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a b s t r a c t

Phytoplankton and bacterioplankton dynamics were studied around South Shetland Islands (Antarc-

tica) with special emphasis on the Drake Passage region, during austral summer, in order to expand our

knowledge on the coupling between the autotrophic and heterotrophic microbial plankton compart-

ments in polar ecosystems. In addition, we directly estimated bacterial growth efficiency in the Drake

Passage with the aim of better constraining total bacterial carbon utilization in this important polar

ecosystem. Integrated chlorophyll-a concentration (21–86 mg m�2), primary production rates (0.7–

19.3 mg C m�3 d�1) and mean water-column photochemical efficiency (0.24–0.60) were significantly

correlated with Sin tracer (r2
¼0.55, 0.46 and 0.64, respectively), which indirectly points to iron as the

major limiting factor for phytoplankton growth in the area. Bacterial production was considerably low

(0.002–0.3 mg C m�3 d�1) and was best explained by chlorophyll-a concentration, protein-like fluor-

escence of dissolved organic matter and temperature (r2
¼0.53, po0.001). Water temperature

appeared to influence bacterial activity when organic substrate availability is high. Bacterial production

accounted on average for only 3.9% of co-occurring primary production, which has been frequently

interpreted as an indicator of the marked uncoupling between bacteria and phytoplankton in cold

waters. However, using the experimentally derived mean bacterial growth efficiency for the photic

zone (6.171.3%) the bacterial carbon demand represented on average 63718% of concomitant

primary production, similar to what is found in warmer productive waters. Thus, our study suggests

that bacterioplankton and phytoplankton appear to be connected in this polar area.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The Southern Ocean represents 20% of the global ocean and is a
critical sink for excess atmospheric carbon (Sarmiento and Le Quéré,
1996). The annual mean temperature in the Antarctic Peninsula (AP)
region has increased 2 1C since 1950, which has translated into a
rapid warming of shelf waters west of AP by 0.6 1C (Ducklow et al.,
2007). Such rapid changes may lead to higher microbial plankton
activity and less energy and organic carbon for supporting higher
trophic levels (Kirchman et al., 2009).

The area around South Shetland Islands (SSI) off the northern
tip of the Antarctic Peninsula sustains elevated phytoplankton
biomass during the austral summer, while high nutrient-low
chlorophyll (HNLC) conditions prevail in Drake Passage to the
north and in the Bransfield Strait to the south (Hewes, 2009). The
Drake Passage Antarctic Surface Water (ASW) mass to the north of
ll rights reserved.

: þ34 986 812556.

phy, University of Hawaii,
the SSI develops a warm and less saline upper mixed layer during
the austral summer where phytoplankton growth is limited by
low iron concentration (Holm-Hansen and Hewes, 2004). On the
other hand, intense mixing of iron-replete Transitional Weddell
Water (TWW) appears to cause phytoplankton light limitation in
the south of Bransfield Strait (Hewes et al., 2008).

Bacterial consumption of dissolved organic matter represents a
critical trophic link that supports higher trophic levels and nutrient
regeneration in the ocean (Azam, 1998). Primary production is the
ultimate source of most organic material in the sea, and it is
estimated that about 50% of primary production is consumed by
heterotrophic bacteria in low latitude oceans (Robinson, 2008). By
contrast, a much lower percentage of primary production is utilized
by bacteria in polar systems (Bird and Karl, 1999; Ducklow, 2000;
Morán et al., 2001; Kirchman et al., 2009; Ducklow et al., 2012) which
has been considered as indicative of phytoplankton–bacteria uncou-
pling (Billen and Becquevort, 1991; Karl, 1993). Such low bacterial
activity has been ascribed to temperature limitation (Pomeroy and
Deibel, 1986), limited dissolved organic matter (DOM) availability
(Bird and Karl, 1999), a combination of temperature and DOM
regulation (Pomeroy and Wiebe, 2001), or a strong grazing pressure
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(Bird and Karl, 1999; Duarte et al., 2005). However, growing evidence
points to questionable higher grazing control in polar waters than
elsewhere and to negligible effect of low temperature on bacterial
growth in polar oceans (Ducklow et al., 2001, 2012; Kirchman et al.,
2009). Therefore, the bacterial metabolism in these perennially cold
waters seems to be essentially limited by dissolved organic matter
availability.

Although several studies have described phytoplankton biomass
distribution around or nearby SSI (Basterretxea and Arı́stegui, 1999;
Kelley et al., 1999; Kawaguchi et al., 2001; Varela et al., 2002; Holm-
Hansen and Hewes, 2004; Hewes et al., 2008), only a few have
measured primary production rates and/or phytoplankton physio-
logical parameters (Burkholder and Mandelli, 1965; Basterretxea
and Arı́stegui, 1999; Kelley et al., 1999; Lorenzo et al., 2002). On the
other hand, there are only a few reports of bacterial production (BP)
rates around or nearby SSI (Karl et al., 1991; Kelley et al., 1999;
Morán et al., 2001; Pedrós-Alió et al., 2002; Ortega-Retuerta et al.,
2008; Manganelli et al., 2009), and to the best of our knowledge
none simultaneously reporting BP and bacterial respiration (BR)
rates. Only a few papers have directly or indirectly assessed the
degree of phytoplankton–bacterioplankton coupling in the region
(Mullins and Priddle, 1987; Kelley et al., 1999; Karl et al., 1991;
Morán et al., 2001; Ortega-Retuerta et al., 2008), although they do
not include much data on autotrophic and heterotrophic microbial
plankton production rates in the Drake Passage. Some of the most
recent studies in the vicinity of Bransfield strait have concluded a
relatively close coupling between phytoplankton and bacteria
(Morán et al., 2001; Ortega-Retuerta et al., 2008).

