fortes en janvier que les stations
du large (2.18 contre 0.59 mg m ™3, respectivement). 1l apparéit que ce gradient est modulé, parall@ement a la cdte, par une
variabilite latitudinale qui suit I’avance et le retrait annuels de la glace de mer. © 1998 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Since 1991 the Pamer Long Term Ecological
Research (LTER) program has included spatial sam-
pling during annual cruises in portions of the re-
giona grid (Fig. 1a) and temporal sampling during
the growth season (October to March) in the area
adjacent to Pamer Station (Fig. 1b). The Pamer
LTER study area west of the Antarctic Peninsulais a
shelf-slope system (1) swept by the seasonal sea ice
zone, (2) influenced by melt water from glaciers and
abundant icebergs, (3) inclusive of areas providing
some protection from wind and storms, and (4)
potentially enriched by essential micronutrients from
processes associated with proximity to the peninsula.
Bordering on, and presumably influenced by, the
Permanently Open Ocean Zone (POOZ) to the north-
west, the Palmer LTER area is a complex combina-
tion of two distinctive and relatively productive sub-
divisions of the Antarctic marine ecosystem (Tréguer
and Jacques, 1992): the Coastal and Continental
Shelf Zone (CCSZ) and the Seasonal Ice Zone (S12).
We refer to this segment of the Antarctic marine
ecosystem as the west Antarctic Peninsula coastal
ecosystem.

A central hypothesis of the Padmer LTER pro-
gram is that the annual advance and retreat of the
pack ice is a major physical determinant of spatial
and temporal changes in the structure and function of
Antarctic marine communities. In addition to en-
hanced productivity associated with the retreat of the
marginal ice zone, these coastal waters of Antarctica
show, on average, a higher rate of primary produc-
tion and chl-a accumulation than the POOZ waters
of the Antarctic circumpolar current (El-Sayed, 1968;
Holm-Hansen et al., 1977; El-Sayed, 1984). A re-
view of published phytoplankton biomass and pri-
mary production data (Smith et al., 1996) for this
region, including large programs, such as the Biolog-
ical Investigations of Marine Antarctic Systems and
Stocks (BIOMASS) (El-Sayed, 1994; Thorley and
Trathan, 1994) and Research on Antarctic Coastal
Ecosystems Rates (RACER) (Holm-Hansen and
Mitchell, 1991), shows that January chl-a concentra-
tions near the coast average > 2 mg chl-am™2 and
declineto < 0.6 mg m~2 at the shelf break.

Until the Palmer LTER program, most data avail-
able for this region originated from short-term pro-
grams (1 to 2 years) focused on specific processes
and concentrated to the north of Anvers Island (Fig.

Fig. 1. (& Palmer LTER regional grid to the west of the Antarctic Peninsula (Universal Transverse Mercator projection). The cardinal
stations at 20-km intervals are indicated by solid dots. Cardinal grid lines at 100-km intervals are labelled from 000 to 900. The 500-m
contour, arough indicator of the shelf break, is shown by the dotted line. Palmer Station is indicated by a triangle on the southwest corner of
Anvers Idand. (b) Palmer LTER nearshore grid (A—J) southwest of Anvers Iland (Mercator projection). The 200-m contour is indicated by
the dotted line.
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Table 1

(a) LTER cruise identifier information, dates and cardinal lines sampled
Cruise Ship? Begin End Year  Lines
Nov 91 PD91-9 07 Nov 21 Nov 1991  600-700
Jan 93 PD93-1 05 Jan 08 Feb 1993  200-600
Mar 93 NBP93-2 25 Mar 15 May 1993  200-600
Aug 93 PD93-7 29 Aug 25 Sep 1993  200-600
lce 93 PD93-8 08 Oct 05 Nov 1993  200-600
Jan 94 PD94-1 11 Jan 07 Feb 1994  200-600
Jan 95 PD95-1 07 Jan 08 Feb 1995  200-600

