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PREFACE

This dissertation consists of an introduction and five related
chapters. Each chapter has been written for various scientific
journals and review volumes and, as a result, there are some
differences in style between chapters. Each chapter is self-
contained and includes an introduction, and methods, results
and discussion sections. A separate list of literature cited
accompanies each chapter along with the appropriate tables

and figures.
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ABSTRACT

Temporal dynamics and regulation of coastal Antarctic
phytoplankton communities: Spring/Summer 1991-1994

by
Mark Alan Moline

Previous studies in the Southern Ocean have documented
the large spatial variability in phytoplankton biomass
productivity with generally higher concentrations and rates
associated with coastal regions and ice edge zones. The
relatively low productivity, compared to lower latitudes, in the
nutrient rich pelagic waters is thought to be a result of either
light limitation through deep vertical mixing, decreased
temperatures, and/or micronutrient limitation, however, the
processes controlling phytoplankton dynamics are a subject of
continual debate. The goals of this thesis are 1) to identify and
quantify major factors regulating phytoplankton dynamics in
an Antarctic coastal region and 2) to discern the shifting
balance of these regulatory factors that determine the
variability in phytoplankton biomass, productivity and
taxonomic composition. Unlike most studies undertaken in the

XXiv



Southern Ocean that are logistically restricted to spatial
approaches, this work examines at the temporal dynamics in
phytoplankton processes related to the physical, biological and
chemical environments on time scales of hours to years.

As part of the Palmer Long-Term Ecological Research
(PAL-LTER) program, this study attempts to define and
quantify the processes that underlie the natural variability in
the phytoplankton community. In examining this question, it is
expected that these results will help the larger LTER objective
of defining ecological processes linking the extent of pack ice
with different rophic levels within Antarctic marine
communities.

In Chapter 1, is a case study of the interactions between
physical forcing and nutrient fields and biological responses,
which were magnified during the development of a large
diatom bloom. Subseasonal fluctuations in sea ice coverage,
mixing depths, wind stress and advective processes were found
to be the major driving forces affecting the timing, duration
and demise of local phytoplankton blooms. During the bloom,
macronutrients were depleted to detection limits and
significant shifts in nutrient ratios were observed.
Phytoplankton populations were light-limited below ~ 5 m
during the bloom resulting from self-shading.



Chapter 2 examines a photophysiological response during
the development of the bloom detailed in Chapter 1. An index,
using photoprotective xanthophyll pigments, is identified and
found to significantly track fluctuations in the incident solar
irradiance and the jn situ light field over a 3 orders of
magnitude change in the water column biomass. Diel studies
independently confirm the response time of this index to the
ambient light field. In combination with physical data, this
index has the potential of assessing the degree of water column
stability, which is identified throughout this work to be a major
prerequisite for increased phytoplankton biomass and
productivity.

The calculation of in situ primary productivity for the
study is detailed in Chapter 3. Significant variation in daily
integrated rates of primary productivity occurred generally on
time scales less than a week. Peak timing and magnitude of
daytime periodicities in photosynthesis varied widely over the
season, closely coupled to changes in phytoplankton community
composition. Primary production estimates, if uncorrected or
improperly corrected for daytime periodicities in carbon
fixation, are shown to be unreliable predictors of production on
longer time scales even if the water column was sampled every
few days. High frequency sampling and consideration of diel
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periodicity may be requirements when attempting to discern
differences between short time-scale variability and long-term
trends in Antarctic primary production.

Variability in biomass, primary productivity and
taxonomic composition on subseasonal to interannual time
scales are detailed in Chapter 4. Interannual variability in
biomass and associated in situ productivity in this coastal
environment was comparable to variability within years.
Despite this variability, the replacement sequence of one
dominate phytoplankton group by another was very similar on
subseasonal time scales for all 3 years. Results suggest that
monitoring changes in phytoplankton successional patterns
may be a more sensitive marker for detecting long-term
trended changes in Southern Ocean ecosystems than either
biomass or productivity indices.

Chapter 5 examines the temporal distribution of inorganic
nutrients and utlization by phytoplankton. Macronutrient
concentrations during bloom events decreased markedly.
Seasonal mean N:P:Si ratios agreed well with previous studies,
however, at times over the sampling seasons, ratios indicated
disproportionate uptake by phytoplankton and were found to
partially depend on the taxonomic composition in the water
column. Primary production determined by nutrient depletion

xxvii



in the water column corresponds well to measure in situ
primary productivity for the large 1991-92 bloom, however,
this approach can deviate from measured results by an order
of magnitude during times of high meltwater input. Ambient
nutrient concentrations set the maximum potential for
photosynthesis per unit Chl g, however, daily in situ growth
rates remained high, suggesting nutrients during this study
were non-limiting.



INTRODUCTION



BACKGROUND

Phytoplankton Research in the Southern Ocean

In the past 30 years, phytoplankton distribution and
productivity have been documented in the Southern Ocean
(Burkholder and Mandelli 1965; Mandelli and Burkholder
1966, El-Sayed 1971; Holm-Hansen et al. 1977, El-Sayed 1984,
Smith and Nelson 1985; Bodungen et al. 1986; Sakshaug 1989;
Holm-Hansen and Mitchell 1991; Smetacek et al. 1992; El-
Sayed and Fryxell 1993). The majority of the Southern Ocean
(~30 million km?) is believed to have low plant biomass
averaging 0.4 mg Chl 2 m™ (Sakshaug et al. 1991). The
exceptions to low standing stock areas are coastal regions and
the marginal ice zones, the latter of which advance and retreat
annually over an area of 16 million km? (Gloersen et al. 1992).
While these two areas are characterized by higher average
biomass, plant distributions are heterogeneous with periodic
blooms occurring on small time and space scales.
Phytoplankton biomass associated with receding ice edges have
been found to be as high as 190 mg Chl g m™ (El-Sayed 1971)
but spring/summer maximums more commonly average 5 to
10 mg Chl 3 m™ (see Smith and Nelson 1986). The importance
of such large, but episodic, bloom phenomena in the Southern
Ocean is at least fourfold. (1) Phytoplankton blooms can play a
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major role in biogeochemical cycling and in particular the
global silica cycling (Smith and Nelson 1986; Nelson and Smith
1986; Treguer and Bennekorn 1991). (2) While debatable,
blooms are estimated to be responsible for at least half of the
Southern Ocean's annual productivity (Smith et al. 1988). (3)
Antarctic prymnesiophyte blooms have been found to be an
important source of dimethylsulfide (DMS) production (Gibson
et al. 1988), which are linked to cloud formation effecting
global weather patterns (Bates et al. 1987). (4) Blooms are also
a major carbon source for upper trophic levels (Weber and El-
Sayed 1985), supporting large populations of krill ( Fuphausia
superba), birds, seals, and whales found in the Southern Ocean.
Recent studies [AMERIEZ, BIOMASS, CEMP (CCAMLR),
EPOS, ICECOLORS, RACER, Ross Sea, SO-JGOFS, among others]
have integrated physical, chemical, optical, and biological data
in an attempt to understand the mechanisms and factors
controlling phytoplankton standing stock and productivity in
Antarctica (Sullivan et al. 1988; Smith and Sakshaug 1990;
Mitchell and Holm-Hansen 1991; Sakshaug et al. 1991;
Smetacek et al. 1992). Theories and empirical models derived
from these studies generally point to resource limitation,
temperature, and/or water column stability as the major
factors governing phytoplankton bloom dynamics. However,
like most field studies conducted in the Southern Ocean, they
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were conducted shipboard in pelagic regions, and as a result,
were restricted to describing phytoplankton distribution,
abundance, productivity, and physiology in a spatial context.
Very few have had the opportunity to examine the temporal
variatons in bloom dynamics (however see work by Krebs
1983; Whitaker 1982; Fukuchi et al. 1985; Perrin et al. 1987;
Domanov and Lipski 1990; Mitchell and Holm-Hansen 1991)
and those that have are based on a limited parameters of
interest (eg. chlorophyll dynamics) usually with a short
monitoring period and/or not intensely sampled.

By examining the temporal variations in phytoplankton
distribution (vertical), abundance, productivity, growth and
community structure of phytoplankton collected from 1991 to
1994 in relation to the physical and chemical environments on
time scale of days, it is the goal of this thesis to advance the
understanding of the processes regulating phytoplankton
dynamics and the time scales of those regulatory processes
during the spring/summer seasons in a coastal region near
Anvers Island, Antarctica.

The Palmer Long-Term Ecological Research Program
The objectves of this thesis are a part of the Palmer Long-
Term Ecological Research (LTER) program, designed to define
ecological processes linking the extent of annual pack ice with



)

different trophic levels within Antarctic marine communities
(Ross and Quetin 1991). The annual advance and retreat of sea
ice covers an area of ~ 16 million km?, about half the area of
the Southern Ocean. This cycle of ice coverage provides
conditions that are distinct from the non-polar oceans and is
thought to be a major physical determinant for the temporal
and spatial variability in the structure of the Antarctic food
web (Smith and Sakshaug 1990. Moreover, the cycles of ice
coverage in any particular region of the Southern Ocean are
variable from year to year (Zwally et al. 1983), particularly
within the LTER region (Stammerjohn 1993). As a
consequence, effects of sea ice on the Antarctic marine food
web are also likely to be variable. Therefore, it is the goal of
the LTER to define the variability in both sea ice dynamics and
key components of the food web in order to link ecosystem
processes to physical environmental variables, with the future
goal of predicting impacts of sea ice changes on the ecosystem
dynamics. However, it is clear that before impacts of sea ice on
the Antarctic biota can be discerned, the processes that
underlie the natural variation in representative populations
need to be identified and quantified.

A series of nearshore stations was established adjacent to
Palmer Station, Antarctica, (Waters and Smith 1992; see Fig. 1)
to define linkages between representative populations within
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the bird foraging area during the spring/summer transition.
As a component of the LTER, this thesis addresses the
controlling processes and natural subseasonal/seasonal/
interannual variation of primary producers within this
nearshore grid during the dynamic period of increasing
photoperiod, ice melt, and increased animal fecundity.

Previous Phytoplankton Studies in the Vicinity of
Palmer Station

A number of previous phytoplankton-related studies have
been conducted in the nearshore grid area adjacent to Palmer
Station (Shabica et al. 1977; Krebs 1983; Krebs et al. 1987;
Holm-Hansen et al. 1989). Shabica et al. (1977) conducted a
study from 1970-1971, examining changes in dissolved O,, pH,
salinity and temperature. Meteorological and hydrographic
surface samples taken daily off of Palmer Station showed a
sharp increase in both pH (to 8.8) and dissolved O, (to 120%
saturation) in mid December associated with an increase in
phytoplankton biomass. Also interesting was the rapid drop in
salinity (from 34 ppt to 25 ppt) at the end of November, which
lasted for only 3 weeks. Wind speed data collected over the
same period showed an annual cycle of high wind speeds (15-
20 m s™') from May to November and lower wind speeds (< 10

m s') measured from December to April.



An extensive temporal study from 1971-1974 was
conducted by Krebs (1983) and Krebs et al. (1987) in Arthur
Harbor. The sampling location was midway between stations A
and B of this study (Fig. 1). Hydrographic and meteorological
measurements as well as determination of chlorbphyll biomass
and cell counts were made throughout the water column.
Temporal dynamics of pH, O,, salinity, temperature and wind
speed were similar to results by Shabica et al. (1977), however,
depth profiles show the decrease in salinity from 34 to 25 ppt
was isolated to the upper 3 meters with only a two week
duration. Spring, summer and fall blooms were documented
with maximum chlorophyll biomass of ~26 mg m™. The
trimodal nature of the standing crop was show to be dependent
on low wind stress and glacial meltwater which stabilized the
water column. Cell counts revealed that nearly all of the
biomass over the three years was diatoms with Porosira
glacialis, Nitzschia spp., Chaetoceros spp. and Rhizosolenia spp.
the dominant species. This study also demonstrated that ice
algae served as an inoculum for later water column blooms.

Brief studies by Holm-Hansen et al. (1989) in January of
1985 and 1987 documented the occurrence of large
phytoplankton blooms (20 mg Chl a m™ and 25 mg Chl a m3,
respectively) in the LTER nearshore grid area. These blooms
were dominated by large diatoms (Rhizosolenia and Odentella
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spp.) with 25% of the chlorophyll biomass associated with the
prymnesiophyte Phaeocystis pouchetii. Inorganic and
particulate nutrient data suggested possible nutrient limitation
during this summer period of high biomass. Low assimilation
numbers during these blooms were attributed to light
limitation by self-shading. Over half of the water column
biomass was below the 1% light level.

These studies provide additional information on the
physical, chemical and biological dynamics of the area and a
historical context in which to interpret results of this study.
Given that comparatively little work has been done in the
Southern Ocean, historical data from this region may be helpful
when attempting to identify and quantify long-term trends.

OVERVIEW OF STUDY

Objectives
This study had the following objectives:

1. Identify and quantify the major factors regulating
phytoplankton dynamics in a defined Antarctic coastal
environment on subseasonal and seasonal timescales.

2. Identify the time scales of these processes regulating
phytoplankton dynamics.
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3. Discern the shifting balance of such regulatory factors that
might determine the interannual variability in summer
diatom bloom dynamics observed in a defined Antarctic

coastal environment.

In order to discern the factors controlling phytoplankton
dynamics, the sampling regimes need to mimic the space and
time scales of the processes being studied. Smith and Nelson
(1986) stated "Any mechanism proposed to explain the
inidatdon of an ice edge bloom must also explain the bloom's
spatial extent", whether it be defined by the density field,
decreased wind stress, or release of a 'seed' population from ice
algae. Order of magnitude differences in the chlorophyll a
concentrations have been shown over distances <5km along ice
edge zones (Smith and Nelson 1985, Wilson 1986, Estrada and
Delagado 1990, Mitchell and Holm-Hansen 1991), therefore,
many spatial studies, which sample at 25-50km intervals, may
not be able to accurately resolve the spacial extent of
phytoplankton distribution. This question of resolution also
holds true for temporal work. Areas sampled on time scales of
weeks to months have shown seasonal changes in
phytoplankton biomass (El-Sayed and Weber 1982, Satoh et al.
1985, Fukuchi et al. 1985, Lipski 1987), species composition
(Krebs 1983, Krebs 1987, Perrin et al. 1987), productivity (EI-
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Sayed 1971, Domanov and Lipski 1990), and some have
examined all of these parameters with respect to the physical,
chemical, and optical environments (Whitaker 1982, Holm-
Hansen and Mitchell 1991). However, phytoplankton species
succession photoadaptation, productivity, growth, and biomass
changes occur on time scales of hours to days, therefore,
sampling over time scales of weeks to months may be limiting
when discerning controlling mechanisms.

In this study, the LTER coastal stations near Palmer
Station were repetitively sampled on time scales of days during
three field seasons from 1991-1994 to quantify the processes
controlling phytoplankton productivity and biomass and to
better define the time and space scale variability of these
processes.

The following sections briefly describe 1) the specific
scientific questions addressed in each chapter, 2) the sampling
and approach used in each study and 3) a summary of the

main results.

Chapter 1 - Temporal Dynamics of coastal Antarctic
phytoplankton: Environmental driving forces and
impact of a 1991-1992 summer diatom bloom on

the nutrient regimes
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The objectives of the study were:

1) to detail bloom development and phytoplankton
dynamics off the coast of Anvers Island with the highest
temporal resolution ever measured for the Southern Ocean.

