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ABSTRACT: We used data collected at > 60 stations over a 10 yr period to build the carbon budget of
the plankton community in the euphotic layer of the Eastern North Atlantic Subtropical Gyre (NASE).
Autotrophic biomass exceeded microbial heterotrophic biomass by a factor of 1.7. Mean (± SE), integrated chlorophyll a concentration and net particulate primary production (PP) were 17 ± 1 mg m–2
and 271 ± 29 mg C m–2 d–1, respectively. Protist grazing on phytoplankton represented > 90% of PP.
Bacterial production (BP) was 17 ± 3 mg C m–2 d–1. In vitro O2-evolution experiments indicated that
net community production was –65 ± 16 mmol O2 m–2 d–1, while community respiration (CR) averaged
124 ± 13 mmol O2 m–2 d–1, equivalent to 1324 ± 142 mg C m–2 d–1. However, the sum of the respiration
rates by each microbial group, estimated from their biomass and metabolic rates, ranged from 402 to
848 mg C m–2 d–1. Therefore, CR could not be reconciled with the respiratory fluxes sustained by each
microbial group. Comparison between estimated gross photosynthesis by phytoplankton (481 to
616 mg C m–2 d–1) and the sum of respiration by each group suggests that the microbial community in
the NASE province is close to metabolic balance, which would agree with the observed O2 supersaturation in the euphotic layer. Taking into account the mean open-ocean values for PP, BP, CR and
bacterial growth efficiency, we show that bacteria account for approximately 20% of CR. Our results
suggest that the view that bacteria dominate carbon cycling in the unproductive ocean must be
reconsidered, or else that in vitro incubations misrepresent the real metabolic rates of one or several
microbial groups.
KEY WORDS: Plankton · Primary production · Bacterial production · Respiration · Grazing ·
Subtropical NE Atlantic · Atlantic Meridional Transect
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Despite their low areal productivity, the oligotrophic
waters of the subtropical gyres are globally significant
both in terms of carbon fixation and carbon export
(Longhurst et al. 1995, Karl 1999). Several on-going

processes of global change have the potential to affect
the structure and functioning of the pelagic microbial
communities in these regions. An increase in thermal
stratification in the open ocean is predicted to occur as
a result of sea surface warming (e.g. Sarmiento et al.
1998). This would make the upward transport of nutri-

*Email: em@uvigo.es

© Inter-Research 2007 · www.int-res.com

INTRODUCTION

262

Aquat Microb Ecol 48: 261–275, 2007

ents to the photic layer more difficult and reduce CO2
uptake by primary producers, thus establishing a positive feedback cycle. On the other hand, if changes in
climate and land-use result in an increased supply of
nutrients of continental origin to the surface of the sea,
the potential exists for a negative feedback cycle
whereby enhanced marine productivity might partially
counteract the atmospheric CO2 build-up (Ridgwell et
al. 2002). Clearly, it is only with ecological and biogeochemical models coupled to general circulation models
that these complex interactions can be resolved at the
global scale. However, a prerequisite for the development of such models is an adequate knowledge of the
biomass, metabolism and trophic interactions of the
main plankton groups. In this context, vast areas of the
world ocean are still underrepresented.
For most of the year, the Eastern North Atlantic Subtropical Gyre (NASE) province is characterised by
strong thermal stratification, nutrient depletion in the
upper mixed layer (Longhurst 1998), low integrated
chlorophyll (chl) a concentration and primary production (Marañón et al. 2000, Teira et al. 2005), a dominance of picophytoplankton (< 2 μm cells) in terms of
both chl a and primary production (Marañón et al.
2001), and a strong coupling between phytoplankton
production and grazing by protists (Quevedo &
Anadón 2001). Importantly, this region is also characterised by rates of community respiration that consistently exceed those of photosynthesis (Duarte et al.
2001, González et al. 2001, Serret et al. 2001, Robinson
et al. 2002). It has been hypothesised that this net
heterotrophic balance is sustained by substantial
inputs of organic matter from the atmosphere and the
adjacent coastal upwelling off NW Africa (Duarte et al.
2001, Robinson et al. 2002). Another possibility is that
the apparently negative heterotrophic balance results
from an undersampling of events of intense primary
production, which are likely to be missed by conventional research cruises (Karl et al. 2003). While mesoscale structures have been shown to play a relatively
small role in the metabolic balance of the NASE region
(Mouriño et al. 2005), experimental evidence indicates
that atmospheric aerosol deposition can push community metabolism towards net autotrophy (Duarte et al.
2006).
Whatever the causes of the heterotrophic metabolic
balance in the unproductive ocean, there have been
few attempts to compare community respiration rates
to the biomass and metabolism of each group of microbial plankton. This comparison is required to verify the
consistency between the different experimental methods and also to ascertain the relative importance of
each microbial group in the overall community metabolism. Robinson et al. (2002) sampled 3 stations in the
NASE region and, after estimating the respiration by

phytoplankton, microzooplankton and heterotrophic
bacteria, found that these groups could account for 111
± 34% of the total community respiration as calculated
from O2 consumption during 24 h incubations in the
dark. In contrast, in a study of 5 stations in the NASE
and the adjacent North Atlantic Tropical Gyre province (NATR), Morán et al. (in press) report the existence of a significant mismatch (> 2-fold) between the
estimated respiratory fluxes by each planktonic group
and total community respiration. However, the representativeness of these studies is compromised by the
fact that they are based on a small number of observations collected during single cruises at particular times
of the year.
Here we use an extensive database of concurrent
measurements of the biomass and metabolism of the
main planktonic groups in the NASE province. Measurements were carried out over a period of 10 yr in 13
oceanographic cruises, during which more than 60 stations were visited. Although not sufficient to resolve
the seasonal trends in all variables of interest, our
observations cover all seasons of the year, which,
together with the relatively high number of stations
visited, suggest that the dataset is representative of the
region of study. The main goal of the present analysis
was to construct the carbon budget of the planktonic
community in the NASE province and gain further
insight into its structure and metabolic functioning. We
also tried to assess the consistency between the standing stocks and metabolic rates of the different microbial compartments. Specifically, we sought to determine whether community respiration, calculated from
the biomass and metabolism of each microbial group,
agrees with the respiration rates based on O2 consumption during in vitro incubations.

