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Abstract
Gross community production (GCP) and dark community respiration (DCR) rates were measured in the N.E.
Atlantic Basin (38–451N and 151200 –211200 W) during the Programme Océanographique Multidisciplinaire MésoEchelle (POMME). Three cruises were conducted over a one-year period (2001), and GCP and DCR were measured at
20 stations using seawater taken from 5 m. In winter, GCP is light limited whereas DCR, which is mainly due to
bacteria, is limited by substrate availability. GCP and DCR were under the inﬂuence of mesoscale features, with the
cyclonic structure enhancing the autotrophy. In spring, light and resource availability remain the major controlling
parameters, which are constrained by north–south zonation, rather than mesoscale features. The most productive area
is south of 411N at the start of the bloom and is associated with greater DCR as autotrophs contribute to community
respiration. The late-summer period is oligotrophic, which contrasts with the previous winter and spring period,
characterised by a large quantity of TOC accumulated (+13.2 mM C from spring to late-summer) and with greater
DCR in the southern area. The GCP/DCR ratio greatly varied seasonally, ranging from 0.6 in late summer to 1.3 in
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winter and 2.4 in spring. These results, even restricted to surface ecosystem metabolism (5 m), strongly suggest that the
trophic status of a regional system in the open ocean should be determined over a seasonal cycle.
r 2005 Elsevier Ltd. All rights reserved.
Keywords: Microbial community; Gross production; Respiration; GCP/DCR ratio; Northeast Atlantic Ocean

1. Introduction
In oceanic systems, the balance between gross
primary production and community respiration
(CR) determines whether the biological pump acts
as a net source or sink of carbon (Williams, 1993).
Net community production (NCP) is deﬁned as
the difference between gross community production (GCP) and CR (Odum, 1971) and provides a
direct interpretation of the ocean trophic status
(Serret et al., 1999).
The oceanic ecosystem contributes to approximately half of the primary production of the
biosphere (Field et al., 1998). However, there is
still debate about whether the global open ocean is
mainly autotrophic (Williams, 1998; Geider et al.,
1997) or heterotrophic (del Giorgio et al., 1997;
Duarte and Agusti, 1998; del Giorgio and Duarte,
2002). Regional studies are required to overcome
this ambiguity (del Giorgio and Duarte, 2002).
This includes the standardisation and comparison
of the data sets available for microbial respiration
and photosynthesis (González et al., 2002; Serret
et al., 2001; Williams and Bowers, 1999; Duarte et
al., 1999). Furthermore, the trophic status of an
oceanic system evolves over a seasonal cycle from
autotrophy to heterotrophy (Sherr and Sherr,
1996). This is a result of the uncoupling between
the processes resulting from advective transport or
accumulation and consumption of organic matter
(Pomeroy and Johannes, 1968; Carlson et al.,
1994; Sherr and Sherr, 1996). Respiration rates
and primary production exhibit a positive relationship over large spatial scales (del Giorgio and
Duarte, 2002). However, on a smaller scale both
processes uncouple because of a time lag between
GCP and CR (Robinson and Williams, 1999).
Temporal and seasonal scales need to be considered in order to deﬁne the dominant processes in
the oceans over an annual cycle (González et al.,