2) to define the linkages between the biological signals and
the physical and chemical environments.

3) to define the time scale variability of these biological
responses to the physical and chemical environments over the

austral summer.

Within the Palmer Long Term Ecological Research
Program, a suite of biological (algal pigmentation, productivity-
irradiance curves, macronutrients) and physical (CTD profiles,
wind direction/speed, precipitaton) parameters were collected
from a Mark V Zodiac® every 2-3 days at LTER nearshore
station B from November, 1991 through February, 1992.
Seasonal changes are presented in the context of phytoplankton
community ecology.

Subseasonal fluctuations in sea ice coverage, fresh water
inputs, as well as wind driven and advective processes
disrupting stratified surface waters, appeared to be the major
driving forces affecting the timing, duration and demise of local
phytoplankton blooms. During a large diatom-dominated
bloom (~30 mg Chl 2 m™), macronutrients were depleted to
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detection limits (NO,” < 0.05 pumol m3, PO, <0.03 uymol m™), an
event rarely documented in the Southern Ocean, and significant
shifts in nutrient ratios were observed. For the season, a non-
linear relationship between the depth of mixing and integrated
biomass within the layer was found. This relationship is
similar to previous findings from spatial studies (see Mitchell
et al.,, 1991), illustrating that this dependency of biomass on
the stratification of the water column is robust over a large
range of space and time scales. High biomass accumulation
during the bloom was shown to light limit phytoplankton
populations below ~5 m by self-shading. The depth of light
limitation deepened after the bloom was physically disrupted
and removed from the region by strong advective processes.
Major changes in phytoplankton biomass and community
composition was found to occur on the same time scales (1-2
weeks) of physical disruption of the water column

This study was published as an invited chapter to the
Scientific Committee on Antarctic Research (SCAR) volume
\ ic C e . 1 ival
Cambridge University Press in 1996, in press. Parts of this
study also appeared in reports in the Antarctic Journal of the
United States in 1992 [27(5), 245-248], 1994 [29(5), 214-216;
217-219], and 1995, in press.
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Chapter 2 - Photoadaptive response during the
development of an Antarctic diatom bloom and

relationship to water column stability

The objectives of the study were:

1) to define a photoadaptive index that could be used to
assess a photoadaptive response of Antarctic phytoplankton to
changing light environments.

2) to assess the temporal dynamics and kinetics of this index
on time scales of hours to weeks.

3) to examine the potental use of this index in defining
phytoplankton light histories and the vertical stability of the

water column.

CTD profiles were collected from a Mark V Zodiac® every
2-3 days at LTER nearshore station B from November, 1991
through February, 1992. In addidon to the in-water temporal
changes, weekly diel experiments were conducted over the
same time period to access shorter time scale (hourly) changes
in phytoplankton pigmentation.

The ratio of the xanthophylls, diadinoxanthin (DD) and
diatoxanthin (DT), to chlorophyll a [(DD + DT):Chl a] was shown
to be a reliable photoadaptive index during the development of
a large Antarctic diatom bloom. This index was found to
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significantly track fluctuations in the incident solar irradiance
and the in situ light field over a 3 orders of magnitude change
in the water column biomass. Depth profiles of the [(DD +
DT):Chl a] ratio show that the upper 'mixed' layer, assessed by
physical data, was in fact stable over the course of the first
month. Diel experiments conducted over the same period
showed a delayed (5-8 hours) saturating response of the (DD +
DT) pool to the Qpar (400-700 nm) dose. These time-series
results illustrated the potential use of light-dependent
pigments in assessing phytoplankton ‘light histories’ and water
column stability.

This study was submitted for publication to Limnology

and Oceanography in August, 1996.

Chapter 3 - High-resolution time series data for
1991/1992 primary production and related
parameters at a Palmer LTER coastal site:
Implications for modeling carbon fixation in the

Southern Ocean

The objectives of the study were:
1) to determine in situ productivity over a range of seasonal

to subseasonal time scales.
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2) to identify time scales of significant variability in marine
productivity during the peak growing season.

3) to identify environmental, experimental and analytical
factors that can significantly impact the accuracy of daily,
weekly and seasonal productivity estimates.

4) to integrate our findings with previous studies of
Antarctic coastal primary production.

Data was gathered every 2 to 3 days during a three
month period in the austral spring/summer of 1991/1992.
Photosynthesis-irradiance (P-I) relationships were determined
throughout the euphotic zone and P-I parameters, combined
with knowledge of the in-water light field, were used to derive
instantaneous rates of in situ primary production.
Additonally, weekly samples were collected from surface and
chlorophyll a maxima for characterization of the patterns of
diel periodicity in P-I parameters.

Seven diel patterns were discerned over the season and
used to time-correct instantaneous measurements and derive
noontime, daily, monthly and seasonally integrated estimates
of production. During the season, a large bloom was
responsible for some of the highest daily productivity rates
reported for the Southern Ocean (0.8 gCm™>d!, 63 gCm2d?).
Significant variation in daily integrated rates occurred
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generally on time scales less than a week. Peak timing and
magnitude of daytime periodicities in photosynthesis varied
widely over the season, closely coupled to changes in
phytoplankton community composition. Instantaneous
measurements of primary production, if uncorrected or
improperly corrected for daytime periodicities in carbon
fixation, were unreliable predictors of production on longer
time scales even if the water column was sampled every few
days. High frequency sampling and consideration of diel
periodicity may be requirements when attempting to discern
differences between short time-scale variability and long-term
trends in Antarctic primary production.

This study was published in Polar Biology in 1996, in

press.

Chapter 4 - Palmer LTER 1991-1994: Long-term
monitoring and analyses of physical factors
regulating variability in coastal Antarctic
phytoplankton biomass, in situ productivity and
taxonomic composition over subseasonal, seasonal

and interannual time scales

The objectives of the study were:
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1) to quantify the variability in phytoplankton biomass, in
Situ productivity and taxonomic composition over subseasonal,
seasonal and interannual time scales.

2) to elucidate environmental mechanisms controlling these
temporal patterns.

3) to ascertain which phytoplankton markers are most
suitable for longer-term (i.e. decadal) trends in phytoplankton
dynamic in coastal waters of the Southern Ocean.

This is a compilation of 3 years (1991-1994) of data
collected during the austral spring/summer periods from two
LTER stations (B and E) adjacent to Palmer Station, Antarctica.
Biological (algal pigmentation, productivity-irradiance curves,
macronutrients) and physical (CTD profiles, wind direction/
speed, precipitation, air temperature, tidal height) data were
collected daily from Palmer Station and/or a Mark V Zodiac®.

The LTER coastal study sites showed high interannual
variability in peak phytoplankton biomass (75 - 494 mg Chl g
m?) and integrated primary production (1.08 - 6.58 gC m2d
'). Seasonal and annual patterns in biomass and productivity
were shown to be driven by shorter time scale physical forcing
by local wind stress. Low daily wind speeds (< 10 m s™!) were
associated with water-column stabilization. However, extended

periods (> 1 week) of low wind stress were required for
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increased phytoplankton growth and biomass accumulation.
Temperature data supports the view that water masses can be
replaced on time scales of a less than a day (tidal influences) to
a few days in these coastal waters. Despite the high seasonal
and interannual variability in biomass and associated in situ
productivity in this coastal environment, the replacement
sequence of one dominate phytoplankton group by another was
very similar on subseasonal time scales for all 3 years. Diatoms
were found to dominate during the spring and late summer.
However, cryptophytes were found to dominate in the mid
summer in response to changes in salinity resulting from
glacial meltwater inputs. These results and previous studies
suggests that cryptophytes and other phytoflagellates may be
more dominant now than in the past, given the recent warming
trends and increased glacial melting.

This study suggests that monitoring changes in
phytoplankton successional patterns may be a more sensitive
marker for detecting long-term trended changes in Southern
Ocean ecosystems than either biomass or productivity indices,
where short-term variability of the latter is as great or greater
than interannual variations documented to date.

This study was accepted for publication to Marine Ecology

Progess Serjes in August, 1996.
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Chapter S - Variability of inorganic macronutrients in

an Antarctic coastal region (1991-1994)

The objectives of the study were:

1) to quantify the distribution of inorganic nutrients.

2) to identify physical and biological processes that alter
water column nutrient concentrations and nutrient ratos.

3) to compare productivity estimates derived from nutrient
loss with measured in situ primary productivity (Chapter 4).

4) to examine possible impact of changing ambient nutrient
concentrations on phytoplankton physiology.

Inorganic nutrients, biomass, and in situ primary
productivity were quantified throughout the water column
every 2-3 days at five stations within the LTER nearshore grid
during the spring/summer from 1991-1994.

During two periods of low wind stress and stratification
of the water column resulted in development of large blooms
with biomass approaching 30 mg Chl a m™* and maximum
integrated concentrations of 494 mg Chl 3 m2. Macronutrient
during these events rapidly decreased to very low
concentrations (18.5 uM Si, 0.72 uM N, 0.04 uM P). Seasonal
mean N:P:Si ratios agreed well with previous studies, however,
at times over the sampling seasons, ratios indicated
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disproportionate uptake by phytoplankton and were found to
partially depend on the taxonomic composition in the water
column. Primary production determined by nutrient depletion
in the water column was found to correspond well to measure
in situ primary productivity for the large 1991-92 bloom.
However, determining primary production by nutrient loss can
deviate from measured results by an order of magnitude
during times of high meltwater input. The maximum potential
for photosynthesis per unit Chl g decreased with decreasing
nutrient, although was highly variable depending location in
the water column and the extent of vertical mixing. Increased
synthesis of light harvesting pigmentation occurred during low
ambient nutrient concentrations in response to increasing
biomass and self-shading. Despite the periods of extremely low
nutrient conditions, daily in situ growth rates remained high,
suggesting phytoplankton during this study were not nuirient
limited.
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Figure 1. Location of LTER nearshore sampling stations A-]J.
Samples collected from stations A-E were used for this study.
The distance between stations B and E is ~3 km.



28

64° 08 W
@J
- .
Litchfield Island . °?kmmur Harber
< = ; “8 i)
X
el
Bonaparte Point
Be
Janus Istand
Ce
oH
South Island &
< Hermit Island
—64041'48" S 2 G (ﬂ
L *
S22
Qutcast Islands F ® D *
AP
- ﬂd
.? ST e L. -7
100 Fathom Line E o

Bismarck Straits




29

CHAPTER I

Temporal dynamics of coastal Antarctic phytoplankton:
Environmental driving forces and impact of a 1991-

1992 summer diatom bloom on the nutrient regimes
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ABSTRACT

Within the Palmer Long Term Ecological Research Program
(PAL-LTER), a suite of environmental data sets were collected
at a nearshore station throughout the 1991-1992 austral
summer. Seasonal changes are presented in the context of
phytoplankton community ecology. Subseasonal fluctations in
sea ice coverage, fresh water inputs, as well as wind driven and
advective processes disrupting stratified surface waters,
appeared to be the major driving forces affecting the timing,
duration and demise of local phytoplankton blooms. During a
large diatom-dominated bloom (~30 mg Chl 3 m™3),
macronutrients were depleted to detection limits (NO;” <0.05
pmol m3, PO,*" <0.03 umol m™3) and significant shifts in
nutrient ratios were observed. Phytoplankton populations
were light limited below ~ § m during the bloom resulting from
self-shading. The depth of light limitation deepened after the
bloom was physically disrupted and removed from the region

by strong advective processes.



31
INTRODUCTION

Recent studies have integrated physical, chemical, and
biological data in an attempt to understand the mechanisms
controlling phytoplankton bloom dynamics in the Southern
Ocean (Smith and Sakshaug 1990, Holm-Hansen and Mitchell
1991, Mitchell and Holm-Hansen 1991, Sakshaug et al. 1991).
Theories and empirical models derived from such studies
suggest that resource limitation and/or water column stability
are the major factors governing phytoplankton bloom
dynamics. Most studies have been conducted shipboard in
pelagic regions and have focused on describing the short term
spatial variability of phytoplankton distribution, abundance,
productivity, and physiology. Temporal variations in bloom
dynamics on the time scale of weeks are less documented
(however, see Whitaker 1982, Krebs 1983, Priddle et al. 1986,
Mitchell and Holm-Hansen 1991) and are generally based on a
limited number of environmental parameters and/or
insufficient information to track variations on the time scale of
a few days over an entire season. With the PAL-LTER data set
from the summer 1991-1992 season, we have just that
opportunity. Here, we document the occurrance of a large
bloom and present a detailed study of phytoplankton dynamics
off the coast of Anvers Island on subseasonal time scales
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ranging from days to months within the summer season. By
examining these variations on time scales of days, we hope to
advance the understanding of the mechanisms regulating
phytoplankton productivity and bloom development in
Antarctic coastal waters.

METHODS

Between November 1991 and February 1992, a total of 257
discrete water samples were collected repeatedly from Station
B (Sta B) in the nearshore waters adjacent to Palmer Station,
Antarctca (Fig. 1). Daily precipitation, snow cover and average
wind speed and direction measurements were made at Palmer
Station during the study period. These measurements were
part of a long term database collected by the U. S. National
Science Foundation. Prior to sample collection, in-water
irradiances of photosynthetically available irradiation (Qpar)
were made with a Biospherical® Scalar Irradiance Meter (QSR-
170DT) equipped with a QSP-100DT underwater sensor,
deployed from a Mark V Zodiac®. Samples were collected in 5L
GoFlo® bottle, transferred to dark carboys and immediately
returned to Palmer Station for analyses.
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Replicate subsamples for nutrient determination were
filtered within an hour of collection through a 0.2 mm
Nuclepore membrane, and the 20 ml filtrate for each sample
was stored in polycarbonate scintillation vials (acid washed) at
-70 °C. Samples were later transported at -20°C to the Marine
Science Analytical Laboratories, University of California, Santa
Barbara for nutrient analyses. Methods for determination of
the dissolved inorganic NO;", PO,*, and Si(OH), concentrations
were those of Johnson et al. (1985).

Reverse-phase HPLC procedures of Bidigare et al. (1989)
were followed to determine the abundance of 17
phytoplankton pigments. Replicate 1 liter samples were
filtered on 0.4 um nylon 47mm Nuclepore® filters and extracted

in 3 ml 90% acetone for 24 hr in the dark (-20 °C). Pigment
separation was carried out with a Hitachi® L-6200A liquid
chromatograph (436 nm). Peak identities of algal extracts were
determined by comparing their retention times with pure
pigment standards.

Blue-green photosynthetron methods described by
Prézelin et al. (1994) were used to determine photosynthesis-
irradiance (P-I) relationships for 77 of the collected samples.
Non-linear curve fits for P-I data were calculated using the
simplex method of Caceci and Cacheris (1984). Curve fitting
provided estimates of Pmax (the light saturated rate of
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photosynthesis), a (the affinity for photosynthesis at light-
limited irradiances) and Ik = Pmax/ « (an estimate of the
minimum irradiance required to light saturate photosynthesis).
Physical data were collected with instrumentation on a
second Zodiac described by Smith et al. (1992). A total of 21
conductivity and temperature profiles were collected at Sta B
using a SeaBird® CTD. Here, we make a preliminary estimate of

the upper mixed-layer (UML) based on Sigma-t (ot) plots

derived from these profiles, using the formulation

do,
dz

which assumes the UML depth to be equal to the depth where
the gradient in ot is maximal. Like Mitchell and Holm-Hansen

max

(1991), we assume if the maximal ot gradient was less than

0.05 per meter, then the water column is essentially well
mixed to the bottom (ca. 80 m at Sta B).