The main objective of our study was to expand our knowledge
on phytoplankton and bacterioplankton dynamics and their
couplings around SSI, with special emphasis on the Drake Passage
region. In addition, we directly estimated bacterial growth effi-
ciency at 3 different stations in the Drake Passage in order to
better constrain total bacterial carbon utilization in this impor-
tant polar ecosystem. As far as we know, these are the first direct
estimations of bacterial respiration in the area.
2. Materials and methods

2.1. Study area and sampling

Sampling was carried out during the COUPLING cruise in January
2010 on board the RV Hespérides along 7 transects around the
SSI (Fig. 1). At each station vertical profiles of temperature, salinity
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Fig. 1. Map showing stations sampled around the South Shetland Island
and in situ fluorescence were obtained using a Conductivity–
Temperature–Depth sensor (CTD) Seabird 911plus attached to the
rosette, down to the bottom in the coastal and the shelf stations and
down to 1000 m in the offshore stations. The depth of the upper
mixed layer (UML) was computed as the depth where potential
density differed by 0.05 Kg m�3 from the mean potential density
measured at the surface (Mitchell and Holm-Hansen, 1991). Photo-
synthetically active radiation (PAR, 400–700 nm) was measured
with a Satlantic OCP-100FF radiometer attached to the rosette.

Samples for nutrients and plankton-related variables (size-
fractionated chlorophyll-a concentration, dissolved organic mat-
ter (DOM) fluorescence and bacterial production) were collected
at 5–6 depths (between 5 and 150 m) using 12 l acid-clean Niskin
bottles attached to a rosette sampler. Bacterial production rates
and DOM fluorescence were measured at 2–3 additional depths
(from 200 to 480 m depth) along transect TB (Fig. 1). Primary
production was measured at 11 selected stations (station 5, 8, 10,
26, 29, 33, 36, 42, 61, 68, 76) in surface waters and at the deep
chlorophyll maximum (DCM) depth.

2.2. Size-fractionated chlorophyll-a concentration

Chlorophyll-a (chla) concentration was determined fluorometri-
cally. 250-mL water samples were sequentially filtered through 0.2,
2 and 20 mm polycarbonate filters and pigments were extracted in
90% acetone at �20 1C overnight. Fluorescence was measured on a
Turner TD-700 fluorometer which had been calibrated with pure
chlorophyll a.

2.3. Fluorescence of dissolved organic matter

Samples for fluorescence of dissolved organic matter (FDOM)
determination were collected into 200 mL acid-cleaned borosili-
cate bottles and filtered by hand with 100 ml polyethylene
syringes with teflon plunger tips through Whatman Puradisc
GF/F disposable filter devices (0.45 mm pore size) on polypropy-
lene housing. The filtering system and syringes were previously
‘‘washed’’ with 0.1 N HCl and rinsed with Mili-Q water. In
addition, the syringes were rinsed three times with sample. FDOM
was measured with a Perkin Elmer LS 55 luminescence spectro-
meter equipped with a xenon discharge lamp, equivalent to
20 kW for 8 ms duration. Measurements were performed in a
1 cm quartz fluorescence cell.

Discrete excitation/emission (Ex/Em) pair measurements were
performed at peak-T, characteristic of protein-like substances
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(Ex/Em: 280 nm/350 nm). Four replicate measurements were per-
formed for each Ex/Em pair. The system was calibrated with a
mixed standard of quinine sulfate (QS) and tryptophan (Trp) in
sulfuric acid 0.05 M (Nieto-Cid et al., 2005). The equivalent
concentration of every peak was determined by subtracting the
average peak height from the corresponding milli-Q water blank
height and dividing by the slope of the standard curve. Fluores-
cence units were expressed in ppb equivalents of Trp (ppb Trp).
The precision was 70.6 ppb Trp.

2.4. Nutrients

Aliquots for inorganic nutrients determination (ammonium,
nitrite, nitrate, phosphate and silicate) were collected in 10 ml
polyethylene tubes and frozen at �80 1C until analysis by
standard colorimetric methods with a Technicon TRAACS 800
analyzer (Hansen and Grasshoff, 1983).

We used the Sin tracer (calculated as the concentration of
silicate minus nitrate concentration) defined by Sarmiento et al.
(2003) as a proxy for iron limitation in the sampling area. The Sin

is as high as 50 mmol l�1 to the south of the polar front, where
upwelling injects nutrient-rich water to the surface of the South-
ern Ocean. The Sin reach values of zero or negative in the Polar
Front, near 611S, as a consequence of the preferential removal of
silicic acid over nitrate by diatoms associated to iron limitation
(Sarmiento et al., 2003).

2.5. Primary production

Primary production was measured using the 13C method
(Hama et al., 1983) in a total of 11 stations at two sampling
depths, including surface (�5 m depth) and at the depth of the
deep chlorophyll maximum (DCM). Water samples were trans-
ferred to 2 L polycarbonate bottles previously rinsed with 10% HCl
and distilled-deionized water. After addition of NaH13CO3 at
about 10% of total inorganic carbon in the ambient water, the
samples were incubated for about 12 h in a tank on deck at in situ
temperature with running surface seawater under light intensity
regulated by meshes of different sizes to simulate in situ condi-
tions. Initial and final particulate organic carbon, and particulate
material used for isotope analysis were filtered through GF/F
filters. They were frozen and stored at �20 1C until analysis. POC
was measured using a CHN analyzer (Carlo Erba EA 1108) and
isotopes in a mass spectrometer equipped with an elemental
analyzer (Flash EA11 ThermoFinnigan with Deltaplus).

