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Abstract

Bio-optical parameters, primary production, and phytoplankton growth rates were determined in the southern part
of the Bellingshausen Sea, the western part of the Bransfield Strait, and the Gerlache Strait, during December 1995 and
early January 1996. Three water bodies were present at the surface (< 100m); Bellingshausen warm waters (BWW),
Bellingshausen cold waters (BCW), and transitional Weddell waters (TWW), which were separated by a thermal front.
High chlorophyll concentrations were found in the upper mixed layer (UML) of the BCW waters (5.57 +4.04 mgm ),
with intermediate values in BWW (2.85+1.24mgm~>) and the lowest values in the TWW (1.53+0.94mgm ). The
broadband photosynthetic parameters (PEMX, B and Egpar) were highest in BWW and lowest in TWW, except for
Expar, which did not show significant differences between water bodies. Spectral bio-optical parameters
(@ph> Pmax and Expur) showed a similar distribution to chlorophyll concentrations except Expyr, which was highest
in BWW. A comparison between light-saturation parameters and water-column irradiance suggests that photosynthesis
was not light-limited in the mixed layer. However, transitory situations exist where photosynthesis could be close to
limitation at the bottom of the photic layer when high chlorophyll concentrations were present in the surface layers. The
high maximum quantum yields (0.073+0.032mol C (mol photons)~') also suggest that iron limitation of photo-
synthesis should not be occurring in the region during the cruise. The mean primary production rates were 1.11+0.68 g
Cm~2d~! in the TWW, 2.284+0.98¢g Cm2d™! in the BCW, and 2.68+0.94gC~2d™" in the BWW. The Gerlache
Strait and frontal zones were the most productive, with values analogous to those of upwelling areas. Carbon-specific
growth rates in UML (0.43+0.16d" ") were similar to those of temperate seas, neither nutrient- nor light-limited.
Growth rates in the UML of BCW (0.5440.20d™") were higher than those of TWW (0.374+0.08d™') and BWW
(0.354+0.09d~"). The results indicate that factors as microzooplankton grazing or sinking should control the standing
stock of phytoplankton, since photosynthesis was not limited. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

*Corresponding author. Fax: +34-986-292762. ) : ,
E-mail address.: luimar@iim.csic.es (L.M. Lorenzo). Traditionally the Antarctic ecosystem has been
'Plymouth Marine Laboratory, Prospect Place West Hoe, characterised as aizione of hllgh-nutrlelilt and low-
Plymouth PL1 3DH, UK. chlorophyll conditions, which constitutes “the
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major biological paradox of the Southern Oceans™
(El-Sayed, 1987). Several authors, however, have
shown that although phytoplankton biomass over
the whole region may be relatively low, in some
areas high phytoplankton biomass can be found
associated with low water-column mixing or
continental shelf waters but usually without
nutrient depletion (El-Sayed, 1988; Holm-Hansen
et al., 1989; Mitchell and Holm-Hansen, 1991;
Sullivan et al., 1993). Limited phytoplankton
activity due to low light levels (Sakshaug
and Holm-Hansen, 1984), low temperatures
(Smith and Sakshaugh, 1990) and iron deficiency
(Martin et al., 1990), are the common reasons
invoked to explain why nutrients are not totally
exhausted.

The low light levels in the well-mixed surface
layer of the Antarctic have been suggested as one
of the most important factors controlling phyto-
plankton biomass (Sakshaug and Holm-Hansen,
1984). Nevertheless, during the Austral summer,
solar irradiance in the UML is not generally
considered to be limiting (Krebs, 1983; Holm-
Hansen and Mitchell, 1991, Figueiras et al., 1994,
1998). An analysis of photosynthetic response to
photosynthetic active radiation (PAR) and to
photosynthetic usable or absorbed radiation by
phytoplankton (PUR) in the water column, based
on broad-band and spectral models, has shown
that phytoplankton is light-saturated during the
Austral summer (Figueiras et al., 1999). These
observations may be true over broad latitudinal
scales, but there is a large amount of hydro-
graphic variability in Antarctic waters, which
requires a more detailed analysis of phytoplankton
light limitation, especially during transitional
hydrographic situations at coastal and frontal
zones.

The following paper presents a detailed analysis
of photosynthetic parameters, primary produc-
tion, and phytoplankton growth rates in the
southern part of the Bellingshausen Sea, the
western part of the Bransfield Strait, and
the Gerlache Strait, a very dynamic region where
the confluence of the Bellignshausen and Weddell
waters occurs. For each water body, phytoplank-
ton photosynthesis, primary production and phy-
toplankton growth rates were analysed in relation

to surface mixed layer depths and irradiance, and
the photoadaptational status was assessed in
order to establish whether physiological limitation
of phytoplankton occurred and was therefore
responsible for the relatively low phytoplankton
standing stocks usually found in the area.