MATERIALS AND METHODS
Sampling. The results shown here were obtained
during 13 cruises carried out in the NASE province
from March 1992 to November 2001 (Table 1). A total
of 63 stations, located within 22 to 35° N and 15 to
34° W, were visited (Fig. 1). The number of stations
sampled in each season was as follows: 13 in winter,
25 in spring, 9 in summer and 16 in autumn (Table 1).
Hydrography, irradiance and nutrients. The vertical
distribution of temperature, salinity and fluorescence
was obtained with a CTD probe attached to a rosette
equipped with Niskin bottles. In most cases, photosynthetically active irradiance (PAR, 400 to 700 nm) was
determined by integrating measurements of downwelling irradiance at 7 Sea-WiFS wavelength bands as
measured with an optical profiler. Nitrate concentration was determined with a Technicon segmented-flow
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Fig. 1. Stations visited in the Eastern North Atlantic Subtropical Gyre during each cruise: AMT-1 (s), AMT-2 (d), AMT-3 (h),
AMT-4 (g), AMT-5 (n), AMT-6 (m), AMT-11 (y), Azores-1 (z), Azores-2 (f), CD-66 (7), CD-83 (e), POS-237 (+), CIRCANA-1 (j)

depths in the proximities of the deep chlorophyll
maximum (DCM).
Phytoplankton biomass and primary production.
Water samples were collected from 5 to 7 depths within
the euphotic layer. Size-fractionated chl a concentrations were determined fluorometrically as described by Marañón et al. (2001). Water samples (100
to 250 ml) were sequentially filtered through 20, 2 and
0.2 μm polycarbonate filters and extracted in 90% acetone at –20°C overnight. Total chl a concentration was
determined as the sum of the size-fractionated values.
During CD-66 and AMT-1 cruises,
only total chl a was determined, by filTable 1. Cruises conducted in the Eastern North Atlantic Subtropical Gyre
tering the sample through glass fibre
province during 1992 to 2001. Number of stations visited (n) and sampling dates
(Whatman GF/F) filters. Phytoplankare indicated for each cruise
ton C biomass was estimated from
size-fractionated chl a data by using
Cruise
Ship
Year
Date
Season
n
the carbon to chl a (C:chl a) ratios
obtained in the North Atlantic SubCD-66
RRS ‘C. Darwin’
1992
12–14 Mar
Winter
6
tropical gyre from flow cytometry and
CD-83
RRS ‘C. Darwin’
1993
18–26 Dec
Winter
7
AMT-1
RRS ‘J. C. Ross’
1995
30 Sep–3 Oct Autumn
3
microscopic analysis (Pérez et al.
AMT-2
RRS ‘J. C. Ross’
1996
14–16 May
Spring
3
2006). C:chl a ratios of 103 and 21
AMT-3
RRS ‘J. C. Ross’
1996
28–29 Sep
Autumn
2
were used for < 2 μm phytoplankton in
AMT-4
RRS ‘J. C. Ross’
1997
15–17 May
Spring
2
the upper mixed layer (UML) and in
AMT-5
RRS ‘J. C. Ross’
1997
24–26 Sep
Autumn
3
the DCM layer (DCML), respectively.
AMT-6
RRS ‘J. C. Ross’
1998
7–9 Jun
Spring
3
Azores-1
BIO ‘Hespérides’
1998
2–15 Aug
Summer 9
Higher values were used for large
Azores-2
BIO ‘Hespérides’
1999
8–26 Apr
Spring
11
(> 2 μm) phytoplankton: 247 in the
AMT-11
RRS ‘J. C. Ross’
2000
19–20 Sep
Autumn
4
UML and 60 in the DCML. The limit
POS-237
RV ‘Poseidon’
2001
21–26 Apr
Spring
6
between the UML and the DCML was
CIRCANA-1
BIO ‘Hespérides’
2001
30 Oct –2 Nov Autumn
4
defined as the first depth where chl a

auto-analyser using standard colorimetric methods.
Nitrate detection limits ranged from 25 nM during
AMT-11 to 50 nM during the rest of the AMT cruises.
The vertical distribution of dissolved O2 concentration
was determined at some stations using an automated
Winkler titration system. The percentage of oxygen
saturation was calculated as described by Serret et al.
(2001). Sampling depths for biological variables were
chosen according to the vertical profiles of temperature, PAR and fluorescence. Typically, 2 to 3 depths
were sampled in the upper mixed layer, and 3 to 4
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concentration exceeded 50% of the maximum value
measured at that station (Pérez et al. 2006).
Size-fractionated primary production rates were
measured with the 14C technique by incubating water
samples collected from 5 to 7 depths within the
euphotic layer, as detailed by Marañón et al. (2001).
Four 75 ml acid-cleaned polystyrene bottles (3 light
and 1 dark bottle) were inoculated with 370 to 740 KBq
(10 to 20 μCi) of NaH14CO3 and placed in an on-deck
incubator that simulated the irradiance at the original
sampling depths and was refrigerated with surface
seawater from the ship’s continuous water supply.
Incubations started at noon and lasted for 6 to 7 h, with
the exception of the AMT-11 cruise, when 24 h dawnto-dawn incubations were conducted. After incubation, samples were filtered sequentially through 20,
2 and 0.2 μm polycarbonate filters and total primary
production was determined by addition of the sizefractionated values. During cruises CD-66 and AMT-1,
no size-fractionation experiments were done and
therefore only total primary production was determined. Hourly 14C-fixation rates were converted into
net particulate primary production rates by taking into
account daylight duration and assuming that dark respiratory losses amount to 20% of daytime 14C uptake
(Geider 1992, Marra & Barber 2004).
Bacterial biomass and production. The abundance of
heterotrophic bacteria was estimated at 10 to 12 depths
either by flow cytometry (AMT-3, AMT-4 and CIRCANA-1 cruises), as described by Zubkov et al. (1998)
and Morán et al. (2004), or using epifluorescence microscopy on DAPI-stained samples (AMT-11 and
Azores-1), as described by Bode et al. (2001). An intercalibration exercise with the 2 techniques, carried out
during CIRCANA-1, indicated that epifluorescence microscopy overestimates bacterial abundance by ~20%,
as some Prochlorococcus cells with low chl a content
were counted as heterotrophic bacteria. We therefore
accordingly corrected our estimates of bacterial abundance based on epifluorescence microscopy. In all cases,
a value of 12 fg C cell–1 was used to convert cell numbers
into bacterial carbon biomass (Zubkov et al. 2000).
Bacterial production was estimated from 14C-leucine
uptake (Zubkov et al. 2000) or 3H-leucine uptake
(Bode et al. 2001, Morán et al. 2004) during 0.5 to 4 h
incubations in the dark. Leucine (Leu) incorporation
rates were corrected for differences between incubation and in situ temperature using the empirical correction factor calculated by Zubkov et al. (2000). Leu to
carbon conversion factors (LCFs) were determined
experimentally on different occasions during the
cruises in which bacterial production was measured. A
value of 0.67 kg C mol Leu–1 was obtained for AMT-3
and AMT-4 (Zubkov et al. 2000), while the mean LCF
determined during cruises AMT-11 and CIRCANA-1