2.6. Photochemical efficiency (Fv/Fm)

Fast Repetition Rate fluorometer (FRRf) data was acquired
using a FASTracka I instrument from Chelsea Instruments down
to 50–110 m depth. Saturating-chain sequences of 100 1.1 ms
flashes were applied at 2.8 ms intervals. Fluorescence transients
were logged internally during profiling from the average of 16
successive sequences. Data were alternately acquired from the
open (‘‘light’’) and enclosed (‘‘dark’’) chambers every 100 ms. In
contrast with usual practice, the FRRf was not deployed on the
CTD/cageþrosette, but by itself on a winch cable through the
starboard side of the ship. For most of the casts shown in this
paper, data were combined from 2 to 3 sequential vertical
ascents. Profiles were recorded starting from below the mixed
layer at 10 m min�1. The slow ascent rate and high number of
profiles were carried out to ensure adequate coverage, especially
in the photoactive zone, which is characterized by strong vertical
gradients in irradiance and fluorescence. A typical profile series
took 30–45 min to perform. All data were processed using FRS
software (Chelsea Technologies Ltd.) correcting for instrument
response function and seawater blank. The latter was obtained by
filtering water from each station by 0.2 mm pore filters. Values
shown in the paper correspond to those acquired with the dark
chamber in order to calculate dark-adapted maximum quantum
efficiency, Fv/Fm¼(Fm�F0)/Fm, being F0 and Fm the minimum
fluorescence rate and the maximum fluorescence rate after the
saturating-chain sequences, respectively, when all the reaction
centers are closed. For more information regarding profiling and
data processing see Neale et al. (2012).

2.7. Bacterial production

Bacterial production was measured with the [3H]-Leucine
(Leu) uptake method (Smith and Azam 1992). Samples were
incubated in the dark at in situ temperature using temperature-
controlled water baths. For each sampling depth three aliquots
(1 ml) plus two trochloroacetic acid-killed controls were placed
into eppendorf tubes and incubated with Leu at saturating
concentration (40 nmol l�1 final concentration) for 2–5 h. Mean
DPMs in the killed-controls were averaged 87 dpm (n¼257). The
variation coefficient of triplicate leucine assays was 17%. The
detection limit (DL) for leucine incorporation rates (DL¼mean
blankþ3 standard deviation) was 1.4 pmol Leu L�1 h�1 for a 2 h
incubation. The Leu concentration was tested for rate saturation
in the sampling zone at the beginning of the cruise. Empirical Leu-
to-carbon conversion factors (CFs) were determined at station 10,
at 5 and 50 m depths, following the methods detailed elsewhere
(Calvo-Dı́az and Morán, 2009). The CFs were estimated using the
cumulative method (Bjørnsen and Kuparinen., 1991). As no
significant differences were found between 5 and 50 m, the mean
CF (0.7470.18 Kg C mol Leu�1) was used to calculate bacterial
biomass production rates from Leu uptake rates.

2.8. Bacterial respiration

Bacterial respiration rates were measured with the O2 consump-
tion method at two different depths (surface mixed layer and 100 m)
at stations 64, 72 and 78. Eight 1.2 mm-filtered water samples were
collected from each depth through silicon tubing into dark, calibrated
borosilicate glass bottles with a nominal volume of 120 mL. Four
bottles were incubated in the dark at in situ temperature for 72 h in
the same water baths used for BP estimations. The other four samples
were fixed immediately to determine the initial oxygen concentra-
tions. Measurements of dissolved oxygen were made with an
automated Winkler titration system using a potentiometric end-
point detector. Detailed methods and error quantification are
described elsewhere (Mourino-Carballido and McGillicuddy, 2006).
A respiratory quotient (RQ) of 0.8 (Williams and del Giorgio, 2005)
was used. Bacterial growth efficiency (BGE) was calculated as follows:
bacterial production/(bacterial productionþbacterial respiration).
3. Results

3.1. Hydrography

Based on the previous studies (Garcı́a et al., 1994; Holm-
Hansen et al., 1994; Sangrá et al., 2011) and on hydrographic data
collected during COUPLING cruise we identified different water
masses at the sampling stations, as defined by their temperature
and salinity characteristics (Fig. 2). The water masses found in the
northern Drake Passage area (T1a, T2, T4, T5 and T6, see Fig. 1)
comprise the relatively warm and fresh Antarctic Surface Water
(ASW) in the upper mixed layer (10–50 m depth), the colder and
saltier Winter Water (WW) between 60 and 100 m depth, and,
below the WW, in the northernmost stations, the relatively warm
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and salty Circumpolar Deep Water (CDW). In the southern part of
transects T1a, T2, T4, T5 and T6, the Transitional Zonal Water with
Bellingshausen influence (TBW) is located over the shelf. The
water masses found in the Bransfield Strait (T1b) essentially
include the TBW, at the most northerly stations, and the colder
(Fig. 3A) and saltier Transitional Weddell Water (TWW) in the
southern stations (stations 11–12), separated by a hydrographic
front, known as the Peninsular Front (PF), located between
stations 9 and 10 (Fig. 1). A slope front, the so-called Bransfield
Front (BF), is located along the southern SSI between stations
1 and 3. Transect TB shows hydrographic characteristics similar to
T1b (essentially TBW and TWW). A detailed description of the
water masses, fronts, and circulation in the Brandsfield Strait is
described elsewhere (Sangrá et al., 2011).