(b) Annual monthly distribution of LTER cruises (indicated by month and year) and field seasons at Palmer Station (indicated by X’s)

Month Jul Aug Sep Oct Nov Dec  Jan Feb  Mar Apr  May Jun
1991 /1992 X Nov 91 X X X X

1992,/1993 X X X Jan 93 X Mar 93 * *
1993,/1994 Aug 93 * X X X Jan 94 X X

1994 /1995 X X X Jan9% X

2PD = R/V Polar Duke; NBP = Nathaniel B. Palmer.
Cruises extending beyond one month are indicated by * =’

1a). While such data can be brought together to
obtain information on seasonal variability, long-term
studies are required to address processes on interan-
nual, decadal and longer time scales. The Pamer
LTER project (Smith et al., 1995) was designed to
sample at multiple spatial scales within one regional
scale grid, permitting repeated sampling on both
seasonal and annual time scales, thus addressing both
short and long-term ecological phenomena. In this
paper, we describe seasonal, interannual and spatial
variability in total chl-a distribution, as was observed
during the first four Palmer LTER field seasons. The
data follow two modes of sampling: temporal obser-
vations made during the growth season (November
to March of each year) in the Palmer nearshore grid,
and spatial observations made during yearly cruises
in the LTER regiona grid (Fig. 1lab; Table 1ab).
Methods are presented in Section 2, results and

discussion in Section 3, and conclusions are given in
Section 4.

2. Methods

Phytoplankton biomass is estimated by (1) total
chl-a concentration using standard fluorometer tech-
niques (Smith et al., 1981), (2) photosynthetic pig-
ments analyzed by high-pressure liquid chromatogra-
phy (Moline et al., 1994; Kozlowski et a., 1995), as
well as by total carbon and nitrogen in seston (Mordy
and Carlson, 1991), and (3) taxonomic analysis by
microscopy. In this work only the fluorometer results
are discussed, where we use chl-a as a proxy mea-
sure of phytoplankton biomass. Samples were run
either aboard ship at sea or on station, using Milli-
pore HA filters in 90% acetone after a 24-h extrac-
tion by freezing without mechanical disruption.

Fig. 2. (a) Mean (solid line) and standard deviation (bars) profiles of chl-a (mg chl-a m~2) vs. depth (m) for LTER cruises by month.
Values on the right axes are the number of samples at each depth that were used to compute the mean and standard deviation. June and July
values are from Quetin and Ross (unpublished data). (b) Mean depth frequency distribution of maximum chl-a concentrations for LTER
cruises. Chl-a maxima are defined as values greater than 50% of the mean concentration for each vertica profile. (c) Surface chl-a C,
(mg chl-am™2) vs. integrated water column chl-a C5, (mg chl-am™3), where integrated water column chl-a was determined to 50 m then
divided by the depth of integration. Least squares regression gives log(Cs,) = 0.84910g(C,) — 0.0719, with a coefficient of determination

r2=0.88 and n= 449.
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Fig. 2 (continued).
Readings were made using a digital Turner Designs by subtracting phaeopigment concentration deter-
(10-AU-005) Fluorometer, periodically calibrated us- mined by sample acidification.
ing standard chlorophyll solutions checked with a For the time series data obtained in the vicinity of

spectrophotometer. Chl-a concentration is calculated Palmer Station, samples were taken once or twice a
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week using an outboard driven rubber boat (Zodiac)
to occupy a nearshore grid of stations (Fig. 1b).
Stations A through J are within the 2-mile (3.7 km)
boating limit of Palmer Station and were sampled
weekly to a depth of 30 m, while stations B and E
were sampled more frequently. In the following work,
time series of pigment biomass for austral spring and
summer, during the field seasons of 1991 /1992,
1992 /1993, 1993,/1994, and 1994 /1995 are pre-
sented for stations B and E. Cruise samples were
obtained from twelve go-flo bottles of a rosette
sampler on a bio-optica profiling system (Smith et
al., 1984) deployed to a maximum of 500 m.