was 0.73 kg C mol Leu–1 (range 0.46 to 0.95 kg C mol
Leu–1; Morán et al. 2004). These low LCFs, which are
much lower than the theoretical value of 1.55 kg C mol
Leu–1 (assuming no isotope dilution), are supported by
additional experiments in the subtropical North
Atlantic. For instance, Zubkov et al. (2001) obtained a
LCF of 0.4 kg C mol Leu–1 at 36° N, 20° W. More
recently, Alonso-Sáez et al. (2007) determined LCFs at
10 oligotrophic stations within the NASE region and
found a mean value of 0.14 ± 0.07 kg C mol Leu–1.
Zooplankton biomass, respiration and grazing. To
determine the abundance and biomass of heterotrophic flagellates, ciliates and heterotrophic dinoflagellates, 500 ml samples were collected from 4 to 6 depths
in the euphotic layer and fixed with acidic Lugol’s solution (Quevedo et al. 2003). Once in the laboratory, cell
abundance and volume were determined with a
phase-contrast Olympus IMT-2 inverted microscope
connected to an image-analysis system. Biomass was
estimated from measurements of cell volume using
appropriate carbon to volume conversion equations, as
described by Quevedo et al. (2003).
The average size spectrum of phagotrophic protists
was built from empirical size-abundance relationships
following Pareto distributions. We used 142 samples,
collected along cruises AMT-5, Azores-1 and Azores-2.
This size spectrum was subsequently used to estimate
the average respiration of the whole assemblage of
phagotrophic protists on the basis of the size scaling of
metabolic rates in ciliates, dinoflagellates and heterotrophic nanoflagellates. Respiration rates were calculated by combining the slope and intercept of the average size-abundance spectrum with the allometric
scaling of individual respiration rate. From unicells to
large mammals, specific metabolic rates scale to body
mass with an exponent consistently around –0.25
(Peters 1983). Specifically, we applied the equation
proposed by Fenchel & Finlay (1983) for the respiration
rate of ciliates and flagellates. The original units were
converted to carbon units following standard conversion factors (Peters 1983), resulting in the equation Rs
(h–1) = 0.11 W (pg C)– 0.25, where Rs is mass-specific respiration rate and W is body mass. We also obtained an
additional, alternative estimate of respiration by
phagotrophic protists based on their measured ingestion rates. For this method, we assumed that both bacterivores and herbivores excrete 20% of the ingested
carbon and assimilate the remaining carbon with a
growth efficiency of 25% (Robinson & Williams 2005).
Grazing by heterotrophic protists on phytoplankton
was determined by the dilution method, as explained in
detail by Quevedo & Anadón (2001). Dilution experiments were conducted with samples from the surface (5
to 7 m) and the DCM depth. Samples were mixed with
0.2 μm filtered seawater from the same depth to obtain
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the assumption that the ingested chl a molecules do
not degrade to undetectable products within the copepod gut. The rates reported here are thus likely to be
minimal estimates of the grazing impact by mesozooplankton on phytoplankton.
Net community metabolism. Gross primary production (GPP), net community production (NCP) and dark
community respiration (DCR) were determined at 5 to
7 depths from in vitro changes in dissolved oxygen
during light and dark bottle incubations. Twelve
125 ml borosilicate bottles were filled with seawater
from each sampling depth. Four bottles were fixed
immediately for initial oxygen concentrations. The
remaining 8 bottles (4 light and 4 dark bottles) were
incubated on deck under the same conditions as those
used for 14C-uptake experiments. After 24 h, dissolved
oxygen concentration was determined with an automated Winkler titration system, using a potentiometric
or photometric end point. Production and respiration
rates were calculated as follows: NCP = ΔO2 in light
bottles (mean [O2] in 24 h light – mean initial [O2]);
DCR = ΔO2 in dark bottles (mean initial [O2] – mean
[O2] in 24 h dark); GPP = NCP + DCR.

replicate dilutions of 100, 80, 60, 40 and 20%. An extra
bottle for each dilution level was prepared and used as
the initial chl a sample. After 24 h incubations in an ondeck incubator that simulated in situ irradiance and
temperature, samples for chl a determination and flow
cytometry analyses were taken. The algal net growth at
each dilution level was calculated assuming exponential growth. Cell pigment content from the flow cytometry analyses was used to discard significant photoacclimation effects. Linear regression of the dilution
factor against phytoplankton growth rate yields the
instantaneous grazing rate and the phytoplankton
growth rate (Quevedo & Anadón 2001).
Mesozooplankton (> 200 μm) samples were collected
with double WP-2 nets deployed down to 200 m. The
contents of the cod end were filtered through preweighed Whatman GF/F glass fibre filters, which were
analysed in a Perkin-Elmer 2400 CNH analyser in the
laboratory to determine mesozooplankton carbon biomass (Huskin et al. 2001, Isla et al. 2004). Copepod
grazing rates were determined on samples from additional net casts, using the gut fluorescence technique,
as detailed by Huskin et al. (2001). To determine the
initial chl a content in the gut, copepods were filtered
onto Whatman sharkskin filters and stored at –70°C.
Animals were introduced in a cool box with 0.2 μm filtered seawater from the same station and kept in darkness. Three subsamples were taken every 5 min for
30 min and filtered and frozen as above. Sample fluorescence was measured after extraction in 90% acetone during 24 h. Gut evacuation data were fitted to an
exponential decay in order to determine the instantaneous gut evacuation rate. Ingestion rate was then calculated as the product of gut evacuation rate and gut
chlorophyll a content. As discussed in detail by Huskin
et al. (2001), the gut fluorescence technique relies on
Temperature (ºC)
14 16 18 20 22 24 26

RESULTS
Vertical structure of the photic layer
Although our observations were conducted over an
area of more than 106 km2 and during all seasons of the
year, coherent patterns were observed in the vertical
structure of the euphotic layer, which illustrates the
relatively modest temporal and spatial variability in
the hydrography of the NASE region (Fig. 2). Thermal
stratification was almost always present, with the
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Fig. 2. Mean vertical profiles of (A) temperature, (B) nitrate concentration, (C) chl a concentration and (D) percentage O2 saturation in the upper 200 m of the Eastern North Atlantic Subtropical Gyre province. Bars represent ± 1 SD. Dashed line indicates the
average depth of the 1% light level
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Phytoplankton biomass and primary production
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Fig. 3. Seasonal variability in (A) surface chl a concentration
and (B) integrated net particulate primary production in the
Eastern North Atlantic Subtropical Gyre (NASE) province.
Mean values measured during each cruise are shown. Bars
indicate ± 1 SE. Lines represent the seasonal cycle of satellitederived, surface chl a concentration (A) and integrated primary production (B) in the NASE province given by
Longhurst (1998) (data taken from www.mar.dfo-mpo.gc.ca.).
Symbols as in Fig. 1

steeper part of the thermocline typically being located
between 50 and 80 m (Fig. 2A). Mean temperature in
the upper mixed layer (UML, 0 to 50 m) was around
22°C and decreased to <19°C toward the base of the
euphotic layer. Nitrate was close to or below the detection level in the UML but increased rapidly below the
thermocline (Fig. 2B). A similar vertical pattern was
observed for phosphate and silicate (data not shown).
The vertical profiles of chl a concentration were characterised by low values (ca. 0.1 mg m– 3) in the UML
and the presence of a DCM, located between approximately 80 and 130 m, where concentrations exceeded
0.2 mg m– 3 (Fig. 2C). Oxygen saturation percentages
>100% were measured throughout the euphotic layer,
and a local maximum with values >105% was present
at 60 to 80 m (Fig. 2D). The mean depth of the photic
layer (1% of surface irradiance) was 106 m.