2. Materials and methods
2.1. Sampling

The sampling area (Fig. 1) was the southern part
of the Bellingshausen Sea, the western part of the
Bransfield Strait, and the Gerlache Strait. The
cruise (FRUELA 95) took place between
3 December 1995 and 5 January 1996 aboard the
R/V Hespérides and was divided in two legs.
During the first leg (311 December 1995) the
hydrographic structure in the area was charac-
terised. From the 47 stations sampled, 33 (Stns.
1-33, Fig. 1) were located in five perpendicular
transects to the Antarctic Peninsula and 13 (Stns.
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Fig. 1. Map of the sampling area showing CTD, stations (small
circles) and bio-optical stations (larger circles, squares and
triangles) where sampling was done. The dash line separates the
three water bodies present in the area: Bellingshausen warm
waters (BWW, W), Bellingshausen cold waters (BCW, A), and
transitional Weddell waters (TWW, @). Station 168 was
included in BCW for bio-optical analysis. See text for details.
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34-47, Fig. 1) in the Gerlache Strait. The second
leg (12 December 1995-5 January 1996) sampled
the western basin of the Bransfield Strait where
three water bodies meet (Fig.1). This dense
sampling grid (107 stations, Stns. 48155, Fig. 1)
was defined to establish the confluence boundaries
of water bodies. At the end of the second leg,
stations in the Gerlache Strait (28 stations, Stns.
156-184) were re-visited between 19 December
1995 and 5 January 1996, to detail the key
processes that result in high chlorophyll concen-
trations in the region. Biological sampling was
conducted at 27 stations (large numbered circles in
Fig. 1) to determine phytoplankton light absorp-
tion and photosynthetic parameters and to
estimate primary production and phytoplank-
ton growth rates. Water samples were collected
on the upcasts of a Mk IIIC Neil Brown
CTD using 121 PVC Niskin bottles from the
rosette.

2.2. Chlorophyll and phytoplankton light
absorption coefficients

Chlorophyll @ (Chl @) concentrations were
estimated fluorometrically by pigment extraction
in 90% acetone after filtering between 50 and
100ml of seawater through 25-mm Whatman
GF/F filters (Yentsch and Menzel, 1963). Fluo-
rometer was calibrated against Chl a concentra-
tions determined spectrophotometrically during
the same cruise.

Phytoplankton light absorption coefficients
(apn(4), m~ ') were determined by filtering seawater
volumes of 1-41 through 25mm Whatman GF/F
filters. The optical density spectra of concentrated
material were measured on a Kontron UVIKON
860 dual-beam spectrophotometer at 1 nm band-
width from 400 to 750 nm, using a wet GF/F filter
as a blank. Phytoplankton pigments were ex-
tracted in methanol (Kishino et al., 1985), and the
optical density of non-algal material retained on
the filters was determined in the same way.
Absorbance at 750nm was subtracted from all
other wavelengths in the spectra and the correction
for pathlength amplification on filters was done
following the methodology of Arbones et al.
(1996).

2.3. Incident irradiance at the sea surface and light
in the water column

The incident photosynthetically active radia-
tion (PAR, 4 =400—700nm) at the sea surface
was measured on deck, at 1-min intervals, with
a Li-Cor cosine corrected LI-190SA sensor.
Readings were integrated hourly. Incident irradi-
ance in Antarctica shows high short-term varia-
bility due to the rapid passing of clouds,
which makes the interpretation of bio-optical
results difficult (Figueiras et al., 1999). To re-
move this “noise” and allow a more generalised
interpretation, the incident irradiance was aver-
aged to obtain the mean PAR daily irradiance
(Eo.) of 32mol photonsm >d~'. Profiles of PAR

irradiance were determined using a Biospheri-
cal radiometer (PUV500). The average transmit-
tance at the air-sea interface (t=0.7) was
estimated from in situ measurements taken
just above (Ep;) and below (Ep_) the sea sur-
face. The mean daily PAR irradiance below the
sea surface (Eyp_) was therefore estimated as
follows:

Ey_ = E. 0.7 (1

and the PAR irradiance at each depth (E.par,
pmol photonsm >s~ ') in the water column as

E.par = Eo— exp(—KparZ), 2

where Kpar (m™') is the light attenuation coeffi-
cient for the PAR spectrum (400-700 nm).

The mean PAR irradiance (Eymipar) in the
UML is

ZumL
Eumiear =1/Zume / Eo_
0
x exp(—KparZ) dz, (3)

where the depth of the UML (Zymr) was
estimated assuming that a change of ¢,>0.05 over
5m depth interval defines the pycnocline (Mitchell
and Holm-Hansen, 1991).