The integrated water column Sin in the northern Drake Passage
area is lower than at southern latitudes (Fig. 3B), presumably as a
consequence of iron limitation.

3.2. Chlorophyll-a concentration

The vertical distribution of total chlorophyll-a (chla) concen-
tration along the sampled transects was tightly coupled to hydro-
graphy (Fig. 4). Chlorophyll-a concentration was very low
(o0.4 mg chla m�3) in the upper mixed layer (down to 50 m) in
the northern part of T1a, T2, T4, T5 and T6, corresponding to the
ASW (sigma-to27.25 Kg m�3). A Deep Chlorophyll Maximum
(DCM) developed at these stations associated to the relatively cold
WW (sigma-t 27.25–27.4 Kg m�3), between 60 and 80 m depth.
Higher chla concentration (40.9 mg chla m�3) was found in the
upper mixed layer in the southern part of these transects and in TB.
The highest chla concentrations (41.8 mg chla m�3) were found in
the upper mixed layer in the southern part of T1b, associated to the
hydrographic front (station 9). Chla concentration was homoge-
neously high (40.8 mg chla m�3) in the upper 90 m at stations 11
and 12, associated to the TWW (sigma-t427.65 Kg m�3). On
average, the pico-(o2 mm) and nano-(o20 mm) size fractions
represented 84% of total chlorophyll-a concentration in the sampling
area (data not shown). Microphytoplankton (420 mm) was rela-
tively important (430%) only close to the coast in transects T1a and
T1b (Fig. 5). The contribution of large phytoplankton also slightly
increased towards the north in the Drake Passage area.
Integrated total chla concentration ranged from o25 mg
chla m�2 in the northern part of Drake Passage (stations 75,
30–36, 67, 55, 57 and 53) to 480 mg chla m�2 associated to the
hydrographic front in the Bransfield Strait (stations 8–10)
(Fig. 6A). Low integrated chla concentration (o40 mg m�2) was
also measured at stations 3 and 4 in the Bransfield Strait.
Integrated chla concentration was positively related with inte-
grated Sin (r2

¼0.55, po0.01, n¼42), and not significantly related
to the upper mixed layer (UML depth) (p40.05, n¼47).

3.3. Photochemical efficiency (Fv/Fm)

FRRF profiles were conducted in a total of 39 stations at different
day times and under contrasting levels of PAR. We detected strong
photoinhibition (operationally defined as a 450% reduction in
surface Fv/Fm values compared to the subsurface mean values) in
5 out of 39 vertical FRRF profiles (data not shown). In order to
compare the mean water column Fv/Fm values among stations we
excluded those values strongly affected by photoinhibition. The
mean Fv/Fm values (down to 100 m depth) widely varied in the
sampling area from 0.25 at station 36 in the northern Drake Passage
area to 0.59–0.61 at stations 61, 62 and 64 in the northern shelf of
SSI (Fig. 3C). The spatial distribution of the mean Fv/Fm over the
sampling areas closely resembles that of integrated Sin (Fig. 3B) that
explained 64% of the variability of mean photochemical efficiency
(r2
¼0.64, po0.01, n¼36). Changes in mean Fv/Fm were significantly

correlated to increases in mean background relative fluorescence
(F0/chla) (r2

¼0.63, po0.01, n¼39).

3.4. Primary production

Daily primary production rates ranged from 0.7 to 19.3 mg
C m�3 d�1 (0.04–0.91 mg C m�3 h�1) and were not significantly
different in surface waters than at the DCM (T-test, p40.05)
(Table 1). The highest rates (416 mg C m�3 d�1) were measured
at station 10, both at the surface and at the DCM. Primary production
was low (o5 mg C m�3 d�1) in surface waters at stations located in
the northern part of the Drake Passage area (stations 29, 33, 36, 68
and 76), associated to low Sin (Fig. 3B). Primary production rates
were positively correlated with chla concentration (r2

¼0.33,
p¼0.016, n¼17) and Sin (r2

¼0.46, p¼0.001, n¼22). The correspond-
ing assimilation numbers ranged from 0.06 (station 8) to 1.1 mg C
(station 10) (mg chla)�1 h�1. On the other hand, the water column
mean PP rates were positively correlated with the upper mixed layer
depth (UML) (r2

¼0.38, p¼0.024, n¼11).

3.5. Fluorescence of dissolved organic matter

The protein-like fluorescence of dissolved organic matter
(FDOM-T) generally decreased with depth (Fig. 7). FDOM-T levels
were comparatively higher in T1b than in the other transects,
with surface values ranging from 7 to 13 ppb trp. The lowest
surface values (o4 ppb Trp) were measured at the northern part
of T1a, T5 and T2. Subsurface maximum FDOM-T levels were
measured at stations 36 and 28.

3.6. Bacterioplankton metabolism

Bacterial production (BP) rates were generally low (o0.3 mg
C m�3 d�1) and coupled to hydrography (Fig. 8). Higher BP rates
were measured in T1b, T2 and T4 than in the other sampled
transects. The lowest BP rates throughout the upper water column
(down to 150 m depth) (o0.07 mg C m�3 d�1) occurred at the
stations located in the northern part of the Drake Passage, whereas
the highest rates (40.2 mg C m�3 d�1) were measured at stations
6, 7, 8, 64 and 80 in the upper mixed layer and at station 1 in the
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subsurface waters (75–100 m depth). BP was low (o0.035 mg
C m�3 d�1) and homogeneously distributed below 150 m in trans-
ect TB.