2001, 2002; Serret et al., 1999, 2002; Arı́stegui and
Harrison, 2002).
The North Atlantic Ocean is the most intense
region of CO2 uptake in the global ocean because
of the efﬁciency of the thermodynamic and
biological pumps with an approximate net ﬂux of
6–8  1012 g C a1 (Takahashi et al., 2002). It is
characterised by mesoscale features (Arhan et al.,
1994) and an abundant supply of nutrients
stimulating ecosystem productivity and making it
one of the most biologically productive regions
(Rodrı́guez et al., 2001; Falkowski et al., 1991;
McGillicuddy et al., 1998; Oschlies and Garc- on,
1998). However, a recent study based on organic
matter transport has demonstrated that the North
Atlantic basin is metabolically balanced (Hansell
et al., 2004). This basin can be divided into several
regional systems, which are characterised by
heterotrophy in the subtropical gyre area (González et al., 2001, 2002; Robinson et al., 2002; Serret
et al., 2002) and by autotrophy in the northern
part of the North Atlantic basin (Kiddon et al.,
1995; Williams 1998; Serret et al., 1999). Actually,
these observations result from the variability of the
production and respiration between seasons and
regional systems, which we will attempt to
quantify in this study through observations from
surface data.
This paper addresses a regional study conducted
in the N.E. Atlantic Ocean during the Programme
océanographique multi disciplinaire méso échelle
(POMME). The study area covers the North
Atlantic Drift Province (NADR) and the transition zone from the NADR to the warmer and
more saline waters of the eastern part of the North
Atlantic Subtropical Gyre Province [NAST (E),
Longhurst et al., 1995]. This paper highlights the
seasonal cycle and mesoscale variability of microbial community production and respiration measured in surface waters (5 m). To our knowledge,
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this is one of the ﬁrst reports in which GCP and
dark community respiration (DCR) were measured with the same methodology in a seasonal
series in the open ocean. The observations were
made in relation to the hydrological and hydrodynamic characteristics in order to deﬁne the main
controlling factors and the inﬂuence of mesoscale
features on biological processes.

2. Materials and methods
This study was carried out during the POMME
project in the region between the Azores and
Portugal (Fig. 1). This area is characterised by
mesoscale eddies and the formation then subduction of modal water. The POMME project
consisted of four oceanographic cruises starting
in September 2000 (POMME 0) and ending in
40°

30°

20°

10°

0°W

55°N

C.N. Atl.