In order to structure our long-term regional obser-
vations, we created a sampling grid along the west
coast of the Antarctic Peninsula (Waters and Smith,
1992), anaogous to the well-known CalCOFI (Cali-
fornia Cooperative Oceanic Fisheries Investigations)
grid adong the west coast of North America
(CALCOFI, 1963). Establishing a fixed sampling
grid was motivated by the need for station locations
that could be visited repeatedly over time scales of
many years, and that were regularly spaced to sim-
plify comparisons and modelling efforts of multidis-
ciplinary data. Spacing of cardinal lines and stations
was a compromise between biogeochemica spatial
gradients within the area and available resources for
periodic sampling. The regiona (Fig. 1la and
nearshore (Fig. 1b) grids were created so that key
stations on the inshore grid could be routinely visited
during annual /seasonal sampling of the larger grid.
As a consequence, sampling dates between the two
grids are often only a few days apart. The Palmer
LTER regiona grid (Fig. 1a) is a 900-km by 200-km
rectangular area along the peninsula composed of
stations ‘ xxx.yyy', where the x-axis runs roughly
parallel to the peninsula and the y-axis runs on/off-
shore. Within this grid, cardina lines spaced every
100 km along (xxx) the peninsulaand cardinal points
spaced every 20 km on/off-shore (yyy) comprise
basic sampling stations. For example, grid location
600.040 is 600 km from the southern end of the
sampling grid and 40 km off-shore. This particular
station (600.040) is aso closest to the Pamer
nearshore grid that is routinely sampled during an-
nual /seasonal cruises. Table 1a shows cruise identi-
fier information, dates and region sampled. To date,
there have been six regional LTER cruises which

provide data with respect to interannual variability in
summer (Jan 93, Jan 94, Jan 95) and seasona vari-
ability in winter (Aug 93), spring (Nov 91), summer
(Jan 93, Jan 94, Jan 95), and fall (Mar 93) (Table
1b).

3. Results and discussion
3.1. Vertical distribution

Inspection of the vertica distribution of chl-a
based on compiled historical data for this region
(Smith et al., 1996) shows that, on average, maxi-
mum biomass is usually at or near the surface. Four
years of Palmer LTER cruise data are in basic
agreement with this finding (Fig. 2a). Mean depth
frequency distributions of maximum chl-a concentra-
tions (Fig. 2b) show that during summer months
roughly 30% of the maxima are near surface with the
remainder between 10 and 40 m, and that during fall
months over 40% are near surface. Winter and spring
profiles often show a bimodal distribution, with max-
imum chl-a concentrations at either the surface or at
depths of 40 to 50 m. Future analyses will attempt to
link these depth distributions to physical, chemical
and optical characteristics of the water column.

It has been shown for Antarctic waters that there
is a relatively tight coupling between surface chl-a
and chl-a integrated to depth within the euphotic
zone (Mordl and Berthon, 1989; Comiso et al., 1990;
Holm-Hansen and Mitchell, 1991; Smith et al., 1996).
Results from Palmer LTER cruise data (Fig. 2¢) are
consistent with these earlier findings, including com-
parable slope values of 0.89 obtained from RACER1
(Holm-Hansen and Mitchell, 1991) and of 0.92 ob-
tained from a summary of historica data (1968—
1993) (Smith et al., 1996). Indeed, the regression
coefficients are also similar to those found for more
temperate waters, where integration was performed
to one attenuation length, and slopes of 0.96 (Smith
and Baker, 1978) and of 0.95 (Brown et al., 1985)
were found. For seasons that were sampled histori-
cally (late spring, summer and fall), this relationship
is also found to hold true (Smith et al., 1996).