There were several occassions when a freshwater lens
was clearly evident on top of the marine layer. In these
instances, an estimate of the mixing depth of the freshwater
lens (FW-MLD) was made in addition to the UML depth.

Contour Plots were generated using the Delaunay
triangulation method (DeltaGraph® Pro3, DeltaPoint Inc.,
Monterey, CA, USA).



RESULTS

Undl mid-December, the water column at Sta B was routinely
covered with ice, buffered from relatively weak local winds,
isothermal (-1.3 °C) and mixed to the bottom (Fig. 2). Glacier
calving and a major wind event combined to break up and
blow out local fast ice in mid-December. Due to solar insolation,
ice-free conditions, major snow and glacier melt and

precipitation, a freshwater lens (ot = 26 - 26.6) developed and

persisted throughout the summer season (Fig. 2). In additon
to the effects of freshwater, relatively low wind speeds (<S m

s~1) recorded through the first week in January allowed the
water column to stratify and the UML shallowed to 20 m.
Surface water temperature within the FW-MLD had warmed to
+1.3 °C during this time, while within the UML, below the FW-
MLD, the temperature was ca. -0.2 °C (data not shown). Storm
activity, beginning the second week of January, produced high
precipitation and maintained strong northerly winds (avg. ~15
m s~ 1) for the following two weeks (Fig. 2). Water
stratification broke down and within four days, the UML depth
deepened to S5 m. Temperature - salinity relationships over
the season indicate a different water mass was advected into
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the area during this period (data not shown). With variable
winds, the UML depth fluctuated and was not stable until mid
February.

Concentrations of chlorophylla (mg Chla m™) at Sta B
varied 340-fold over the summer period, ranging from 0.086 to
29.2 mg m* (Fig. 3). Integrated water column values ranged
from 59 to 612 mg Chl a m?, with up to 70% of the biomass
below the UML (Fig. 4). Early summer communities, present
under the ice, were dominated by prymnesiophytes (indicated
by 19'-hexanoyloxyfucoxanthin), with chrysophytes (19'-
butanoyloxyfucoxanthin) (Fig. 3). In mid to late December,
coincident with the shallowing of the UML depth to ca. 20 m, a
large diatom-dominated (fucoxanthin) bloom developed at Sta
B (Fig. 3). For 3 weeks, the bloom intensified with the highest
Chl a concentrations observed between 0 and 10 m. Taxonomic
identification indicated bloom samples were dominated by a
centric diatom, Coscinodiscus spp. (D. Karentz, pers. comm.).
Within the last week of the bloom, there was a ten-fold
increase in the abundance of prymnesiophyte pigmentation
and a corresponding decrease in diatom abundance. The
presence of single celled Phaeocystis spp. was confirmed (D.
Karentz, pers. comm.). During the second week of 1992 and
corresponding to the advection event described above, Chl a
and all other pigments showed a rapid decrease, with the
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exception of significant surface concentrations of cryptophytes
(alloxanthin) present for a week after the bloom disappearance.
Chrysophyte communites were found until the beginning of
Feburary when Phaeocystis became dominant. As the UML
depth began to shallow at the end of the summer monitoring
period, diatoms were once again evident.

NO,, PO,*> Si(OH), concentrations and corresponding
molar ratios of Si(OH) ,NO,;” and NO, :PO,*  showed dramatic
changes over the season (Fig. 5). Associated with the bloom
was a depletion of NO,™ and PO,* to detection levels (PO,* <
0.03 umol m™3,NO;" < 0.05 umol m3). The ratio of NO;":PO,* also
increased during the bloom and the difference in this ratio
between 'nonbloom' (x=14.14 + 2.99, n=166) and bloom
waters (x = 48.65 + 28.66, n=51) was found to be significant at
p <0.01 (Fig. 6). The large change in the NO,:PO,*" increase was
due to the disproportionatly large uptake of PO,*" by
phytoplankton. After the bloom and coincident with the
advection event, PO,* and NO," concentrations returned to pre-
bloom levels.

The early summer period was characterized by high
levels of Si(OH) , throughout the water column below the ice
(Fig. 5) when diatoms were not abundant (Fig. 3). During the
diatom bloom, Si(OH), concentrations throughout the water

column were reduced from >40 ymol m™ to <30 umol m™3. High
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Si(OH), NO," ratios during the bloom were primarily due to the
large reduction of NO;" in the highly stratified UML. Following
the bloom and advection of different water masses into the
region, Si(OH), concentrations thoughout the water column
showed a further reduction (Fig. 4). Only in late February did
Si(OH), concentrations begin to rise.

Figure 7 shows the phytoplankton's photoadaptive state
over the season. Phytoplankton were light limited (Qpar/ Ik>
1) below 20 m the entre season, however the depth of light
limitation shallowed to ~ 5 m during the bloom.

DISCUSSION

Results from this study document phytoplankton dynamics on
time scales of days and illustrate the linkages and feedback
mechanisms between the biological, physical, and chemical
environments. Seasonal freshwater inputs and decreased local
winds caused stratification of the water column, which has
been found in other studies to be a major controlling factor
initiating biomass growth (Whitaker 1982, Smith and Sakshaug
1990, Holm-Hansen and Mitchell 1991, Mitchell and Holm-
Hansen 1991, Sakshaug et al. 1991). Water column stability in
December allowed the phytoplankton to photoacclimate and
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overcome light limitation of growth. Biomass then accumulated
in the upper 20 m and resulted in a major diatom bloom. As
predicted by Kiefer and Kremer (1981), the zone of maximal
growth and biomass shallowed as the bloom progressed. With
the increase in biomass and light attenuation, the depth at
which the phytoplankton were light limited also shallowed to
~5 m during the bloom (Fig. 7). With the shallowing of the
UML, there was a shift in the phytoplankton composition from
Phaeocystis (~1-3 um) to a larger diatom species ( Coscinodiscus
spp. ~40-80 um). Previous studies in the Antarctic have found
an identical pattern of transition to larger phytoplankton as
water column stability increases (Whitaker 1982, Rivkin 1991).
With the diatom biomass approaching concentrations
thought maximal for Antarctic waters (Holm-Hansen et al.
1989), the chemical environment was significantly altered. The
relationship between PO,* and NO," concentrations before and
after the bloom was nearly identical to the Southern Ocean
NODC (National Oceanographic Data Center) data given by
Kamykowski and Zentara (1989) (Fig. 6). However, during the
bloom, a significant shift in the relatdonship of NO," to PO, 3"
showed the preferential uptake of PO,*. Without a vertical
nutrient flux caused by the strong stratification, this trend
continued to detection limits, and therefore, PO,* could have
become the limiting resource. When PO,* concentrations
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dropped to detection limits in the upper 10m there was a
change in the phytoplankton community from diatoms to
Phaeocystis. Antarctic diatoms have shown competitive
interactions for limiting nutrients, suggesting algal assemblages
may vary with limited resources (Sommer 1988, Sommer
1991), but this is the first study to present evidence that a
shift in the nutrient field may result in changes in a natural
Antarctic phytoplankton population. The change in
phytoplankton assemblage may have taken place as a result of
PO,* limiting the growth of Coscinodiscus spp., despite
relatvely high Si(OH), concentrations, and the ability of
Phaeocystis to utilize low concentrations of both PO,* and NO;".
The nutrient absorption and storage capacity of the mucilage
surrounding Phaeocystis colonies has been shown against large
gradients of both PO,?" (Veldhuis et al. 1991) and NO,” (Verity
et al. 1988), and is a possible mechanism to explain the
transition from diatoms to Phaeocystis in the low
macronutrient environment at Sta B.

The dramatic macronutrient shifts in the water column
during the second week of January were due to the advection
of a different water mass into the area. The PO,* rich, NO;
rich, and Si(OH), poor water mass observed the later half of
this study could have been a result of water with high PO,*,
NO;" and Si(OH), concentrations mixing with coastal glacial
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meltwater and island runoff with high PO,’" and NO;"
concentrations and no Si(OH),. Such mixing processes would
have a diluting affect with Si(OH), while not effecting the PO,*
and NO," concentrations. Supporting evidence for the presence

of glacial flour at Sta B is revealed in the ot data (Fig. 2)

indicating a large freshwater input and high light attenuation
in the top 20 meters in the absence of high biomass (data not
shown).

The presence of flagellates (cryptophytes (alloxanthin)
and chrysophytes (19'-butanoyloxy-fucoxanthin)) during the
month following the advection event, may indicate a better
adaptability to this period of increased vertical mixing, which
has been documented in pelagic regions off the Antarctic
Peninsula (Kopczynska, 1992). The final two weeks of the
study are of particular interest because it was during this
period that a second diatom bloom began to develop.
Conditons were very similar to those found earlier in
November and December; decreased winds, a shallowing UML,
and a transition from Phaeocystis to diatoms (fucoxanthin
increased from < 0.1 to 0.5 mg m™). These conditions initiated
a second bloom that continued through the third week in
March (Haberman, pers. comm.). Krebs (1983) showed that
during a sampling period from December 1971 to January 1974
there were major blooms occuring December-January and
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secondary less intense blooms during the March-April time
period. These findings along with data from this study and
Holm-Hansen et al. (1989) suggest that near Palmer Station
phytoplankton dynamics and the processes controlling them
are similar between years. '

Physical factors, thought to partly initiate ice-edge
blooms, such as a meltwater lens, also appear to be important
in coastal systems, providing the stability needed for biomass
accumulation. The depth of the UML, as defined in this study,
was found to be an important factor in the development of
phytoplankton biomass (Fig. 4). As the UML shallowed (~ 20
m), integrated chlorophyll a within the UML increased an order
of magnitude. Mitchell and Holm-Hansen (1991) also showed
the same relationship of increasing biomass with shallowing of
the UML (Fig. 4). The degree of water column stability appears
to also select for certain species; diatoms in a stratified high
nutrient condition and Phaeocystis and flagellates in a mixed

variable nutrient environment prior stabilization.

CONCLUDING REMARKS

Although continued analyses of seasonal and interannual data
is needed, results from this study give preliminary indications
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that temporal variations in phytoplankton biomass and
community structure result from changes in water column
stability and in the nutrient regime, and occur on the
equivalent time scales as the transitional events (i.e. mixing,

advection, stratification) seen in the physical dynamics.
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Figure 1. Locaton of LTER sampling station B (64° 46.45' S, 64°
03.27' W) with respect to Palmer Station and (inset) the
Antarctic Peninsula.
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Figure 2. (upper) Seasonal changes in daily average wind
speed (m s-1) and directions at Palmer Station between
November 21, 1991 and February 27, 1992. Inserted compass
provides direction toward which the wind is blowing. (middle)
Seasonal patterns in daily precipitation (mm) (solid line) and
relative snow cover (dashed line) at Palmer Station. (lower)
Seasonal contour plot of sigma-t (st) at Station B. Seasonal
changes in the depth of the upper mixed layer (black squares)
and the freshwater lens (open diamonds) overlay the st
contour. Daily presence or absence of pack ice is indicated by

hatch bars.
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Figure 3. Comparison of the seasonal changes in the depth
distribution of key phytoplankton pigments at Station B
between November 21, 1991 and February 27, 1992. Pigments
shown are indicators for diatoms (fucoxanthin),
prymnesiophytes (19'-hexanoyloxyfucoxanthin), chrysophytes
(19' butanoyloxyfucoxanthin), and cryptophytes (alloxanthin).
Distribution of discrete samples is shown with closed circles.
Seasonal changes in the depth of the upper mixed layer (black
squares) and the freshwater lens (open diamonds) are shown
in the second contour. Daily presence or absence of pack ice is

indicated by hatch bars.
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Figure 4. Variations in integrated Chl 2 above the upper mixed
layer depth (UML) displayed as a function of time over the
austral summer (upper) and UML (lower) for Station B sampled
between November 21, 1991 and February 27, 1992. In the
lower panel, discrete data points within the PAL-LTER dataset
(closed squares) have been differentially labelled to indicate
integrated Chl a values present prior to the major shallowing of
the UML (closed circles) noted in December, 1991 (Fig. 2) and
one value during a major advection event in late January, 1992
(open circle). For comparison, monthly mean values (open
triangles), derived from Chl a and st profiles collected along the
Antarctic Penisula between December 1986 and March 1987,
are presented (Mitchell and Holm-Hansen, 1991).
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Figure 5. Comparison of the seasonal changes in the depth
distribution of the major macronutrients NO3-, Si(OH)4, PO43 -,

and the derived molar ratios for Si(OH)4:NO3- and NO3-:PO43~
determined for discrete samples (closed circles) collected at
Station B between November 21, 1991 and February 27, 1992.
All concentrations are given in mmol m-3. Seasonal changes in
the depth of the upper mixed layer (black squares) and the
freshwater lens (open diamonds) are shown in the second
contour plot. Daily presence or absence of pack ice is indicated
by hatch bars.
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Figure 6. Comparison of regression plots for changes in the
abundance of inorganic NO3- and PO43 - for all depths sampled
at Station B between November 21, 1991 and February 27,
1992. One regression line represents the PO43 - to NO3"
relationship (open squares) for both the pre- and post- bloom
period. The other regression represents the PO43- to NO3~
relationship (closed squares) during the diatom-dominated
bloom occurring between December 10, 1991 to January 9,
1992 (Fig. 3). Shaded areas bordering each regression line

represent +/- one standard deviation.
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Figure 7. Depth distribution of the photophysiological
parameter Qpar/ Ik determined for discrete samples collected
from Station B between November 27, 1991 and February 27,
1992. Productivity measurements made prior (closed squares),
during (closed circles) and after (open diamonds) the major
diatom bloom are indicated. Shaded area indicates data where

light limitation was evident.
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CHAPTER II

Photoadaptive response during the development of a
coastal Antarctic diatom bloom and relationship to

water column stability
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ABSTRACT

The ratio of the xanthophylls, diadinoxanthin and diatoxanthin,
to chlorophyll a [(DD + DT):Chl a] was used as a photoadaptive
index during the development of a large Antarctic diatom
bloom. This index was found to significanty track fluctuations
in the incident solar irradiance and the in situ light field over a
3 orders of magnitude change in the water column biomass.
Depth profiles of the [(DD + DT):Chl a] ratio show that the upper
'mixed' layer, assessed by physical data, was in fact stable over
the course of the month. Diel experiments conducted over the
same period showed a delayed (5-8 hrs) saturating response of
the (DD + DT) pool to the Qpar (400-700 nm) dose. These time-
series results illustrate the potential use of xanthophyll
pigments in assessing phytoplankton ‘light histories’ and the
degree of water column stability.
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INTRODUCTION

The Southern Ocean supports a rich biotic ecosystem and has
been recognized as playing an important role in many global
processes, such as biogeochemical cycling (Nelson and Smith
1991) and the sequestration of atmospheric CO, (Siegenthaler
and Sarmiento 1993). These processes are ultimately
dependent on autotrophic production by phytoplankton.
Although a continued subject of debate (Chisholm and Morel
1991), the primary mechanism controlling phytoplankton
production over much of the Southern Ocean is thought to be
light-limitation as a result of the deep vertical mixing,
characteristic for the region (Mitchell et al. 1991; Nelson and
Smith 1991; Sakshaug et al. 1991). This is especially true in
neritic and shelf water where potentally limiting
micronutrients are replete (de Barr et al. 1995). Accessing the
ability of phytoplankton to adapt to changing light fields in
these turbulent environments is, therefore, fundamental to
improving our mechanistic understanding of the magnitude
and distribution patterns of biomass and primary production in
the Southern Ocean.