45°
PCMME

35°
C.Acores

25°

Fig. 1. Study area for the POMME program 2000–2001 in the
North Atlantic Ocean. The rectangle represents the study area
and the dotted line indicates the approximate zone of
discontinuity of the winter mixed layer depth. The investigation
consisted of four oceanographic cruises: POMME 0 (17th
September–13th October, 2000, not presented here), POMME 1
(leg 1: 2nd February–24th February, leg 2: 27th February 20th
March, 2001), POMME 2: (leg 1: 23rd March–13th April, leg 2:
16th April–07th May, 2001) and POMME 3 (leg 1: 23rd
August–14th September, leg 2: 17th September–10th October
2001).
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September 2001 (POMME 3) (Fig. 1). During leg 1
of each cruise, eulerian sampling was carried out
over 20 days at 80 stations (Fig. 1). During leg 2 of
each cruise, a lagrangian sampling strategy was
carried out in order to study the impact of the
hydrological structures on biological processes.
This paper is based on the data set from leg 1 of
POMME 1, 2 and 3.
Sampling was carried out with a Seabird SBE 9
CTD carousel sampler equipped with 21, 12 dm3—
Niskin bottles. Prior to the ﬁrst sampling, the
Niskin bottles were cleaned with 0.2% HCl and
rinsed with distilled water. Rubber O-rings were
replaced with Viton and the original rubber tubes
replaced with silicon ones to minimise contamination by organic materials.
Rates of GCP, DCR and NCP were estimated
from changes in the dissolved oxygen concentration during in vitro incubations. The rates were
measured in surface waters (originating from 5 m)
during leg 1. Three sets of 4 replicates were
collected into 125 cm3-borosilicate glass bottles.
One set of samples was ﬁxed immediately to
measure the oxygen concentration at time 0; the
second set was incubated for 24 h in the dark
(DCR); and the remaining set was incubated in
50% of incident light (NCP), which recreated light
conditions from 5 to 20 m depending on the
season, and then ﬁxed. Dissolved oxygen concentration was measured with an automated highprecision Winkler titration system linked to a
photometric end-point detector (Williams and
Jenkinson, 1982). NCP was calculated as the
difference in the dissolved oxygen concentration
between ‘‘light’’ incubated samples and ‘‘time 0’’
samples. DCR was calculated as the difference
between ‘‘dark’’ incubated samples and ‘‘time 0’’
samples. DCR rates are expressed as a negative O2
ﬂux. GCP was calculated as the difference between
NCP and DCR (Gaarder and Gran, 1927).
Average of standard deviation (SD) of the quadruplicate analyses of dissolved oxygen concentration was 0.17 mmol O2 m3, 0.20 mmol O2 m3
and 0.23 mmol O2 m3 for the samples ﬁxed at
‘‘time 0’’ (T0 samples), the dark incubated samples
and the light incubated samples, respectively.
Precision of the estimates of DCR, NCP and
GCP were obtained as 70.3 mmol O2 m3 d1,
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judging from the sum of SD of T0 samples and the
dark incubated samples (DCR), T0 samples and
the light incubated samples (NCP), and the dark
and the light incubated samples (GCP).
Samples for nitrate (NO
3 ) analysis were collected into 20 cm3-polyethylene bottles that had
been pre-rinsed with 10% HCl. Samples were
analysed immediately with a Technicon Auto
Analyser by the protocol of Tréguer and LeCorre
(1975).
Samples for total organic carbon (TOC) were
collected into pre-combusted glass ampoules directly from the Niskin bottles after being rinsed
twice with the sample water. They were immediately acidiﬁed with H3PO4 (ﬁnal pH2) within a
laminar-ﬂow airbench and ﬂame sealed. Samples
were kept at 4 1C in the dark until the analysis.
TOC concentration was measured with a modiﬁed
Shimadzu TOC-5000 (Sempéré et al., 2003). The
precision of the analysis was71.2 mM C on the
mean, estimated from the SD of triple or quadruple analyses of the same sample during the
POMME programme (Sohrin and Sempéré,
submitted).
Bacterial production was estimated as the
incorporated rate of 3H-leucine into bacterial cell
by the microcentrifugation method (Smith and
Azam, 1992) with the EppendorfTM techniques
detailed in van Wambeke et al. (2002). Samples
were incubated with 20 nM (ﬁnal concentration)
leucine and tested for rate saturation. The conversion factor was 1.5 kg bacterial carbon produced
per mole of leucine incorporated (van Wambeke
et al., 2002).
Biomass and composition of phytoplankton
were estimated from the concentration of chlorophyll a (Tchl a) and composite pigments assuming that picoplankton (o 2 mm) contained
zeaxanthin and chlorophyll b; nanoplankton
(2–20 mm) contained 190 -butanoyloxyfucoxanthin,
190 -hexanoyloxyfucoxanthin and alloxanthin; and
microplankton (420 mm) contained peridinin and
fucoxanthin. A volume of 3 dm3 of seawater was
collected between 0 and 300 m and ﬁltered through
GF/F ﬁlters. Filters were stored in liquid nitrogen.
Pigments were extracted in 3 cm3 of methanol and
analysed with an the Agilent 1100 HPLC system,
which was coupled to a reverse phase C8 Hypersil

MOS column (dimensions: 3  100 mm, 3 mm pore
size), and a Thermoquest AS3000 autosampler
(Claustre et al., in press). Detection limit of
pigments was 0.001 mg m3.
The depth of the euphotic layer (ELD) was
calculated from Tchl a proﬁles and the model
developed by Morel and Maritorena (2001), where
the Tchl a content in the water column was
calculated by integrating Tchl a with depth. ELD
was ﬁnally determined through an iterative process
described in Morel and Berthon (1989). Mixed
layer depth (MLD) was deﬁned as by calculating
the depth at which the vertical density gradient
exceeded 0.002 kg m3 m1.