The spectral incident irradiance at the sea
surface and in the water column was determined
with a Li-1800 spectra-radiometer. Measurements
in the water column were taken at 5-10m
intervals. To study temporal and spatial varia-
tions in the shape of the spectra during the cruise,
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midday spectra above and just below the sea
surface were normalised to its integral and
then correlated. Correlation of normalised
incident spectra at the sea surface was high
(0.87<r?<0.94), and the linear regression slopes
varied between 0.997 and 1.006, which indicates
that the shape of incident spectra during midday
did not change significantly throughout the cruise.
The average midday normalised spectra above and
just below the surface also showed a high
correlation (2 = 0.90), with a slope of 1.006,
indicating that the transmittance through the air—
water interface was constant and independent of
wavelength (Kirk, 1983; Falkowski and Raven,
1997). Nevertheless, differences were found in the
shape of the normalised spectra during the day
(Fig. 2), with blue light being more important at
dawn and dusk. These differences, however, have
no effect on integrated primary production (see
Eq. (13)) when calculated considering the shape of
the midday irradiance spectra or wusing the
correspond real shape of spectra at dawn and
dusk (> = 0.99, slope =0.99 +0.0005, P = 0.25 for
paired samples). This, therefore, allows us to use a
single spectral shape of incident light during the
entire cruise as well as a constant PAR transmit-
tance coefficient (tr =0.7) through the air—sea
interface.
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The average light spectrum just below the sea
surface was estimated from

Ey_(7) = Eo- Eno+(2), 4)

where E,_ is the mean PAR irradiance below the
sea surface calculated using Eq. (1), and Eyo (/) is
the average of the normalised spectra at the sea
surface.

The spectral irradiance at each depth in the

water column (E.(1), pmol photonsm *s~') was
estimated as
E.() = Ey—(2) exp(—K(2)Z) ®)

and the spectral light absorbed by phytoplankton
at each depth (E.pygr, pmol photonsm s~ ') is

700
Eorur = / apn(DE(2) d7, )
400

where apn(4) (m™ ") is the phytoplankton spectral
absorption coefficient.

The mean irradiance absorbed by phytoplank-
ton in the UML (Eymppur) is

ZumL
Eumrrur = 1/ZumiL / E.pur(z) dz. (7)
0
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Fig. 2. Normalised spectra during different times. The biggest differences were found between the spectra measured at dawn and dusk

(00 and 23 h) with the ones measured during light hours (03-21h).
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2.4. Photosynthesis-irradiance relationships

Fourteen subsamples collected in 75-ml Corning
tissue culture flasks were inoculated with
3.70 x 10° Bq (10 uCi) of '*C-labelled bicarbonate
and placed in linear incubators illuminated by
tungsten—halogen lamps (50 W, 12V) of a known
light spectra. The flask at the end of the incubator
was covered with aluminium foil and used to check
dark carbon fixation. A digital temperature
refrigeration unit was used to maintain the
samples at ambient temperature. The PAR
(Epar) at the position of each bottle in the
incubators was measured with a Li-Cor cosine
sensor LI-190SA. After 2h of incubation, samples
were filtered through 25mm Whatman GF/F
filters. The filters were exposed to concentrated
HCI fumes for 12h to eliminate unincorporated
4C. The external standard and the channel ratio
methods were used to calculate disintegrations per
minute (dpm).

Since photoinhibition was not observed, the
broadband photosynthetic parameters, P2 (mg
C(mg Ch)"'h™') and «® (mg C(mg Chl)™'
h™'(umolm 2s™ ")) were estimated by fitting
the data to the model of Webb et al. (1974):

PB = PB[1 — exp(—aP Epar/PB)], ®)

where PP (mg C(mg Chl)™'h™') is the Chl-
specific rate of photosynthesis at each sampled
depth.

The spectral quality of the incident light did not
change along the incubators (Figueiras et al.,
1999), and therefore the spectral irradiance E,(/)
at each location in the incubators was deduced by
multiplying the normalised spectra of the tung-
sten—halogen lamp En(A) by the corresponding
Epar at each location:

E,(2) = En(4)Epar, )

where

Ex(l) = E(J)/ / E(2)dJ. (10)
pl

The light absorbed by phytoplankton (Epyr,
pumol photonsm™*s™!) at each position in the
incubators was calculated following Dubinsky

(1980):
700
EPUR = / aph(;L)Eq(;L) dA. (1 1)
400

The maximum quantum yield of carbon fixation
(¢p1» mol C fixed (mol photons absorbed)™") was
estimated by fitting the photosynthetic rates P (mg
Cm *h™') to the photosynthetic radiation ab-
sorbed by phytoplankton Epyr (pmol photo-
nsm s )

Pz = Pm[1 - exp(_¢;,1EPUR/Pm)]a (12)

where ¢, = 0.0231¢;. The factor 0.0231 converts
milligrams of carbon to moles, umol of photons to
moles, and hours to seconds.

From Eq.(12) the spectral light saturation
parameter for light absorbed by phytoplankton
(Expur = Pm/®,, (umol photonsm—>s™')), is
analogous to the saturation parameter for PAR
radiation (Expar = P2 /o®, (umol photonsm™2s™ "))
derived from broadband photosynthesis—irradiance
relationships.