3.2. Temporal variability

Large seasonal variability of phytoplankton
biomass in polar regions is widely recognized as a
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consequence of the extreme seasonal variability in
solar radiation. Data taken in the vicinity of Palmer
Station illustrate this variability and show both the
timing and magnitude of biomass development (Fig.
3a,b). Initial accumulation of chl-a most often began
early- to mid-December, followed by a peak in
concentration (bloom) towards the end of December.
This peak was then often followed by a secondary
peak in mid-February, but in years with higher chl-a
accumulation (1991 /1992, 1994 /1995), there were
additional peaks between the two typical bloom peri-
ods. Timing of events at stations B (Fig. 3a) and E
(Fig. 3b) tracked closely, but not exactly, indicating
significant small scale (< 1 km) spatial variability.

Average chl-a concentrations in the top 30 m at
station B were higher during 1991,/1992 and
1994 /1995 seasons than during 1992,/1993 and
1993 /1994 seasons. Values ranged from 0.5 to 8 mg
chl-am™2 during 1991 /1992 and 0.5 to 16 mg chl-a
m~3 during 1994,/1995 and were consistently less
than 3.0 mg chl-a m™3 during 1992/1993 and
1993/1994. Typically, biomass was higher at station
B (off Bonaparte Point) than at station E (further
off-shore) during years of high chl-a accumulation
(1991 /1992 and 1994 /1995), with thistrend dlightly
reversed during years of lower chl-a accumulation
(1992 /1993 and 1993 /1994). Surface chl-a concen-
trations followed similar patterns observed for the
average chl-a in the top 30 m (data not shown).
However, higher chl-a concentrations were some-
times dlightly subsurface (1-2 m), suggesting a
highly variable surface layer inshore during a bloom.
Magnitude and temporal variability in chl-a concen-
trations observed at the outer stations (F=J, Fig. 1b)
were similar to those observed at station E.

In the vicinity of Palmer Station we observed a
distinct interannual variability not only in the timing
and magnitude of blooms but also in integrated
biomass over the growing season (November to
February). Monthly chl-a averages, for combined
nearshore stations B and E, for each annual growing
season are summarized in Table 2. Four-month
(November to February) mean chl-a concentrations
for each growing season are also given and show
more than a twofold annual variability.

Regional seasonal variability is illustrated in Fig.
4 which shows average chl-a concentration within
the top 30 m for each LTER cruise. These cruise

Station B

12

chl[0—30m](mg/m3)

Oct Nov Dec Jan Feb Mar
month

Station E

1 6 L T T T T
(b)

chl(0—30)[mg/m3]

0 bspm X8

Oct Nov Dec Jan Feb Mar
month

Fig. 3. (@) Average chl-a concentration (mg chl-a m~2) in the top
30 m as a function of time during the growth season for station B
(+ =1991,/1992; X =1992,/1993; square=1993,/1994; trian-
gle=1994,/1995). (b) Average chl-a concentration (mg chl-a
m~2) in the top 30 m as a function of time during the growth
season for station E. Symbols as in Fig. 3a

data display a seasonal variability consistent with the
higher temporal resolution data from the Palmer
nearshore grid (Fig. 3). The average chl-a for the
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Table 2
Average chl-a concentration (mg chl-a m~2) in top 30 m for combined inshore stations B and E
Month Oct Nov Dec Jan Feb Mar Mean Jan600.040 Jan600line Jangrid
1991,/1992 - 0.85 275 242 1.68 - 1.92 - - -
1992,/1993 - 0.82 1.90 124 185 - 145 2.35 173 0.91
1993,/1994 0.28 0.08 220 0.97 1.36 1.72 115 1.04 1.16 124
1994 /1995 - 149 184 5.36 3.16 - 2.96 4.96 1.66 1.66

The mean represents a growth season average (November to February).

The last three columns represent cruise data.

entire grid varies from 0.91 to 0.56 to 0.22 mg chl-a
m~3 for Jan 93 (summer), Mar 93 (fall), and Aug 93
(winter) cruises, respectively.