3. Results
3.1. Hydrological context
During each season the nature and position of
identiﬁed eddies were determined by the geostrophic current velocity at 50 m (Fig. 2). It was
assumed that the current at 50 m was representative of the surface current. The observed mesoscale
features included several anticyclonic (A1 and A2)
and cyclonic (C4) eddies, with a meandering
frontal zone located near 411N (Fig. 2), which
had been observed previously during an annual
cycle (Fernández I. et al., in press). A1 was located
in the northern area around 431300 N, 181W from
winter to summer. A2 was located in the southern
area at 401N, 181500 W in winter and at 391300 N,
211300 W in spring, but was not identiﬁed in late
summer. The cyclonic eddy C4 at 421N moved
over the year from 19 to 211W.
The sea surface temperature (SST) exhibited a
north–south gradient of 4 1C over the 500 km of
the study area in each season and showed the
highest temperatures in the south (Fig. 2). During
winter and spring the frontal zone was marked by
a SST gradient of 1.5 1C over 100 km at 411N. C4
was associated with the latitudinal SST gradient
and a southward extension of a tongue of cold SST
on its eastern side. This structure was apparent
during the winter cruise, and remained over the
entire period of the study, though to a lesser
extent.
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Fig. 2. Contour plot of sea-surface temperature (SST) at 5 m and the geostrophic current velocity at 50 m, represented by black arrows
(reference: 1 m s1) for: (a) winter, (b) spring and (c) late summer. Spatial distribution of the mixed layer depth (MLD, m) for: (d)
winter, (e) spring and (f) late summer. MLD is deﬁned by an excess density 40.002 kg m3 m1. A1 and A2 indicate the positions of
anticyclonic eddies, and C4 indicates a cyclonic eddy.

During winter, the MLD ranged from 10 m to
depths greater than 180 m (Fig. 2). The frontal
zone located between C4 and A2 separated the
study area into a northern part, characterised by
deeper mixed layers (average depth of 112792 m),
and a southern part with shallower MLD
(74753 m). The euphotic layer depth (ELD) was
almost constant over the area and averaged
68711 m.

During spring, surface currents were stronger
and average MLD was shallower than those of
winter (Fig. 2). As in winter, the northern area was
characterised by a deeper MLD (59767 m) than
that in the southern area (22721 m). The ELD did
not exhibit a north–south gradient, and the
average was 5378 m.
During late summer the surface currents weakened and the seasonal thermocline became
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Table 1
Average rates (mean7SD) of selected physical, chemical and biological variables at 5 m in winter, spring and late summer 2001, for the
northern and southern areas separated at 411N
Winter

SST (1C)
MLD (m)
ELD (m)
TChl a (mg m3)
NO
3 (mM)
TOC (mM)
GCP (mmol O2 m3 d1)
DCR (mmol O2 m3 d1)
NCP (mmol O2 m3 d1)
BP (ng C dm3 h1)
Microplankton (%)
Nanoplankton (%)
Picoplankton (%)

Spring

Late Summer

North

South

North

South

North

South

13.370.4
112792
69712
0.3770.15
5.5270.15
57.873.1
0.570.4
0.470.5
0.170.5
10.675.1
772
4674
4776

14.670.5
74753
67710
0.3870.14
2.8171.10
58.572.5
0.770.6
0.570.3
0.270.6
19.576.1
672
4577
5078

13.670.4
59767
5677
0.5870.18
4.5571.11
60.974.5
1.571
0.970.7
0.671.3
31.1711.4
1676
61710
23712

14.970.6
22721
4877
0.7870.28
1.6971.31
66.275.7
371.2
1.370.5
1.670.8
49.5725.9
1578
66716
20713

20.870.8
21711
86711
0.0970.03
0.0470.04
76.873.6
0.670.5
0.870.5
0.270.5
42.776
474
2679
70711

22.570.6
20711
100713
0.0770.02
0.0470.03
75.475.0
0.670.9
1.770.9
1.271.1
37.878.1
273
2077
7779

Average rates do not include ﬂuxes at station 25. Microplankton, nanoplankton and picoplankton are expressed as a percentage of
contribution to the stock of autotrophic biomass
SST: Sea-surface temperature; MLD: mixed layer depth; ELD: euphotic layer depth; Tchl a: total chlorophyll a; TOC: total organic
carbon; GCP: gross community production; DCR: dark community production; NCP: net community production, BP: bacterial
production. Microplankton, Nanoplankton and Picoplankton are expressed as a percentage of contributions to the stock of auto
trophic biomass. Average values do not include ﬂuxes measured at station 25.