2.5. Primary production and phytoplankton carbon-
specific gross growth rates

Primary production (PP) was integrated to the
depth of 1% of surface irradiance (Z;,):

Zyy,
PP =D / chl(z)PB (z)
0

X [1 — CXp(—EPUR(Z)/EKpUR(Z))} dZ, (13)

where the daylength D is 24 h.

Gross phytoplankton growth rates (u+r, d~',
where u represents the net growth rate and r the
respiration rate) were calculated as

dC/d?)

(14)

=In|l
u+r n{—# C

where dC/dr is the daily integrated PP (mg
Cm >d™") at each depth:
dC/dt = DChIPE[1 — exp(E.pur/Expur)]  (15)

and C (mg Cm™?) is the phytoplankton carbon
estimated from the slope of the linear regression
(model II) between particulate organic carbon
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(POC, see Doval et al., 2002) and Chl:

POC =26.96(+4.4) + 53.63(+1.8) Chl
(? = 0.75, n = 228). (16)

This carbon : chlorophyll ratio is similar to that
reported previously for a nearby area (Figueiras
et al., 1994) and compares well with that found
for Antarctic phytoplankton growing in culture
(Thomas et al., 1992).

3. Results and discussion
3.1. Hydrographic regions

Surface waters (<100m) in the Bellingshausen
Sea and in the Gerlache Strait were occupied by
transitional Bellingshausen waters (TBW), while in
the Bransfield Strait, transitional Weddell waters
(TWW) dominated (Garcia et al., 2002). However,
within surface TBW (<70 m) there were two water
bodies (Tokarczyk, 1987): Bellingshausen warm
waters (BWW) and Bellingshausen cold waters
(BCW) (see Fig. 1), which had a similar salinity
range (33.1-339psu in summer) and were
differentiated by temperature. The BWW, with
temperatures above 0.5°C, occupied the upper
50-75m of the water column in the northwestern
part of the study area and influenced the Drake
Passage waters. The BCW, which were colder than
BWW, were located at the southwestern in the
upper 30-50m. The BCW penetrated from the
west, through the Gerlache Strait, to reach
the Bransfield Strait where it met the TWW.
TWW was characterised by temperatures below
—1.5°C and salinity between 33.6 and 34.6 psu in
summer; consequently, TWW had a higher density
than BCW and, therefore, occurred below BCW in
the western part of the Bransfield Strait (Fig. 1).
A thermal front characterised by the 0°C isotherm
located between Drake Passage and Bellingshau-
sen Sea corresponded to a separation between
warm BWW from the BCW and cold TWW. The
front accumulated chlorophyll with averaged
concentrations in the mixed layer >2mg Chl
am™ (Castro et al., 2002). The stations were
assigned to each hydrographic region, according

to their geographic position (Fig. 1), with the
exception of station 168, which presented surface
waters with BCW characteristics when the bio-
optical samplig was carried out, and was included
in the BCW group.

The water-column structure did not show a
differentiated pattern according to the water
bodies distribution. Stations with relatively deep
UML (e.g., Stns. 142 and 40, Fig. 3) were found in
TWW and BCW, where stratified water columns
also were observed (e.g. Stns. 1 and 178, Fig. 3).
Stratified stations (Zyy <10m) were usually
found in the Gerlache Strait (BCW) and at some
coastal stations for the TWW. At stations with
shallow UML the photic layer was deeper than
Zuyymr- The stations in BWW did not show any
evidence of stratification; their UML was around
40m deep (e.g. Stn. 12, Fig. 3) and their photic
layer was shallower than Zyy;.

3.2. Chlorophyll

The average Chl a concentration in the water
column at stations where P— E measurements were
made was 2.86+2.50mg Chl am*. By compar-
ison, Holm-Hansen and Mitchell (1991) found a
mean value of 6.5+4.7mg Chl am ™ for the same
area and season, with the highest Chl a concentra-
tions at surface waters in the Gerlache Strait
(>10mg Chl am %) associated with the shallowest
UMLs (Zyyr <20 m). We also observed a similar
Chl a pattern in this zone, but with lower
concentrations at the surface (Chl ¢>3mgm )
and shallower mixed layers (Zyyr<10m). The
mean Chl a concentration of BCW waters was
higher than that of the other two water bodies,
especially in the UML (Tables 1 and 2). Chl «
concentrations at the surface layer of stratified
stations, in BCW especially, were higher than in
TWW (Table 1).