Regional interannual variability can be seen by
comparing chl-a concentrations for each of the three
January cruises shown in Fig. 4 and in Table 2 (last
column). The highest regional pigment biomass was
during the Jan 95 cruise, which is aso consistent
with the high value for the 1994 /1995 growing
season average from the Palmer nearshore grid
(Table 2, column 8). In contrast, regiona pigment
biomass during the Jan 94 cruise was higher than
during the Jan 93 cruise, which is opposite to the
growing season averages from the Palmer nearshore
grid in 1993/1994 and 1992,/1993. However, the
regional grid line closest to the Pamer nearshore
grid (600) does show the same pattern of interannual
variability in pigment biomass as the growing season
averages from the Palmer nearshore grid (Table 2,
columns 8-10).

The Pamer LTER group have hypothesized
(Smith et al., 1995) that sea ice mediates several
factors regulating phytoplankton cell growth and ac-
cumulation and, hence, the space/time variability in
phytoplankton biomass. Pigment biomass, particu-
larly under heavy grazing pressure, may vary inde-
pendently from phytoplankton production. Conse-
quently, linkages between chl-a and sea ice are
expected to be complex and may not always show a
tight coupling. Nevertheless, evidence to date sug-
gests that there is a linkage between the timing and
extent of sea ice and that of the abundance and
distribution of phytoplankton. Springtime ‘ condition-
ing’ of the water column by sea ice may be an
important factor in determining phytoplankton
biomass levels in January. The interannual variability
in winter (August) sea ice coverage for these 4 years

is shown by the ice contour in the January plots in
Fig. 4 and in greater detail by the ice images in Fig.
5. The ice images indicate that 1991 and 1994 had
above average winter ice coverage, while 1992 and
1993 had average and below average winter ice
coverage, respectively (Stammerjohn and Smith,
1996). These figures are suggestive of a linkage
between the phytoplankton and the extent and timing
of sea ice, a theme that we will develop more fully
elsewhere.

3.3. Spatial variability

Regional spatial variability in pigment biomass
within the LTER grid during each cruise is aso
illustrated in Fig. 4. Inspection of the spatia chl-a
patterns for each cruise shows both an on/off-shore
gradient and an aongshore gradient in pigment
biomass. To investigate the presence of an aong-
shore gradient within the LTER grid, the average
chl-a for a cardina line was determined from station
averages, integrated to a depth of 30 m (units of mg
chl-a m~3), for stations 040 to 180. The results,
summarized in Table 3 and plotted in Fig. 6, show
that the 1993 and 1995 cruises display the most
notable alongshore gradients.

The winter cruise (Aug 93), distinguished by a
relatively low and uniform distribution of pigment
biomass (Table 3; Fig. 6), occurred when the distri-
bution of sea ice was unusualy low in August 1993
(Fig. 5). In addition, the timing of maximum sea ice
within the LTER grid during that year was anoma-
lous, occurring several months later (during Septem-
ber /October) than on average (August) (Stammer-
john and Smith, 1996). Pigment biomass in the
spring of 1991 (Nov 91) was aso relatively low
(Table 3) for the two cardinal lines sampled. (Further
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Fig. 4. Average chl-a concentration (mg chl-a m~2) in the top 50 m within the LTER grid for each cruise. Log chl-a concentration is
indicated by the color bar. Small dots indicate the cardinal stations within the LTER grid. The solid red line shows the location of the mean
80% sea ice concentration contour for August, which best reflects the interannual variability in maximum winter ice coverage. The January
and March subplots show the previous winter’s August 80% ice concentration contour, while the August and November subplots show the

contemporaneous August 80% ice concentration contour.
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Fig. 5. Average August sea ice concentration for each of the LTER field seasons to date. The Antarctic Peninsula is shown in white, the
boundary of the LTER grid is the red rectangle west of the Peninsula, and percent ice coverage is indicated by the color bar. Sea ice
concentrations were estimated from passive microwave satellite (SSM /1) data.