To date, most studies in the Southern Ocean have been
conducted shipboard and have focused on describing the
spatal variability of phytoplankton abundance, distribution,
physiology, and productivity (El-Sayed and Weber 1982; El-
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Sayed et al. 1983; Smith and Nelson 1985; Bodungen et al.
1986; Wilson et al. 1986). While spatial studies have shown
photoadaptive indices in relation to instantaneous conditions,
interpretation of results are either in the context of steady
state conditions or an assumed prior condition (Mitchell and
Holm-Hansen 1991; Boyd et al. 1995). The ability of
phytoplankton to adapt to transient conditions is a dynamic
process and warrants investigation over the temporal scales of
adaptation. Temporal variability in phytoplankton dynamics
have been scarcely documented for the Southern Ocean
(Whitaker 1982; Mitchell and Holm-Hansen 1991; Rivkin 1991)
and time-series field investigations of photoadaptive processes
are rare. Knowledge of the time scales and rates of these
processes are critical when attempting to assess the
mechanisms controlling primary productivity. Additionally,
identification of photoadaptive indices will provide insight on
the light histories of phytoplankton and may yield information
of the mixing processes operating on similar time scales (Lewis
et al. 1984; Cullen and Lewis 1988).

Phytoplankton respond to changes in the light intensity
and quality by differentially altering the relative amounts of
various pigment concentradons and ratios. Pigments serve two
major functions in the cell. Chlorophylls and the majority of
the carotenoids function in absorbing light for photosynthesis,
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while some carotenoids have been found to function largely as
photoprotective pigments (Hagar and Stransky 1970; Stransky
and Hagar 1970; Bidigare et al. 1987; Demers et al. 1991;
Kerherve 1991; Frank et al. 1994). In diatoms, the carotenoids
diadinoxanthin (DD) and diatoxanthin (DT) function as a
photoprotective system, undergoing a light regulated de-
epoxidation/epoxidation, known as the rapid xanthophyll cycle.
These pigments dissipate excess energy by non-photochemical
fluorescence quenching, as recently described for marine
diatoms (Arsalane et al. 1994; Olaizola et al. 1994) and higher
plants (Brugnoli et al. 1994). On time scale of seconds to hours,
the (DD + DT) pool has been found to remain constant
(Welschmeyer and Hoepffner 1986; Demers et al. 1991; Caron
et al. 1992), however, over time scales of hours to days, the
pool increases in response to high irradiances (Hagar and
Stransky 1970; Stransky and Hagar 1970; Bidigare et al. 1987).
Given the changes in in situ light fields in turbulent
environments, it has been hypothesized that these pigments
could be used as indices of phytoplankton 'light histories' and
for potentially determining vertical mixing rates on identical
time scales (Lewis et al. 1984; Welschmeyer and Hoepffner
1986; Bidigare et al. 1987). Conceptually, the ratio DT:DD
would reflect rapid time scale responses (seconds to hours),
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while a measure of the total xanthophyll pool (DD+DT) could

assess a photoresponse over time scales of hours to days.

Although DT:DD was found to respond to changes in in
situ light fields in the Subarctic, it was unreliable for infering
mixing rates (Olaizola et al. 1992). This could have resulted
from the long handling time of the samples relative to the rate
of change between DD and DT and the procedural difficulties in
quantifying DT. Recognizing this, Claustre et al. (1994) assessed
in situ phytoplantkon photoadapation and kinetic rates of
photoadaptation in a frontal region in the Mediterranean Sea
using DD:Chl a. Here, in order to avoid possible influence of
short-term fluctuations in the ratio, the biomass-specific
xanthophyll pool, (DD + DT):Chl a, is quantified as a
photophysiological index to assess the photoadaptive response
of Antarctic diatoms to changing light environments on time
scales of hours to weeks. Accessing these phytoplankton
responses may further our understanding of the mechanisms
controlling biomass and primary production in the Southern
Ocean.

METHODS
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From December 5, 1991 until February 27, 1992, a total
of 249 discrete water samples were collected at station B
(Waters and Smith 1992), as part of the Palmer Long-Term
Ecological Research (LTER) program (Ross and Quetin 1992).

Sampling was conducted from a Mark V Zodiac® with an effort
to sample near solar noon. Prior to collection, vertical profiles
of photosynthetically available radiation (400-700 nm, Qpar)
were measured with a Biospherical® scalar irradiance meter
(QSR-170DT) equipped with a QSR-240 reference sensor and a
QSP-100DT underwater sensor according to procedures detailed
by Moline and Prézelin (1996). Temperature and conductivity
data were also collected in conjunction with light

measurements from a second Zodiac® detailed in Smith et al.
(1992), from which density profiles (ot) were derived (see
Moline et al. 1996). The upper mixed layer depths over the
season were calculated from the ot profiles according to
Mitchell and Holm-Hansen (1991). Whole water samples were
collected in cleaned 5 L GoFlo® bottles, transferred to dark acid-
washed polypropylene bottles and returned to Palmer Station
within 30 min, where samples remained in a cold room (-2 °C)
untl analyses.

Aliquots of all whole water samples were analyzed at
Palmer Station for algal pigments using reverse-phase HPLC
procedures described by Bidigare et al. (1989). One liter



69

samples were filtered under near in situ light conditions on 0.4
um nylon 47 mm Nuclepore® filters and extracted in 3 ml 90%
acetone for 24 hr in the dark at -20 °C. Pigment separation
was achieved with the aid of a Hitachi L-6200A liquid

chromatograph equipped with a Waters Radial-PAK®C"*
column (8 x 100 mm column; S um particles) and an Hitachi L-
4250 UV/VIS Variable Wavelength Detector (436 nm). Peak
identities of algal extracts were determined by comparing their
retention times with pure pigment provided by R. Bidigare.
Quantification of specific pigments from the algal extracts were
made by comparing peak areas with those from known
amounts of pigment standards.

On 12 occasions over the three month time period, 10 L
samples were collected from both the surface and the
chlorophyll 2 maximum (Chl 3 max) to examine the diel
variations in pigmentation. Each sample was placed in a large
Pyrex® carboy and screened with neutral density screening to
the jn situ Qpar light level at the depth of collection (surface
was screened to 50%). Carboys were incubated outdoors in a
seawater tank at ambient temperatures for 24 to 30 hr.
Subsamples were retrieved from the carboy at 3-hr intervals
for determination of pigmentation using procedures outlined

above.



70

In addition to the Qpar sensors on the sampling Zodia ®, a

second QSR-240 sensor was positioned at Palmer Station where
incident Qpar was recorded continuously every 5 min over the
3 month period. A comparison between the two QSR-240
sensors showed that Qpar readings differed < 5%. Daily average
wind speed/direction measurements were made at Palmer
Station during the study period as part of a long term database
collected by the U. S. National Science Foundation.

RESULTS AND DISCUSSION

Relatively low wind speeds after the break up of the coastal
fast ice resulted in a stable water column during the beginning
of December, 1991. This stability was enhanced with
freshwater input into the local area from glacial melting and
the depth of the upper mixed layer (UML) shallowed to ~ 20 m
(Fig. 1A; Moline et al. 1996). With the combination of stability,
increased light penetration and the release of concentrated
phytoplankton from the ice into the water column, a large
bloom developed at station B (Fig. 1A). This near unialgal
bloom of Coscinodiscus spp., as confirmed by microscopic
examination, persisted for 4 weeks and accounted for more
than 95% of the carotenoid pigmentation (as fucoxanthin) at
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station B (Moline and Prézelin 1996). Chl a concentrations
ranged from 0.3 to ca. 30 mg Chl a m?. Integrated water
column Chl a biomass peaked at 612 mg Chl 3 m? the last day
of 1991 (Moline et al. 1996).

In January 1992, there was a rapid community transition
in the bloom from diatoms to a cryptophyte dominated
community (Moline and Prézelin 1996). Unlike diatoms,
cryptophytes do not to have a xanthophyll cycle, and pigments
which function as photoprotectants in the visible spectrum in
this group are not specifically known. Experiments have shown
that the primary cryptophyte-specific carotenoid, alloxanthin,
functions largely as a photosynthetic pigment, with low
transfer efficiency, but also as a photoprotective pigment (G.
Johnsen and M. Vernet, pers. comms.). The vertical distribution
of alloxanthin:Chl a at station B during January, 1992 showed a
subsurface maximum occurring at the 5-10% Qpar (0*) light
levels, suggesting a photosynthetic function (data not shown).

Because of the shift in community composition from
diatoms to a taxonomic group where the photoprotective
pigmentation is uncertain, this study focused on the period
from JD 339 (1991) to JD 7 (1992), when diatoms were
dominant and the major photoprotective pigments were the
xanthophyll pigments, diadinoxanthin (DD) and diatoxanthin
(DT). While diatoms are a primary bloom forming
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phytoplankton group in the Antarctic, it should be noted that

other groups containing xanthophyll pigments, such as
prymnesiophytes, also contribute significantly to
phytoplankton biomass in the Southern Ocean (El-Sayed and
Fryxell, 1993).

Figure 1B shows the photophysiological index, (DD +
DT)«Chl a2, with depth over the study period. First, whatis
clearly evident is that the ratio decreased with depth for each
sampling date, suggesting that the response rate of the
photoprotective pigments was always greater than the rates of
vertical mixing. Given this, the time evolution of the (DD +
DT):Chl a ratio also illustrated the response to changes in the
incident light fields and the apparent optical properties of the
water column. The 100-fold variation in phytoplankton
biomass over the course of the bloom had a measurable effect
on the attenuadon of Qpar in the water column. The 1% Qpar
light level shallowed from 60 m in early December to ca. 10 m
at the peak of the bloom (Fig. 1B). The contours of the (DD +
DT):Chl a ratio paralleled the increasing attenuation over the
season with 1% Qpar depth significantly correlating to an
absolute (DD + DT):Chl a ratio between 0.05 and 0.06 (R? = 0.98),
indicating the diatom bloom was potentally light limited from
self-shading. Photosynthesis-irradiance data revealed that, in
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fact, the depth of light limitation during the peak of the diatom
bloom shallowed to ~5 m (data not shown, Moline et al. 1996).

In addition to tracking the increases in attenuation
resulting from the bloom, the (DD + DT):Chl a ratio was also
significantly correlated (p < 0.001) to the light intensity at each
depth (Fig. 2) and reflected the general decrease in the
incident surface Qpar measured over the 33 day period (Moline
and Prézelin 1996). This agrees with in situ (Claustre et al.,
1994) and laboratory studies (Demers et al. 1991; Claustre et
al. 1994) showing the xanthophyll pool to be light dependent
on daily time scales. Interestingly the most significant
correlation was using the Qpar integrated 6-8 hrs prior to
collection and close to dawn (Fig. 2, inset). Regressions using
integrated Qpar 6-18 hrs prior to collection did not change
much because of the low irradiances during the night. When
integrated light from the previous day (18-24 hrs prior to
collection) was included, the regressions rapidly decreased (Fig.
2, inset), indicating the photoprotective response was not
responding the the light of the previous photoperiod. These
results show a 6-8 hour delay in the response of the (DD +
DT):Chl g ratio to the jn situ light field.

The ratio of (DD + DT):Chl a for each depth normalized to
the surface values showed a significant linear relationship for
light levels between 0.1% and 100% of the Qpar (0') value (Fig.
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3). However, for light levels below 0.1 %, the normalized (DD +
DT)«Chl a ratio reached minimum values ranging from 15 to
25% of the surface values corresponding to minimum absolute
ratios between 0.02 and 0.05. This concurs with profiles take
from the Mediterranean Sea showing DD:Chl a decrease
exponentially with depth towards a minimum value (Claustre
et al. 1994).

The relationship of the photoadaptive index to the in situ
light field was further examined by comparing the attenuation
coefficients of Qpar (Kd) to the 'attenuation coefficient' of the
(DD + DT)«Chl a ratio (Kr) above the depth of the minimum
threshold rado previously described. With nine profiles, the
correlation between the two coefficients was found to be
significant (p < 0.001), however, the regression line was offset
from a 1:1 relatonship (Fig. 4). If the relative concentrations
of photoprotective pigment pool responded directly to the in
situ light field, a 1:1 correspondence between the attenuation
coefficients would be expected unless 1) the water column was
vertically mixing faster than the photoprotective pigment
response rate and/or 2) the surface value approached the
minimum threshold values (Fig. 4). The fact that the slope of
the regression is near to 1 indicates tﬁat the water column was
relatively stable for the period of this study. For two sampling
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days (JD 350 & 364), however, the coefficients deviated from
the 1:1 relationship by more than 50%.

Density profiles collected from JD 344-354 showed no
vertical structure (Fig. 1A) and by traditional interpretation,
the water column would be considered well mixed. The lack of
vertical homogeneity in the photoprotective index over this
period suggests little active mixing on the time scale of the
photoprotective pigment response. On JD 350, however, there
was a discrepancy between Kr and Kd, implying mixing.
Because of the interpretive limitations of the in-water physical
data, the local wind field was used as a relative index for
mixing. Wind forcing in this coastal environment has been
shown to be a primary mechanism controlling biomass
accumulation (Moline and Prézelin, submitted), a result found
in other locations of the Southern Ocean (Lancelot et al. 1993; K.
Arrigo, pers. comm.). The average daily wind speeds during
this study were significantly below the summer average and
only during one period from JD 346 through JD 348 were high
wind speeds consistently above the average (Fig. 5). The 53%
discrepancy between Kr and Kd measured on JD 350 could be a
residual effect of this wind/mixing event not revealed in the
density profiles (Fig. 4).

JD 364 also showed a difference between the attenuation
of light and the (DD + DT):Chl a ratio, however, wind stress was
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low, with the surface (DD + DT):Chl g close to the threshold

value. As previously mentioned, an effort was made to sample
within an hour of solar noon. This was the case for all profiles
with the exception of JD 364, which was sampled ~ 4 hrs prior
to solar noon. With evidence for light/dark effects on the
concentration of diadinoxathin (Claustre et al. 1994), the diel
changes in the chlorophyll a-specific photoprotective pool (DD +
DT) were examined as a possible explanation for the deviation
of Kr from Kd measured on JD 364.

Results from four weekly diel measurements from JD 339
to JD 7 showed a clear response from both the surface and Chl a
max populations to the daily light cycle, illustrating the time of
sampling was significant (Fig. 6). It should be mentioned that
Chl a concentrations did not change during the diel
experiments, therefore, fluctuations in (DD + DT):Chl g were a
result of changes in the (DD + DT) pool. Itis interesting to note
that the magnitude of the daily variation in the surface and Chl
4 max were not significantly different, illustrating that the cells
were responding equally to relative changes in light intensity
and not to the spectral light quality.