3.3. Photosynthetic broadband parameters

The mean and standard deviation of broadband
photosynthetic parameters (P, o and Expar) in
each hydrographic region and for all samples are
given in Table 1. The overall mean maximum
photosynthetic rate P2 (2.16+1.09mg C (mg
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Fig. 3. Vertical profiles of temperature, fluorescence and o, of selected stations from BWW, BCW and TWW. Stations 12, 40 and 142
showed vertical mixing. Stratified water column conditions were observed in stations 178 and 1.
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Table 1

Mean and standard deviation of chlorophyll concentration (Chl), broadband photosynthetic parameters (Pfq, oB, Expar) and bio-
optical parameters (@pn, Expur, ¢p,) in the water column (Total) of the three water bodies found in the area (BCW, BWW, TWW),
layers in the water column (UML, Byy) and or total samples®

Water bodies Layer Chl PB oB Expar Tph Expur b

BCW Total 4.344-3.39 2.1940.95 0.0404+0.013 56427 0.066+0.055 24+1.7 0.088+0.029
UML 5.57+4.04 2.2940.90 0.040+0.019 59+26 0.094+0.062 3.1+1.9 0.089+0.019
BumL 2.654+0.82 2.064+1.06 0.0394+0.018 53430 0.032+0.010 1.5+0.9 0.086+0.040

BWW Total 2.85+1.24 3.214+1.23 0.044+0.011 79 +40 0.05410.045 3.8+39 0.087+0.038
UML 2.85+1.24 3.214+1.23 0.04440.011 79+40 0.054+0.045 3.84+3.9 0.087+0.038
BumL — — — — — — —

TWW Total 1.644+1.02 1.6940.81 0.03740.018 50+23 0.036+0.024 1.2+0.7 0.0554+0.023
UML 1.534+0.94 1.594+0.54 0.0324+0.010 55428 0.032+0.018 1.1+0.6 0.050+0.021
BumL 1.794+1.15 1.82+1.08 0.0434+0.025 43+12 0.041+0.030 1.240.9 0.061+0.026

Total samples 2.864+2.50 2.16+1.09 0.0394+0.015 58+30 0.048 +0.041 2.14+2.2 0.0734+0.032

“BCW, Bellingshausen cold waters; BWW, Bellingshausen warm waters; TWW, transitional Weddell waters; UML, upper mixed
layer; By below upper mixed layer but within photic layer (UML of BWW were deeper than photic layers). Chl (mgm™3); PB (mg
C(@mg Chh)'h™"); o« (mg C(mg Chl)"'h™' (umolm=2s™')""); Expar (umol photonsm s~ [y (m™"); Egpur (umol
photonsm s~ 1); ¢ (mol C(mol photons) 1)

Table 2
Results of comparisons (probability of z-tests) between layers (UML, Byyp) and water bodies (BCW, BWW, TWW) for chlorophyll

(Chl), broadband photosynthetic parameters (Pl'f], B, Expar) and bio-optical parameters (@ph» Expur, ¢y,) on Table 1*

Layer or water body Comparison Chl PB B Expar [y Expur P
UML BWW-TWW 0.01 <0.001 0.01 0.11 0.16 0.03 0.01
BWW-BCW 0.06 0.06 0.37 0.20 0.18 0.63 0.87
TWW-BCW 0.002 0.03 0.04 0.63 0.01 0.002 <0.001
BumL BCW-TWW 0.10 0.64 0.70 0.36 0.52 0.55 0.12
BCW UML-BymL 0.06 0.61 0.88 0.64 0.06 0.04 0.86
TWW UML-Bymr 0.55 0.51 0.14 0.24 0.39 0.86 0.25

4 P<0.05 significant at the 95% level; P<0.01 significant at the 99% level and P<0.001 significant at the 99.9% level.

Chl)~'h ") was slightly higher than that reported
by other authors (e.g. Tilzer et al., 1985; Holm-
Hansen and Mitchell, 1991; Figueiras et al., 1994,
1998) but within the range found by Sakshaug and
Holm-Hansen (1986). The average broadband
light-limited slope «® (0.039+0.015mg C(mg
Chl)"'h™' (umolm s~ ")~") was also higher than
that obtained by Tilzer et al. (1985) and Figueiras
et al. (1998) but lower than values given by Holm-
Hansen and Mitchell (1991) and Figueiras et al.
(1994). The average P2 and oP values were at the

upper limit of the range given by Harrison and
Platt (1986) for Arctic waters. The mean broad-
band light-saturation  parameter (EkPARS,
584+30pumolm s~ ') is also within the range
reported previously for the Antarctic waters and
was <100 pmolm2s~!, which indicates low light
adaptation by phytoplankton (Figueiras et al.,
1998).

The three broadband photosynthetic parameters
showed the lowest values in TWW, intermediate
values in BCW, and the highest in BWW (Table 1).
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For P2 and o® the differences were only significant
between TWW and the other two water bodies in
the UML (Table 2). There were no significant
differences between BWW and BCW, although PB
was close to the level of significance (P = 0.06,
Table 2). However, in spite of these differences, the
light broadband saturation parameter Egpar did
not show significant changes between water bodies
and layers (Table 2) and presented more similar
values in the UML of TWW and BCW. The
similarity of Egxpar values was due to the co-
variation of PB and o between water bodies.
The low variability of Egpar in the region and
the higher P2 and o® in BCW and BWW than in
TWW, imply that carbon fixation will be greater in
BCW and BWW than in TWW for a given
irradiance.