Table 3

Average chl-a concentration (mg chl-am~2) in top 30 m over each grid line from station 040 to 180. Lines 200 to 600 were averaged to
give a grid mean, standard deviation (std) and coefficient of variation (cv)

Line Nov 91 Jan 93 Mar 93 Aug 93 Jan 94 Jan 95 Mean Jan Std
100 - - 0.32 - - - - -
200 - 0.68 0.40 0.17 - 1.36 1.02 0.48
300 - 0.50 0.37 0.19 1.39 0.78 0.89 0.45
400 - 0.67 0.63 0.22 113 133 1.04 0.34
500 - 1.08 0.53 0.26 1.30 3.18 1.30 0.31
600 0.18 1.63 0.88 0.25 1.16 1.66 1.48 0.28
700 0.27 - 0.89 - - - - -
800 - - 0.56 - - - - -
Mean 0.91 0.56 0.22 124 1.66 115

std 0.45 021 0.04 0.12 0.91 0.24

cv 49% 37% 18% 10% 55% 21%




240 R.C. Smith et al. / Journal of Marine Systems 17 (1998) 229-243

4 T T T T T T T
—_ %
M3 .
&
~N
o
E
g oL . B
! ; L
R X _
— A
0 T S
100 200 300 400 500 600 700

grid_line

Fig. 6. Average chl-a concentration (mg chl-a m~2) in the top
30 m over each grid line for each LTER cruise (X = Jan 93;
square= Mar 93, triangle= Aug 93; + = Jan 94; * = Jan 95).
Average chl-a values from combined Palmer nearshore grid
stations B and E, which were sampled during each respective
cruise, are shown at grid line position 600.030 (square = Mar 93;
triangle = Aug 93; diamond = mean Jan).

sampling during the Nov 91 cruise was prevented by
the spatial extent of sea ice in the southern part of
the grid.) It is possible that these low and uniform
values of pigment biomass represent a winter time
‘base level’ prior to the development of late
spring/early summer bloom conditions. In contrast,
higher pigment biomass values were observed during
each summer throughout the grid. Average chl-a
concentration during the Jan 94 cruise was, like the
Aug 93 cruise, relatively uniform (10% coefficient of
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Fig. 7. Average chl-a concentration (mg chl-a m~2) in the top
30 m, averaged over aongshore station position for each LTER
cruise. Average chl-a values from combined Palmer nearshore
grid stations B and E are plotted at grid station position 030.
Symbols as for Fig. 6.

variation, cv), yet nearly six times higher. Table 3
and Fig. 6 also show interannual variability in sum-
mer pigment concentrations with respect to the
alongshore gradient, where the Jan 94 cruise is rela-
tively uniform, in contrast to Jan 93 and Jan 95
cruises which show distinct alongshore gradients.
The on/off-shore variation of pigment biomass
within the LTER grid is summarized in Table 4 and
plotted in Fig. 7. There is a statistically significant
(p<0.01) and persistent on/off-shore gradient in
chl-a concentration during summer and fall. For the

Table 4

Average chl-a concentration (mg chl-a m~2) in top 30 m over alongshore station position

Station Nov 91 Jan 93 Mar 93 Aug 93 Jan 94 Jan 95 Mean Jan Std
040 - 115 0.67 0.15 194 3.46 2.18 117
060 - 0.82 0.70 0.22 1.76 244 1.67 0.81
080 - 0.84 0.61 0.23 1.39 2.25 1.49 0.71
100 - 114 0.60 0.23 1.19 1.29 121 0.08
120 - 1.09 0.43 0.22 101 1.44 118 0.23
140 - 0.67 0.53 0.23 1.00 158 1.08 0.46
160 - 0.64 0.44 0.24 117 135 1.05 0.37
180 - 041 0.36 0.21 0.68 1.09 0.73 0.34
200 - 0.36 0.33 0.25 0.85 0.56 0.59 0.25
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Table 5