There was , however, a delay between the peak
irradiance and the maximum value of (DD + DT):Chl a at each
depth for all diel experiments (Fig. 6). The average delay was ~
6 hrs with a range from 5.25 to 8.25 hrs. This corresponds well
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with the lagged response in the ratio found for the integrated
in situ irradiance measurements (Fig. 2) and confirms the
response time of the photoprotective pigment pool. This
response is significantly slower than that found in kinetic
experiments conducted in the Mediterranean Sea, which
responded to changes in light intensity within 0.5 hrs (Claustre
et al. 1994). In addidon to differences in community
composition between the two locations, the longer response
times for Antarctic phytoplankton in this study may be a
function of lower temperatures, slowing enzyme rate Kinetics
and the de novo synthesis of the xanthophyll pool.
Temperature has been found to effect photosynthesis (Tilzer et
al. 1986), respiration (Tilzer and Dubinsky 1987), growth rates
(Sakshaug and Holm-Hansen 1986), and enzyme activity (Li et
al. 1984) in high latitude environments and, therefore, may
similarly effect the turnover rates of the xanthophyll pool in
natural populations.

The delayed response of the (DD + DT) pool to the in situ
light field may have significant implications for primary
productivity in this coastal environment. The peak
accumulation of the photoprotective pigments occurs
significanty later than the peak solar insolation and, therefore,
may potentally increase the susceptibility of the cell to
photoinhibition during the midday hours. However, over the
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experimental days photoinhibition was not detected at high
irradiances, saturation irradiances for photosynthesis did not
change significantly, and light-saturated photosynthetic
potentials were high (3.5-3.6 mg C mg Chl a m™ h'!) with a
maximum centered within an hour of solar noon (Moline and
Prézelin 1996). Daily minimum values of (DD + DT):Chl a for the
diel experiments were 0.15 + 0.03 for surface samples and 0.07
+ 0.01 for Chl 32 max samples. These levels of photoprotective
pigmentation may have been sufficient to dissipate excess
energy in the hours up to and following solar noon, with the
synthesis of additional pigmentation (~ 30%) responding to the
increasing sensitivity to high light intensities and susceptibility
to photoinhibition later in the day (Marra 1978). This
mechanism is probable for the diatoms in this study, which
were isolated in the stable surface waters at Sta B for more
than a month by stratification and exposed to high irradiances.
More than 70% of the water column production was light
saturated (Claustre et al. 1996) and 85 % of production was
light saturated in the upper 5 m (Moline, unpublished data),
further evidence suggesting these surface populations were
susceptible to high light stress.

When the delays in the photoprotective response for the
individual diel experiments were removed, there was a
correspondence between the change from the initial (DD +



79
DT):Chl a value and the Qpar dose over each interval (Fig. 7).

The response, however, was not linear and showed the change
in (DD + DT):Chl a saturating with Qpar dose. Above a Qpar
threshold of 1.66 + 0.36 Ein m™ for each interval (~ 3 hrs), the
change in the (DD + DT):Chl a was stable with a maximum of
0.041 = 0.004. At Qpar doses below 1.66 Ein m?, there was a
significant proportional linear response, with a ratio change of
0.01 for every 0.40 Ein m™ increase in light dose (r* = 0.52,
n=23).

With (DD + DT):Chl a responding in a predictable manner
to the light fields in stable in situ and in vitro conditions, the
ratio may be able to provide additional information on the
vertical stability of the water column and rates of mixing, given
the majority of the phytoplankton contain xanthophyll
pigmentation. Traditional interpretation of density profiles
provides the depth of 'mixing', however, provides no
information on the time scales of the mixing processes. The use
of the photoadaptive index, (DD + DT):Chl a, is illustrated in two
profiles collected in November, 1991 off the Antarctic
Peninsula (Fig. 8). Figure 8A is a protected nearshore coastal
station in Dallmann Bay where the mixed layer was ~ 50 m,
typical for this area (Mitchell and Holm-Hansen, 1991). Along
with homogenous density within this layer, the (DD + DT):Chl a
showed uniform distribution, with the ratio within the layer
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was higher compared to samples taken at or below the
pycnocline. The added physiological response information
clearly shows this ‘mixed’ layer, as defined by physical data,
was mixing or had been recently mixing. The high ratio within
the layer also indicates exposure to high surface ‘light
intensities. For an offshore station ~ 100 km from Anvers Is.,
the density profile shows a uniform distribution to ~100m With
some structure beginning at ~75m (Fig. 8B). Unlike the
nearshore station, however, the (DD + DT):Chl a ratio decreases
exponentially with depth from the surface 50 m. Results from
this study show that the upper water column was in fact stable
and had been for at least 2-3 days, given the high ratio and the
rate of accumulation of the (DD + DT) pool in figure 6.

While enhanced stratification does increase the overall
stability of the water column, as seen during this study as the
diatom bloom progressed (Fig. 1), the absence of a pycnocline
can not be used to infer mixing. The discrepancies between
stratification and stability have been emphasized in previous
studies (Ryther 1960; Townsend et al. 1992), however, this
point is often overlooked. The degree of stability and the
residence tdme of phytoplankton in the euphotic zone is critical
for photoadaptation, growth and productivity (Smetacek and
Passow 1990; Nelson and Smith 1991), therefore,
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interpretations of these indices within the water column based

solely on physical data may be limited.
CONCLUDING REMARKS

The stable conditions during this study allows validation
of the photoadaptive index, (DD + DT):Chl g, for interpreting
phytoplankton light histories. On scales of hours to weeks,
there is a strong coherence of the photoprotective pigment
response to the changing light field. While the pool size of DD +
DT responded within hours to the instantaneous light field,
there is a longer term response to the day to day changes in
solar insulation (Fig. 2). With this knowledge, these field
results demonstrate the usefulness in (DD + DT):Chl a for
improving interpretation of water column stability in diatom
dominated waters. With further studies on the rate kinetics of
these photoprotective pigments, the use of (DD + DT):Chl a as an
index of vertical stability in combination with physical data,
much like the recent model by Doney et al. (1995) for
photochemical species in the euphotic zone, will provide a
better understanding of the effects of high vertical mixing on
limiting primary production in the Southern Ocean.
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Figure 1. A) The seasonal change in the depth distribution of
chlorophyll a3 (mg Chl a2 m*) at LTER station B (64° 46.45' S, 64°
03.27' W) from December 5, 1991 to February 27, 1992.
Contours of Chl g values in excess of 8 mg m™ are not shown.
The distribution of discrete samples collected for HPLC
determinations is shown by open circles. The depths of the
upper 'mixed'layer were calculated according to Mitchell and
Holm-Hansen (1991) and are indicated by open squares. B)
The seasonal change in the depth distribution of the
(diadinoxanthin + diadinxanthin)/Chlorophyll a ratio [(DD +
DT)«Chl a] from December 5, 1991 to January 7, 1992 (see text
for explaination of this time period). The depths of the 1%

surface Qpar are indicated by closed circles. Contour plots were

generated using the Delaunay triangulation method.
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Figure 2. Relationship between integrated Qpar irradiance at
each sampling depth and the (DD + DT):Chl a ratio for collected
from December S, 1991 to January 7, 1992, Qpar irradiance for
each day was integrated up to 24 hrs prior to collection at one
hour steps and at each step regressed against the measured (DD
+DT):Chl a ratio (inset). The highest significant correlation
coefficents were found to be the Qpar irradiance integrated 6-8
hrs prior to collecdon. From 6-18 hrs prior to collection, the
sigificance of the correlation does not change because of the
minimal contribution of light during the night (horizontal
shaded bar). The arrow indicates the seven hour integrated

Qpar irradiance values that were used in this figure.
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Figure 3. The percent of the surface (DD + DT):Chl a ratio at
each sampling depth compared with the percent of the surface
Qpar (0') at each respective depth for samples collected from
December 5, 1991 and January 7, 1992 (n = 65). The power
function best defining the data between 0.1 and 100 % surface
Qpar (07) is: % surface [(DD + DT):Chl a] = 26.053* [% Qpar (O

)]*exp(0.27); n = 57.
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Figure 4. The relatdonship between the Qpar attenuation
coefficent (Kd) and the attenuation coefficent (Kr) calculated
from the nine vertical profiles of the (DD + DT):Chl g ratio
collected over the study period. The regression line is: Kr =
.881*Kd - 0.022. The 1:1 relationship is included for

comparison.
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Figure 5. The average daily wind speed recorded at Palmer
Staton from December 1, 1991 to January 7, 1992. Profile
sampling dates are indicated by black bars. The dotted line is a
six year (1989-1995) average daily wind speed for the same
period.
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Figure 6. Daily change in the (DD + DT):Chl a (normalized to the
daily maximum) for surface and chlorophyll 3 maximum
samples and average incident Qpar irradiance on December 16,
23, 30, 1991 and January 7, 1992. A third-order polynomial
has been fit to all data to illustrate the average delay (~ 6 hrs)
in the response of the normalized (DD + DT):Chl a ratio to the
average light field.
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Figure 7. The absolute change in (DD + DT):Chl a from the daily
minimum as a function of Qpar dose for each time interval over
the day for surface and chlorophyll 2 maximum samples taken
on December 16, 23, 30, 1991 and January 7, 1992. This
response is evaluated after removing the time delay shown in

Fig. 6 for each depth and each day (see text).
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Figure 8. Profiles of the photoadaptive index, (DD + DT):Chl g, in
relaton to water column density for two LTER stations, A)
700.040; 64° 20.00' S, 65° 57.32' W and B) 600.140; 64° 15.15'
S, 63°02.35' W, taken November, 1991 along the Antarctic

Peninsula.
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CHAPTER III

High-Resolution Time-Series Data for 1991/1992
Primary Production and Related Parameters at a
Palmer LTER Coastal Site: Implications for Modeling

Carbon Fixation in the Southern Ocean
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ABSTRACT

Our goal was to provide a high-resolution temporal data base
for modeling primary production in shelf waters adjacent to
Palmer Station, Antarctica. Here, the resulting data base is
used to 1) determine in situ productivity over a range of
seasonal to subseasonal time scales; 2) identify tme scales of
significant variability in marine productivity during the peak
growing season; 3) identify environmental, experimental and
analytical factors that can significantly impact the accuracy of
daily, weekly and seasonal productivity estimates; and 4)
integrate our findings with previous studies of Antarctic coastal
primary production. Data was gathered every 2 to 3 days
during a three month period in the austral spring/summer of
1991/1992. Photosynthesis-irradiance (P-I) relationships were
determined throughout the euphotic zone and P-I parameters,
combined with knowledge of the in-water light field, were used
to derive instantaneous rates of in situ primary production.
Additionally, weekly samples were collected from surface and
chlorophyll a maxima for characterization of the patterns of
diel periodicity in P-I parameters. Seven diel patterns were
discerned over the season and used to time-correct
instantaneous measurements and derive noontime, daily,
monthly and seasonally integrated estimates of production.
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During the season, a large bloom was responsible for some of
the highest daily productivity rates reported for the Southern
Ocean (0.8 gCm™>d?, 6.3 gCm?2d?"). Significant variation in
daily integrated rates occurred generally on time scales less
than a week. Peak timing ard magnitude of daytime
periodicities in photosynthesis varied widely over the season,
closely coupled to changes in phytoplankton community
composition. Instantaneous measurements of primary
production, if uncorrected or improperly corrected for daytime
periodicities in carbon fixation, were unreliable predictors of
production on longer time scales even if the water column was
sampled every few days. High frequency sampling and
consideration of diel periodicity may be requirements when
attempting to discern differences between short time-scale
variability and long-term trends in Antarctic primary
production.
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INTRODUCTION

The Southern Ocean supports a rich biotic ecosystem,
ultimately dependent on autotrophic production by
phytoplankton. Many previous studies have documented large
spatial variations in primary productvity (cf. Holm-Hansen et
al. 1977; El-Sayed et al. 1983; Bodungen et al. 1986; Wilson et
al. 1986; Holm-Hansen and Mitchell 1991; Helbling et al. 1995).
Production associated with marginal ice zones (cf. Smith and
Nelson 1985; Holm-Hansen and Mitchell 1991; Prézelin et al.
1994) and coastal shelf regions (cf. El-Sayed and Weber 1982;
Holm-Hansen and Mitchell 1991; Prézelin et al. 19923a) is
generally higher than offshore waters, which are
characteristically oligotrophic (Smith and Sakshaug 1990;
Sakshaug et al. 1991). Few studies, however, have examined
the temporal variability in primary productivity in any of
these regions. Exceptions include Horne et al. (1969), who
sampled coastal waters at South Orkney Island every 5-6 days
over a period of 1 month; Whitaker (1982) sampled the same
sites as Horne et al. (1969) but with a sampling frequency of
ca. 20 days over a 2 year period; Holm-Hansen and Mitchell
(1991) sampled 4 sites in coastal waters along the Palmer
Peninsula at 20 day intervals for a 4 month period; and Rivkin
(1991) sampled McMurdo Sound every 5-6 days for a period of
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5 months. Recent analyses of sampling frequency effects on
error estimates of primary production (Taylor and Howes
1994) suggest, however, that the above sampling regimes may
not be sufficient to resolve significant variations in local
production which occur on shorter (less than 1 week) times
scales. If true, unknown errors would be included in derived
production estimates on longer time scales, with ramifications
for ecosystem modeling and interpretation of seasonal
dynamics in phytoplankton communities of the Southern Ocean.
The Palmer LTER is a multidisciplinary program
established in 1990 (Ross and Quetin 1992). It seeks to
understand and model predictive interactions between
different marine trophic levels and the chemical / optical /
physical environment of coastal waters in the Southern Ocean.
Work was defined in the context of common goals and
philosophy of the U. S. LTER NETWORK, which included
requirements for the definition of patterns and control of
primary production within the LTER study site along the
Palmer Peninsula, as well as spatial and temporal distributions
of populations representing different trophic structures. With
relatively littde background data, starting up a long-term
research program required much attention to both field
program design and intensive data collection in order to assure
the ability to eventually distinguish between natural short-
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term variability and long-term trend due to natural cycles (i. e.
ice coverage) or unnatural environmental perturbations
brought on by global climate change (i. e. global warming,
ozone diminution).

Sampling of time-series stations within 5 km of Palmer
Station was particularly intense in the first year of the program
(1991-1992), as phytoplankton dynamics were thought likely
to change significantly over small time and space scales, with
serious implications for interpretation of long-term data sets
and sampling strategies. To this end, carbon fixation rates
were determined on an average of every 2 to 3 days to
estimate instantaneous, daily and monthly simulated in situ
rates of primary productivity for the three month spring-
summer period. Uncertainty of the timing and magnitude of
daily changes in production, known to introduce significant
errors in estimates of in situ rates of primary production in
both temperate (cf. Harding et al. 1982; Prézelin et al. 1987;
Smith et al. 1987; Prézelin and Glover 1991) and polar latitudes
(Rivkin 1987; Rivkin and Putt 1988), made it also necessary to
measure and incorporate diel variation in the rate estimates for
the season. The resulting high-resolution time-series data set,
collected for a single LTER station, is émployed here to 1)
determine simulated in situ productivity on time scales and for
durations not previously reported for the Antarctic: 2) identify
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time scales of significant variability in productivity during the
peak growing season in these largely uncharacterized locations,
so that perhaps less resolved sampling strategies could be
justified in following LTER field seasons: 3) determine and
examine factors that may significantly affect daily, weekly and
seasonal productivity estimates: and 4) integrate our results
with previous studies of Antarctic coastal primary production.
These findings would provide insights and advancements in
primary production estimates useful to the planning of other
multidisciplinary programs (i. e. GLOBEC and JGOFS) which
share similar goals of ascertaining the differences between
short-term variability and long-term trends in primary
production in diverse regions of the Southern Ocean.