3.4. Bio-optical photosynthetic parameters

The mean spectral bio-optical parameters for all
samples (apn, Expur, and ¢, Table 1) were 4, 3
and 1.2 times higher than those found by Figueiras
et al. (1999) for the nearby eastern Bransfield
Strait in January 1994. The mean absorption
coefficient (apn) of TWW in the UML was
significantly lower than that of BCW (Table 2).
There were also differences within the water
column of BCW, with higher values in the UML
(Tables 1 and 2). The same pattern occurred with
Expyur, but in this case the values in the UML of
BCW and BWW were different to those in the
UML in TWW (Tables 1 and 2). The highest
Expur values were found in BWW and the lowest
in TWW (Table 1). TWW waters were vertically
more homogeneous than BCW (Table 2), as was
also observed in the Chl « distribution.

The mean maximum quantum yield (¢,,) was
high (0.07340.032mol C(mol photons)™"), indi-
cating no nutrient limitation for phytoplankton
(Cleveland et al., 1989; Platt et al., 1992) as has
been previously reported for this region (Figueiras
et al., 1999). The highest values (>0.073 mol
C (mol photons) ') were found in BCW, at coastal
stations in the Gerlache Strait. The lowest ¢,
values were found in the homogenous TWW,
where ¢,, in the UML was significantly lower than
those for BCW and BWW (Table 2). By contrast,

there were no significant differences within the
water column of BCW and TWW (Table 2).
However, the mean ¢,, (0.055+0.023 mol C(mol
photons)™") in TWW does not indicate neither
macro-nutrient nor iron limitation of phytoplank-
ton photosynthesis (Cleveland et al., 1989; Platt
et al., 1992; Lindley et al., 1995).

3.5. Photosynthesis and light in the water column

Light limitation of photosynthesis has been
suggested as one of the factors responsible for
the low phytoplankton biomass usually found in
well-mixed Antarctic waters (e.g., Sakshaug and
Holm-Hansen, 1984). However, recently, several
authors (Figueiras et al., 1994, 1998, 1999,
Helbling et al., 1995) found no evidence of light
limitation in the mixed surface layer. The data set
presented here, which include areas with shallow
UMLs and well stratified water columns with
relatively high phytoplankton concentrations, en-
abled us to perform a more detailed analysis of
light limitation in the Antarctic.

Light limitation of photosynthesis can be
investigated by comparing the light received
(E.par) and light absorbed (E.pyr) by phyto-
plankton against the corresponding light limita-
tion parameters (Expar and Egpyr, respectively).
Expar or Egpyr greater than corresponding E.par
or E.pyr values indicates light limitation in the
water column. Table 3 shows the mean values of
these four variables in the UML and below the
UML (Bymr), as well as the results of the
statistical comparisons. In the UML, no significant
differences were found between Expar and
Eumrpar, but the differences were significant in
Bumi, where Egpar was higher than E.pag,
indicating light limitation when PAR radiation is
considered. By comparison, the PUR parameters
(EKPUR and EUMLPUR or EzPUR) did not show
significant differences in any of the two layers,
suggesting no light limitation of photosynthesis.
However, Egpyr was slightly higher than E.pygr at
the Bumr (Table 3), indicating that limitation of
carbon fixation could occur in some locations. To
analyse this further, in situ or operational quan-
tum yields (¢) were compared against maximum
quantum yields (¢,). When photosynthesis is
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Table 3

Mean and standard deviation of broadband (Expar) and spectral (Expyr) light saturation parameters and the corresponding light
received (Epar) and light absorbed (Epyr) by phytoplankton in UML and By ®

Layer Expar Epar P Expur Epyr P
UML 63433 56+42 0.48 2.3842.45 2.854+3.10 0.52
BumL 48422 25+36 0.03 1.3540.89 1.174+1.99 0.61

#In UML Epar and Epyr are the mean PAR (Eymipar) and PUR (Eymipur) irradiance estimated according to Egs. (3) and (7),
respectively. Epar and Epyr in Byy are the average of single values E.par and E.pyr estimated by Egs. (2) and (6), respectively. P
are the probabilities of t-tests for two samples (UML) and for paired samples (Bymr)-

light-limited ¢ should be equal to ¢,,, and when
photosynthesis is light-saturated ¢ should be lower
than ¢,, (Figueiras et al., 1999).

The mean in situ quantum yields (¢, mol
C (mol photons)™ ') in the UML was estimated as
follows:

1 ZumL
— / PP./E.pyr dz, (17
ZumL Jo

¢UML -

where PP, is the daily integrated primary produc-
tion at each depth in the UML (mol Cm3d™")
and E.pyr (mol photonsm >d~') is the light
absorbed by phytoplankton. Single values of ¢
were analysed for Bypr.

