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Abstract—The multi-disciplinary program RACER (Research on Antarctic Coastal Ecosystem
Rates) conducted eight surveys of a 69-station grid in a 100 X 250 km area in the southwestern
Bransfield Strait from December 1986 to March 1987. Mean phytoplankton crop size in the upper
50 m during December, January, February and March was 291, 176, 58 and 50 mg Chl a m™?,
respectively. and was inverscly proportional to the increasing mean depth of the upper mixed layer
(UML) (15, 17. 26 and 30 m. respectively). Massive mid-summer phytoplankton blooms (>10 mg
Chla + phaco m™) were persistent nearshore where we observed shallow UMLSs (<20 m) caused
by meltwater stabilization (Ao, 0.25-1.0 from 0 to 75 m). Drake Passage waters were low in
phytoplankton biomass (< 1.0 mg Chl @ + phaco m~3), and had deep UMLSs (>20 m) with small
density gradients (Ao, 0.05-0.20 from 0 to 75 m). Proximity to stabilizing meltwater and protection
from intense Antarctic storm activity appear to be essential for the development of persistent
massive blooms. A model of Antarctic phytoplankton growth based on mixing depth and pigment-
specific light attenuation and in sine photosynthesis-irradiance relationships indicates that the
depth of the UML (Z:ay ) can be used to predict the upper limit of the phytoplankton crop size.
Observed phytoplankton biomass for diverse Southern Ocean ecosystems is discussed in relation to
the mean light level of the UML, growth and loss rates of Antarctic phytoplankton, and the depth
and duration of stratification required before a bloom ensucs. Assuming nutrients do not limit the
crop size, a best-fit to observations indicates specific loss rates must be approximately 0.3-0.35
day "' and massive blooms occur only if Zy v <25 m. The grazing component of this predicted loss
rate is higher than previously estimated. We conclude that grazing rates are greater than previously
reported, or vertical flux rates of nutrients limit massive blooms.

INTRODUCTION

ANTARCTIC waters arc unique in that concentrations of inorganic nutrients are very high,
yet phytoplankton standing stocks and rates of primary production are generally low
(~0.4 mg Chl a m™3 and 0.1-0.3 ¢ C m™* day ™!, respectively). The condition of low
biomass in spite of high nutrients has often been referred to as a major “paradox™ of the
Southern Ocean (Er-Savep, 1987). There are exceptions to this generality, and massive
blooms (>10 mg Chl a + phaco m™3) have been observed in some restricted regions. In
fact, nutrient depletion (<1 mmol NO; m™3) in surface waters of blooms has been
reported for ice-edge (NeLson and SmitH, 1986) and coastal (HoLM-HANSEN et al., 1989)
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ecosystems. Primary production in the Antarctic supports a large secondary and tertiary
production. and may be an important sink for atmospheric CO.. In order to assess the
primary production potential of the Antarctic planktonic ecosystem. it is crucial to
understand both the reasons for low biomass under apparently replete nutrient conditions
and the mechanisms of massive bloom formation and decline.

Many researchers have speculated on the factors responsible for causing the apparent
nutrient-biomass “paradox”. Light, temperature, trace-nutrients, grazing. and physical
mixing processes have all been commonly invoked as key factors. A compelling new
hypothesis (MARTIN and FitzwaTER, 1988: MARTIN ef al.. 1990) postulates that iron from
coastal and ice-edge sources is used up in blooms close to the source and the open Southern
Ocean has a very limited atmospheric supply of trace nutrients. Hart (1934) argued that
physical mixing processes are the dominant factor that control the distribution and
abundance of phytoplankton in Antarctic waters. The depth of mixing will determine the
mean light level available for phytoplankton photosynthesis. Most researchers who have
been concerned with this problem concur with this early diagnosis of Hart's, and refer to
the treatment of the subject by SveErbruP (1953). Sverdrup. however, used data from the
Norwegian Sea to formulate the concept that depth of mixing controls phytoplankton
abundance. and he used assumptions regarding photosynthetic and respiratory rates to
estimate the “critical™ depth of mixing. Knowledge of the critical depth for net production
is useful but cannot be used directly to estimate the net accumulation of biomass for mixing
conditions which allow growth of the crop. Besides phytoplankton physiology. a realistic
estimate of biomass accumulation requires an estimate of sinking and grazing losses. Little
is known about respiratory rates of Antarctic phytoplankton or their loss due to other
factors such as grazing and sinking. New insights have been made recently regarding the
various controlling factors restraining the phytoplankton crop including respiration
(Twzer and Dusinsky, 1987; SAKSHAUG et al., 1991), grazing (Bovp et al., 1984; ScHNACK
etal ., 1985; HuntiLey etal., 1991) sinking (Jounson and Smirtir, 1986; von BODUNGEN et al.
1986; Karr et al., 1991) and mean wind speed (CLARKE et al., 1988).

It is now appropriate to evaluate the relationship between depth of mixing, photosyn-
thetically available radiation (PAR), and phytoplankton biomass in Antarctic waters from
acombined theoretical and empirical basis. Data on Antarctic planktonic ccosystems may
now be adequate to provide insight to the relationship between depth of the upper mixed
layer (Zyp)). the strength of stratification and the maximal concentration of phyto-
plankton biomass that can be developed. Understanding the coherence between physical
and biological processes is problematic in Antarctic waters where it is logistically difficult
to obtain the detailed temporal and spatial coverage required to test hypotheses. It is often
possible to use models to simulate the environment in order to test specific hypotheses
which cannot be tested with the limited spatial and temporal observational database of
ficld programs. It is still essential, however, to have an appropriate database, such as that
collected during the RACER program, with which to validate the predictions of the
model.

In other papers we described the distribution of phytoplankton biomass and production
with time over the RACER sampling grid (HouM-HANSEN and MitcHELL, 1991) and the
relationship between biomass and light attenuation cocfficients (MircHerL and Hotu-
HANSEN, 1991). Observed rate processes in those papers, including light-specific rates of
primary production and pigment-specific attenuation cocfficients, were used to develop a
model which predicts the maximum size of the phytoplankton crop as a function of mixing
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depth. surface irradiance and losses due to respiration, grazing and sinking. Rates of
carbon sedimentation have been measured (KarL eral.. 1991) and are used together with
the model to estimate grazing losses. A fit of the mode! to observations from RACER and
diverse Antarctic literature allows the predictions of carbon:Chl a ratios, grazing and
sinking losses, and the rate of vertical nutrient resupply required to develop and sustain
massive phytoplankton blooms.

MATERIALS AND METHODS
Sampling protocol

Data were acquired at 69 stations in Bransfield Strait and contiguous waters of Gerlache
Strait and Drake Passage (Fig. 1) during the “fast” cruise each month from December 1986
to March 1987. Immediately following each “fast™ cruise, more intensive studies were
done at 25 of the stations during a 10-day “slow™ cruise. In situ rate processes. including
primary production (HoLM-HANSEN and MitcHELL, 1991) and particle flux (Karc et al..
1991) were measured each month at five stations (Fig. 1). Further details regarding the
sampling program are described by HUNTLEY et al. (1991).

At cach station a profiling system was deployed between the surface and 200 m for
continuous recording of physical. optical and biological parameters. This profiling unit
consisted of a General Oceanics rosette equipped with the sensors listed below and ten 10-
liter PVC Niskin bottles with teflon-covered springs. Sensors on the profiling unit included
temperature and conductivity (Sca Bird Electronics, Inc.), a (.25 m path length transmiss-
ometer (Sca Tech, Inc.), a flash-lamp fluorometer (Sca Tech, Inc.), and a MER 1012-F
optical unit (Biospherical Instruments Inc.) for recording of depth, PAR, seven channels
of downwelling spectral irradiance and five channels of upwelling spectral radiance.
Signals from all underwater sensors were transmitted over a standard single conductor
occanographic cable to shipboard computers where the data were stored and also
displayed on a video sereen in real time.