METHODS

Sampling

From 3 December, 1991 until 27 February, 1992, a total of 249
discrete water samples were collected at the LTER Station B
(Sta B; Fig. 1) for concurrent determinations of physical, optical,
biological and chemical parameters related to phytoplankton
ecosystem dynamics. Prior to collection, vertical profiles of
photosynthetically available radiation (400-700 nm, Qpar) and
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temperature were measured. In addition, in situ chlorophyll
(Chl) fluorescence profiles were measured (Smith et al. 1992a).
From the light and fluorescence profiles, subsurface sampling
depths were preselected to include the surface, Chl 4 maximum
(Chl a max), the 30%, 12%, 7% and 3% Qpar light levels and
usually one sample near the bottom (~ 65 m). Sampling was
conducted from a Mark V Zodiac® with an effort to sample near
solar noon. Whole water samples were collected in cleaned 5 L
GoFlo® bottles, transferred to acid-washed dark bottles and
returned to Palmer Station within 30 min, where samples
remained in a cold room (-2 °C) untl analyses.

HPLC Pigment Analysis

Aliquots of all whole water samples were analyzed for the algal
pigments using reverse-phase HPLC procedures described by
Bidigare et al. (1989). One liter samples were filtered on 0.4
pum nylon 47 mm Nuclepore® filters and extracted in 3 mL 90%
acetone for 24 hr in the dark at -20 °C. Pigment separation
was achieved with the aid of a Hitachi L-6200A liquid
chromatograph equipped with a Waters Radial-PAK® c'®
column (8 x 100 mm column; 5 um particles) and an Hitachi L-
4250 UV/VIS Variable Wavelength Detector (436 nm). Peak
identities of algal extracts were determined by comparing their

retention times with pure pigment standards. For the purposes
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of the present study, temporal/spatial patterns are presented
only for the chemotaxomic marker pigments Chl a (an indicator
of total phytoplankton biomass), alloxanthin (a marker for
cryptophytes), 19’-hexanoyloxyfucoxanthin (an indicator of
prymnesiophytes and in Antarctica a particular marker for
Phaeocystis spp.) (Bidigare et al. 1995) , 19’-butanoyloxy-
fucoxanthin (indicator of chrysophytes), and fucoxanthin (a
diatom marker in Antarctica where fucoxanthin is not
abundant in the major prymnesiophyte, Phaeocystis sp.). For
additional details on the seasonal dynamics of algal
pigmentation at Sta B, as well as surrounding LTER nearshore
transect stations, see Prézelin et al. (1992b) and Moline et al.
(1996).

Qpar Measurements

Surface and in-water fluxes of Qpar (400-700 nm) were
measured respectively with a Biospherical® scalar irradiance
meter (QSR-170DT) equipped with a QSR-240 reference sensor
and a QSP-100DT underwater sensor. A second QSR-240 sensor
was positoned next to outdoor incubators at Palmer Station
where diel patterns of simulated in situ primary production
were determined (see below). Incident Qpar was recorded
continuously every 5 min over the 3 month period. A
comparison between the two QSR-240 sensors showed that
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Qpar readings differed < 5%. Theoretical clear-sky maxima of

daily integrated Qpar (E m’>) over the season were calculated
from Morel (1991) and D. Antoine (pers. comm.) using an
atmospheric correction (350 DU for ozone content and 2 cm
precipitable water content). Bio-optical nomenclature used
throughout this study is from Prézelin et al. (1993b).
Photosynthesis-Irradiance Relationships

On 39 days over the course of the sampling season, a total of
397 photosynthesis-irradiance (P-I) curves were determined
for water-column samples collected from Sta B. Of these, 181
P-I relationships were measured immediately after field
collection for determinations of ‘instantaneous’ rates of primary
production. The remaining 216 P-I curves represent the 12
weekly analyses of diel variations in P-I parameters in both
surface and Chl 2 max samples (see below).

All P-I measurements were made in blue-green light
(CuSO, filters) Qpar photosynthetrons, using established
radiolabelled H'4@, uptake procedures (Prézelin et al. 1989;
Prézelin and Glover 1991). Blue-green light fields more closely
mimic in-water spectral conditions in clear ocean waters and
tend to release cells from artificial white light (or far-red)
effects, which can reduce carbon uptake rates and
photosynthetic quantum efficiencies (Prézelin et al. 1989;
Schofield et al. 1991). Incubation times were kept to 90 min



117

and incubation temperatures were controlled to within 0.2 °C of
in situ temperatures. After incubation, samples were fixed
with 20 mL formalin solution, acidified with glacial acetic
acid:methanol (1:30), and heat dried (Prézelin and Glover
1991). Dried samples were resuspendea in 1 mL of deionized
water before National Diagnostics Liquiscint® scintillation fluor
was added. Quench-corrected disintegrations per min were
determined on a LKB 1217 liquid scintillation counter.

Non-linear curve fits for P-I data were calculated using
the Simplex method of Caceci and Cacheris (1984). Curve
fitting provided the photosynthetic parameters Pmax (the light
saturated photosynthetic potential), o (the light-limited
photosynthetic efficiency), Ik (= Pmax/c; an estimate of the
minimum irradiance required for the onset of light saturated
photosynthesis), B (the efficiency of photoinhibition) and It (the
irradiance threshold for the onset of photoinhibition). Estimates
of the standard deviations for the P-I parameters were
calculated using the procedures described by Zimmerman et al.
(1987).

The derived P-I parameters from the nearly 400 P-I
curves formed the data base for bio-optical modeling of in situ
primary production in the present time series. To increase the
accuracy of our estimates for primary production on different
time scales, we eliminated from the data base any Pmax values
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with standard deviation estimates > 25% of the parameter
value and any a value with a standard deviation > 30%. This
reduced the size of the productivity data base by less than 10%.
When Qpar-photoinhibition was evident, standard deviations

for B and It were often large as a result of a limited number of

high irradiance data points. However, given that Qpar-
photoinhibition was rarely predicted at in situ irradiances (data
not shown), uncertainty in p values would have had little
impact on the accuracy of simulated jn situ productivity
estimates in the present study on time scales longer than one
day.

Diel Measurements

On 12 occasions over the three month time period, 10 L
samples were collected from both the surface and the Chl a
max to determine the diel variation in the P-I parameters.
Samples were placed in large Pyrex® carboys, screened with
neutral density screening to the in situ Qpar light level at the
depth of collection (surface was screened to 50% transmission),
and incubated outdoors in a seawater tank at ambient
temperatures for 24 to 30 hr. Subsamples were retrieved from
the carboy at 3-hr intervals for determination of pigmentation
and P-I relationships, using procedures outlined above. The
day:night variations in P-I parameters were plotted in order to
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resolve the time of day when the parameter reached its
maximum value (i. e. maxPmax) and to quantify the magnitude
(i. e. maximum:minimum ratio) of the daytime variation in each
P-I parameter. If diel patterns for the absolute variations in a

P-I parameter (i. e. Pmax) were overlaid for different days that

were deemed comparable (see below), a similar pattern was
found but with different absolute. To compare the timing and
magnitude of diel variations on different days, each diel
patterns was normalized to its maximum value for that day (i.
e. Pmax: maxPmax) (Fig. 2).

It should be noted that since 1/4” Pyrex® does not
transmit solar ultraviolet radiation reaching the earth surface
(ca. 295-400 nm) at wavelengths less than ca. 324 nm,
incubated samples may have been released or possibly
recovering from UVB (295-320 nm) inhibition during the diel
studies. A previous study of natural communities of
Phaeocystis spp. under the influence of the 1990 ozone ‘hole’
indicated that these phytoplankters were immediately released
from all UVB inhibition when placed in Qpar-only incubators
(Prézelin et al. 1994). With respect to UVA radiation (320-400
nm), our studies of Antarctic phytoplankton show it to be
generally photoinhibitory and sometimes photosynthetically
useful depending upon circumstances (Prézelin et al. 1994).
The incorporation of UV inhibition, with consideration of the
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mixing regimes and in sity light histories can not yet be
adequately addressed in this portion of the LTER field program.
We, therefore, take a conservative approach to estimating
simulated in situ rates of primary production and assume the
diel patterns determined in the outdoor incubators are for
Qpar-rates of photosynthesis only.

Calculation of Simulated In Situ Primary Productivity
Before the simulated in situ estimates of primary production
could be calculated, it was necessary to first evaluate the
different diel periodicity patterns of P-I parameters and then
to determine which patterns to assign to different
instantaneous samples in order to generate time-dependent
rates of primary production. The approach was very similar to
that developed for time-correcting photosynthetic data to get a
near synoptic view of in situ productivity off coastal California
(Prézelin et al. 1987; Smith et al. 1987; Smith et al. 1989) and
in the Sargasso Sea (Prézelin and Glover, 1991). Diel patterns
for each Chl a-specific P-I parameter were sorted based upon
shared biological and physical characteristics (i. e. water-mass
type, pigment composition, location in water column and
temporal occurrence over the season). As a result of this

analyses, 7 distinct sets of diel patterns of variations in Pmax

and a were revealed over the season. Each normalized diel
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pattern for a P-I parameter (i. e. Fig. 2 for pattern I) was
manually fit and then interpolated at 2-hr intervals over the
day, thereby allowing any instantaneous determination of any
in situ P-I parameter to be extrapolated to an absolute diel
pattern with the same 2 hr resolution. Ik was relatively
constant for any individual diel measurements over the season,
with a patterns always significantly correlated with Pmax
patterns (p<0.0001). Daily Ik patterns were therefore
considered constant for calculations of simulated jn situ
productivity. Patterns for p and It were also determined for
each diel measurement and incorporated in the calculations
using the same criteria as for Pmax and a.

Simulated jn situ photosynthetic rates for a given depth
and dme [P (z, t)] were calculated as a hyperbolic tangent
(Neale and Richerson 1987),

P(z,1) = Py (2,1) ® mnh(w)

Ik(Z,t) Eq. l

when Qpar (z, 1), the in situ irradiance, was less than It (z, t)

and
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Q,(2.1)
I.(z,1)

P(z,1)= P, (z.1)® :anh( ) exp~B(Qy (z.0) — [2.))]

Eq. 2

when Qpar (z, t) was greater than It (z, t). Resulting estimates
of hourly in situ primary production, at 2 hr intérvals, over the
day were then used to determine daily rates by trapezoidal
integration at each discrete sampling depth. Trapezoidal
integration was also used for calculating depth integrated rates,
which were then integrated to estimate weekly, monthly and
seasonal rates of primary production. Contour plots in this
study were generated using the Delaunay triangulation method
(DeltaGraph Pro3®, DeltaPoint Inc., Monterey, CA, USA).

RESULTS

Seasonal Light Field Variation

Under clear sky conditions, it is the progressive changes in
daylength and solar zenith angle (Fig. 3A) which determine
seasonal changes in daily integrated irradiance (Fig. 3B)
reaching at any given location on earth. However, at LTER Sta
B from late spring through the summer of 1991/1992, incident
Qpar was routinely less than the theoretical limit (Fig. 3B). On

average, only 73% = 29% of daily Qpar reached the study site
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over the course of the monitoring program (Fig. 3C).
Fluctuations in daily integrated Qpar could vary 2 to 3 fold
within one to two days of each other. On the time scales of a
few weeks, daily integrated Qpar appeared to reflect the
somewhat periodic nature of Antarctic storms and their
associated increased cloud cover (Fig. 3B). Clearer sky
conditions were more prevalent in early summer when the
diatom bloom occurred and at the end of the field season in
late February, 1992. During a storm event the last week in
January, only ca. 28% of daily Qpar reached the study site. As
in other studies (Holm-Hansen and Mitchell 1991), incident
Qpar was occasionally higher than the calculated maximum for
clear skies and is thought to result from reflection by snow/ice
cover.

Attenuation of surface Qpar in the water column at LTER
Sta B varied greatly over the season, due to the 100-fold
variation in phytoplankton biomass (Fig 4). Chl a concentrations

ranged from 0.3 to ca. 30 mg Chl a m” over the late
spring/summer season with the 1% Qpar light level
correspondingly varying between 60 and 10 m. Two to 10-fold
fluctuations in phytoplankton standing stock and light
attenuation were evident within any given week of sampling
(Fig. 4). The rapid short-term fluctuations in daily integrated
surface irradiance (Fig. 3B), phytoplankton biomass (Fig. 4A)
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and its effect on in situ attenuation coefficients for Qpar
(illustrated by changing percent light depths in Fig. 4B)
combined to determine the seasonal pattern of daily integrated
in-water Qpar at LTER Sta B (Fig. SA].

Water-column stability, as measured by the depth of the
upper mixed layer [UML; Mitchell and Holm-Hansen (1991)],
was found to be a major driving force for the accumulation of
biomass in the water column at Sta B through the first LTER
season (Moline et al. 1996). Further evidence for this
conclusion is the significant relationships between changes in
the percent light depths and the depth of the UML (Fig. 5B). As
phytoplankton biomass increased in response to the shallowing
UML depth on time scales of a couple of days, there was a
corresponding decrease in the depth of the euphotic zone. Data
regarding the photoadaptive responses and optimization of
light utilization efficiency for photosynthesis during this period
are discussed elsewhere (Schofield et al. 1994, Schofield et al.,

submitted).

Seasonal Variations in Phytoplankton Community

Composition and Diel Patterns of Photosynthesis
Late spring and the initiation of a diatom bloom with a midday

peak in productivity, In late November 1991, the water
column at Sta B was ice-covered (Fig. 4) and the spring
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phytoplankton community was dominated by a mixed
assemblage of diatoms (as indicated by the presence of
fucoxanthin), prymnesiophytes (19’-hexanoyloxyfucoxanthin;
in the Antarctic primarily Phaeocystis spp.) and chrysophytes
(19’-butanoyloxyfucoxanthin) (Fig. 6). There were also
indications of chlorophytes (Chl b) throughout the region
(Prézelin et al. 1992b). The combination of relatively clear
skies, low solar zenith angles, increasing daylength (Fig. 3) and
low phytoplankton biomass (0.83 mg Chla m™’; Fig. 4) all
contributed to the observation that the absolute solar insolation
in the water column, even under surface ice, was at or near the
highest values measured during the 1991/1992
spring/summer seasons (Fig. SA). These bright light
environments were confined to a fresher meltwater lens (FML)
about 5 m deep with relatively low values of daily integrated
Qpar in the well mixed water below the FML (Fig. 7).

Phytoplankton community composition of these two mixing
regimes was not significantly different (Fig. 6), suggesting that
the pycnocline separating the FML from the UML in the late
spring might have been weak, i. e. setting up and breaking
down on short time scales. Our observations of deep mixing
below the FML in late November are consistent with
measurements of high concentrations of inorganic nutrients

throughout the water column, i. e. NO, in excess of 30 uM;
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Si(OH), in excess of 40 uM, and PO,*" greater than 1 uM (Moline
and Prézelin1994, Moline et al.1996).