Chl a concentration showed relatively small temporal and spatial variability during our study and was
dominated by cells in the < 2 μm size fraction (Fig. 3A,
Table 2; see Marañón et al. 2000, Teira et al. 2005).
Mean surface chl a concentrations were in the range
0.04 to 0.18 mg m– 3 and showed a slight peak during
the spring and winter cruises (Fig. 3A). Cruise-averaged, integrated chl a concentrations ranged between
11 and 25 mg m–2 (Table 2). The overall, mean (± SE)
integrated chl a concentration in the NASE province
during our study was 17 ± 1 mg m–2. The mean contribution of picophytoplankton to total integrated chl a
concentration was 71 ± 1%. Applying the average C to
chl a ratios determined for the UML and the DCM in
the NASE province (Pérez et al. 2006), we estimated
the integrated phytoplankton carbon biomass at each
station. Cruise-averaged phytoplankton biomass
ranged between 793 and 1923 mg C m–2, and the overall mean value was 1391 ± 86 mg C m–2.
Although inter-cruise differences in primary production were larger than those found in chl a concentration, mean rates of net particulate primary production
ranged, in most cruises, from 100 to 400 mg C m–2 d–1
(Fig. 3B, Table 2; see Teira et al. 2005). The highest
mean production rates were measured during spring
and winter. The average productivity of NASE during

Table 2. Mean (± SE) chl a concentration (mg m–2), net particulate primary production (PP, mg C m–2 d–1) and relative contribution (%) of picophytoplankton (cells < 2 μm) to total chl a
concentration and primary production during each cruise. All
variables were vertically integrated over the depth of the
euphotic layer. Also given are overall mean values for the sum
of all stations sampled during the study. n: number of stations
sampled during each cruise
n

Chl a

Mar 1992
6
Dec 1993
7
Oct 1995
3
May 1996
3
Sep 1996
2
May 1997
2
Sep 1997
2
Jun 1998
3
Aug 1998
4
Apr 1999
10
Sep 2000
4
Apr 2001
Nov 2001
4
Total
50
Overall mean

13 ± 2
16 ± 2
25 ± 3
24 ± 2
19 ± 4
18 ± 5
22 ± 1
21 ± 2
20 ± 1
13 ± 1
11 ± 2

72 ± 1
75 ± 1
83 ± 1
82 ± 3
71 ± 2
67 ± 4
67 ± 3
70 ± 3

25 ± 3

75 ± 2

17 ± 1

71 ± 1

Date

% chl a
< 2 μm

n

6
7
3
3
2
2
2
3
1
6
2
6
4
47

PP

584 ± 81
458 ± 42
39 ± 3
340 ± 18
341 ± 57
205 ± 8
187 ± 131
252 ± 66
183
112 ± 14
166 ± 4
143 ± 31
156 ± 30
271 ± 29

% PP
< 2 μm

60 ± 3
41 ± 0.2
43 ± 3
67 ± 13
47 ± 1
61 ± 3
51 ± 5
59 ± 5
43 ± 5
54 ± 2
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Table 3. Mean (± SE) bacterial biomass (BB, mg C m–2) and
production (BP, mg C m–2 d–1) integrated over the euphotic
layer. Also shown is the ratio between BP and net particulate
primary production (PP). n: number of stations sampled
Date

n

Mesozooplankton biomass (mg C m–2)

Sep 1996
2
May 1997 2
Aug 1998
5
Sep 2000
3
Nov 2001
4
Total
16
Overall mean

BB
192 ± 2
407 ± 84
169 ± 8
391 ± 5
891 ± 117

n

BP

n

BP/PP

2
2

19 ± 3
31 ± 2

2
2

0.05 ± 0.02
0.12 ± 0.002

3
4
11

12 ± 3
14 ± 1

2
4
10

0.05 ± 0.01
0.07 ± 0.01

424 ± 79

17 ± 3

0.07 ± 0.01

900
750
600

Zooplankton biomass and grazing
The average biomass of phagotrophic protists was
408 mg C m–2, of which 71% was accounted for by
heterotrophic nanoflagellates. Grazing by protists
upon phytoplankton was determined during 2 cruises,
in August 1998 and April 1999 (Quevedo & Anadón
2001). In both cruises, relatively high grazing rates
were measured: the overall mean ingestion rate by
herbivorous protists, expressed as a percentage of net
particulate primary production, was 99 ± 36%.
Mesozooplankton biomass typically ranged between
100 and 300 mg C m–2 during the spring and summer
months (Fig. 4; see Huskin et al. 2001). An exception
was April 1999, when markedly higher values of integrated biomass (> 800 mg C m–2) were measured.
Mesozooplankton grazing rates showed a relatively
small degree of variability between cruises (Table 4).
The overall mean grazing rate was 28 ± 4 mg C m–2,
which translated into a mean value of 19 ± 4% for the
fraction of net particulate primary production ingested
by mesozooplankton (Table 4).

450
300

Community production and respiration

150

The metabolic balance of the microbial community,
as determined with the O2 evolution method, was consistently net heterotrophic during all cruises (Table 5).
Cruise-averaged NCP ranged between –137 and
–19 mmol O2 m–2 d–1, whereas community respiration
(CR) varied within the range 54 to 181 mmol O2 m–2 d–1.
For the ensemble of all 14 stations where O2 evolution
experiments were conducted, NCP and CR had mean
values of –65 ± 16 and 124 ± 13 mmol O2 m–2 d–1,
respectively, while gross production averaged 57 ±
9 mmol O2 m–2 d–1.

0
J F M A M J

J A S O N D

Fig. 4. Seasonal variability in integrated mesozoplankton
(> 200 μm) biomass in the Eastern North Atlantic Subtropical
Gyre province. Mean values measured during each cruise are
shown. Bars indicate ± 1 SE. Line represents the seasonal
cycle of mesozooplankton biomass derived by Finenko et al.
(2003) for the tropical North Atlantic. Symbols as in Fig. 1

our study was 271 ± 29 mg C m–2 d–1 (Table 2), and
the relative contribution of picophytoplankton to total
carbon fixation was 54 ± 2%.