Average chl-a concentration (mg chl-am~2) in top 30 m for stations B and E and 600.040 during times of coincident sampling
Date B E 600.040 B /600.040 E/600.040 B/E
Nov 91-11,/10/91 0.85 0.86 0.19 4.47 4.52 0.99
Jan 93-01,/09,/93 167 2.06 234 0.71 0.88 0.81
Jan 93-01,/15/93 0.87 0.78 0.90 0.96 0.86 111
Jan 93-01,/26,/93 0.89 0.78 124 0.71 0.63 114
Jan 93-02,/06,/93 1.85 2.08 1.08 171 1.92 0.89
Mar 93-04,/13/93 1.03 0.89 0.86 1.19 1.03 112
Aug 93-09,/03/93 0.21 0.11 0.22 0.95 0.50 1.90
Jan 94-01/18/94 1.20 0.82 0.91 131 0.90 1.46
Jan 94-01/21/94 1.33 1.30 1.04 1.27 1.25 1.02
Jan 95-01/12/95 227 2.29 4.96 0.46 0.46 0.99
Jan 95-01,/20,/95 10.23 9.06 1.37 113 6.61 113
Jan 95-01,/24 /95 15.44 5.08 151 10.20 3.36 3.04
Jan 95-02,/05,/95 0.53 1.65 1.50 0.35 110 0.32
Mean 1.96 1.85 1.22
std 2.68 1.86 0.65

January cruise average (Table 4), values close to the
coast (stations xxx.040) are 3.7 times higher than at
the shelf break. These values are remarkably consis-
tent with early results for the northern part of the
grid (El-Sayed, 1968), where average January values
of 2.12 and 0.42 mg chl-a m—3 were found for
‘in-shore’ and ‘off-shore’ waters, respectively. A
similar on/off-shore gradient is observed for the
standard deviations where there is more than a factor
of four difference between the standard deviations
for the onshore station vs. the shelf bresk station.
The exception, with respect to an on/off-shore gra-
dient, is the winter period (Aug 93), which shows
consistently low values throughout the grid.

In addition to seasonal variability with respect to
the presence of an on/off-shore gradient in chl-a
biomass, there is interannual variability in the gradi-
ent strength observed among the three January cruises
(Table 4; Fig. 7). Jan 93 differs from Jan 94 in
having a lower on/off-shore gradient (about X2 in
1993 vs. X3 in 1994), and Jan 95 had the steepest
gradient (X6) due to a disproportionately higher
chl-a concentration nearshore.

3.4. Relation between nearshore and regional grids

Regional observations with respect to the
on/off-shore gradient can be extended to include
nearshore measurements made from Palmer Station.
For this analysis we compare data from the Palmer

nearshore grid stations B and E with the LTER grid
station 600.040, since samples were taken relatively
closein time (Table 5). On average, chl-a concentra-
tion at station B is higher than at station E, and
nearly twice as high as at station 600.040. There is
considerable spatial variability, but the variability
observed in considering stations B and E as an
inshore extension of the 600 line is similar to the
variability observed along the 600 line itself. Thisis
further verified by inspection of the on/off-shore
gradients shown in Fig. 7, which include the average
chl-a concentrations from combined stations B and
E, during the respective seasonal periods, plotted at
approximately the 030 position. Consistency in the
interannual variability of pigment biomass is ob-
served between stations B and E, station 600.040,
and aong the whole 600 line but not across the
whole grid (Table 2).