The physical occanographic data have been described by Nuter ef af. (1991), who
provided us with profiles of temperature, salinity, and water density at the RACER
stations. In general, salinity, temperature (therefore density) and biological propertics
were uniformly distributed in an upper mixed layer (UML), These data were used to
determine the depth of the upper mixed layer (Z ) at a resolution of 5 m. An objective
and a subjective method were used to define the Zyy, . An objective computation method
used a 5 m window to scarch for a change in g, = (1.05 over the 5 m interval. When this
criterion was met, the shallower depth of the window was defined as Zyy . A separate
subjective determination was made by examination of plots and printouts of temperature,
salinity, density and beam transmission. In general, the two approaches agreed within S m.
Discrepancies were primarily due to subjective determinations of Zyy_shallower than the
objective determination caused by temperature stratification which was insufficient to
change g, by the objective criterion. In these cases, the subjectively determined Z;p was
used if the temperature change was =0.05°C.

Water samples for chlorophyll a (Chl a) and phacopigment analysis (50-100 ml) were
filtered at a vacuum differential of <20 em Hg through 25 mm glass fiber filters (Whatman,
GF/F). Pigments on the filter were extracted in 10 ml absolute methanol (Hotm-HaNsEN
and RieMANN, 1978) and the Chl a and phacopigment concentrations were determined by



984

B. G. MitcHELL and O. HouMm-HANSEN

L L S B B A
@ 31 @ 54 3
62°— 0@}* > -

63°

“..yv'.' i -
-
5 @ /® 47 57
24 p
4 ______..-—-——rowu'ﬁé'—

\
4 @ ///zs\l 34 56 65

———— a— -

64°

(e ANTARCTIC

o , PENINSULA

| i : FR| L 1 !
63°W 6| o 6oo

Fig. 1. Station locations during the 1986-87 RACER program. All 69 stations were occupied
during the 5-day “fast” grid. The 25 circled stations were occupied during the 10-day “slow™ grid,
including the five 24-h stations indicated by double circles. The cruise pattern was repeated four
times between 15 December 1986 and 31 March 1987, The small-dashed line in Drake Passage
indicates the location of the continental shelf break, north of which depths exceed 1000 m. The
large-dashed lines through the grid indicate the boundaries of the six water masses which are
discussed by Nuter er al. (1991) and which arc used in this paper to study mean relationships for
regions with different physical forcing.
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measurement of fluorescence (HoLM-HANSEN et al., 1965) in a Turner Designs fluor-
ometer. The fluorometer was calibrated against HPLC purified Chl a. Stability of the
calibration factors was checked daily by the use of a coproporphyrin standard (COP-I-5,
Sigma Chemical Co.).

Details of the in situ primary production estimates are found in HouM-HanseN and
MitcHeLL (1991). Details of the sediment trap methods are found in KArL et al. (1991).
Samples for estimates of the flux of Chl a were obtained from non-preserved, dark traps.

A model of light-dependent production

A simple model of light-dependent photosynthesis was developed based on empirical
observations from the RACER database. Table 1 summarizes the definitions of symbols
and parameters used in the model and elsewhere in the paper. Nutrient limitation was not
included since concentrations of macronutrients have generally been observed to be in

Table 1. Definitions of terms used in the text
a Initial slope of P-I relationship
¢ Speed of sound in water
Cy Drag cocfficient of air-water interface
C:Chla Ratio of carbon to Chl a for phytoplankton (w/w)
C:N Molar ratio of phytoplankton carbon to nitrogen
[Chi]y, [Chi), Chl a concentration at time = 0 and time = ¢
dChla Daily change in Chl a concentration of UML
Eume Stability of pycnocline below the UML
Y Gravitational acceleration
Kpar Diffuse attenuation coefficient for PAR
k., Vertical diffusivity cocfficient
1 Specific loss rate of phytoplankton
my, Mixing cfficicncy coefticient
K Specific growth rate of phytoplankton

[NOJ]' [NO‘]I
PAR

Nitrate concentration, initial nitrate concentration
Photosynthetically available radiation

PAR(0™) Downwelling PAR at the sea surface

P, Hourly rate of carbon production

P.(UML) Daily mean carbon production of UML

rE Potential encrgy of upper ocean

P, Phytoplankton biomass grazed by zooplankton
Po Maximum Chl a specific rate of production

P PP Density of air, seawater, typical seawater
rg..s Specific rates of respiration, grazing and sinking
Sco SChla Specific rates of sinking for carbon and Chl a
5p Specific rate of sinking for primary production
T Light transmittance of the air-sea interface

U, Friction velocity of air—sca interface

Uing Wind velocity at the sea surface

UML Upper mixed layer of the occan

Zyme, Depth of the UML

2z Depth in the ocean

Lower limit of integration over depth
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excess of the concentrations required for maximal growth (HoLm-HANSEN et al., 1977;
EL-SAYED er al., 1983: NeLsoN and SmitH. 1986; but see MarTIN and Frizwater. 1988).
The accumulation of Chl a biomass through time (¢) is described by

[Chla], = [Chl a],e® ~ ", (D

where [Chl a}, and [Chl a], are the initial and final concentrations of Chl a. The difference
between specific growth and loss rates of phytoplankton biomass. « and /. respectively.
determine the rate of accumulation or decline in the crop. The value of /is the sum of losses
due to respiration (r). grazing (g.) and sinking (s). In this simple model, the loss terms are
aggregated and held constant during a 60-day run of the model. This is reasonable because
very little is known about these specific rates. so it would be arbitrary to presume to model
the time- or depth-based variations in these parameters in the absence of data to support
the parameterizations. Alternatively, one may use a model based on parameters which are
well described in order to estimate the magnitude of parameters which are poorly
described. We believe that the loss rate terms are the least known parameters of the
model.

A good description of the light-dependent rate of in situ primary production (HoLm-
Hansen and MitcHerr, 1991) is the basis for determining #, as outlined below. The
carbon-based rate of primary production P, (mg C m~* h™') at any depth = within the
UML is defined as

P(z) = [Chla|yP,, (1 — ¢~ (“FPARGEDy, ()

This model of production follows the formulation of Pratr and Jasssy (1976) and the
parameters ¢ (0.06 mg Cmg Chla ' h™ ' wEinm s~ ) Hand P, (1.1 mg Cmg Chla™!
h~'y are the initial slope and maximum rate of the Chl a specific photosynthesis-irradiance
(P-I) relationship. PAR(z) is the photosynthetically available radiation at depth 2. A best-
fit of RACER data from over 140 in sitt production measurements and the dose of PAR
for cach incubation was used to estimate a and P, (HowM-HaNsEN and Mrrcnerl, 1991).,
hence the parameters are assumed to have no seasonal, depth, temperature or light
dependence. Our value for P, is similar to the value observed by BriGurman and Smrru
(1989) for winter populations in the same region. Our value of « is higher than the values
reported previously. P-I relationships were studied for phytoplankton (BriGHTMAN and
Smrru, 1989) and ice algae (PaLmisano et al., 1985) using red-rich tungsten-halogen lamps.
TiLzer et al. (1985) used on-deck incubations and surface solar illumination in their work.
Our values for ¢ are based on in siti observations of production and PAR which is the most
ecologically relevant method. Since the spectrum of PAR in situ is narrowed to blue-green
irradiance which is optimal for phytoplankton (MitcHELL and HoLM-HANSEN, 1991), we
would expect to observe a higher a than those measured using a red-rich quartz-halogen
lamp or surface solar encrgy.