shallower, resulting in the masking of the eddy
signatures (Fig. 2). The average MLD was
20711 m with no marked difference between the
northern and southern parts of the domain (Fig. 2
and Table 1). The shallow MLD was related to
atmospheric conditions of the dominant solar
heating during this period, which resulted in an
increased surface stratiﬁcation. The average ELD
was 92714 m in the whole area.
3.2. NO
3 and TOC
Nutrient availability in the surface (5 m) is
shown by the NO
3 concentrations (Fig. 3). During
winter and spring, NO
3 values ranged from 1 to
7 mM. NO
distribution
exhibited a north–south
3
gradient with higher values to the north as
mentioned by Fernández (2003). A large decrease
in NO
3 was observed at 411N, especially in the
western part of the study area. Around 181300 W,
lower values spread from 411N to 441N, and this
was more established in spring. During late
summer, NO
3 values were below 0.2 mM and did

not exhibit any spatial pattern. The average
(7SD) of the surface TOC concentration was
58.073.0 and 62.975.5 mM during winter and
spring, respectively (Table 1). The highest surface
TOC was observed during late summer with an
average of 76.174.4 mM as mentioned by Sohrin
and Sempéré (in press). Note that the surface TOC
did not exhibit a north–south difference during
winter or late summer, whereas a signiﬁcant
(two-tailed Student0 s t-test, po0:005) difference
was found between the northern (41–44.51N;
66.275.7 mM) and southern (39–411N; 62.97
5.5 mM) part in spring (Table 1).
3.3. Biomass and composition of autotrophs
During winter, Tchl a concentration at 5 m
ranged from 0.1 to 0.6 mg chl a m3 (Fig. 3).
Centred at 181400 W, highest Tchl a values were
observed from 391N to 431300 N and were located
in the area of A2 and C4. Between winter and
spring Tchl a increased by a factor of 1.6 in the
north and 2.0 in the south (Table 1). During
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Fig. 3. Spatial distribution map of
concentrations (mM) at 5 m for: (a) winter, (b) spring and (c) late summer. Spatial distribution
of total chlorophyll a concentration (mg. m3) at 5 m for: (d) winter, (e) spring and (f) late summer. A1 and A2 indicate the positions of
anticyclonic eddies, and C4 indicates a cyclonic eddy.

spring, Tchl a values ranged from 0.4 to 1.5 mg chl
a m3, with the highest values in the south (Table
1). Tchl a values decreased between spring and late
summer by a factor of 6.4 in the north and 11.1 in
the south. Late summer values ranged from 0 to
0.14 mg chl a m3 and no spatial distribution
pattern was observed. During winter, phytoplankton (Table 1) was almost equally composed of
nano- and picophytoplankton (46% and 47%,
respectively) with a minor contribution from

microphytoplankton (7%) (Table 1). During
spring, the autotrophic community was 15%
microphytoplankton, 64% nanophytoplankton
and 21% picophytoplankton. By contrast, during
late summer, picophytoplankton was the dominant group (73%) followed by nanophytoplankton (24%) and microphytoplankton (3%). There
was no evidence of a north–south difference in the
composition of autotrophs during the seasonal
cycle (Table 1).
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Fig. 4. Spatial distributions of surface (5 m) gross community production (GCP, mmol O2 m3 d1) for: (a) winter, (b) spring and (c)
late summer, and surface (5 m) dark community respiration (DCR, mmol O2 m3 d1) for: (d) winter, (e) spring and (f) late summer.
The stars represent station 25, located at 181W-44.51N and characterised by a GCP ﬂux of 6.4 mmol O2 m3 d1 and DCR ﬂux of
–8.8 mmol O2 m3 d1. The spatial distributions have been extrapolated excluding this point. A1 and A2 indicate the positions of
anticyclonic eddies, and C4 indicates a cyclonic eddy.