Integrated BP was generally low (o8 mg C m�2 d�1) and
maximum values (414.2 mg C m�2 d�1) were found at stations
1 and 64, located in the shelf of SSI (Fig. 6B). Lowest values were
measured in the northern part of Drake Passage. Integrated BP
was significantly and positively correlated with integrated chla
concentration (r2

¼0.42, po0.001, n¼42).
BP was significantly and positively correlated with temperature,

ammonium, chla concentration and FDOM-T, and negatively with
nitrate and phosphate concentration (Table 2). Multiple regression
analysis showed that chla (beta coefficient¼0.55, po0.001),
FDOM-T (beta coefficient¼0.152, p¼0.007) and temperature (beta
coefficient¼0.23, po0.001) significantly contributed to explain
53% of the variability observed in the BP rates (adjusted r2
¼0.53,

po0.001, n¼192). In order to remove the effect of depth-related
variability we repeated the multiple regression analysis using
depth-integrated data (depth-averaged data for temperature),
and we similarly found that chla (beta coefficient¼0.47, p¼

0.002), FDOM-T (beta coefficient¼0.33, p¼0.034) and temperature
(beta coefficient¼0.31, p¼0.02) significantly contributed to
explain 47% of the variability observed in the BP rates (adjusted
r2
¼0.47, po0.001, n¼42). Primary production rates marginally

correlated with the BP rates (r2
¼0.27, p¼0.046, n¼15).

The role of temperature in modulating the BP rates is exem-
plified in Fig. 9. Both chla concentration and FDOM-T explained a
higher percentage of variability in the BP rates at temperatures
above 0 1C (slope¼0.67, r2

¼0.46, po0.001, n¼124 for chla;
slope¼0.27, r2

¼0.33, po0.001, n¼154 for FDOM-T) than at
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Fig. 4. Vertical distribution of total chlorophyll-a concentration (mg m�3) along the transects sampled during the COUPLING cruise. Black superimposed isolines represent

sigma-t. Numbers in the upper X-axis represent the station numbers.
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temperatures below 0 1C (slope¼0.49, r2
¼0.31, po0.001, n¼71

for chla; p40.05, n¼85 for FDOM-T). Moreover, whereas the
y-intercepts of the two chla-BP regression lines (Fig. 9A) were not
significantly different (ANCOVA F-test, p¼0.546), the slope of the
regression line for the temperatures above 0 1C was significantly
higher than the one derived for the temperatures below 0 1C



62.5
Longitude W

64.0

63.5

63.0

62.5

62.0

61.5

61.0

La
tit

ud
e 

S
La

tit
ud

e 
S

1 2
3 4 5

6
7 8 910

1112

24
25

26
2728

29303132
33

343536

373839404142434445
46

48

5355
57

59
61

62
64

67

72
75

78
80

10

21

30

40

50

60

70

80

90

20

Longitude W

64.0

63.5

63.0

62.5

62.0

61.5

61.0

1 2
3 4 5

6
7 8 910

1112

2426
2728

29
303132

33
343536

37
39

41
43

45
46

48

5355

59
61

62
64

67

72
75

78
80

0

2

4

6

8

10

12

14

16

55.556.056.557.057.558.058.559.059.560.060.561.061.562.0

62.5 55.556.056.557.057.558.058.559.059.560.060.561.061.562.0

Fig. 6. Distribution of integrated chlorophyll-a concentration (mg m�2) (A), and integrated bacterial production rates (mg C m�2 d�1) (B) in the sampling area.

Data integrated down to 50 m for station 25, down to 75 m for stations 12 and 26, or down to 100 m. Numbers indicate CTD stations.

Table 1
Sampling depth, rates of primary production (mg C m�3 d�1) and chlorophyll-a concentration in surface waters and at the deep

chlorophyll maximum (DCM) at selected stations. ND, not determined.

Station number Surface DCM

Depth (m) PP (mg C m�3 d�1) Chla (mg m�3) Depth (m) PP (mg C m�3 d�1) Chla (mg m�3)

5 4 6.36 1.17 50 5.87 1.16

8 4 6.51 1.48 26 1.92 1.58

10 5 19.32 1.15 48 16.69 0.72

26 4 13.22 1.22 10 9.52 ND

29 4 4.64 0.59 30 0.64 0.87

33 5 1.11 0.15 72 0.68 0.35

36 5 0.69 0.19 65 0.68 0.34

42 4 6.83 0.36 31 6.38 0.61

61 4 6.84 1.1 25 4.13 1.17

68 6 0.58 ND 60 2.34 ND

76 4 1.14 ND 76 1.01 ND
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(ANCOVA F-test, p¼0.048), which means that for the same chla
value, the BP rates were overall higher above 0 1C than below 0 1C
(Fig. 9A).

