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ABSTRACT: Oxygen consumption and production and carbon fixation by micro-organisms were rnea- 
sured simultaneously in coastal surface waters near the Antarctic Peninsula. Although there was a 
good qualitative aqreement between the oxyqen and carbon measurements, total daily water-column 
integrated carbon incorporation measured by radiocarbon uptake in the particulate fraction underesti- 
rnated net cornrnunity production measured by the oxygen rnethod by 29 to 54 % (using a photosyn- 
thetic quotient of 1.5). Unaccounted-for exudation of dissolved organic carbon dunng the 14C uptake 
experirnents rnay explain this discrepancy. Respiratory carbon losses by micro-organisrns (largely 
phytoplankton) ranged between 10 and 50 % of gross production, the highest values corresponding to 
the more productive stations. These estimates are, however, slightly conservative. since they refe; to 
the upper 30 m of the water column, corresponding approximately to the euphotic zone in this region. 
Our results show that microbial respiration is an important part of the carbon flux of coastal Antarctic 
plankton. Unless it is considered in carbon flux models, the contribution of higher trophic levels to the 
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INTRODUCTION 

Coastal waters near the Antarctic Peninsula support 
highly productive ecosystems where extensive phyto- 
plankton blooms develop throughout the austral spring 
and summer (Holm-Hansen & Mitchell 1991, Comiso 
et al. 1993, SuLiivan et al. 1993). These areas may 
therefore represent key sites where the 'biological 
pump' (Volk & Hoffert 1985, Longhurst & Harrison 
1989) transports organic carbon below the mixed layer, 
and consequently sequesters atmosphenc CO,. How- 
ever, Huntley et  al. (1991) have suggested that air- 
breathing top predators might return as much as 20 to 

25% of the photosynthetically fixed carbon to the 
atmosphere, causing these ecosystems to be inefficient 
as a carbon sink. Moloney (1992; see also Huntley e t  al. 
1992) questioned Huntley et  al.'s (1992) conclusions, 
arguing, among other things, that phytoplankton res- 
piration was not accounted for in their food web model. 
Therefore, Huntley et  a1.k (1992) calculations began 
with net production rather than total production, 
increasing the apparent contribution of al1 hetero- 
trophs to the carbon flux. 

Huntley e t  al. (1992) may have ignored phytoplank- 
ton respiration in their model because there were at  
that time no reliable direct measurements from coastal 
Antarctic waters. Furthermore, published respiration 
data for the Antarctic Ocean as  a whole are few and 
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contradictory. Williams (1984), in a review paper, cites 
(unpublished) values of community respiration from 
Pomeroy and coworkers, ranging from O to 0.5 pmol O2 
1-' d-' for the Antarctic. These figures contrast with the 
higher oxygen consumption rates (0.5 to 3.69 pmol O2 
1-' d-') obtained by Robinson & Williams (1993) from 
the upper 100 m of the water column, between the 
Falkland Islands and South Georgia, near the Antarc- 
tic Convergence. The latter data agree, however, with 
oxygen consumption measurements obtained in the 
Arctic Vcean by Harrison (1986) and, more recently, 
in coastal Antarctic waters by Arístegui & Montero 
(1995). 

Phytoplankton respiratory losses in the Antarctic 
have also been estimated by 14C cell-labelling experi- 
ments. However, results obtained with this method 
are controversial, since phytoplankton and micro- 
heterotrophs are capable of fixing carbon in the dark 
(Li & Dickie 1991, Geider 1992, Li et al. 1993). This 
might partly explain the variability in the few pub- 
lished results. Tilzer & Dubinsky (1987) estimated car- 
bon respiratory losses lower than 10 % of the gross pro- 
duction in the eastern region of the Bransfield Strait. In 
contrast, Lancelot et al. (1991) found respiration to 
account for 50 % of gross production in the case of the 
phytoplankton of the marginal ice zone of the Weddeli 
and Scotia Seas. 

In the present study we have directly measured the 
relationship between plankton community respiration 
and gross oxygen production in the upper layers of 
selected stations of coastal Antarctic ecosystems. We 
have also simultaneously estimated 14C uptake by 
phytoplankton. Our aim was to assess the contribution 
of microbial communities to the respiratory flux of inor- 
ganic carbon in surface waters of near-shore Antarctic 
regions, where top predators have been considered to 
be responsible for a major leak ín the biological carbon 
pump (Huntley et al. 1991). 