Bacterial biomass and production
Mean bacterial biomass and production during each
cruise were in the range 192 to 891 mg C m–2 and 12 to
31 mg C m–2 d–1, respectively (Table 3; see Zubkov et
al. 1998, 2000, Morán et al. 2004). Although the number of cruises was not sufficient to ascertain the seasonal variability in bacterial biomass and production,
our results consistently indicate that bacterial production was low compared to primary production; the
overall average for the ratio between these 2 variables
was 0.07 ± 0.01.

Table 4. Mean (± SE), depth-integrated mesozooplankton
(200 to 2000 μm) grazing rates (mg C m–2 d–1) and percentage
of net particulate primary production (PP) ingested daily by
mesozooplankton. n: number of stations sampled
Date

n

Grazing
rate

n

% daily PP
ingested

May 1997
Sep 1997
Jun 1998
Aug 1998
Apr 1999
Sep 2000
Total
Overall mean

2
3
2
9
11
1
28

14 ± 6
15 ± 2
14 ± 4
32 ± 8
36 ± 5
9

2
2
2
1
5
1
13

7±3
14 ± 10
6±1
20
27 ± 30
6

28 ± 4

19 ± 40
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Table 5. Mean (± SE) depth-integrated rates (mmol O2 m–2 d–1)
of net community production (NCP), community respiration
(CR) and gross production (GP). n: number of stations sampled. GP does not always equal the sum of NCP and CR
because in some stations concurrent NCP and CR data were
not available for all sampling depths
Date

n

Sep 1997
Jun 1998
Aug 1998
Apr 1999
Sep 2000
Nov 2001
Total
Overall mean

2
2
2
3
2
3
14

NCP

CR

GP

–81 ± 21
–127 ± 12
–137 ± 37
–26 ± 33
–19 ± 2
–35 ± 27

121 ± 7
169 ± 30
181 ± 28
124 ± 20
54 ± 17
104 ± 26

40 ± 14
48 ± 37
44 ± 9
98 ± 22
35 ± 15
57 ± 19

–65 ± 16

124 ± 13

57 ± 9

subtropical North Atlantic, the fact that we considered
stations at both sides of the front may have resulted in
an increased degree of variability in our measurements. However, despite the wide temporal and geographical coverage of our data set, our results were
quite consistent and, in general, showed a relatively
low degree of variability both within and between
cruises (Tables 2 to 5). We therefore considered it
appropriate to combine all available biomass and rate
measurements in order to construct the carbon budget
for the plankton community in the NASE province
(Fig. 5).
Phytoplankton represented the major pool of living
carbon, with a mean biomass of around 1400 mg C m–2,
of which 46% was accounted for by picophytoplankton. Heterotrophic biomass was distributed evenly
between bacteria (424 ± 79 mg C m–2), heterotrophic
protists (408 ± 15 mg C m–2) and mesozooplankton
(452 ± 59 mg C m–2). For the entire study, the autotrophic to heterotrophic biomass ratio in plankton was
1.07. If only the microbial components of plankton are
considered, the autotrophic to heterotrophic biomass
ratio was 1.7.
To estimate phytoplankton gross production, we
took into account that 18% of the total 14C fixed by
phytoplankton is released as dissolved organic carbon,

Planktonic carbon budget
Our measurements of microbial biomass and metabolism were conducted over a 10 yr period in different
seasons of the year and covered a large geographical
region. In particular, some stations were located to the
south of the Azores subtropical front, while others
were located to the north. Given the importance of this
mesoscale feature as a biogeographic limit within the

Phytoplankton
1391 ± 86

28 ± 4

259–332

Mesozoo
452 ± 59

<2 µm 642 ± 42
481–616
DIC

268 ± 28
222–284
>2 µm 749 ± 55

Hetero
Protists
408 ± 15

71 ± 8
135–270
DOC
113–189
171–406
96–172

Hetero Bacteria
424 ± 79
17 ± 3

1324 ± 142

Fig. 5. Planktonic carbon budget for the euphotic layer of the Eastern North Atlantic Subtropical Gyre province. Mean values
(± SE) of standing stocks and fluxes are expressed in mg C m–2 and mg C m–2 d–1, respectively. For fluxes that were estimated
rather than measured directly, ranges instead of mean values are given. Dissolved inorganic carbon (DIC) fluxes into phytoplankton represent gross photosynthesis. Dotted lines indicate fluxes that were not determined in this study. See ‘Materials and
methods’ for details on calculations
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as experimentally determined by Teira et al. (2003) in
the NASE province. We then assumed that phytoplankton dark respiration amounts to between 20 and
40% of the daylight carbon uptake and that phytoplankton respire at the same rate during the day and
during the night (Geider 1992, Langdon 1993, Marra &
Barber 2004). The corresponding phytoplankton respiration would thus range between 135 and 270 mg C
m–2 d–1. The resulting range of estimated gross phytoplankton production was 481 to 616 mg C m–2 d–1, of
which 54% would be carried out by picophytoplankton. A substantial loss process for phytoplankton was
grazing by protists (268 ± 28 mg C m–2 d–1), while
mesozooplankton grazing on phytoplankton was an
order of magnitude smaller (Fig. 5).
Measurements of bacterial production (BP) can be
used to estimate bacterial respiration (BR) and bacterial carbon demand (BCD = BP + BR), provided that bacterial growth efficiency (BGE = BP/BCD) is known.
Recently, Alonso-Sáez et al. (2007) experimentally
determined BGE along 2 longitudinal transects (21 and
26° N) in the NASE province. They reported a mean
(± SE) BGE of 0.09 ± 0.015 from measurements conducted at 10 different stations. After reviewing the literature, del Giorgio & Cole (2000) concluded that the
average BGE in the open ocean is 0.15. A more recent
review, presented by Alonso-Sáez et al. (2007; see
their Web Appendix 3) gives a mean open-ocean value
of 0.12. We therefore calculated lower and upper estimates for BR by applying BGE values of 0.09 and 0.15
to our mean values of BP. The resulting range of estimated BR in the NASE province is 96 to 172 mg C m–2
d–1. The corresponding range for BCD would then be
113 to 189 mg C m–2 d–1 (Fig. 5).
Respiration by phagotrophic protists was calculated
following 2 alternative methods: 1 was based on the
application of an allometric model of respiration to the
measured size-abundance spectra, while the other was
based on the measured rates of grazing (see ‘Materials
and methods’). For the latter method, we took the carbon ingestion rate of bacterivores to be 17 mg C m–2
d–1, given that grazing by bacterivores is approximately equal to bacterial production in the open
Atlantic Ocean (Zubkov et al. 2000). The allometric
method yielded a mean value of respiration of
406 mg C m–2 d–1, while the ingestion-based method
resulted in an estimate of 171 mg C m–2 d–1. We therefore estimated a range of respiration by heterotrophic
protists in the NASE province of 171 to 406 mg C m–2
d–1 (Fig. 5). The sum of respiration by all microbial
plankton groups would thus be in the range of 402 to
848 mg C m–2 d–1. By contrast, community respiration,
determined from O2 consumption during 24 h incubations in the dark and assuming a respiratory quotient
of 0.89 (Robinson & Williams 2005), was 1324 ±

142 mg C m–2 d–1 (the range of mean values from all
cruises was 577 to 1933 mg C m–2 d–1). Mesozooplankton respiration is not included in the budget because
this process is not represented in small-volume in vitro
incubations. In any case, previous observations indicate that mesozooplankton respiration is less than an
order of magnitude lower than microbial respiration in
the central Atlantic Ocean (Isla et al. 2004).