Bacterial respiration rates narrowly varied between 2.76 and
5.76 mg C m�3 d�1, whereas the corresponding BP rates varied by
one order of magnitude (from 0.024 to 0.504 mg C m�3 d�1)
(Table 3). The estimated bacterial growth efficiency (BGE) also
varied by one order of magnitude from 0.6% at 100 m depth to 8%
at 35 m depth at station 78. BGE was always higher in the upper
mixed layer than at 100 m depth. BGE was significantly correlated
with the chla concentration (r2

¼0.46, po0.05, n¼6), FDOM-T
(r2
¼0.71, po0.01, n¼5) and temperature (r2

¼0.42, po0.05, n¼6).
4. Discussion

4.1. Phytoplankton distribution, primary production and physiology

Phytoplankton biomass distribution, as reflected by chla dis-
tribution, was closely associated to hydrography (Fig. 4) as
previously described in the region (Mullins and Priddle, 1987;
Basterretxea and Arı́stegui, 1999; Hewes et al., 2009). Chloro-
phyll-a concentration, mostly due to pico- and nano-size cells,
was within the range of previous measurements in the region
(Burkholder and Sieburth, 1961; Mullins and Priddle, 1987;
Kawaguchi et al., 2001; Varela et al., 2002; Holm-Hansen and
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Hewes, 2004; Corzo et al., 2005; Hewes, 2009). The limited
contribution of microphytoplankton to total chlorophyll-a con-
centration has been previously associated to size-selective krill
grazing over large-sized phytoplankton (Kawaguchi et al., 2001;
Hewes, 2009). The increase of large-sized cells’ contribution to
phytoplankton biomass could indicate a non-selective grazing by
salps, as hypothesized by Hewes (2009). Both surface and inte-
grated chla concentration were very low in the northern part of



Table 2
Pearson correlation matrix among physical, chemical and biological variables.

Correlations40.4 are marked in bold. Nonsignificant correlations (ns) are marked

in italics.

N¼192–257 Temp Ammonia Nitrate Phosphate Chla FDOM-T

BP 0.260nn 0.200nn
�0.278nn

�0.361nn 0.659nn 0.413nn

Temp 0.180nn
�0.353nn

�0.332nn 0.278nn 0.050 ns

Ammonia �0.024 ns �0.328nn
�0.092 ns �0.032 ns

Nitrate 0.336nn
�0.164n

�0.033 ns

Phosphate �0.147n
�0.179nn

Chla 0.416nn

n po0.05.
nn po0.01 (bilateral).
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tures above (white symbols) or below (black symbols) 0 1C.

Table 3
Measurements of bacterial respiration (BR), in situ bacterial production (unfiltered sa

Bacterial growth efficiency was estimated using BPT0. Temp, temperature; Chla, chlo

matter. ND, not determined.

Stn Depth (m) BR

(mg C m�3 d�1)

BPin situ

(mg C m�3 d�1)

BPT

(mg

64 5 4.03 ND 0.12

64 100 3.46 0.043 0.04

72 45 2.78 0.084 0.21

72 100 2.98 0.085 0.12

78 35 5.76 0.140 0.50

78 100 4.51 0.020 0.02
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Drake Passage, where a DCM developed (Figs. 4 and 6A). Such low
phytoplankton biomass levels and the formation of a DCM have
been attributed to iron limitation (Holm-Hansen and Hewes,
2004; Hewes et al., 2009). Macronutrient concentrations in the
upper 100 m of the water column were high enough to support
high levels of phytoplankton biomass (nitrate418 mM, phos-
phate41.5 mM, silicate426 mM). Unfortunately, we do not have
information about micronutrient concentrations, such as Fe.
However, low iron concentrations (0.16–0.35 nM) have been
previously measured in offshore Drake Passage waters (Martin
et al., 1990; Hewes et al., 2008; Ardelan et al., 2010), whereas
higher iron concentrations (1.9–3.1 nM) have been reported
within the Bransfield Strait and in shelf waters around SSI
(Hewes et al., 2008). The integrated Sin value, which has been
proposed as an indicator for the degree of iron limitation
(Sarmiento et al., 2003), explained 55% of the observed variability
of integrated chla concentration (n¼42), which supports the
potential role of iron as the controlling factor of phytoplankton
biomass distribution in the sampling area. Interestingly, when
stations 3 and 4, characterized by relatively low chla concentra-
tions and high Sin, and station 8, characterized by high chla
concentrations and low Sin (Figs. 3B and 6A), were excluded from
the analysis, the Sin tracer explained as much as 73% of integrated
chla concentration variability (n¼39). The low levels of phyto-
plankton biomass measured at stations 3 and 4 were not appar-
ently explained by potential iron limitation, as they were
characterized by high Sin values. These two stations were located
in the southern edge of the Bransfield front (Fig. 1), defined by the
steeply tilted isopycnals centered at station 2 (Fig. 4) (Sangrá
et al., 2011). The low levels of phytoplankton biomass at these
stations could be related to a strong grazing pressure in this
frontal area. In support of this hypothesis, Hernández-León et al.
(2000) and Vázquez et al. (2007) found the highest concentration
of zooplankton and meroplankton biomass, respectively, asso-
ciated to the Brandsfield front in the Brandsfield Strait during
austral summer. On the other hand, the high levels of biomass
at station 8 associated to low Sin levels could be related to an
accumulation of phytoplankton biomass and the associated
nutrient depletion. The relatively low primary production
rates measured at this station (Table 1), in spite of the high chla
concentration, support this hypothesis. Basterretxea and Arı́stegui
(1999) also suggested that the advection of phytoplankton-rich
waters generated in the nearby Bellingshausen Sea could in part
explain the patchy distribution of chlorophyll-a in the Brandsfield
Strait.