PAR(z), the photosynthetically available radiation at depth z, is calculated in the model
according to

PAR(z) = PAR(0%)re ™ Arar, 3)

where PAR(07) is the flux of PAR above the sea surface and 7 is the transmittance of the
air-sea interface. The value of T was assumed to be 0.8 which is appropriate for low solar
angles or diffuse skies (AusTiN, 1974). The attenuation coefficient for PAR in the mixed
layer, Kpag. is well corrclated to pigment concentrations as shown by MircueLL and
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Hotm-Hansex (1991) (linear fit. r~ = 0.74, n = 130). The best fit to the observations is
used in the model

Kpar(m™') = 0.078 + 0.0136[Chl @ + phaco mg m™?]. EH)

The constant 0.078 m ™! is the attenuation due to water and materials which do not covary
with Chl a + phaeo. Our value is higher than values for pure water reported elsewhere
(e.g. 0.027 m™! reported by Smit and Baker. 1978). As argued effectively by MoRreL
(1988). previously reported low values of Kp,g for water are unreasonable in the upper
50 m due to narrowing of the spectral irradiance distribution of PAR with depth. MoreL
(1988) reports a mean value of Kpag for water of approximately 0.07 m™', depending on
depth in the upper 50 m.

Phaeopigments are not explicitly included in the model; it is assumed that the
attenuation coefficient of Chl a is similar to observed attenuation by Chla + phaeo. Since
we only model the response of the UML. where Chl a is constant with depth, Kpag is
assumed to have no depth dependence. The surface irradiance, PAR(0") was measured
continuously during the 4 months (December to March) of the RACER program (HoLm-
HanseN and MITCHELL. 1991). For the model, we assume the rate that PAR(0™) increases
prior to the summet solstice is the same as the rate of decrease we observed from the
summer solstice in December to the end of RACER in March. The daily change in Chl a
concentratdon in the UML, dChl a, was calculated according to

dChla = P{UML)/C:Chl a. (5)

where P (UML) is the daily mean carbon-based productivity over the entire mixed layer at
the end of a growth day. Loss terms were applied at the end of cach growth day so that
dChl ¢ could be used to caleulate the specific growth rate. The assumption that the UML
has a uniform distribution of Chl a at the end of a growth day in spite of differential light-
dependent rates of growth is justificd based on the uniform vertical profiles of particulates
typically obscrved in the UML (e.g. Fig. 2). The phytoplankton-specific growth rate for
the UML is caleulated according to

#(day™") = In(([Chl a),, + dChl a)/[Chl a},). (6)

From the above cquations, it is evident that the specific growth rate of the phytoplank-
ton in the UML will be a function only of the surface irradiance, depth of mixing, C:Chia
and the concentration of Chla in the mixed layer. During runs of the model, the Z 5, and
loss terms (r, g. and s) are held constant for a 60-day period ending at the summer solstice.
A 13-year record at Signy Island indicates that the spring bloom initiates in November and
peaks within 60 days (CLARKE et al., 1988). We observed massive blooms (Chla > 10 mg
m ) in late November and early December 1988, on the shelf south of Anvers Island and
in Gerlache Strait (data not presented here), suggesting that this bloom had been initiated
at fcast a month before our cruise. Data in Nucer et al. (1991) indicate that the maximum
rate of transport of a parcel of water across the RACER grid would be on the order of 15
duys. However, the regions where we observed massive blooms generally occurred in
water masses which appcared to have persistent eddy-like features. Drifter deployments
during November 1989, in the same vicinity as the work reported here, indicate that the
water mass in the northeastern Gerlache Strait can be confined within the Strait for greater
than 90 days (NuLer et al., in press). The model presented here is most relevant for water
masses, like those of the northern Gerlache Strait, where horizontal advection may be
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Fig. 2. Profiles of temperature, salinity and per cent light transmission (0.25 m path length) at

Sta. 43 (Gerlache Strait) and Sta. 20 (Drake Passage), showing progressive changes from
Dcecember to March, No data were obtained at Sta. 20 in December duce to presence of sea ice.
For all profiles presented: transmission. % ( ): temperature, °C ( )i salinity, %o (- -+ ).

limited by persistent eddy-like circulation, or for open waters where horizontal transport
in a relatively invariant meteorological and topographical field has little influence on
vertical features or phytoplankton distributions. Complex flow and frontal mixing in
Bransfield Strait may be less amenable to the type of model presented here.

For all runs, the molar ratio of carbon to nitrogen (C:N mole:mole) was 6.6 (REDFIELD et
al., 1963; NELsoN et al., 1989; HoLM-HANSEN eral., 1989), the initial nitrate concentration
([NOs];) was 30 mmol m™* (HorM-HANSEN et al., 1977) and the pre-bloom chlorophyll
concentration was 0.1 mg m~? (CLARKE et al., 1988; BriGHTMAN and SmiTH, 1989).
Maximum specific growth rates predicted by the model were 0.42 day ™!, which is in good
agreement witlr estimates in the literature (WILSON et al., 1986; SaksHAUG and HowLwm-
HANSEN, 1986; TiLzer and Dusinsky, 1987; Seies, 1987). The model is used to predict the
tinal biomass of the phytoplankton crop as Chl a at the end of the spring season (summer
solstice) for different combinations of mixing depth and losses.
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RESULTS AND DISCUSSION
Distribution of physical and biological properties

The seasonal deepening of the UML and its relationship to phytoplankton biomass in
the water column is evident in vertical profiles of salinity, temperature and beam
transmission for two contrasting stations, Sta. 43 in Gerlache Strait and Sta. 20 in Drake
Passage (Fig. 2). The profiles showing per cent beam transmission are indicative of the
phytoplankton biomass. as particulate beam attenuation coefficients derived from trans-
mission data in waters with little inorganic sediment have been shown to be proportional to
particulate organic carbon concentrations (BisHor, 1986). In general, values of salinity,
temperature (and therefore density) and beam transmission were constant with depth near
the surface. The rate of physical mixing in the UML apparently was faster than the rate
processes controlling phytoplankton crop size: particles (beam transmission) and pig-
ments were usually constant in the UML. A few exceptions to this rule were noted,
including Sta. SA43 (Fig. 2). Such observations were rare and were observed in very calm
conditions at stations with high biomass and a shallow UML. Extracted Chl a + phaeo
concentrations at Sta. 43 ranged from over 50 mg m ™~ in January to approximately 1.0 mg
m~? in March. At Sta. 20 the extracted Chl a + phaeo values in surface waters were
relatively invariant and ranged from 0.5 to 0.8 mg m ~* during the 4 months. Temperature
variations in the upper 50 m of the water column between December and March were very
pronounced at Sta. 43. In December the upper mixed layer was shallow (~7 m) and warm
(1.8°C). By January the surface water had cooled to 1.4°C, but a temperature maximum of
2.0°C existed at 20 m depth. By March the water column was well mixed to ~38 m, and
surface water was close to 0°C. The same trends are seen in the data for Sta. 20, There is a
cooling and deepening of the upper mixed layer from January to March.