The local fast/pack ice broke up and was blown out of the
area in early December 1991 (ca. JD 347) (Fig. 4A). There was
a significant increase in the daily integrated in-water Qpar (Fig.
4A), even though skies were exceedingly cloudy (Fig. 3B). As
incident solar radiation increased during the last two weeks of
December (Fig. 3B), the water temperature within the FML
increased 2 °C, from -1.3 °C to +1.3 °C. Decreased wind forcing
during this period (Moline et al. 1996) shallowed the UML to
within 20 m of the surface (Fig. 7). Concentrations of pigment
biomarkers for prymnesiophytes and chrysophytes decreased
throughout the water column while diatom pigmentation
increased several fold (Prézelin et al. 1992b; Moline et al.
1996). A near unialgal bloom of Coscinodiscus spp., as
confirmed by microscopic examination, persisted for 4 weeks in
late spring/early summer (JD 340 to JD 007) and came to
account for more than 95% of the carotenoid pigmentation in
both the surface and Chl 3 max at Sta B (Fig. 6).

Chl a concentrations during the Coscinodiscus spp. bloom

were routinely between 15 and 25 mg Chla m™ (Fig. 6A). At
its peak on the last day of 1991, integrated water column Chl g

biomass reached 612 mg Chl g m’* (Moline et al. 1996). The
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rate of increase in Chl g biomass over the lifetdime of the bloom

(i. e. from 0.3 to 30 mg Chl a m” ) was greater than that
attributable solely to concentrating phytoplankton to a
shallower UML. Preliminary estimates suggest Coscinodiscus
spp. communities were doubling in biomass about once every 4
days. The impact of increased pigmentation on water clarity
was evident during the bloom, with the 1% Qpar level reduced

to within 10 m of the surface and the 0.1% Qpar level at 15 m
(Fig. 4B).

It is not surprising that the development of a large
diatom bloom also had a major impact on macronutrient
distribution within the region (Prézelin et al. 1992b; Moline
and Prézelin1994; Moline et al. 1996). In brief, there was a
highly significant linear relationship between PO,* and NO,
before and after the diatom bloom, identical to that defined for
much of the Southern Ocean (Kamykowski and Zentara, 1989).
However, the development and maintenance of this diatom
bloom radically altered this linear chemical relationship, which
previously had been suggested to be a diagnostic characteristic
of the plant/nutrient interactions for Antarctic waters
(Kamykowski and Zentara, 1989). During the bloom, PO, and
NO, levels were depleted to below detection levels and Si(OH),
levels were significantly reduced. NO,:PO,* ratios tripled and
PO,* limitation of diatom growth was indicated by the later
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stages of the bloom in the first week of January 1992. When
PO,3 and NO, levels dropped below detection levels in surface
waters, rates of diatom biomass increases slowed (Fig. 6A) and
there was a small but detectable increase in Phaeocysts spp.
concentrations (19’-Hexanoyloxyfucoxanthin biomarker) in the
low nutrient FML between JD 355-365 (Fig. 6B).

Primary production measurements at LTER Sta B began on
JD 339 (Fig. 7), just prior to the onset of the diatom bloom, and
were made about every 3 days. Determinations of the diel
periodicities in P-I parameters for bloom populations were
measured once a week for surface and Chl a max samples. The
normalized diel patterns for daytime variations in Pmax were
very similar for each of the five weekly samples collected
during the diatom bloom (Fig. 2). The single representative
pattern, resolved from the pooled Pmax data for surface diatom
communities (pattern I, Fig. 2 & 8), was characterized by an
approximate 2-fold change in Pmgax over an 20-hr photoperiod
with the peak timing of Pmax (i. e. maxPmax) occurring about
an hour before solar noon (Fig. 7). Ik values changed little over
each day (101 = 13 uE m? s’!, n=24), indicating a close coupling
between the timing and magnitude of diel periodicities in Pmax
(3.66 +1.13mgCmg Chla' m? h') and « (0.36 + 0.15 mg C mg
Chla! m3 h!'/uEm2? s'). Such tight coupling has been
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documented often for diel periodicities in temperate latitude
phytoplankton (Harding et al. 1982; Prézelin 1992), several of
which have a biological clock regulating the daytime timing of
peak photosynthetic capabilities (Prézelin 1992).

The diel periodicities for Chl a2 max communities (ca. 15 m)
during the diatom bloom (Fig. 8, pattern II) were very similar
to those resolved for surface samples (Fig. 8, pattern I). Pmax
changed 2-fold over the day with dawn and dusk values about
55-60% of maxPmax. However, unlike surface communities,
Chl 2 max communities displayed their maximum
photosynthetic potental in the early afternoon, about 1-to-2 hr
after solar noon. Again, a values covaried with Pmax (3.54 =

1.54 mg C mg Chl a"' m™ h''; n=30), but with lower Ik values for

these deeper diatoms communities (84 + 17 yE m? s™).

Diel periodicity in carbon fixation were incorporated into
final primary production estimates (see below). The monthly
primary production estimates for December, representing the
bulk of the diatom bloom, was 79 g C m. Daily integrated
rates were greatest in late December, reaching a value of
almost 7 g C m2d! (Fig. 10 B), when estimates of radiation
utilizadon efficiencies (Schofield et al. 1994, Schofield et al.,
submitted) indicated that the phytoplankton within the bloom
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were operating at near maximal photosynthetic quantum

efficiencies.

Early summer and the demise of a diatom bloom, followed by a
near-surface Cryptophyte bloom with an early morning peak in
photosynthetic potential. In January 1992, there was a rapid
transition from a diatom-dominated bloom to one dominated
by cryptophytes (alloxanthin) in both the surface and Chl a
max (Fig. 6). The depth of the Chl 3 max, however, had
shallowed from a depth of ca. 15 m within the UML to a depth
of ca. 5 m within the FML (Fig. 7) and was almost completely
dominated by cryptophytes between JD 10 and 20 (Fig. 6C).
The cryptophyte bloom was restricted to the near surface low
salinity waters, with the pycnocline between the FML and
deeper waters separating it from the remnants of the prior
diatom bloom (Moline et al. 1996). The highest Chl a
concentration for the entire season (29.2 mg Chl g m'3) was
recorded in the shallow Chl 2 max on January 11, 1992 (Fig.
6A). Light attenuation was particularly high within the
cryptophyte bloom, perhaps due to glacial flouring, and
appeared to have an effect on the photoadaptive state of the
phytoplankton. Surface Ik values were only 68 + 26 uE m™ s’!

(n=8) with Ik values of 46 + 9 pE m™ s'! (n=9) for the Chl g max.
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While surface Chl a concentrations were high, primary
production was less during this period than during the
previous diatom bloom (Fig. 10, see below). The intense near-
surface cryptophyte bloom persisted for approximately two
weeks until strong storm-related wind forcing advected the

water mass out of the area.

Independent determinations of diel variatons in P-I
parameters for the surface and Chl a3 max samples collected on
the 14th and 21st of January revealed a single pattern (III) for
the cryptophyte-dominated community (Fig. 8). Diel pattern
III was remarkably different from those observed for diatom
communities a few weeks earlier in the season (Fig. 8). Timing
of peak Pmax during the cryptophyte bloom occurred near
dawn, or 7-8 hr before solar noon. In mid-afternoon, when
Pmax values would have been highest for diatom-dominated

communities, Pmax values in the cryptophyte community were

at a daily minimum.

A very dilute diatom-dominated community was present
below 15 m and the cryptophyte bloom. This community was
low-light adapted, with an average Ik of 44 + 15 yE m*? s’
(n=10), or about half that of diatoms in the Chl @ max during
the diatom bloom (see above). Direct measurements of diel

periodicities of photosynthesis in this deeper remaining diatom
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community were not made. For subsequenct daily integrated
production estimates, we applied the pattern of diel periodicity
in Pmax and a determined for the Chl g3 max during the diatom
bloom in December, assuming that the two diatom communities
had identical diel periodicities. This assumption was based on
photophysiological similarities between the deep communities
during and just after the diatom bloom (Schofield et al.,
submitted). If we erred in this assumption, the impact on the
primary productivity estimates would be small given the low
biomass and low photosynthetic activity at the base of the
euphotic zone (Fig. 4).

water columns and shifting diel patterns of photosynthesis.
Storm activity from late January through the first week of
February 1992 generated strong winds and heavy
precipitation, resulting in the advection of the cryptophyte
bloom water mass from the region (Moline et al. 1996). The

advected water mass was replaced by one slightly warmer,

nutrient replete and containing dilute (<0.5 mg Chl a m"’) mixed
communities of diatoms, prymnesiophytes and other flagellated
chromophytes (Chl ¢c-containing phytoplankton). In particular,
there was a significant increase in chrysophytes (19’-
butanoyloxyfucoxanthin) (Fig. 6). High attenuation of Qpar
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continued after the advection of the cryptophyte/diatom bloom
from Sta B (Fig. 4B & 5), due largely to the presence of glacial
flour in the meltwater of the upper 5-10 m (Smith et al. 1992a;
Moline et al. 1996).

Dielpattern IV was resolved for these mixed communities
the fourth week of January, and was sufficiently distinctive
from other patterns to require separate consideration in
seasonal productivity estimates (Fig. 9). A single diel pattern
of photosynthesis was resolved for the surface and Chl g max
during this period of rapid change with a maxPmax late in the
afternoon. For pattern IV, represented by JD 28, the Ik values
for the surface and Chl 3 max were 85 + 18 uE m? s'! (n=6) and
52 + 2 uE m? 5! (n=4) respectively. Once again, Ik values were
relatively constant over the day with Pmax of 1.22 + 0.8 mg C
mg Chl 2! m™ h'! for the surface and 2.46 + 1.33 mg Cmg Chla’
! m3 h! for the Chl a3 max.

There was a radically different diel Pmax pattern the

following week. Comparing pattern IV with pattern V (Fig. 9),
the iming of maxPmax apparently shifted some 12 hr to peak

near dawn, much like the earlier cryptophyte bloom. The
magnitude of the daytime changes in Pmax remained at about

2-fold and Ik values determined for the surface and Chl 3 max
were 91 + 26 pEm? s? (n=9) and 76 + 18 pE m? 5! (n=6)
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respectively. Although there was a slight increase in the
relative abundance of prymnesiophytes (Fig. 6), there is no
apparent taxonomic, hydrographic (aside from salinity) or
photophysiological explanation for the large and real shift in
peak timing of maxPmax between pattern IV and V.

By the first week in February, major wind events had
subsided and there was a temporary decrease in the UML
depth (Fig. 7). The mixed phytoplankton community comprised
of diatoms, prymnesiophytes, chrysophytes and cryptophytes
remained in the water column. However, there was a shift
toward increasing dominance by prymnesiophytes at the
expense of chrysophytes (Fig. 6). Once again the diel patterns in
photosynthesis shifted significantly. Diel Pattern VI resolved
the daytime variation in Pmax for samples collected from the
surface and Chl 3 max on February 4th (JD 35), as well as for
the surface sample collected on the February 10th (JD 41).
Maximum photosynthetic potential for these communities were
at solar noon with a 2-fold variation over the day (Fig. 9).

The Chl g max sample collected below the FML on February
10th (JD 41), like the surface sample collected the same day,
also displayed a midday peak in maxPmax (pattern VII, Fig. 9).

The magnitude of the diel periodicity in Pmax, however, was

dampened compared to all other previous patterns, with Pmax
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varying 25-30% over the day. Diel patterns for samples
collected from the surface and Chl 3 max on February 10th
were different despite no significant differences in the
community structure between depths (Fig. 5). Ik values were
similar for the surface (63 + 6 pE m? 5!, n=5) and Chl 2 max
(64 + 21 pE m? 5!, n=6), suggesting photoacclimation to similar
light fields during the previous period of high wind mixing.

Late summer, restratification and reemergence of diatom
dominance with a midday peak in photosynthetic potential.
Pattern VII was representative not only of the Chl 3 max
community on February 10th, but also of the diatom-
dominated communities that reemerged during the last 10
days of our seasonal monitoring program at LTER station B (Fig.
6). With gradually increasing water-column stability and
restratification, integrated Chl g concentrations increased from

35t093mgChla m>. Again, Ik values for the surface (66 + 7
nE m? s, n=8) and Chl a max (63 + 14 pE m2? s}, n=15) were

not significantly different.
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Simulated In Situ Primary Production Estimates

The seven diel photosynthetic patterns for each P-I parameter
were applied to the instantaneous P-I parameters and the in
situ Qpar light field measured over the season (Fig. 7). Diel-
corrected estimates of simulated in situ daily integrated
primary productivity for Sta B were derived according to
Equation 1 or 2 and are shown in Figure 10A. Most striking
was the elevated production during the bloom. The highest
daily production (0.75 g C m™ d!) occurred at 7.5 m on
December 30, 1991 when Chl a concentrations were 25.0 mg m
3. As with the phytoplankton biomass (Fig. 4A), productivity
decreased at Sta B in mid-January after the advection of the
bloom from the area and increased again at the end of the
sampling season with increasing water-column stability (Fig. 7).
Depth-integrated productivity estimates for the season were
significantly correlated with integrated biomass (p<0.001),
showing peak values during the bloom (Fig. 10B). Peak
integrated productivity was 6.3 g C m? d! with a total
integrated production for the season of 135 g C m2. December
had the highest calculated integrated monthly productivity (79
g C m?) with decreased carbon fixation as the season
progressed (January = 36 g C m'%; February = 19 g Cm?2). An
average of 56 + 13% of the water column productivity was

light-saturated over the season, and despite occasionally high
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in sity irradiances (Fig. SA), only 3% of the samples were
photoinhibited (Qpar > It).

Diel Effects on Estimates of Daily Integrated

Production

When productivity estimates based solely on the instantaneous
P-I parameters and the Qpar light field were compared to those
considering the 7 diel patterns applied at particular depth and
time intervals over the season (indicated in Fig. 7), significant
differences of + 30% were apparent throughout the water
column (Fig. 11A). This difference was found despite the
attempt over the season to center sample collection around
solar noon. Water-column productivity was overestimated by
instantaneous P-I parameter estimates most of the season, with
the significant exception being the period in mid-January when
a population of cryptophytes dominated the water column.

Diel-corrected daily productivity estimates for this study
were further compared to those based solely on midday P-I
parameter values (Fig. 11B). Noon-based estimates simulate
synoptic coverage and could be comparable to estimates made
from satellite measurements collected on fixed time intervals.
Similar to the instantaneous P-I parameter estimates, noon-

based productivity overestimated diel-corrected production an
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average of ca. 20%. As with the instantaneous estimates, the
minimum photosynthetic potential for Pattern III occurred at
solar noon and noon-based productivity showed an
underestimation of 37% for the near-surface cryptophyte
population during January.

Table 1 summarizes results of the diel-corrected
productivity compared productivity estimates based on
instantaneous P-I parameters and midday values for different
time scales over the season at Sta B. Most notable are the high
differences between the diel-corrected and the midday
productivity estimates over all time intervals (column E).
Differences between the diel-corrected and the instantaneous
productvity estimates (column C) were lower and tended to
increase as the time interval was shortened. Interestingly, diel
correction of instantaneous productivity data integrated over

the season resulted in only a 7% difference.