MATERIAL AND METHODS 

Station locations. Data were collected during the 
cruise 'BIOANTAR 93' on board the 'BIO Hesperides', 
during February 1993. In situ incubations were carried 
out at 4 stations, which represented different hydro- 
logical and biological conditions of Antarctic coastal 
waters. These stations were (Table 1): SI, in sheif 
waters of the Antarctic Peninsula, in the Bransfield 
Strait; S2, in the Gerlache Strait; S3, in Hanusse Bay, 
near the polar circle, at the marginal ice zone; and S4, 
in the interior bay of Deception Island, Bransfield 
Strait. Conditions at these stations varied from waters 
with moderate chlorophyli [-1 mg chlorophyll a (chl a) 
m-" and a deep (>lo0 m) mixed layer (SI), to the 

Table 1. Station locations, depths and sampiing dates in Feb- 
ruary 1994 

Station Latitude (S) Longitude (W) Depth (m) Date 

S1 63" 48' 55" 61" 12' 10" 656 5 Feb 
S2 64" 13' 10" 61" 19' 18" 540 10 Feb 
S3 66'44'22" 67'34'10" 611 12Feb 
S4 62" 57' 10" 60' 37' 53" 156 14 Feb 

highly stratified waters of S4, where phytoplankton 
was blooming (>? mg chl a m 3). 

Hydrographic and optical measurements. At each 
station, temperature, salinity and density were 
recorded through the water column with a Neil Brown 
Mark 111 CTD system. Temperature and conductivity 
from the CTD sensors were calibrated against readings 
of reversing thermometers and salinity analyses (Auto- 
sal 2000) of discrete samples. Water samples between 
the surface and 60 m were collected in 12 1 Niskin bot- 
tles attached to a rosette frame. Photosynthetically 
active radiation (PAR) was measured through the 
water column with a 4n light sensor (Biospherical Co., 
San Diego, CA, USA). The depth of the euphotic zone 
(ZEZ) was taken as extending to the depth at which 
scalar PAR fe11 to 1 % of surface values. 

Nutrients and chlorophyll. Samples of nitrate 
(nitrate + nitrite) and ammonia were immediately ana- 
lyzed on board after being collected. Al1 the analyses 
were done in tnplicate, using conventional chemical 
techniques (Parsons et al. 1984). 

Chl a was estimated fluorometncally by means of a 
Turner Designs fluorometer, previously calibrated with 
pure chl a (Sigma Co., St. Louis, MO, USA), following 
the recommendations of Yentsch & Menzel(1963) and 
Holrn-Hansen et al. (1965). Sample aliquots of 50 to 
250 m1 were filtered through GF/F filters and also 
through 2 pm polycarbonate membrane filters. Pig- 
ments were extracted in cold acetone (90%) for 24 h, 
and fluorescence was measured before and after acid- 
ification, ailowing the separate estimation of chl a-Iike 
pigments and phaeopigments. 

Microbial abundance. Phytoplankton samples were 
preserved in Lugol's solution (Parsons et al. 1984) and 
stored in the dark. Subsamples were settled in 50 m1 
charnbers and celis counted with an inverted micro- 
scope. Heteroflagellates were counted by epifluores- 
cence microscopy following the protocol of Haas (1982). 
Samples were fixed in glutaraldehyde (6 %) and stained 
with proflavine before being filtered through 0.2 pm 
dark polycarbonate membrane fiiters. Bacteria were 
enumerated in DAPI-stained preparations (Porter & 
Feig 1980) by epifluorescence microscopy. 

Photosynthetic carbon fixation rates. Primary pro- 
duction was determined by the 14C method (Steeman- 
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Table 3. Depth distributions of cell abundances of the most representative phytoplankton groups (diatoms, prasinophytes and 
cryptophytes), heterotrophic flagellates and bacteria at Stns S1 to S4 

Station Depth Diatoms Cryptophytes Prasinophytes Heteroflagellates Bacteria 
(m) (cells r&') (ceiis ml-') (cells rnl-') (cells mi-') (x 10' celis ml-') 

Log Gross Production Apparent PQ 

oxygen method (in mg 0, g3 h-'j and I4C uptake (in mg C 
m-3 h-1 ). Data are log-transformed; line of best fit is shown 

(r2 = 0.89. n = 22) 

Fig. 7. Frequency distribution of apparent gross and net molar 
photosynthetic quotients [ (gr~ss-O~/ '~C) ,  (net-02/'4C)], calcu- 

lated from the euphotic zone at Stns S1 to S4 
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Table 4.  Depth integrated values of '"C uptake by phytoplankton, and gross production (GP) and community respiration (R) cal- 
culated by the oxygen method. GP, R and 14C measurements refer to daylight incubations (-13 h). Respiratory losses oí GP in oxy- 
gen (O2) and carbon (C) units are calculated. A photosynthetic quotient of 1.5 and a respiratory quotient of 1 (mo1:mol) were used 

to transform oxygen to carbon (see text for details). ZEZ: depth of the euphotic zone at each station 