The salinity data at Sta. 20 show uniform concentrations down to 40, 60 and 65 m during
these 3 months. During January, temperature was uniform to only 15 m at Sta. SB20. Thus
the Zyjp, at this perennially low-biomass station was slightly deeper than the 10 m Zgy.
for Stas SA43 and SB43 in December and January, respectively. Inspite of strong scasonal
gradients in temperature of the UML, the main factor in stratification was the surface
salinity gradient. We believe the weak temperature induced stratification at 15 m observed
at SB20 in January to be ephemeral, so that it did not persist for sufficient time for a bloom
to develop. It may not be appropriate, therefore, to seek to find a predictive relationship
between the phytoplankton crop size and depth of mixing at a single station. However,
taking the RACER data set as a whole or using averaging by cruise or region, definite
trends between mixing depth and the crop size emerge.

The mean UML for all RACER stations during the months December to March were
15, 17,26 and 30 m, respectively (Fig. 3). Data in this figure also show phytoplankton Chla
concentrations (both in surface waters and when integrated to 50 m depth) during the same
time period. It is seen that phytoplankton abundance decreases while Zyyy increases
simultaneously. During the period from December to February, Chl a concentrations
(both in surface waters and when integrated to 50 m), decreased by ~80%. Solar
irradiance also was decreasing during this time period, but data on photosynthesis vs
irradiance characteristics of these populations strongly suggest that this phytoplankton
decrease in surface waters from January to March cannot be ascribed solely to decreasing
irradiance levels (Hotm-HANSEN and MrrcHeLL, 1991). However, the combination of
lower surface irradiance and deeper mixing, resulting in lower mean irradiance of the
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Fig. 3. Plot showing scasonal aspects of depth of the upper mixed layer as related to phyto-
plankton concentrations (both in surfuce waters and when integrated to 50 m depth). Values are
the mean for all RACER stations from December to March,

UML., may be a factor in the demise of the bloom. Accumulation or decline of the
phytoplankton crop will be determined by the relative magnitude of i« and /. As the mean
light level in the UML decreases due to lower PAR(0 ) and a deeper Zy., a rapid
decline in the crop would occur if [ exceeds u.

Within the RACER sampling grid. the richest arcas in regard to biological production
were in or close to Gerlache Strait, while the least productive waters were found at the
offshore stations in Drake Passage (Houm-HANSEN and MrrcHELL, 1991). Thisis illustrated
by the data collected during fast cruise C in early February (Fig. 4). The region between
Stas 33 and 43 is characterized by high Chl ¢ concentrations (>5.0 mg Chl @ m™3) with
strong stratification in the upper 15 m (and therefore shallow UMLs). Throughout the
remainder of the vertical section, Chl a concentrations were much lower (<2 mg Chlam™?
in Bransfield Strait and <0.5 mg Chla m ~*in Drake Passage) and the upper water column
was much less stratified. These dramatic differences within the RACER stations cannot be
attributed merely to depth of the bottom (sce Fig. 4C). The region between Stas 33 and 43 is
fairly shallow (100200 m), but the region between Stas 37 and 40 is also shallow (bottom
depth of 84-200 m), but did not show clevated biomass or marked stratification in water
density.

Along the transcct in Fig. 4.85% (S.D. = 6.9%; n = 12) of the density change between
the UML and 40 m was due to changes in salinity. Although salinity changes dominated
stratification throughout, the magnitude of the salinity change was much greater near-
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shore. At Sta. SC43 the change in salinity between the UML and 40 m was 0.86%o while at
Sta. SC42 it was only 5% of this value (0.035%.). During the 1986-87 austral spring/
summer, there was very little sea ice in the RACER study region. In fact the only
significant sca ice observed during the RACER cruises was offshore during December,
and it prevented us from completing the Drake Passage stations off the shelf break during
cruise A. Captain Gates of R.V. Polar Duke reported that sca ice had been minimal in the
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Bransfield and Gerlache Straits since September. What, then, was the source of the fresh
water observed nearshore which promoted stratification and shallow UMLs in the
southwest portion of the RACER survey? We hypothesize that glacial meltwater from the
islands and the Peninsula provided a significant source of fresh water which initiated the
stratification leading to favorable light conditions for phytoplankton growth.

Mixing depth and phytoplankton crop during RACER

The concentration of Chl a + phaeo in surface waters for 246 RACER stations has been
plotted against Zy, (Fig. SA). The results show that all stations with Chl a + phaco
concentrations more than 10 mg m~* had an UML of less than 25 m. while most were less
than 20 m. It is also evident, however. that a shallow UML is not always characterized by
elevated Chl @ + phaeo concentration, as many stations with upper mixed layers of less
than 20 m showed low pigment concentrations. All stations with deep mixed layers showed
consistently low pigment concentrations. Nevertheless, Chl @ + phaeo values of 1-2 mg
m ™ were observed for a Zya as deep as 70 m. It is likely that significant amounts of
phytoplankton are transported to deep depths by storm-induced deep mixing of stations
which had a shallow Zyjy with elevated phytoplankton biomass.

A combination of mixing depth and duration of the depth of the UML is essential to
predict accumulation of biomass. Unfortunately, the frequency., duration and strength of
mixing events are not well known. Nevertheless, the strength of stratification below the
UML should provide some index of the persistence of a specific Zgjp.. One might
hypothesize that a scaling parameter which combines mixing depth and the stability of the
pycnocline immediately below the UML might provide a better predictor of biomass than
the Ziia, alone. We define the dimensionless parameter £y as

Eune. = Zown, X EZ5%, (7
where Zny is the depth of the UML and £95¥ s the stability of the water column (£ =

= UUp opldz; compressibility of scawater is ignored) from the base of the UML to 75 m.
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Fig. 5. (A} Concentration of Chl @ + phacopigments in surfuce waters as related to depth of the

upper mixed layer. Data shown are from all 69 stations of the RACER grid (n = 246). The solid line

is the result of the biomass modet run for 60 days with / = 0.1; C:Chla = 75. Also indicated is the

maximal [Chl] for a C:Chl e of 50. Note that the model does not explicitly include phacopigments,

hence the parenthetical notation for phacopigments on the ordinate label. (B) The same data as in
(A) but the abscissa is the dimensionless parameter Eoag detined in equation (7).



Phytoplankton crop and mixing depth 993

Massive blooms are not observed for values of Eyyy >3 x 107* (Fig. 5B). As with the
relationship of pigments and Z ;5 (Fig. 5A) only an upper limit can be predicted from the
relationships observed for individual stations. Both trends have similar statistical signifi-
cance (Spearman rank correlation; ry = 0.9; n = 246; P < 0.001). Much of the observed
variance in the two relationships in Fig. SA and B is due to shallow mixing during calm
conditions for stations which are routinely mixed deeply and have low biomass. and also
due to periodic deep mixing during strong storms at stations which typically have strong
stratification and have developed blooms.

We also present results of a 60-day run of the model for / = 0.1, corresponding to a
minimum loss term due only to respiration (TiLzer and DUBINSKY, 1987). with grazing and
sinking losses equal to zero (Fig. 5A). Only three of 246 stations are above the model result
fora C:Chla = 75 (w/w). For this comparison, the maximum concentration of pigment was
determined by

[Chla] mgm™3 = [NO;); x C:N x (12 mg Cmmol™") x (C:Chla)~". (8)

Thus the system is treated as a nutrient-limited “batch culture™ with no vertical transport
of nitrogen into the UML which remains at a constant depth during the 60-day run. The
fact that observed pigment concentration exceeded 32 mg m > (the maximum value for
C:Chla=75.C:N = 6.6 and [NO;] = 30) implies either a requirement of vertical transport
of nitrate from below the pycnocline, or a C:Chla of less than 75. The maximum attainable
pigment concentration for a C:Chl a of 50 is indicated for reference; it exceeds the curve
for C:Chl a of 75 by a similar factor throughout the depth range (100 m) for which the
model is run.