The operational quantum yields in the UML
(mean 0.042+0.024 mol C (mol photons) ™) were
below (P<0.001, see also Fig.4) the corres-
ponding maximum quantum yields (mean
0.072+0.027 mol C (mol photons)™"), indicating
that photosynthesis was occurring at saturating
light in the UML. Photosynthesis was also light-
saturated in Bypmp (Fig. 4) because operational
quantum yields (mean 0.060+0.037mol C (mol
photons)™!) were also significantly different
(P =0.002, t-test for paired samples) from max-
imum quantum yields (mean 0.07540.035mol
C (mol photons)™!). Nevertheless, some samples
located at the lower limit of the Bywmp layer
showed ¢ almost equal to ¢, (Fig.4), which
implies that photosynthesis at the bottom of the
photic layer of stratified water stations with high
surface Chl a concentrations is close to light
limitation. These situations, however, must be
transient, because the development of phytoplank-
ton blooms at the surface layers causes an increase
in light attenuation, which reduces the depth of the
photic layer, and phytoplankton situated close to
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Fig. 4. Depth-averaged maximum quantum yield versus aver-
age in situ quantum yield in the upper mixer layer (UML) and
single values of operational quantum yields versus maximum
quantum yields below the UML (Byp). Triangles correspond
to samples from By of stations 156, 169, 177 and 178 in the
Gerlache Strait, which were close to be light-limited.
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the 1% light level will be left with insufficient light
for photosynthesis.

3.6. Primary production and phytoplankton growth
rates

PP values ranged from 0.6 to 3.5¢ Cm >d '
(Table 4) and were comparable to those recorded
in upwelling systems such as the Benguela (0.5-4 g
Cm 2d~'; Brown and Field, 1986; Estrada and
Marrasé, 1987; Brown et al., 1991), Peru (1.9¢g
Cm 2d~!; Barber and Smith, 1981), California
(0.5-2.6 g Cm >d ™ '; Pilskaln et al., 1996) and NW
Iberian peninsula (0.8-2.4g Cm *d'; Tilstone
et al., 1999). TWW waters showed the lowest
values, which were different from those of the
other two water masses (0.001 <P<0.004). The
highest values were found in BCW and BWW,
with no differences between them (P = 0.47). The
differences in primary production were associated
with differences in Chl « concentration and
photosynthetic parameters (Table 1). The phyto-
plankton composition was also different; large
forms (>10pm) dominated BCW and BWW,
while the phytoplankton community of TWW
was dominated by Cryptomonas sp. (Varela et al.,
2002). Our primary production values were

Table 4
Integrated primary production in the three water bodies®

BCW BWW TWW

Station g Cm>d™" Station g Cm>d~" Station g Cm>d™!

34 3.08 12 3.02 1 1.91
39 1.53 15 3.49 5 0.56
40 2.92 17 1.78 8 0.88
47 1.51 24 1.57 79 0.57
156 3.58 29 3.52 81 0.95
168 1.11 94 0.94
169 2.76 97 0.53
177 2.40 121 2.90
178 0.73 123 0.68
184 3.16 138 0.91

140 1.19

142 1.24

Mean 2.28+0.98 2.68+0.94 1.1140.68

“BCW, Bellingshausen cold waters; BWW, Bellingshausen
warm waters; TWW, transitional Weddell waters.

consistently higher than those of Varela et al.
(2002), a result that may arise from the different
methodologies employed. The 24-h incubations
used by Varela et al. (2002) can cause loss of fixed
carbon through respiration at night and by grazing
of protozoa and, therefore, should give an estima-
tion closer to net than to gross production. In
contrast, our estimates were based on short
incubations, which are closer to gross than to net
production (Williams, 1993; Joint et al., 2002).
Our data confirm that the Gerlache Strait (BCW
waters) is a region of high primary production
(Holm-Hansen and Mitchell, 1991), but also
support the recent evidence that Antarctic frontal
regions (BWW waters) must be considered as high
primary production sites (Boyd et al., 1995;
Jochem et al., 1995; Park et al., 1999), an
observation that might partially explain the para-
dox of apparent low primary production of the
Southern Ocean and its food webs dynamics
(Priddle et al., 1986; El-Sayed, 1987). In fact, the
Southern Ocean is viewed as a mosaic of
subsystems, where some are highly productive
whereas others have lower primary production
with long periods of dominant heterotrophy
(Treguer and Jacques, 1992).

Carbon-specific gross growth rates in the UML
(Table 5) varied from 0.15 to 0.76 (d~'), which
correspond to 0.22 and 1.09 doublings d ',
respectively, and are similar to those reported by
Spies (1987) for summer microplankton popula-
tions from the Weddell Sea. The mean growth rate
in the UML of BCW (0.54+0.20d" ") was slightly
higher and significantly different (0.03<P<0.06)
than those of BWW (0.354+0.09d"") and TWW
(0.37+0.08d""). The mean growth rates in
TWW and BWW were not different (P = 0.63).
The overall mean growth rate in UML
(0.43+0.16d"", Table 5) was also similar to the
carbon-based estimate (0.41+0.23d™") given by
Smith et al. (1999). Our growth rates for UML are
comparable to those reported for temperate seas
(e.g., Cullen et al., 1992; Marafién et al., 2000) and
suggest that Antarctic phytoplankton is well
adapted to its environmental conditions.