Primary production rates were relatively low (Table 1), parti-
cularly in the Drake Passage area, and within the range of
volumetric rates previously measured in the area using the 14C
method (Burkholder and Mandelli, 1965; Arı́stegui et al., 1996;
Kelley et al., 1999; Morán et al., 2001; Varela et al., 2002). The
corresponding assimilation numbers were low, but within the
range of previously reported values in the region (Burkholder and
mple, BPin situ) and time zero bacterial production (1.2 mm-filtered sample, BPT0).

rophyll-a concentration; FDOM-T, protein-like fluorescence of dissolved organic

0

C m�3 d�1)

BGE (%) Temp

(1C)

Chla

(mg m�3)

FDOM-T

ppb Trp

5 3.01 1.33 0.86 ND

3 1.23 0.15 0.34 3.53

8 7.27 1.13 1.15 4.35

0 3.87 0.01 0.22 2.99

3 8.03 0.93 0.69 4.31

8 0.62 �0.29 0.21 2.26
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Mandelli, 1965; Basterretxea and Arı́stegui, 1999; Kelley et al.,
1999; Morán et al., 2001; Lorenzo et al., 2002). Both the distribu-
tion and the range of mean water-column Fv/Fm (Fig. 3C) were in
agreement with the previously reported values measured in the
region (Hopkinson et al., 2007). The fact that 63% of the variability
in Fv/Fm was explained by increases in the background relative
fluorescence strongly suggests that low fluorescence yields could
result from the synthesis of photosynthetic antennae complexes
in excess under iron-deplete nitrogen-replete conditions
(Schrader et al., 2011). The Sin tracer largely explained the
observed variability in both primary production rates and Fv/Fm

values, which suggest that phytoplankton activity in the area is
potentially controlled by iron availability. The role of iron as a
limiting factor for phytoplankton has been experimentally
demonstrated in the region (Helbling et al., 1991; Hopkinson
et al., 2007). Hopkinson et al. (2007) found a clear relationship
between initial Fv/Fm values and the phytoplankton positive
response to iron addition and concluded that Fv/Fm could be used
to infer iron stress in this polar ecosystem.

Vertical stability of the water column has been proposed as a
major mechanism controlling primary production in the Antarctic
Ocean through light-limitation in well-mixed surface waters (e.g.
Mitchell and Holm-Hansen, 1991). According to this hypothesis, a
negative relationship would be expected between primary pro-
duction rates and the upper mixed layer depth. The positive and
significant relationship found in our dataset appears to be mainly
related to the inclusion of station 10, located in the southern edge
of the Peninsula Front, and characterized by the presence of
nutrient-rich TWW. At this station, according to the chosen
criteria (see Section 2) UML was very deep (134 m) and PP rates
were maximal. Vernet et al. (2008) also showed that primary
production positively correlates with mixed layer depth in coastal
and slope waters in the west of Antarctic Peninsula. According to
these authors, when phytoplankton biomass is very high, a
deepening of the mixed layer may reduce light limitation. When
we exclude station 10 from the analysis, there was no significant
relationship between PP and UML depth, as previously observed
in the Brandsfield Strait (Basterretxea and Arı́stegui, 1999).
Several studies based on photosynthesis–irradiance experiments
in the area concluded that overall light is not limiting phyto-
plankton primary production in this area during the austral
summer (e.g. Figueiras et al., 1999; Lorenzo et al., 2002).

4.2. Bacterial metabolism and coupling with phytoplankton

Volumetric and integrated bacterial production rates were in the
lower range of most papers published in the area during the same
sampling period (Bird and Karl, 1999; Ortega-Retuerta et al., 2008;
Manganelli et al., 2009), but similar to those reported by Kelley et al.
(1999), Morán et al. (2001) and Pedrós-Alió et al. (2002). It is
important to note that such differences with previous reports may
in part reflect regional and interannual variability associated to
variations in duration and extent of sea ice cover (Ducklow et al.,
2012). In addition, most of the previous studies in the area assumed
theoretical leucine to carbon conversion factors of 1.5 Kg C mol Leu�1

(Ortega-Retuerta et al., 2008) or 3.1 Kg C mol Leu�1 (Kelley et al.,
1999; Morán et al., 2001; Manganelli et al., 2009), which are
remarkably higher than the experimentally derived one by Pedrós-
Alió et al. (2002) (0.81 Kg C mol Leu�1) or our empirically derived
conversion factor (0.74 Kg C mol Leu�1). Among the multiple expla-
nations posed for the low bacterial activity commonly reported in the
polar seas, the simple control by dissolved organic matter (DOM)
availability appears to be the most plausible (see review by Kirchman
et al., 2009) which confronts with the traditional temperature–DOM
control hypothesis by Pomeroy and co-workers (Pomeroy and Deibel,
1986; Pomeroy and Wiebe, 2001).
Multiple regression analysis revealed that BP variability in our
dataset was best explained by chlorophyll-a concentration,
FDOM-T and temperature, which suggest a dual control of
temperature and substrate availability on bacterial activity. Simi-
larly, Bird and Karl (1999) also found that both chlorophyll-a and
temperature were important factors in predicting bacterial pro-
duction in the Gerlache Strait. Pedrós-Alió et al. (2002) experi-
mentally demonstrated that BP in western Antarctic waters
increase with increasing temperature from �2 to 4 1C. On the
other hand, a regional and decadal study by Ducklow et al. (2012)
showed that temperature appears to influence, positively or
negatively, BP in some regions or years but not in others. A
negative relationship between BP and temperature may occur if
there is a high accumulation of chla in the coldest waters.
Kirchman et al. (2009) suggested that bacterial activity seems
not to be more sensitive to temperature when DOM levels are
low, as it would be predicted by the temperature–DOM hypoth-
esis (Pomeroy and Wiebe, 2001). We found that bacterial activity
seems to be more sensitive to temperature when substrate supply
is high (Fig. 9). Simon and Rosenstock (2007) showed that
dissolved protein was the major substrate for heterotrophic
picoplankton growth in the Southern Ocean. Therefore, we used
chla concentration as a proxy for substrate supply and the
protein-like fluorescence of DOM as proxy for labile DOM supply.
When chla or FDOM-T are low, the BP rates are similarly low
irrespective of seawater temperature, whereas at high levels of
chla or FDOMT, BP is consistently higher at temperatures above
0 1C (range 0.001–1.76 1C) than below 0 1C (range �1.05 to
�0.01 1C). Indeed, there is no relationship between BP and
FDOM-T at temperatures below 0 1C, and BP remains similarly
low regardless of important increases in labile DOM supply. Thus,
our dataset reveals a dual temperature–DOM control on bacterial
production. When organic substrates are in short supply, tem-
perature does not play a relevant role in controlling bacterial
production rates, and thus, DOM availability appears to be the
primary limiting factor. By contrast, when organic substrate
concentration is higher, temperature appears to modulate the
BP levels in these cold waters. The temperature effect on bacterial
activity also appears evident when comparing chlorophyll-a
concentration and integrated BP rates (Fig. 6A and B). A major
disconnection between both components occurs at stations 11–
12, where integrated chlorophyll-a is very high and integrated BP
rates are very low, which is likely explained by the very low mean
seawater temperatures (�0.78 1C) at these stations (Fig. 3A).
Nevertheless, the great data dispersion in Fig. 9 plots, as well as
the low percentage of variability explained by chla concentration,
FDOM-T and temperature (53%), clearly indicates that other
factors, such as grazing pressure or viral lysis, must also play a
role in regulating bacterial dynamics in this area (Bird and Karl,
1999; Pedrós-Alió et al., 2002).