Station z~z Range I4Cuptake GP GP R R R/GP (O,) RIGP (C) 
(m) (m) (mg C m-') (mg O, m-') (mg C m-') (mg O2 m-') (mg C m-') (%) (yo) 

S 1 58 0-30 316 2760 690 188 71 6.8 10.3 
0-60 419 

S2 35 0-30 279 157 1 393 236 89 15.0 22.6 
0-60 308 

S3 30 0-30 1303 8194 2049 2269 85 1 27.7 41.5 
0-60 1525 

S4 15 0-30 620 4133 1033 1385 520 33.5 50.3 
0-60 63 1 

An additional source of error in the calculation of 
apparent PQ may arise from unaccounted-for dis- 
solved organic carbon (DOC) exudated by cells dunng 
the incubation period (Williams & Robertson 1991). 

In our study no correction was made for either phyto- 
plankton 14C respiratory losses or excretion. Therefore, 
we are not able to quantify the magnitude of these 
errors. Phytoplankton excretion could be, however, a 
primarv explanation of the high PQ observed, accord- 
ing to recent results published from polar sea studies. 

From changes in the concentration of ambient nutn- 
ent pools, Karl et al. (1991b) estimated that at least 
40 to 50% of photosynthetically fixed carbon may 
accumulate as DOC in the euphotic zone of Bransfield 
and Gerlache Strait waters. This loss could account for 
the difference found between our estimates of net pn- 
mary prodi'ction from 0:: change anc! net particdate C. 
assimilation from 14C uptake. High concentrations of 
DOC have been reported for water samples collected 
from the Bransfield Strait during the austral summer 
(BO!ter R D s u r s ~ n  !9F\2). Slipp~rUr?g these ~hservz- 
tions, Davidson & Marchant (1992) reported high con- 
centrations of dissolved organic matter coinciding with 
a Phaeocystis bloom in another coastal Antarctic area. 
ThncP. f;..A<m-" 31".-$ 3-.....-. ..<+l. ...-.-a-+ -....#..4..-..-.,.+,. "3.- 
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ried out during a spnng bloom in the Barent Sea. Pas- 
sow et al. (1994) and Vernet et al. (1994) observed that 
an average 50 to 70% of the primary production was 
- ^ 1 ^ - - ^ J  ^^ ^-**-^-- lI . . l - . . -^-L--  L-.-L-A--I--l-r--  J.-.. 
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ing the 14C uptake experirnents. 

Pomeroy & Wiebe (1993) showed evidence that bac- 
terial growth and respiratory rate may be limited by 
subsuaie avaiiabiiiiy in iow iernperature environmenis. 
Therefore, a large DOC pool or flux rnight have irnpor- 
tant implications on the abundance and metabolism of 
bacteria in coastal waters near the Antarctic Península. 
Kari ei ai. jiWiaj, nowever, iounci that in tnese areas 
bacterial population dynamics were uncoupled from 

photoautotrophic processes during the seasonal bloom. 
Moreover, bacteria1 numbers were lower than expected 
in relation to the chlorophyll concentrations found. Our 
results (Table 3) show similarly low bacteria1 numbers 
for the 4 stations, although we do not know if there 
were differences in their metabolic activities. 

Despite the latter evidence we can not be sure of the 
causes that produced our observed high PQ. For 
instance, Tilzer & Dubinsky (1987) calculated lower 
extracellular losses (between 9 and 12.4 % of total 24 h 
production) by phytoplankton from the Bransfield 
Strait. A more detailed simultaneous study of carbon 
['"C and Coz) and oxygen fluxes in this coastal Antarc- 
tic region considenng soluble organic materia1 exu- 
dated by phytoplankton dunng 14C uptake expen- 
ments is needed in order to clanfy this problem. 

In any case, there is inrreasing evidente that partic- 
ulate 14C assimilation measurements underestimate 
primary production in Antarctic waters. Minas & Minas 
(1992) obtained, in open-ocean Antarctic waters, esti- 

cf &gv avorano now n r n r l i i r t i n n  (frfim &cexz- 
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tions of nitrate removed from the water column) of the 
same magnitude as, or even higher than, estimates of 
production from 14C uptake measurements. Karl et al. 
f 4 n O l  3 1  nke.-.-rnA + h a +  s l t h ~ > ~ m h  rnir-rnhi~l h;n--ee x n = c  
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clearly dominated by phytoplankton in the Bransfield 
and Gerlache Straits dunng some penods of the year, 
autotrophic production (by the I 4 c  method) appeared 
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(by the [3H]-adenine method). This suggests that 
autotrophic production could have been severely 
underestimated by the 14C method. 

Water column balance 

Oxygen iiuxes írom ihe upper 30 m íapproximateiy 
the euphotic zone for these coastal waters) showed 
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