DISCUSSION

The high-resolution data derived from our 1991/1992 austral
spring/summer monitoring of LTER Station B documents the

high variability in primary productivity for this coastal region
on time scales ranging from hours to seasons. While previous
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studies in the Antarctic have reported diel variation in
photosynthesis (Rivkin and Putt 1988) and productivity on
longer time scales (Horne et al. 1969; Whitaker 1982; Rivkin
1991), this is one of the first studies to integrate results across
these time scales. In doing so, we were able to resolve the
significance of hourly, daily, and weekly variations on
subseasonal and seasonal primary productivity estimates.
Furthermore, we were able to elucidate some of the underlying
phytoplankton group-specific photophysiological characteristics
that contributed to the observed temporal variability in
primary production and associated effects on chemical and
optical properties of the water column. Lastly, on time scales
of a few days to seasons, we documented the close biological-
physical coupling between phytoplankton productivity and
water-column stability at this long-term ecosystem monitoring
site. The format for data analyses presented here has been
repeated for the two subsequent years (1992/93 and 1993/94)
in order to test the robustness of our seasonal observations

from one year to the next.

Diel periodicity of photosynthesis, Diel periodicity of
photosynthesis at LTER Sta B was observed throughout the
sampling period, with significant temporal variability in timing
of peak photosynthetic potential (maxPmax) over the day.
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Photosynthetic potentials for phytoplankton at Sta B varied up
to 55 % of the maximum over the day and the iming of the
maximum ranged between 05:00 to 17:00 LT over the season.
Similar results for Antarctic diatoms have been found in
McMurdo Sound, with the maximum photosynthetic potential
varying up to 80% of the maximum over the day (Rivkin and
Putt 1988). The timing of the maximum for the McMurdo
diatoms shifted from midday to midnight and was suggested to
be dependent on the change in photoperiod during the
spring/summer transition. Diel periodicity of photosynthesis at
Sta B, however, did not change with photoperiod, but appeared
to be mostly consistent with changes in phytoplankton
community composition throughout the season. Previous work
has shown a species-specific diel response in diatoms isolated
from McMurdo Sound (Rivkin and Putt 1988), further
suggesting that diel patterns vary with community composition
changes.

Temporal dynamics at Sta B showed that the community
composition changes were dependent on the water-column
stability and water-mass type (Moline et al. 1996). Spatal
studies in the Southern Ocean have reported similar findings
with single species dominance associated with particular
regions and water masses (Sommer 1988; Estrada and Delgado
1990; Mura et al. 1995). The majority of primary productivity
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measurements made in the Antarctic are spatdal studies
crossing many different water types and phytoplankton
communities, with sampling occurring at different times of day
and without opportunities to determine diel variations in
productivity parameters. If, as this study suggests, diel
periodicity is shown to be largely dependent on community
composition, the absence of these diel measurements in diverse
waters may have a very significant impact upon the calculated
production estimates and interpretation of the data. The
greatest effects would be seen in communities which show a
large variation in daily potential photosynthetic response and
have a diel maximum that is offset from time of sampling.
Although diel periodicities of photosynthesis in this study
were closely coupled to the community composition, there was
evidence to indicate that periodicity was also related to the
mixing regimes. Diel patterns within a fixed phytoplankton
community were subtly different if surface and Chl 3 max
communities were separated by a pycnocline. During the
bloom, surface and Chl 3 max samples were collected from the
FML and the UML, respectively, and different diel patterns
were found at the two depths (Fig. 7). This was also the case
on the 10th of February (JD 41) when the depth of the UML
shallowed to ca. 35 m. These differences in periodicity were

found with no apparent difference in the community
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composition (Fig. 6) and may have been a result of unique
physical conditions (i. e. salinity, temperature) existing within
the two layers. Over the course of this study, when both the
surface and Chl 2 max samples were taken from the same
mixed layer (i. e. FML) the diel periodicities displayed the same

patterns.

Knowledge of diel periodicity in carbon fixation significanty
increased the accuracy of productivity estimates over time
scales ranging from a day 1o several weeks. The specific timing
and diel variation in photosynthetic potential over the season
at Sta B was shown to alter production estimates by = 30% or
greater on any given day during the season (Fig. 11, Table 1).
The largest effect was seen for cryptophyte populations when
the magnitude of photosynthetic potential was high (55%) and
the timing of the maximum was furthest from local solar noon.
With the effect of diel periodicity on daily estimates as high as
+ 30%, there was a potental for a large effect on the time-
integrated estimates. For the present study, however, the
effect of diel periodicity on weekly, monthly and seasonally
integrated productivity was less (ca. 10%) resulting from the
combination of over- and underestimates (Table 1). Previously
reported potential effects of diel periodicity on productivity

measurements for temperate oceans (Harding et al. 1982;



143

Prézelin et al. 1987; Smith et al. 1987; Prézelin and Glover

1991) and the Southern Ocean (Rivkin 1987) agree well with
the range reported here, further emphasizing the importance
for diel correction of instantaneous measurements, especially

during periods of high productivity.

High sampling frequency provided robust determinations of
tme-integrated primary productivity. Recently, Taylor and
Howes (1994) documented the effect of sampling frequency on
seasonal primary productivity estimates for a temperate
coastal embayment. They showed that by sampling on
intervals of 5 days or less (as in the present study), the
sampling-frequency-induced (SFI) error was equivalent to the
error limit of the analytical method. However, sampling
intervals on the order of 14 to 30 days, as in many Antarctic
studies, produced an SFI error of = 35%. According to Taylor
and Howes (1994), studies such as Whitaker (1982) with five
samples taken over a 100 day period, would have estimated
SFI errors of ca. = 30%. A study by Horne et al. (1969) at the
same location, sampling every 5.2 days, would have an
estimated SFI ca. + 5%. Similarly, error estimates for this study
due to sampling frequency would be below 5%. SFI errors,
however, are dependent on the variability in the system
measured. The above estimates are based on the variability in
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the system measured by Taylor and Howes (1994), and
therefore, do not necessarily reflect the effect of sampling
frequency in Antarctic coastal waters.

Simulated in situ productivity for Sta B was measured on
time scales not previously measured in the Antarctic (2 to 3
day intervals) and is adequately resolved to examine the SFI
error. In order to estimate the SFI error at Sta B, the measured
depth-integrated daily productivity was subsampled at
different intervals over the season. The primary productivity
measured for this study (135 g C m™®) on 2- to 3-day intervals
was considered to be the 'true' productivity and used as the
reference for estimates made for the different sampling
frequencies. Sampling intervals, ranging from 4 to 20 days,
were applied to the measured data, starting from the first day
of sampling in December, 1991. The starting time for each
subsampling interval was then sequentially moved one day
later over a range of fifteen days, resulting in fifteen data
subsets. These fifteen data subsets revealed the range of
variability in the SFI errors for each sampling interval and
accounted for the particular seasonal dynamics at Sta B.
Productivity estimates were found to significantly vary based
on sampling interval and the time at which the seasonal
integration begins (Fig. 12). The percent difference from the
measured productivity increased with the sampling interval
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ranging from ca. + 5% for the 4-day sampling interval to + S0%

for the 20-day sampling interval. The major bloom event in
late December, 1991, responsible for ca. 65% of the seasonal
production at Sta B, occurred on a time scale less than 3 weeks.
By sampling on identical intervals (i.e. 20 days), the
productivity associated with these events can be entirely
missed. At Sta B, had we implemented a sampling interval of
20 days, we could have underestimated seasonal productivity
by as much as 50% (Fig. 12). These SFI errors are generally
higher than those reported by Taylor and Howes (1994)
suggesting that the temporal variability in integrated primary
productivity for Antarctic coastal regions may be higher than

that for temperate coastal regions.

Incorporation of diel measurements in daily integrated rates of
primary productivity, combined with high sampling frequency,
for coastal waters of the southern ocean. Given the effort and
evaluations documented herein, we believe our estimates of
primary production to be accurate and reliable for long-term
monitoring. Daily rates of primary productivity at LTER Sta B
varied consistently with biomass at discrete depths throughout
the water column (p<0.001), for integrated biomass (p<0.001)
and incdent Qpar (p=0.05), with peak production occurring
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during the massive coastal bloom. Qpar-dependent production
rates during the bloom (0.75gCm?*d!'and 6.3 gCm?d?!) are
some of the highest recorded for the Antarctic. Blooms, such as
this one, are not uncommon near Anvers Is. (Shabica et al.
1977; Krebs 1983; Holm-Hansen et al. 1989) and in other near-
shore environments (Horne et al. 1969; Whitaker 1982).
Previous studies have attributed elevated levels of biomass to
enhanced water-column stability, low grazing pressure, and
micro-element enrichment from land runoff (Holm-Hansen et
al. 1989; Mitchell and Holm-Hansen 1991). Although there are
no data in the present study to comment on possible micro-
element enrichment, water-column stability was found to be a
major factor responsible for high biomass and productivity at
Sta B (Moline et al. 1996).

Pattern of seasonal change (spring bloom, mid summer low
productivity, fall increase) looks remarkably like generalized
changes occurring at temperate latitudes. Here, however, the
observed changes over the 1991/1992 season were driven by
very different patterns of physical/chemical/optical forcing
than those described for temperate latitude seasonal succession
of phytoplankton (Harris and Piccinin 1980, Harris 1986). As
detailed in Moline et al. (1996), the mechanisms for enhanced
water-column stability initiating the bloom formation were a
combination of ice/snow meltwater lens and decreased wind
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speeds. Light and nutrient limitation set the upper limit of
biomass accumulation and productivity during the bloom.
After the bloom was advected from the region, a period of
strong winds and intense mixing kept biomass and producton
low from mid January untl the end of February. Unlike for
temperate latitudes, grazing and nutrient limitation during this
time were found not to influence the phytoplankton dynamics
(Moline et al. 1996). The UML shallowed with decreasing
winds in the end of February and resulted in increased
productivity and another significant but less intense bloom in
March, 1992 (K. Habermann, pers. comm.). This pattern for
productivity in the Antarctic has been found previously (Krebs
1983), suggesting not only similar driving forces but also a
consistency in the timing of the various driving forces
influencing the annual patterns. Interestingly, the seasonal
productivity pattern observed in 1991/1992, and reported
here, was not seen in preliminary findings from the 1992/1993
and 1993/1994 spring/summer seasons at LTER Sta B (data not
shown), indicating the need for further analyses before
generalizations can be made about seasonal patterns of
productvity for coastal Antarctica.

Monthly and seasonal producti{/ity estimates from Sta B
were generally higher compared to other productivity time
series data for Antarctic coastal regions (Table 2). Total
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integrated productivity for the season was generally higher,
but in the range reported by other studies for the same time
interval. The trend of decreasing productivity from December
through February held for all studies, but was highly variable.
Comparing results of these different time-series studies is
difficult and depends on methods, location of sampling,
frequency of sampling and the materials used. With the
exception of this study and Arrigo and McCain (1994), samples
for the ime-series studies listed in Table 2 were incubated jn
situ using borosilicate glass bottles. This material does not
transmit light below ca. 324 nm, thus, decreasing exposure to
ultraviolet radiation (UVR). Recent studies have quantified the
effects of UVR on natural Antarctic phytoplankton populations,
with emphasis on biologically damaging UVB radiation due to
the decrease in stratospheric ozone (O,) concentrations (Smith
et al. 1992b; Prézelin et al. 1993a; Prézelin et al. 1994).
Although the effects of decreasing O,, and associated increases
in UVB radiation, on integrated phytoplankton production have
been estimated between 6 and 12% (Smith et al. 1992b), the
effects of natural background UVR have been estimated to
decrease daily surface production by 60-70% (El-Sayed et al.
1987; Prézelin et al. 1994) and integrated production by ca.
23% (Boucher 1994). Inhibition of primary production by UVR
is not included for any of the estimates listed in Table 2, and is
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beyond the scope of this study. Itis, however, potentially
important when deriving and comparing seasonal productivity
estimates (Boucher and Prézelin, 1996).

CONCLUDING REMARKS

We have quantified the seasonal carbon fixation for an
Antarctic coastal site and have documented the large temporal
variability associated with these highly productive
environments. We have also shown that high-frequency
sampling strategies, which include some accommodation for
diel photosynthetic periodicity, are prerequisites for accurate
determinations of seasonal primary production in the Southern
Ocean. Itis clear that before long term (i. e. years to several
decades) ‘signals’, which indicate rended changes in primary
production, in any region of the ocean brought on by climate
change can be irrefutably determined, some knowledge of the
‘noise’ reflecting significant variations on shorter time scales
(days, months, seasons) is required. Addressing sources of
potentally large errors, such as diel photosynthetic periodicity
and sampling frequency, in productivity estimates, helps to
better define the natural variability in the ecosystem, and
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provides a baseline for future interpretation of long-term
trends in phytoplankton dynamics in the Southern Ocean.
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Table 1. Integrated production (g C m2) at Station B for various
time intervals from December 1991 through Feburary 1992.
Column A: P-I parameters vary over the day based on diel
measurements; Column B: P-1 parameters constant over the day at
their time of sampling; Column C: percent difference between
column A and B; Column D: P-I parameters constant over the day
at midday values; Column E: percent difference between column
Aand D.

A B C D E
Time Diel No %difference Midday Fedifference
Interval Corrected Correction (1-A/B) Corrected (1-A/D)
Season 134.6 144.8 +7.1 2204 +38.9
Month
Dec 91 79.2 88.4 +104 1349 +41.3
Jan 92 36.0 364 +1.1 54.1 +32.7
Feb 92 19.3 20.0 +3.4 314 +36.3
Week
21-28 Dec 36.0 30.3 +11.4 46.5 +34.8
91
21-28 Jan 1.0 1.1 +132 1.6 +32.4
92
21-28 Feb 12.1 12.3 +2.1 17.1 +27.9
92
Day
24 Dec 92 2.8 3.1 +11.6 4.7 +41.3
24 Jan 92 0.1 0.1 +28.2 0.2 +47.7
24 Feb 92 2.6 26 -1.0 37 +29.8
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Table 2. Time serics data of coastal phytoplankton productivity reported for the Southern Ocean.

Integrated productivity and monthly totals are included.

Sampling Integrated December January February
Reference/Location Time Period Interval Total Total Total Total
From To (doys) (pC m?) (Cm?) (€ m?) (sC m2)

Horne et al.1969 27 Ian 67 27 Feb 67 5.2 50.0 -- -- 40.9
(S.Orkney Is.)

Whitaker, 1982 5 Dec 72 23 Feb 73 20.0 219.6 112.5 92.2 26.5

Whitaker, 1982 5 Dec 73 27 Feb 14 21.0 55.4 44 .2 9.4 5.8
(S.Orkney Is.)

Rivkin, 1991 5 Dec 85 5 Jan 86 5.1 39.7 39.7 -- --
(McMurdo Sound)

RACER Sta 43t 22 Dec 86 27 Feb 87 22.3 74.1 -- 38.0 19.8
(Gerlache Strait)

RACER Sta 13t 27 Dec 86 27 Feb 87 20.6 79.9 -- 49.9 22.7
(Low Is.)

RACER Sia 48t 19 Dec 86 27 Feb 87 17.5 104.6 -- 54.1 16.7
(Bransficld Strait)

RACER Sta 39t 25 Dec 86 27 Feb 87 21.3 57.4 -- 28.6 15.8
(Livingston Is.)

Arrigo+McCain, 1994 10 Dec 78 19 Feb 79 11.8 141 -- 51.5 --
(Victoria Land)¥
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