The model is particularly sensitive to the value of C:Chl a chosen as this parameter and
the C:N ratio sets the maximum attainable [Chl a] for an initial [NO;|. When realistic
losses in addition to respiration are included, a C:Chl a of 50 provides good agreement to
obscrvations (Fig. 6). We believe that a C:Chl a value of 50 is probably typical for
Antarctic phytoplankton although values for total particulate organic carbon to Chl a
(POC:Ch! a) have been reported to be much higher. For example, NeLson et al. (1989)
have summarized vatues for POC:Chl ¢ values at Antarctic marginal ice zones ranging
from 31 to 138. It is noteworthy that their lowest value is for a November cruise, perhaps
carly in the scason before significant accumulations of detrital carbon had occurred.
SaksuauG and Hotm-HANSEN (1986) reported values of POC:Chi a ranging from 55 to 132
for natural assemblages and on-deck batch cultures, while HoLM-HaNSEN er al. (1989)
report values as low as 34 during massive blooms which depleted surface nutrients near
Anvers Island. Typical values of POC:Chl a from 11 to 46 have been reported by
ParmisaNo et al. (1985) for sca-ice communities whose algac are considered to be
extremcly shade adapted. It is reasonable to assume that there is both detrital and
heterotrophic carbon in natural systems so values at the upper limit of observations
(POC:Chi a > 100) may be higher than the true C:Chl a of phytoplankton. Using direct
microscopic obscrvations for phytoplankton carbon and extracted Chl a, HEWES et al.
(1990) determined C:Chl a for autotrophs ranging from 50 to 80 for regions where Chla >
1 mg m~*, which was typical for most of thc RACER observations.

We therefore feel our overall estimate of a C:Chl a = 50 for the phytoplankton is
rcasonable when compared to the range of observations of POC:Chl a (=10~150) in
Antarctic systems. For loss rates of { = 0.1 as in Fig. SA. the model predicts pigment
concentrations above most observed concentrations for C:Chl a of 50 or 75. Two factors
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Fig. 6. Concentration of Chi« + phacopigments in surface waters as related to depth of the upper
mixed layer. Data for RACER and from Hotm-Hansen eral. (1989) include phacopigments: other
reports and model results are for Chl @ only, hence the parenthetical notation for phacopigments
on the ordinate label. The solid lines are for model runs where £ = 0.3 (upper line) and £ = 0.35
day ™! (lower line). Besides the RACER data which represent mean values for cach water mass
during cach cruise. the data of BiGas er al. (1982) represent mean values for transects or ice-edge
stations during the VULCAN Leg 6 cruise and the data of Svimi and Nevson (1985) represent a
mean value during an ice-edge bloom in the Ross Sca. All other values are individual observations,
All vbscrvations were made from December to carly February when the maximum summer crop is
expected, exeept data from RACER cruises Cand D.

that must be considered in order for the model to provide a predictive capability of the
obscrved biomass are (1) realistic loss rates including grazing and sinking must be
included, and (2) observed values for the Zyyy at individual stations may not be a good
index of the typical Zyjpy. at the same station over the spring season.

Seasonal and spatial variance in Zypg and Chi a

Although we assume a constant Z ;. during runs of the model, we do not presume that
the ecosystem actually exhibits such invariance. The RACER study region was selected
because of our expectation that substantially different water masses could be observed
through time (HUNTLEY et al.. 1991). NuLER ez al. (1991) have defined six separate water
masses that maintain some degree of temperature-salinity differentiation (sce Fig. 1 for
stations included in each mass). It is appropriate to study mean relationships between
phytoplankton and mixing for different water masses where the mean environmental
forcing may have been different due to proximity (or lack of proximity) to land and/or
sources of meltwater (Table 2). Massive blooms (Chl @ + phaeo > 10 mg m™%) were
observed in masses IV, V and VIin December (cruise A) but only in mass VI in January
(cruise B). No massive blooms were observed in any of the six water masses in February or
March. We note that mass [ in Drake Passage never developed a bloom (Chla = 1) and
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Table 2. Mean values and standard error of the mean (S.E.) for Zyp, . Chla (mg

m™?) and phaeopigments (mg m~>) for the six water masses described bv NuLER et

al. (1991) during each of the four RACER cruises. n is the number of stations used in

each determination. Cruises A. B, C, and D were in December. January, February
and March, respectively

Zume Chla Phaeopigments

Cruise Mass n Mean S.E. Mean S.E. Mean S.E.

A [ 1 28 - 0.63 — 0.28 —
A 11 9 17 4 4.91 1.05 1.72 0.33
A 111 8 17 3 4.43 0.57 1.70 0.26
A v 7 13 3 8.82 1.83 4.04 1.15
A Vv \ 5 - 8.43 — 3.93 —_
A Vi 8 14 3 11.20 2.13 4.43 0.98
B I 8 25 4 0.66 0.11 0.26 0.04
B I 18 16 2 244 0.32 1.21 0.24
B Il 9 20 3 .38 0.28 0.91 0.13
B v 7 22 4 3.03 0.91 3.21 1.30
B v 7 11 4 6.05 .41 3.46 0.79
B Vi 9 9 2 13.52 2.2 15.01 3.47
C 1 Lt 34 5 0.60 0.06 0.26 0.04
C H 23 27 3 L4 0.09 0.50 0.03
C [t 13 22 4 1.27 0.14 0.53 0.05
C v 11 21 3 1.04 .08 0.41 0.03
C \' 8 3s O 1.35 0.43 0.58 0.17
C Vi 13 19 2 343 0.84 1.35 0.33
D { 9 41 6 0.72 0.11 (.38 0.04
D 1 2 2 2 1.35 0.1 0.54 0.03
D 31 14 W 3 l.16 0.07 0.53 0.04
D v 12 30 4 0.79 0.07 0.41 0.03
D A\ 6 20 6 .58 0.04 0.33 0.03
D Vi 13 25 4 1.66 0.38 0.62 0.15

that obscrved Chl g for the other water masses reached their peak in late December. This
timing of the peak bloom justifics our termination of the biomass model at the summer
solstice. In mass VI Chl a was slightly higher in January compared to December, but not
significantly so. Phaeopigments increased significantly in mass VI from December to
January, presumably duc to grazing.