The mean growth rate (0.20+0.19d™") in Byyy
(Table 6) was significantly lower than that of the
UML (P<0.001), but there were no differences
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Table 5
Carbon-specific gross rates and doublings per day in the upper
mixer layer (UML) in the three water bodies®

Table 6
Carbon-specific gross rates and doublings per day below the
upper mixer layer (Byp) in the three water bodies®

Station Water bodies Zymr (m) p (d™1) k (doublings d 1)

Station Water bodies Z (m) p (d™") k (doublings d~ 1)

5 TWW 10 0.55 0.79

8 TWW 37 0.38 0.55
12 BWW 47 0.44 0.64
15 BWW 41 0.31 0.45
17 BWW 78 0.32 0.46
24 BWW 47 0.23 0.33
29 BWW 32 0.43 0.62
34 BCW 17 0.76 1.09
39 BCW 6 0.69 1.00
40 BCW 35 0.36 0.52
47 BCW 8 0.46 0.66
79 TWW 17 0.37 0.53
81 T™WW 47 0.29 0.42
97 TWW 7 0.34 0.49
121 T™WW 50 0.29 0.42
123 TWW 47 0.33 0.48
140 T™WW 7 0.41 0.59
142 TWW 23 0.36 0.52
156 BCW 10 0.52 0.75
168 BCW 40 0.15 0.22
169 BCW 4 0.75 1.08
177 BCW 6 0.59 0.85
184 BCW 3 0.58 0.84

Mean 0.43+0.16 0.62+0.23

# At the bottom mean and standard deviation for all samples.
Depths of UML (ZywmL) are also given.

between growth rates in the Bypy of BCW and
those in TWW (P = 0.81). Growth rates in this
layer varied between 0.01 and 0.56d~' with the
lowest values corresponding to those samples from
the bottom of the photic layers (Table 6), where
light limitation of photosynthesis could occur (see
also Fig. 4). The highest values, which were even
greater than the mean of UML, were found at
shallower samples (Table 6) where photosynthesis
was clearly light-saturated (Fig. 4).

4. Conclusions

The study of photosynthetic parameters in the
western Bransfield Strait, Gerlache Strait, and
southern part of the Bellingshausen Sea con-
firms that phytoplankton photosynthesis is not

1 T™WW 8 0.54 0.78
1 TWW 23 0.07 0.10
5 T™WW 18 0.14 0.20
39 BCW 11 0.23 0.34
79 T™WW 20 0.09 0.14
94 TWW 5 0.39 0.56
94 T™WW 20 0.11 0.16
97 T™WW 16 0.14 0.21
138 T™WW 5 0.36 0.52
140 TWW 20 0.07 0.11
156 BCW 15 0.22 0.31
156 BCW 30 0.02 0.03
169 BCW 5 0.56 0.81
169 BCW 30 0.01 0.01
177 BCW 18 0.05 0.08
178 BCW 5 0.51 0.74
178 BCW 20 0.01 0.02
184 BCW 10 0.11 0.16

Mean 0.20+£0.19 0.2940.27

%At the bottom mean and standard deviation for all samples.
Depths of sampling are also given.

light-limited in the UML. There was some
evidence of light limitation at the bottom of the
photic layer, caused by the phytoplankton bloom
development in coastal stratified regions, which is
often a transient event. A comparison of photo-
synthetic parameters between the three different
water bodies showed that Bellingshausen cold
waters (BCW) and Bellingshausen warm waters
(BWW) were similar and different from Bransfield
waters (TWW). The high maximum quantum
yields found in the three water bodies suggest that
iron limitation did not occur in this region.
Primary production was high in the Gerlache
Strait (BCW) and in the front that separated BCW
and TWW from BWW, and comparable to that of
upwelling system of temperate waters, which
indicates that frontal areas will be included in the
high productivity regions of the Southern Ocean,
together with marginal ice zones and shelf waters.
Carbon-specific growth rates in the UML were
high and similar to non-nutrient and non light-
limited temperate seas. Consequently, if light and
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iron are not limiting photosynthesis in this region,
the control of phytoplankton biomass should be
due to other factors. Microzooplankton grazing
could be one of these factors, as indicated by Klaas
(1997) and also suggested by the differences
between primary production estimated from short
and 24-h incubations. In contrast, the role of
mesozooplankton is rather weak. Previous (Alcar-
az et al., 1998), and parallel studies (Cabal et al.,
2002) in the zone indicate that zooplankton grazed
between 0.08% and 0.14% of chlorophyll standing
stocks and between 0.9% and 25% of daily
primary production. Sinking seemed to be also
important during blooms of large phytoplankton
(Serret et al., 2002).
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