DISCUSSION
Seasonal variability and data representativeness
To evaluate the representativenes of our data set, we
compared the seasonal variability of phytoplankton
chl a and particulate primary production in the NASE
province, as determined with bio-optical models based
on satellite imagery (Longhurst 1998), and our own in
situ observations (Fig. 3). For both variables, our observations show good agreement with the modelled data,
both in terms of absolute values and seasonal trends.
Although somewhat lower, the mean primary production rate in our study (271 mg C m–2 d–1) compares reasonably well with the bio-optical estimate (330 mg C
m–2 d–1). The difference may in part reflect the fact that
the NASE province, as defined by Longhurst (1998),
extends to 43° N and thus includes temperate waters
that show enhanced productivity as compared to the
20 to 35° N latitudinal range considered here
(Marañón et al. 2000). The vertical distribution and
photic layer-integrated values of chl a concentration in
our study agreed closely with the results reported by Li
& Harrison (2001) for the NASE province, based on an
analysis of 18 stations visited in spring and autumn.
Similarly, our measurements of mesozooplankton biomass generally fell within the seasonal trend that
Finenko et al. (2003), using an extensive data set collected over a 40 yr period, reported for the tropical
North Atlantic Ocean (Fig. 4).
For other variables such as bacterial biomass and
production, or biomass and grazing of heterotrophic
protists, no climatology of seasonal changes is available at the biogeographic province scale. Li & Harrison
(2001) measured a mean bacterial biomass of 501 mg C
m–2 in NASE, roughly similar to our estimate of
424 mg C m–2. Recently, Alonso-Sáez et al. (2007)
found an average bacterial production of 28 mg C m–2
d–1 at 6 oligotrophic stations located in the NASE
province. This value, although somewhat higher, compares well to our mean value of 17 mg C m–2 d–1
(Table 3). Although the choice of specific conversion
factors may underlie some of the variability in bacterial
biomass and production, we can also compare our
measurements to those obtained at the Bermuda
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Atlantic Time Series (BATS) station in the Sargasso
Sea, another open-ocean region with low microbial
biomass and productivity (Steinberg et al. 2000,
Mouriño-Carballido & McGillicuddy 2006). During the
period from 1988 to 2002, mean bacterial biomass and
production rate in the upper 140 m at BATS were
630 mg C m–2 and 33 mg C m–2 d–1, respectively (calculated from data available at: http://bats.bbsr.edu, using
the conversion factors given by Steinberg et al. 2000).
Our mean values for bacterial biomass and production
are lower by a factor of 1.5 and 2, respectively
(Table 3). In addition, mean particulate primary production at BATS (459 mg C m–2 d–1 for 1988 to 2002) is
also higher than our estimate for NASE by a factor of
1.7. These comparisons suggest that the western Sargasso Sea and, more specifically, the BATS site, is
characterised by higher microbial biomass and activity
than the eastern sector of the North Atlantic Subtropical Gyre between 22 and 34°N. This difference may be
related to the fact that, when the different nutrient
injection mechanisms are taken into account, annual
fertilisation of the euphotic layer is larger in the BATS
site than in the NASE province (Cianca et al. in press).

Autotrophic versus heterotrophic biomass
Although no a priori connection can be established
between the relative biomass contribution of autotrophs and heterotrophs and the metabolic balance of
the community, our data do not support the existence
of an ‘inverted pyramid’ of biomass in the microbial
plankton of NASE, given that total phytoplankton biomass exceeded that of bacteria and heterotrophic protists by a factor of 1.7 (Fig. 5). The early reports of an
overwhelming dominance of heterotrophic bacteria in
the oligotrophic ocean, such that these organisms
would represent 2 to 3 times more biomass than phytoplankton (Fuhrman et al. 1989, Cho & Azam 1990),
have been followed by other studies supporting a moderate dominance by bacteria (Caron et al. 1995, Buck
et al. 1996), a codominance between the 2 groups (Li et
al. 1992) or even a slight dominance by phytoplankton
(Li & Harrison 2001, Morán et al. 2004). Although these
discrepancies reflect, in part, real spatio-temporal variability in the biomass of the different plankton groups,
some methodological factors are likely to be involved.
These include the overestimation of bacterial numbers
when counting with epifluorescence microscopy
(Zubkov et al. 1998), the use of too high carbon conversion factors for open ocean bacteria (20 fg C cell–1
instead of 6 to 12 fg C cell–1; Fukuda et al. 1998, Gundersen et al. 2002) and the use of a too low mean C:chl
a ratio for phytoplankton (20 to 40 instead of 60 to 80;
Caron et al. 1995, Buck et al. 1996). There is growing

evidence that phytoplankton inhabiting the upper layers of the subtropical oceans have C:chl a ratios around
120 to 140 (see review by Marañón 2005). Assuming
the C:chl a ratio below the DCM is around 30 (Veldhuis
& Kraay 2004, Pérez et al. 2006), the resulting value
averaged over the entire photic layer should be at least
60 to 70. Using a C:chl a ratio of 40 to estimate total
phytoplankton carbon, Li & Harrison (2001) calculated
a phytoplankton to bacterial C ratio of 2 in the NASE
province. Had they used a C:chl a ratio of 60, their data
would have resulted in a phytoplankton to bacterial C
ratio of around 3, e.g. equal to our own estimate
(Fig. 5). Therefore, both surveys (which together
include 34 stations where both phytoplankton and bacterial biomass were estimated), strongly suggest that,
on a euphotic layer-integrated basis, autotrophic biomass dominates over heterotrophic biomass in the
microbial plankton community of the NASE province.