A statistical test of the difference between mean values of Zyyy and Chl a for the
diffcrent masses during January, February and March is presented in Table 3. No
comparison of means is presented for December as two masses had only one observation
(Table 2). In January the Zy,_of mass VI (9 m) was significantly shaliower than the Zpq
for all masses except mass V (11 m). Mass I had the deepest Zyjpq (25 m) but this was not
significantly different than the Zy of masses IIl and IV (20 and 22 m, respectively).
Concentrations of Chl a for masses I and VI were significantly different than Chl a
concentrations of cach of the other masses in January, with mass | being lower and mass V1
being higher than all other masses. This statistical analysis supports the RACER
hypothesis that conditions ncarshore are unique in providing an environment conducive to
rich phytoplankton blooms. In February, the offshore-onshore gradient in pigments still
indicated that masses [ and VI were unique but differentiation in Zyyy is less. Less
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Table 3. Results of an analysis 10 test the significance of the difference berween mean values of Zy-y, and Chla for

each region during each cruise from January to March. The December cruise is not included because two regions

had only one value due o ice cover or mechanical problems. The regions which are significantly different from each

other (P < 0.05; Students t-test between mean values) are indicated with (@) in the matrices. The upper half of each
matrix tests mean values for Z gy . the lower half Chl a
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differentiation in Zyyy is expected as the UML deepens throughout the study region.
Regions that had accumulated high biomass earlier in the scason may still have had
clevated biomass even though it may have been reduced due to dilution as mixing occurs.
By March, masses II and III near the South Shetland Islands tend to exhibit the most
statistical differentiation in pigments and mixing depths. Although mass VI still had the
highest mean Chla in March (1.66), the range in Chl a for this region is large (0.2-5 mg Chl
am™3) and has a high standard error. We belicve the factors which make the coastal waters
of Gerlache Strait unique for promoting and sustaining massive blooms in spring and
summer are no longer present by March. In autumn, meltwater would be reduced due to
colder temperatures and lower insolation and storms would be more frequent and more
intense. We propose that both a proximity to mcltwater from glaciers and abundant
icebergs in the coastal region, and reduced wind mixing due to moderation of storms by
land masses contributed to the unique ability for mass VI to develop massive blooms by
Dccember and sustain them through January.
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Strength of stratification and wind mixing

The susceptibility to wind-induced deepening of the UML is related to the strength of
stratification below the UML. When the biomass model is run with realistic loss terms (see
Fig. 6. discussion below) it is evident that blooms (Chl a > 1 mg m™~>) do not develop fora
UML > 40 m. Thus it is of interest to compare, using the same objective criterion, the wind
speeds which would be required to mix the various density profiles we observed during
RACER. For asimple case where there is no net horizontal advection and no net heat flux,
the wind energy (and hence wind speed) required to mix a water column to some desired
depth can be estimated. Although there are numerous assumptions in the procedure
outlined below, it is instructive to evaluate the relative susceptibility to wind mixing for a
region such as the RACER study site where strong horizontal gradients in stability were
noted.

One may write an energy balance with respect to time for a one-dimensional stratified
fluid where surface wind stress is the only source of change in the system's potential
energy

OIStPE = pymyU3, 9)

where PE, py. and U, are the potential energy of the water column, the density of scawater
and the friction velocity, respectively (e.g. Kraus and TURNER, 1967; DENMAN, 1973;
NuLeR, 1975; Nucer and Kraus, 1977). The parameter mnyis a mixing efficiency coefficient
and has been determined experimentally to be approximately 1.0 (Davis et al., 1981). The
left side of the equation is the rate of change in potential energy and can be calculated as
the difference between the potential encrgy after and before a mixing event diviced by the
duration of the mixing event (DenMan and Mivake, 1973). The potential energy of the
water column of interest is dependent on the depth distribution of density (e.g. Ponp and
Picarn, 1978)

PE = gJ' p(2)(z — zu)dz. (10)

~n

For the analyscs discussed below, we integrated from a reference depth (23 = =70 m) to
the surface (0 m). From equation (10) the change in potential energy before and after a
hypothetical mixing event can be calculated. Given the time over which this event occurs,
equation (9) can be used to determine how strong a wind event would be necessary to cause
such a mixing event. Surface wind speed (U,;,q) is directly proportional to U,

Uwind = Um(pu/p())-”:(cd)—llzﬂ (11)

where p, is the density of air and Cy is the drag coefficient of the air-water interface. We
used a value of p, = 1.3 X 10 g cm ™3 which is typical of cold humid air and a value of C; =
1.5 x 1073 which is typical for moderate wind speeds (DENMAN and MiAakE, 1973; NILER,
1975). The values of the PE increase, and the corresponding sustained wind speed,
required to uniformly mix to 40 m the five rate-process stations during RACER cruise B in
January arc prescnted in Table 4. This hypothetical mixing scenario is reasonable as the
Zynm of Sta. 43 was observed to deepen from 10 m in February to >30 min March, and the
salinity profiles at Sta. 20 were always uniform to at least 40 m although temperature
stratification sometimes resulted in a shallower Zy;\q, (Fig. 2). Sustained windsof 10ms™!
over 3 days would be required to mix Stas SB43 and SB48 to 40 m (Table 4). The highest
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Table 4. Estimated potential energv change (OPE) for uniform mixing to 40 m from
initial conditions observed during the slow cruise in January (cruise SB). [nitial conditions
for temperature and salinity for Stas SB20 and SB43 are presented in Fig. 2. Also
presented are the sustained winds (m s™') which would be required over the period
indicated (1-15 days) in order to accomplish this change in water column potential energy

Duration of sustained winds

SPE
Station (10°gs™?) 1 Day 3 Days 5 Days 10 Days 15 Days
SB13 1.8 9.2 6.4 5.4 4.3 37
SB20 1.1 7.7 54 4.5 3.6 32
SB39 0.1 31 2.1 1.8 1.4 1.3
SB43 S. 13.4 9.3 7.9 6.3 5.5
SB48 5.6 13.3 9.3 7.8 6.2 54

sustained winds observed during RACER were approximately 15 m s~! but lasted less
than 24 h (T. Amos, personal communication). Typical conditions in Gerlache Strait
during RACER were very calm. Even during storm events, Brabant [sland provided a
wind block for Sta. 43 and for much of mass VI. Evidently the nearshore stations are
adjacent to sources of fresh water during spring and summer which will tend to re-stratify
those regions after mixing events. Thus it appears unlikely that those regions would be
routinely mixed to depths as great as 40 m as long as fresh water is available. By contrast,
Stas SB39 and SB20 would mix to 40 m with single-day wind events of only 3and 8 ms ™!,
respectively.

The open watcrs of Drake Passage are unprotected from storms and do not have nearby
sources of fresh water. Therefore one expects that this region is routinely mixed to 40 m or
greater. The vertical profile of Sta. SB20 in January indicates a strong thermo- and
halocline at 40 m although the Zyjy is <15 m due to asmall temperature change of (0.25°C
between 15 and 30 m. The structure of this station suggests weak thermal stratification
occurring between mixing events which routinely deepen the Zyjyy, at least to the halocline
at40m. If this interpretation it true, then regular mixing to depths greater than 40 m would
prevent the development of blooms as the stratification would not persist for sufficient
time for the crop size to increase.

Applications of the biomass model

The mean pigment concentrations and Zyyy for each water mass during each cruise
were analysed together with reports from the literature from diverse Antarctic Ocean
ecosystems in order to determine the generality of the mixing depth-biomass concept
outlined in this paper. The data and the model suggest that Antarctic phytoplankton
biomass sustains mean specific loss rates of between 0.3 and 0.35 day ™! with the implicit
assumption of no nutrient limitation (Fig. 6). With the loss rate term set equal to
respiration only (0.1 day ~') the model predicts that massive blooms will form in 60 days for
aZyme =65mand C:Chla = 50 or for a Z . = 45 m and C:Chla = 75 m (Fig. S5A). To
our knowledge, such high Chla in deeply mixed water columns have not been reported for
Antarctic waters, so loss ratcs must be higher or nutrient flux to the UML (including trace
metals) must limit the crop size. The apparent minimal total loss term of 0.3 day ™!, which



Phytoplankton crop and mixing depth 999

provides a good upper bound of Antarctic observations (Fig. 6), predicts that blooms of
1 mg Chla m ™3 will form for Z 5. = 40 m and that massive blooms of 10 mg Chlam™> will
form for Zyn = 25 m. Stations SB20 Chl a + phaeo ranged from 0.4 to 0.8 mg m™>,
which. according to the model. would indicate a typical Z . of 45-55 m. Although the
Zn was observed to be <40 m due to weak temperature stratification. the halocline was
always =40 m (Fig. 2) and probably defined the depth of routine mixing during storms.