3.4. GCP in surface water
GCP at 5 m exhibited greater variability in the
south than in the north, the former characterised
by higher GCP (Table 1). Winter GCP ranged
from 0 to 2 mmol O2 m3 d1, averaging
0.670.5 mmol O2 m3 d1 (Fig. 4); GCP presents
a tongue of higher rates extending from the
southeast to the northwest in the vicinity of C4.
This tongue was also observed for current and SST
distributions (Fig. 2). During spring, GCP increased by a factor of 3.7, with rates ranging from
0 to 4.4 mmol O2 m3 d1 and an average rate of
2.171.3 mmol O2 m3 d1. The GCP increase was

more intensiﬁed in the southern area (south of
411N) where GCP rates increased by a factor of 4.6
as compared to a factor of 2.9 in the north (Table
1). In late summer, GCP decreased by a factor of
3.1 when compared to the spring situation, with an
average rate of 0.971.5 mmol O2 m3 d1. An
atypically high rate of 6.4 mmol O2 m3 d1 was
measured at 44.51N–181W (station 25), which
could reﬂect local environmental conditions. Excluding this high rate, GCP rates ranged from 0 to
1.5 mmol O2 m3 d1 during late summer with an
average of 0.670.7 mmol O2 m3 d1. The atypicality of station 25, with reference to GCP, is
discussed below, in respect of DCR ﬂuxes.
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3.5. DCR in surface water
DCR at 5 m exhibited a lower seasonal variation
compared to GCP. However, the north–south
difference increased from winter to late summer
(Table 1). During winter, DCR ranged from 0 to
1.4 mmol O2 m3 d1 with an average rate of
0.470.4 mmol O2 m3 d1 (mean7SD) (Fig. 4).
The distribution was almost homogeneous, but
somewhat greater rates were found at A2 in the
south. A square of 2.51 surrounding C4 was
characterised by lower rates, whereas the further
extent was characterised by higher rates. During
spring, DCR ranged from 0.2 to 2 mmol
O2 m3 d1 (average, 1.170.6 mmol O2 m3 d1),
and the absolute value increased by a factor of 2.5
compared to that in winter. A marked difference
was found between the north and the south: the
absolute value of DCR increased by a factor of 2.1
in the north, whereas it increased by a factor of 2.9
in the south (Table 1). During late summer, the
average of DCR was 1.772.0 mmol O2 m3 d1
and the absolute value increased by a factor of 1.5
compared to that in spring. An atypically large
absolute DCR value of –8.8 mmol O2 m3 d1 was
found at station 25, which was associated with the
high GCP mentioned above. Excluding this
atypical rate, the average DCR in late summer
was –0.870.5 mmol O2 m3 d1 in the north and
–1.770.9 mmol O2 m3 d1 in the south.