Metabolic balance of the microbial plankton
community
Our analysis indicates that respiration consistently
exceeds photosynthesis within the microbial plankton
community of the eastern subtropical North Atlantic.
Assuming a photosynthetic quotient (PQ) of 1, the
input of allochthonous organic carbon needed to compensate for this net heterotrophic metabolism would
be around 780 mg C m–2 d–1. In fact, the total input
required to keep the integrity of the ecosystem must be
even higher, because carbon losses due to sedimentation and mesozooplankton respiration are not taken
into account in small-volume in vitro experiments.
While mesozooplankton respiration is less than an
order of magnitude lower than microbial respiration
(Isla et al. 2004), sedimentation of organic carbon at the
base of the euphotic layer in the NASE province
ranges between 50 and 200 mg C m–2 d–1 (Huskin et al.
2004). If one also considers the respiration of larger
metazoans, the input of allochthonous organic carbon
required to sustain the pelagic ecosystem in the NASE
province is likely to be higher than 1 g C m–2 d–1.
The net heterotrophy of the microbial community in
the NASE province has been reported before in studies
that, in part, used data included in the present
overview (Duarte et al. 2001, González et al. 2001, Serret et al. 2001, Robinson et al. 2002, Morán et al. 2004).
It also agrees with the conclusions of previous work
based on independent studies in the same region
(Agustí et al. 2001, Harrison et al. 2001), which, importantly, reported community respiration rates similar
to the ones we measured (in the range of 1000 to
2000 mg C m–2 d–1). Unlike previous studies, however,
our analysis combined measurements of the standing
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stocks and activity rates of all major microbial foodweb components, including bacteria, phytoplankton
and heterotrophic protists. This allowed us to assess
the extent to which community respiration rates are
coherent with the summed respiration rates of each
group of microbes. As shown in Fig. 5, the mean community respiration derived from O2 consumption rates
during bottle incubations in the dark (1324 ± 142 mg C
m–2 d–1) clearly exceeds the range of estimated respiration by the various microbial groups (402 to 848 mg C
m–2 d–1). To evaluate the possible causes for this discrepancy, we shall now review each of the main fluxes
involved.
We computed phytoplankton respiration by assuming that between 20 and 40% of carbon fixation during
the photoperiod is respired during the night. The value
of 20% is supported by the observations of Marra &
Barber (2004), conducted mainly in the temperate
North Atlantic Ocean. It can be argued that phytoplankton inhabiting the warm and well illuminated
upper waters of the subtropical gyres are likely to
experience higher respiration rates (Geider 1992). In
fact, Grande et al. (1998), during a cruise to the North
Pacific Central Gyre, found that 14C losses in the dark
amounted to 26–36% of the 14C fixed during the light
period. In his review of phytoplankton respiration,
Langdon (1993) concluded that the mean respiration to
gross photosynthesis ratio in various taxonomic groups
was in the range of 10 to 35%. Thus, a value of 40%
can be considered as an upper limit to constrain phytoplankton respiratory losses. Therefore, the value of
270 mg C m–2 d–1 in Fig. 5 can be regarded as an upper
estimate for phytoplankton respiration in the NASE
province. Similarly, we can consider the value of
406 mg C m–2 d–1 as an upper limit to the respiration by
heterotrophic protists, given that it was calculated with
an allometric model that is based on respiration rates
measured in laboratory cultures. These are typically
supplied with high amounts of resources and therefore
sustain faster metabolic rates than those realised under
natural conditions. Summing the upper estimates for
phytoplankton respiration (275 mg C m–2 d–1) and heterotrophic protist respiration (406 mg C m–2 d–1) results
in 681 mg C m–2 d–1. This means that for total microbial
respiration to match the rate of community respiration
measured in vitro with the O2 method (1324 mg C m–2
d–1), bacterial respiration should be around 640 mg C
m–2 d–1 (ca. 50% of community respiration).
Perhaps the most unexpected feature of the microbial carbon budget in Fig. 5 is the large difference
between community respiration (1324 mg C m–2 d–1)
and bacterial respiration (96 to 172 mg C m–2 d–1). This
difference was not an artefact resulting from averaging each variable over different seasons and/or
regions. If only concurrent measurements of bacterial
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production and community respiration are considered,
the ratio between bacterial respiration (estimated by
using a BGE of 0.09) and community respiration, integrated over the euphotic layer, was 0.17 ± 0.045 (range
0.06 to 0.32, n = 5). This mismatch between community
and bacterial respiration was found recently by Morán
et al. (in press) for a meridional transect in the NASE
and NATR provinces. Our analysis confirms this observation on the basis of a larger data set that also
includes a component of seasonal variability. Although
we did not conduct direct measurements of bacterial
respiration in the NASE province, there is experimental and modelling evidence to indicate that bacteria
dominate microbial respiration in unproductive ecosystems, accounting for more than 60% of total community respiration (Anderson & Ducklow 2001, Biddanda et al. 2001, Robinson & Williams 2005).
Moreover, to explain the net heterotrophy of the
unproductive open ocean, the input of allochthonous
organic carbon has frequently been invoked (Duarte &
Agustí 1998, Duarte et al. 2001, Robinson et al. 2002),
which implicitly assumes that bacterial metabolism
should be responsible for processing most of the
imported carbon. This provides an additional reason to
expect that bacterial respiration should represent a
major contribution to community respiration in areas of
the ocean that are subsidised by external inputs of
organic matter. In our budget, however, bacterial respiration represented only a modest fraction (<15%) of
total community respiration (Fig. 5).
The preceding calculations depend critically on the
choice of the value for BGE. The values of BGE that we
used to constrain our estimates of bacterial respiration
were 0.09, experimentally determined by Alonso-Sáez
et al. (2007) in the NASE province, and 0.15, the mean
open-ocean value found by del Giorgio & Cole (2000).
A more recent review of BGE values in the open ocean
reported a mean value of 0.12 (Alonso-Sáez et al. 2007,
see their Web Appendix 3). Thus the available evidence suggests that BGE, on a euphotic layer-integrated basis, is unlikely to get much lower than 0.10.
However, in order for bacteria to account for a moderate 50% of community respiration during our study
(e.g. 640 mg C m–2 d–1), and given the measured rates
of bacterial production (17 mg C m–2 d–1), their average
growth efficiency should be on the order of 0.025. Such
an extremely low efficiency is at the low end of the
range of observed values in the oceans (del Giorgio &
Cole 2000), and it does not seem plausible that the
ensemble of the bacterial community throughout the
euphotic layer would continuously respire more than
97% of the assimilated carbon.
An alternative possibility is that we have grossly
underestimated bacterial production. However, our
measurements are only a factor of 2 lower than the
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average production rates measured at BATS during
1991 to 1998 (Steinberg et al. 2001) and fall within the
range of values reported by Agustí et al. (2001), Harrison et al. (2001) and Alonso-Sáez et al. (2007) for the
NASE province. Furthermore, the mean ratio of bacterial production to 14C-based particulate primary production in our data set (0.063) coincided with that
observed at BATS (0.072). In any case, even if we
doubled our bacterial production rates and applied a
low BGE of 0.09, bacterial respiration would be around
340 mg C m–2 d–1, which is only 25% of the O2-derived
community respiration. The sum of our upper estimates for the respiration of each microbial group is
around 850 mg C m–2 d–1, which is well below the measured community respiration of 1324 ± 142 mg C m–2
d–1. We thus conclude that it is not possible to reconcile
the measured rates of community respiration with the
respiratory fluxes sustained by the various groups of
microbes.