We feel that the light-dependent growth rate component is the best described aspect of
the model and is well supported by independent data in the literature. The loss terms are
poorly understood and under-described. Of the loss terms. respiration rates probably are
easiest to parameterize since we do not expect large seasonal changes in this term.
Sedimentation and grazing losses are expected to have tremendous seasonal variations due
to life history strategies of zooplankton and phytoplankton. [t is probable that specific
respiration rates (r) at the low temperatures of the Antarctic are of the order of 0.05-0.1
(e.g. TiLzer and DuBINSKkY, 1987; SAKSHAUG et al., 1991) so that sinking and grazing must
comprise approximately 0.2-0.25 day™".

The specific sinking rates for Chla (scn,). carbon (s) and primary production (s;,) were
estimated for rate-process stations during RACER (Table 5). The mean value of s, for all
stations (excluding SC39 and SD39) was 0.24 day ~! which greatly overestimates s since the
daily amount of photosynthetic carbon fixed is generally only 2-10% of the particulate
organic carbon present in the upper 100 m. As indicated in Table 5, Stas SC39 and SD39
were excluded from the evaluation of specific sinking rates in RACER. For these stations,
carbon flux exceeded observed production by as much as 200%. High concentrations of
inorganic particulates derived either from resuspension from the shatlow bottom or from
glacial activity on ncarby Livingston Island are presumed to be the source of the material.
We belicve these materials accelerate sedimentation of carbon, perhaps by adsorbing
dissolved organic carbon. Resuspended particulate organic carbon from the shallow
bottom also may fead to anomalously high flux for these stations. It is thercfore
inappropriate to bias mean sinking rate estimates for interpretation of Antarctic Ocean
ccosystems which are not influenced by such phenomena.

Early in the scason, before significant zooplankton stocks are present and before any
mass scdimentation of resting spores of phytopiankton, s, may be a reasonable upper limit
of s for phytoplankton. The value for s, in December (0.07) was much lower than the value
of the overall mean or the individual means for January to March. We hypothesize that a
healthy phytoplankton crop has values of s, similar to the observations of December,
which would agree with direct observations of phytoplankton settling velocitics (JOHNSON
and Smiti, 1986). The accelerated rates of sinking later in the scason may arise from
sinking of fecal material derived from grazers whose population lagged the phytoplankton
bloom in addition to cell sinking (KARL et al., 1991). Thus a significant fraction of the s,
calculated in Table 5§ may actually be an index of grazing activity. Kart et al. (1991) have
noted that a significant fraction of sedimenting matter later in the RACER study was
amorphous marine snow and fecal pellets of krill. These observations are consistent with
those of Dunsak (1984), voN BODUNGEN ef al. (1986) and WEFER et al. (1988), who
reported a dominance of krill fecal matter in their sediment trap samples collected in
Bransfield Strait.

At eight stations in December and January, we made direct estimates of the flux rate of
Chl a at 100 m. The mean daily flux of Chl a was less than 1% of the 0-100 m integrated
stock of Chl a and corresponds to a specific sinking rate of sy, = 0.008. KarLeral. (1991)
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report similar low rates of specific flux of ATP and DNA for the same trap deployments.
We estimated the integrated stock of POC from 0 to 100 m using Chl a + phaeo by
assuming a POC:(Chl a + phaeo) ratio of 100. Using this conversion it was possible to
estimate s, for all 18 trap deployments. We observed flux of carbon as a per cent of the
POC stock ranging from 0.1 to 2% with a mean rate of 0.8%. In general POC
sedimentation rates from the euphotic zone in polar regions range from 0.5 to 7% (von
BODUNGEN et al., 1986; voN BODUNGEN, 1986; WassMaN et al., 1990). In Bransfield Strait,
voN BODUNGEN et al. (1986) reported a mean rate for POC flux at 100 m of 2.7% of the
stock, and their highest rate of 7% was slightly less than the mean increase of the POC crop
by primary production. With total production exceeding the rate of sedimentation losses,
either nitrate-based production must be a small fraction of total production, or grazing
must be more significant than reported.

Assuming nutrients are not limiting, our model indicates that the total specific loss rate
of phytoplankton must be approximately 0.3 day "', and half of that must be grazing as it is
evident that the sum of respiration and sinking comprise no more than 0.15 day™!. The
model can be used together with information of respiration and sedimentation to estimate
the available organic carbon for grazers. One can calculate the carbon production lost due
to grazing (P,)

P, =[Chla] C:Chla (1 — exp(—g.1)). (12)

Assuming [Chla] = Smg m™*, C:Chla = 50, t = 1 day, and g. = 0.15 day ™', then daily
grazing loss in the mixed layer only would be =0.7 g C m™ for Zypy. = 20 m. Depending
on the stock of phytoplankton assumed, the model requires grazing rates 2-10 times higher
than rates estimated by HuntLEY et al. (1991) using data of zooplankton biomass collected
with a 333 gem net during RACER.

The procedures of HunTLEY ef al. (1991) undersampled adult krill, and did not sample
zooplankton smaller 333 gm, including crustaccan nauplii and protozooplankton.
Although it is reasonable to revise their estimates upward due to undersampling of
grazers, it is unlikely that any revisions of macrozooplankton grazing would be sufficient to
satisfy the model under conditions that nutrients do not limit the total crop size.
Alternatively, microzooplankton grazing may be a significant and unresolved component
limiting crop size. Frost (1987) concluded that microzooplankton must be a dominant loss
term limiting the crop in the subarctic North Pacific where the phytoplankton crop is small
although shallow mixed layers and high macronutrients occur in the summer (but see also
MAaRrTIN and FitzwATER, 1988). TavLor and HaBersTROH (1988) did limited studies during
RACER on the role of microzooplankton in the post-bloom period (February to March)
and determined that protozooplankton may account for significant grazing. Unfortu-
nately, routine experiments and determinations of abundances during RACER were not
done so it is difficult to extrapolate to a general conclusion. Certainly, the data of HEwes ef
al. (1985, 1990) and those of TavLor and HaBersTroH (1988) implicate microzooplankton
as an important and poorly resolved loss term. On the other hand, voN BODUNGEN et al.
(1986) and HoLm-HANSEN et al. (1989) reported ncgligible protozooplankton biomass in
the castern Bransfield Strait, and near Anvers Island, respectively.