4. Conclusions

The shelf-dope system west of the Antarctic
Peninsula shows fundamentally different character-
istics compared to pelagic areas of the Antarctic
marine ecosystem. Regiona coverage from the an-
nual cruises show the on/off-shore gradient in pig-
ment biomass to be an enduring characteristic (El-
Sayed, 1968), with nearshore areas roughly four
times higher than off-shore areas. Further, there is
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some evidence for an alongshore gradient, perhaps
associated with the timing of the seasonal aongshore
retreat of sea ice and/or latitudinal influences. This
is consistent with the concept that the Palmer LTER
area is a complex mix of a high productive Coastal
and Continental Shelf Zone (CCSZ) and a relatively
productive Seasonal Ice Zone (SIZ) (Tréguer and
Jacques, 1992). The on/off-shore gradient blends
into the relatively less productive Permanently Open
Ocean Zone (POOZ) which lies west of the LTER
regional grid. Within this west Antarctic Peninsula
coastal ecosystem, concentrations and gradients in
pigment biomass are highest during spring, summer
and fall periods, while the winter period shows low
and relatively uniform distributions.

Observations over the first four seasons of the
Palmer LTER program show significant variation in
both the timing (4 severa weeks) and magnitude
(+a factor of 2) of annual biomass accumulation.
The relatively high temporal sampling of the Palmer
nearshore grid helps resolve seasonal variability, and
results show that nearshore areas have (over four
times) higher variability than off-shore areas, pre-
sumably due to the greater occurrence of episodic
blooms which comprise a significant component of
the annual accumulation of pigment biomass. Our
4-year time series suggests that generally two blooms
occur, arelatively large spring bloom during Decem-
ber /January and a smaller secondary bloom in
February /March. However, blooms appear to be
more persistent in years of higher chl-a accumula-
tion. Above average sea ice concentrations in spring
appear to be associated with years with higher phyto-
plankton biomass, but this hypothesis remains to be
quantitatively evaluated.

To the extent that massive blooms are a signifi-
cant component of this shelf ecosystem, a key ques-
tion becomes one of more fully understanding bloom
dynamics and regulation. These on/off-shore gradi-
ents suggest that conditions near the coast, in inlets
and around islands are more conducive to higher
phytoplankton population growth than open waters,
although it is not clear if they also have higher
specific growth rates (Banse, 1991). Nearshore con-
ditions appear to be conducive in producing large
phytoplankton blooms, but a full understanding of
mechanisms associated with such blooms is lacking.
Seaice clearly plays a significant role in determining

the abundance and distribution of phytoplankton
biomass, but more complete space/time studies are
necessary to fully elucidate these linkages. The high
space/time variability of the more productive CCSZ
and SIZ areas dictates mixed sampling strategies,
including reliance on remote sensing, to optimally
sample and characterize this area

Results show that pigment biomass, which can be
estimated by various proxy optical methods from
satellite to in-water moorings, is generally distributed
near surface in these waters. Consequently, thereis a
relatively tight coupling between surface chl-a and
chl-a integrated to depth (Fig. 2c). This coupling is
an important consideration when using ocean color
satellite (e.g., CZCS, SeaWiFS, OCTS) and/or air-
craft sensors to estimate water column chl-a concen-
trations, since the upwelling signal detected by these
sensors is heavily weighted by the top attenuation
length of the water column.

The combined temporal observations made in the
Palmer nearshore grid and spatial observations made
during yearly cruises in the regiona grid demon-
strate that the LTER sampling program is adequate
for studying seasonal and interannual changes of
biomass over time scales of interest (Smith et al.,
1995). The initial 4-year time series of consecutive
sampling in the LTER program aready shows strong
interannual variability as detected in several different
ways. (1) timing and intensity of blooms, (2)
strengthsin on/off-shore and aongshore gradients,
(3) overdl annua biomass accumulation, and (4)
linkage between biomass and sea ice. Further, the
regional gradients in phytoplankton biomass are con-
sistent with temporal observations from Palmer Sta-
tion, suggesting that the dynamics in chl-a accumula-
tion in the vicinity of Palmer Station are representa-
tive of those within the shelf waters and that the
seasonal nearshore variability is related to the LTER
regional variability in chl-a biomass.
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