Bacterial production represented on average only 3.9% of co-
occurring primary production (range 0.5–15%), which is within the
range of values reported in the previous studies in the Antarctic
ecosystems (1–20%) (Bird and Karl, 1999; Ducklow et al., 2001;
Morán et al., 2001; Pedrós-Alió et al., 2002; Kirchman et al., 2009;
Ducklow et al., 2012). The low fraction of primary production
processed by bacteria in the polar oceans has been traditionally
interpreted as a fundamental uncoupling between autotrophic and
heterotrophic compartments in perennially cold waters (e.g. Karl,
1993; Bird and Karl, 1999). However, other evidences, such as
significant correlations between BP and dissolved primary produc-
tion rates or chlorophyll-a concentration, suggest that both compo-
nents of the microbial plankton community are as coupled as they
are in other warmer oceans not affected by allochthonous inputs
(Morán et al., 2001; Ortega-Retuerta et al., 2008; Ducklow et al.,
2012). Similarly, despite the low contribution of our BP estimates to
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PP, we also did find a significant correlation between BP and
chlorophyll-a concentration (Table 2, Fig. 9), which suggests a
relatively important link between bacteria and phytoplankton in
the sampling area during the austral summer.

It has been also suggested that the apparent uncoupling between
phytoplankton and bacteria in the Antarctic waters could partially
derive from the non-inclusion of mesopelagic bacterial activity,
given the high rates of export production typical of these cold
pelagic ecosystems (Ducklow et al., 2001; Simon et al., 2004). Simon
et al. (2004) estimated that epi- and mesopelagic bacterial produc-
tion accounted for 20% of the total primary production in the
Antarctic polar frontal region. Similarly, the integrated BP measured
in transect TB was 72% higher when integrating down to 300–500 m
than when integrating down to 100 m.

Additionally, to adequately assess the prokaryotic consumption
of PP, it is important to consider the fraction of PP which is utilized
for bacterial respiration. There are no direct estimates of bacterial
respiration in this area, although Arı́stegui et al. (1996) and Serret
et al. (2001) did reported high rates of microbial community
respiration (from 2.9 to ca. 90 mg C m�3 d�1) in the Brandsfield
Strait. Our bacterial respiration rates were all below or in the low
end of the range for total community respiration. Carlson et al.
(1999) directly estimated bacterial respiration and bacterial growth
efficiency using long-term (15 days) incubations of 0.8 mm filtrated
seawater in the surface water of the Ross Sea during summer. The
derived BGE values ranged from 9% to 38%, which are considerably
higher than our estimates (0.6–8%) based on relatively short
incubations (3 days). The BGE was positively correlated with
temperature (r2

¼0.42), chlorophyll-a (r2
¼0.46), and FDOM-T

(r2
¼0.71), but not with inorganic nutrients, which further points

to DOM availability as the major controlling factor of bacterial
growth. The lower BGE estimates, as compared to the Ross Sea, may
simply reflect differences in ecosystem productivity, in fact, the
concentration of chlorophyll-a in the Ross Sea ranged from 3.1 to
8.6 mg m�3 (Carlson et al., 1999), whilst chla concentration in our
samples ranged from 0.21 to 1.15 mg m�3 (Table 3). Using a mean
BGE of 6.1% for the upper mixed layer, the bacterial carbon demand
(bacterial production plus bacterial respiration) would account, on
average, for 63% of the total primary production, which is similar to
the percentages frequently found in warmer relatively productive
waters (Teira et al., 2003; Reinthaler and Herndl, 2005; Alonso-Sáez
et al., 2007; Sintes et al., 2010).

In conclusion, we have found that whereas phytoplankton
seems to be controlled by iron availability, bacterial metabolism
appears to be primarily controlled by organic carbon supply and
by water temperature, when substrate levels are high. Moreover,
the fraction of primary production consumed by bacteria was
comparable to that in the temperate waters, which strongly
supports that the coupling between the autotrophic and hetero-
trophic components does appear to be similar in this polar area
than in other oceanic regions.
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