Vertical diffusion of nutrients predicted by the model

One surprising aspect of the model is the prediction that substantial vertical diffusion of
nutrients across the pycnocline must occur in order to develop and sustain massive blooms.
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Vertical diffusion is parameterized as an “eddy diffusivity coefficient” which for our
purposes is calculated based on the nitrate balance and vertical gradient during the 60-day
run of the model

k.= (mmol NO; m™" s~ ')(d[NO,}dz)~". (13)
The first term on the right is the mean rate of NOs flux into the UML calculated as the total
nitrogen fixed during the 60-day run, less the [NOs);, and less the fraction attributed to
recycling. The second term is the vertical gradient in nitrate. d[NO;] was defined as
[NOs}sy — [NOs]yar. the difference in NO; concentrations at 50 m and in the UML. dzis
calculated as 50~Zp. . the distance from the base of the UML to 50 m. Once the bloom
was developed and NO; was depleted. dNO5/dz was typically about 0.5-2 mmol NO; m~?,

As anexample, fora20m Zyy . afinal Chla > 10 mg m ™~ will be attained after 60 days
for C:Chla = 50 and! = 0.3. Todevelop this bloom, the model predicts that approximately
600 mmol NO; m ™ must be transported into the UML if 3% of the primary production is
based on recycled ammonium. This flux could be supported by a mean k. of approximately
6 x 107> m*s ™ L. The value of k. is approximately 1 X 107" m*s ™" for the same conditions if
67% of the primary production is based on recycled nutrients. A mean value of k; = 5 X
107 m* s~ is determined for all runs of the model for Z 5y shallow enough to develop a
massive bloom with [ = 0.3 and pereentages of recycling of either 33 of 67%. These two
estimates of the fraction of primary production based on recycled nutrients arc the
extremes of observations reported for the Antarctic Ocean (Ovson, 1980; GLIBERT et al.,
1982: RoNNER et al., 1983: KoikE et al.. 1986; NELsoN and SMiTH, 1986). These values of k.
arc typical for a stratificd upper ocean with moderate wind stress (DENMAN and GarGETT,
1983; LEwis et al., 1986; GreGa, 1987). Thus, nutrient supply across the pycnocline should
be adequate provided total loss of the crop averages approximately 0.3 day™'. As
discussed above, such loss rates would require higher grazing rates than previously
estimated.

Vertical transport of nutrients into the UML should be balanced by the downward
transport of particle-rich, nutrient-poor water to depth. As noted by Horm-HanseN and
Mrrenern (1991), significant phytoplankton biomass was observed below the pycnocline at
depths where light was insufficient for net photosynthesis. This deep biomass was
generally associated with [NO;) below winter-time levels to depths up to 100 m. These
observations corroborate our hypothesis of significant vertical transport.

An argument for nutrient limitation of crop size

The current model does not include nutrient limitation of maximal growth rates or of the
maximal crop but assumes that the sum of initial concentrations and diapycnal transport of
nutrients arc adcquate to supply the demand of the growing crop. Using this assumption
we fit the model to observations (Fig. 6) by parameterizing the total specific loss rate,
which we feel is the least known aspect of the model. As discussed above, g. must be
approximately 0.15 day™! to satisfy the requirement that the total value of / must be
=().3-0.35 day "', With loss rates of this magnitude. reasonable values of k are required to
develop and sustain observed blooms. In general, it is considered that such high grazing
rates are not obscrved on the basis of zooplankton stock size (e.g. SCHNACK et al., 1985,
HuntLEYetal., 1991) or rates of sedimentation of fecal material (e.g. voN BODUNGEN et al.,
1986). If grazing rates (and total loss rates) are reduced (i.e. / = 0.2 day™!) predicted
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biomass exceeds observations and values of k. become unreasonably large (e.g. k, = 2 X
107*m* s~ UML = 20 m; 50% recycled production). The model implies either grazing is
much greater than previously estimated, or rates of nutrient supply across the pycnocline
limit the rate of biomass accumulation of massive blooms. In the latter scenario, actual
specific growth rates need not be limited by nutrients if rates of regeneration are sufficient.
High light attenuation coefficients in massive blooms will result in low maximal specific
growth rates for phytoplankton in the UML. KoikE et al. (1986) estimated that ammonium
provided 72% of the inorganic nitrogen required for coastal phytoplankton even though
measured ammonium concentrations were less than 10% ambient nitrate concentrations
(1-2 mmol ammonium m™?). Orson (1980) presented data indicating that low concen-
trations of ammonium (<0.5 mmol m™?) significantly inhibit the uptake of nitrate. The
availability of regenerated nutrients from grazing on the large crop already present is
hypothesized to be sufficient to sustain growth rates but not rates of increase of the crop.
Once significant ammonium concentrations are established in the UML, nitrate trans-
ported across the pycnocline would be used inefficiently. Inefficient nitrate utilization
would result in the typical Antarctic observations of high nitrate concentrations (5-15
mmol m~?) even in blooms.

CONCLUSIONS

During RACER, highest biomass conditions always had a shallow Zy, and deep
Zuwi, conditions always had low biomass. Deviation of individual observations from this
tread is probably caused by inadequate resolution of the time that the UML has becn at a
particular depth, and short-term variations in s and g, which may undergo extreme spatial
and temporal variations. Massive scdimentation of diatom resting spores, or intense
grazing by localized krill or salp swarms occur for this ccosystem. The time-scale of mixing
stratification and duration of a shallow Zy;y, is undoubtedly of great importance in
Antarctic waters in regard to formation of blooms. The temperature-dependent lag in
phytoplankton development limits the extent and duration of blooms in Antarctic waters,
as it requires that wind-induced deep mixing of the upper water column be minimal for
periods of weeks. Such shelter from storms may only occur for coastal environments or in
the lee of islands where storm intensitics are abated (c.g. CLARKE et al., 1988). During
RACER, stations in and closc to Gerlache Strait were normally calmer than offshore
stations.

Offshore regions are predicted to have an upper limit to biomass due to inadequate
ratios of iron (and perhaps other trace nutrients) relative to the concentrations of
macronutricats (MartiN and Frrzwater, 1988; MartiN er al., 1990). With no losses due to
sinking or grazing, crop size should conform to LieBig’s (1840) law of the minimum.
Demonstration of low iron concentrations alone are not sufficient to declare iron as
limiting if the surface layer is routinely mixed to depths that may make light the limiting
factor. Buma eral. (1990) report that iron in the Scotia Sea is sufficient to support [Chla] =
4 mg m~? corresponding to a depletion up to 15% of [NOs];. That region of the Scotia Sea
was not observed to have [Chla] > 1 mg m™? by BiGas et al. (1982; data presented in Fig.
6). Our model assumes nutricnts are not limiting. The critical experiment will be to
determine if iron (or some other trace element) is reduced to undetectable levels in mid-
summer, while macronutrients remain high. If not, then some other factor, perhaps light,
may in fact be the limit for these open-ocean regions. Regardiess, our model is refevant to
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bloom development for coastal zones or ice edges where iron is not expected to be limiting
(MARrTIN and FrrzwaTer. 1988; MARTIN et al.. 1990).

Our model predicts a relatively high loss due to predation which is higher than generally
accepted based on biomass collections of macrozooplankton. Lower grazing rates require
unreasonably high values of k.. and predicted biomass in the UML exceeds observations.
We are forced to conclude that one of two paradigms of Antarctic biological oceanography
must be revised: either grazers consume a greater fraction of the crop than previously
estimated, or rates of nutrient supply to the UML limits the accumulation of biomass in
massive blooms. Current data sets are not adequate to resolve whether these hypotheses
are reasonable. Both may actually be of importance. Underestimates of grazing, particu-
larly the contribution of protozooplankton. are inherent in the traditional methods of
sampling with nets; rates of regeneration and ammonium-based production have not been
well documented in massive coastal blooms. Although the role of protozooplankton is
poorly understood for the Antarctic. and conflicting reports of their significance are found
in the literature, they are presumed to be an important but unresolved component of crop
loss.

To address the questions raised here, future studies must be multi-disciplinary. Besides
traditional biological rate-process studies, studies of surface and in situ irradiance, trace
clement limitation and microzooplankton grazing are essential. Physical measurements of
continuous metcorological conditions and turbulent kinetic energy dissipation are
required so that wind stress. its effect on rate and depth of mixing of the upper water
column, and rate constants for phytoplankton mixing and nutricnt transport can be
calculated simultancously.
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