General implications
It may well be that the inconsistency between bacterial and community respiration identified here for the
NASE province is a widespread occurrence in the open
ocean (Table 6). In their review of respiration in surface marine waters, Robinson & Williams (2005) concluded that the mean integrated open-ocean respiration rate is 116 mmol O2 m–2 d–1, which would be
approximately equivalent to 1200 mg C m–2 d–1. This
figure is at least 3 times larger than the average 14Cbased photosynthesis in the open ocean (ca. 350 mg C
m–2 d–1; Longhurst et al. 1995). As has been frequently
pointed out, this difference can be explained by
assuming that gross photosynthesis exceeds the rate of
14
C fixation into particulate matter by a factor of 1.5 to
2 (del Giorgio & Duarte 2002, Robinson & Williams
2005). Inputs of organic matter from adjacent productive areas and from the atmosphere may help further in
closing the balance. However, the need remains to reconcile bacterial metabolism with community respira-

tion, because an established view in aquatic microbial
ecology is that bacteria dominate carbon cycling in
oligotrophic waters (Sherr & Sherr 1996, del Giorgio et
al. 1997, Biddanda et al. 2001, Robinson & Williams
2005). Bacterial production in the ocean is typically
10% of 14C-based primary production (Ducklow 2000),
which translates into a mean value of around 35 mg C
m–2 d–1. Taking into account the mean BGE (0.15%)
reported for the open ocean (del Giorgio & Cole 2000),
the average bacterial respiration would then be
approximately 200 mg C m–2 d–1. This figure is < 20%
of total community respiration and is therefore at odds
with the expected dominance of bacterial respiration
(Table 6).
These calculations suggest that it may be difficult
to reconcile current estimates of DCR with the existing knowledge of bacterial production and growth
efficiency in the open ocean. As pointed out by
Briand et al. (2004), a potential methodological problem lies in combining measurements of metabolic
rates conducted over widely differing time scales (0.5
to 4 h for bacterial production versus 24 h for community respiration). Long incubations may overestimate
the ratio between respiration and photosynthesis as a
result of a reduction in the abundance and activity of
picophytoplankton (Fernández et al. 2003) and, more
importantly, an increase in the abundance, cell size
and cell-specific activity of heterotrophic bacteria
(Pomeroy et al. 1994, Sherr et al. 1999). Increases in
bacterial numbers by a factor of 2 to 4 have been
reported to occur after 24 h in vitro incubations
(Pomeroy et al. 1994, Gattuso et al. 2002). However,
when hydrodynamic conditions are stable, in situ
bacterial abundance shows only modest changes (< 20
to 30%) over timescales of 24 h (Kuipers et al. 2000,
Tsai et al. 2005). These increases in bacterial abundance and activity have been related to the reduction
in encounter rates between bacteria and their grazers
in incubation bottles (Pomeroy et al. 1994) and also to
the release of labile substrates as a result of sample
manipulation and confinement (see Sherr et al. 1999
and references therein). Thus, a recommendable

Table 6. Approximate mean values for different metabolic properties of microbial plankton communities in the open ocean. Rates
are integrated over the euphotic layer
Property
14

C-based particulate primary production (mg C m–2 d–1)
Community respiration (CR) (mg C m–2 d–1)
Bacterial production/14C-based particulate primary production
Bacterial production (mg C m–2 d–1)
Bacterial growth efficiency
Bacterial respiration (BR) (mg C m–2 d–1)
BR/CR

Mean value
350
1100
0.10
35
0.15
200
< 0.2

Source
Longhurst et al. (1995)
Robinson & Williams (2005)
Ducklow (2000)
Longhurst et al. (1995), Ducklow (2000)
del Giorgio & Cole (2000)
Ducklow (2000), del Giorgio & Cole (2000)
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practice would be to monitor cell abundance during
24 h incubations using parallel bottles and to compare in vitro changes to those occurring in situ (e.g.
Sherr et al. 1999). Some attention should be given to
the possibility that 24 h in vitro incubations overestimate the community respiration to photosynthesis
ratio, given that high rates of O2 consumption are difficult to reconcile with persistent O2-supersaturation
over most of the euphotic layer (Fig. 2D). In fact, comparing our estimates of total respiration by all microbial groups (402 to 848 mg C m–2 d–1) and gross photosynthesis by phytoplankton (481 to 616 mg C m–2
d–1), one would conclude that the microbial community in the NASE province is close to metabolic
balance (Fig. 5).
On the other hand, several methodological problems
involved in the measurement of bacterial production
rates may confound their interpretation in terms of
actual carbon fluxes. For instance, typical measurements of bacterial production yield net rates of production (Ducklow 2000), which, if grazing losses during
the experiments are high, may lead to underestimating
the real bacterial metabolic rates. Another source of
uncertainty in conventional determinations of bacterial
production is that short-term experiments are usually
conducted at a particular time of day, therefore missing
the diel variability that occurs in bacterial metabolic
activity. Bacterial activity may peak at noon or during
the early afternoon (Gasol et al. 1998, Winter et al.
2004), whereas most measurements of bacterial production are typically conducted at dawn or early in the
morning, which could lead to potential underestimation of bacterial production rates. In the present study,
however, bacterial production measurements were
conducted at noon during 2 cruises and in the early
morning during the other 2. It is therefore unlikely that
sampling time had a major impact on our estimates of
bacterial production. Finally, leucine uptake experiments are usually carried out in the dark, which,
depending on community composition and environmental conditions, can lead to an overestimation
(Morán et al. 2001) or underestimation (Church et al.
2004) of bacterial production as measured under in situ
light conditions. In any event, our estimates of both
community respiration and bacterial production agree
with those reported previously by numerous studies,
and therefore the discrepancy between these 2 types
of measurements is not restricted to the NASE
province but is likely to apply to the oligotrophic open
ocean in general.
In conclusion, it must be acknowledged that difficulties exist in combining results from different experimental methods and extrapolating from in vitro observations to biogeochemical fluxes over large expanses
of the ocean. Our analysis highlights important gaps in

our understanding of the relationship between community respiration and the metabolic activity of the different microbial groups. Without resolving the inconsistencies in the carbon budget of the microbial
plankton community, it is unlikely that we will be able
to determine unequivocally the metabolic balance of
the oligotrophic open ocean, let alone constrain the net
contribution of the marine biota to the global carbon
cycle.
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