4. Discussion
4.1. Seasonal cycle
We found that average surface GCP at 5 m
within the POMME area varied as 0.6, 2.1 and
0.9 mmol O2 m3 d1 in winter, spring and late
summer, respectively, in 2001. These values were
lower than the surface GCP (4 mmol O2 m3 d1)
reported by Serret et al. (2001), which they
obtained in the same area as ours in June, 1998.
However, our GCP rates are higher compared to
the surface GCP (0.5 mmol O2 m3d1), which
they measured in the region further south
(27–381N) in May–June, 1998 (Fig. 6, Serret et
al., 2001). These results are consistent with the
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temporal and spatial variability of the community
production in the N.E. Atlantic as mentioned by
González et al. (2002).
GCP and Tchl a exhibited the maximum values
in spring (Figs 3 and 4, Table 1). However, the
increase in GCP between spring and summer
(factor of 3.7) was greater than that in Tchl a
(factor of 1.8). On the other hand, NO
3 concentration at 5 m in spring (3.271.7 mM) was still
close to the winter values (4.371.1 mM) (Fig. 3 and
Table 1). These 5 m surface values are consistent
with the 50 m average values of 4.2 mM in winter
and 3.2 mM in spring for NO3 and 0.38 mg m3 in
winter and 0.68 mg m3 in spring for Tchl a. These
results suggest that the 5 m values are representative of the mixed layer, and also that we conducted
the spring observation (March 23–April 13) in the
beginning of the bloom. In North Atlantic Bloom
Experiment (NABE), the bloom observed in 1989
began on 25 April, and it was triggered by the
rapid shallowing of the MLD (Lochte et al., 1993).
Tchl a concentration at 5 m in spring (0.667
0.25 mg chl a m3; Table 1) was lower than those
observed during NABE (42 mg chl a m3 at 471N;
Lochte et al., 1993). This difference also supports
the inﬂuence that phytoplankton biomass had not
yet started to accumulate in our spring observation. Tchl a and GCP decreased from spring to late
summer, and the decrease in Tchl a was greater
(factor of 9) than that in GCP (factor of 4) (Table
1). As a result, speciﬁc community production
(community production per unit of Tchl a)
increased from winter to late summer.
Interestingly, the observed autotrophic community structure does not follow the same seasonal
evolution, although it tends to be dominated by
picoplankton when the system becomes oligotrophic (Cotner and Biddanda, 2002). This implies
that productivity is controlled by phytoplanktonic
composition associated with hydrodynamical conditions (Lochte et al., 1993; Tarran et al., 2001).
Nevertheless, Marañón et al. (2001) have shown
that in temperate or oligotrophic environments,
the contribution of large phytoplanktonic
cells (42 mm) to the total production could be
independent of their standing stock, which
conﬁrms the major control of hydrodynamics on
productivity.
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Previous studies reported that the nutrient level
is possibly regulated by hydrodynamical conditions (Lochte et al., 1993; Tarran et al., 2001).
Ducklow and Harris (1993) estimated that 2–8 mM
of NO
3 were provided to the upper layer by
wintertime convection between 301 and 501N. This
observation implies a spatial variability in the
initial stock of NO
3 in the North Atlantic, which
may regulate production and biomass of autotrophs through the year. We found a signiﬁcant
negative correlation (r ¼ 0:46, n ¼ 19, po0:02)
between GCP and NO
3 in spring and also a
negative correlation between GCP and MLD
(r ¼ 0:45, n ¼ 19, po0:05). In spring, the area
south of 411N was characterised by low NO
3 (Fig.
3) and high Tchl a and GCP at 5 m (Figs. 3 and 4),
which corresponds to the area of the shallow MLD
(Fig. 2). Our results are consistent with Sverdrup
(1953), who indicated a strong stratiﬁcation would
result in high GCP and then NO
3 depletion. Also,
we found that the 5 m TOC value was higher in the
south than in the north in spring, which was
associated with higher BP in the south (Table 1).
The averaged 50 m TOC concentrations in spring
for the north (57.0 mM) and for the south (58.0) are
consistent with the observed surface (5 m) concentrations. These results suggest that relatively
vigorous GCP caused the accumulation of TOC,
which stimulated BP in the south. We found a
signiﬁcant negative correlation between MLD and
Tchl a in winter (r ¼ 0:41, n ¼ 78, po0:001),
implying that stability of the surface water and the

light availability within the mixed layer would be
an important factor controlling autotrophic biomass in winter. On the other hand, there was not a
strong correlation between MLD and Tchl a in
spring (r ¼ 0:26, n ¼ 80, po0:02), suggesting
that the other factors than the stability of the
surface water (light intensity, nutrient level or
grazing), would have regulated Tchl a in spring.
The seasonal variability in DCR at 5 m differed
from that in GCP: the absolute value of DCR
increased from winter to late summer, while GCP
was highest in spring (Table 1). The results show
that GCP and DCR were seasonally uncoupled at
5 m. Bacterial respiration (BR) was measured at
5 m during leg 2 of the successive cruises of our
study by following oxygen consumption during the
incubation experiments on ﬁltered seawater. Average surface BR was 0.41, 0.38 and 0.57 mmol
O2 m3 d1 in winter, spring and late summer,
respectively (Lefèvre, unpublished data). BR/DCR
ratios averaged 1.0 in winter, 0.34 in spring and
0.71 in late summer. Note that BR was estimated
during the exponential growth phase (between
days 0–3 and 4–10) of bacteria growing on DOM,
with no grazers, whereas DCR was estimated over
24 h in unﬁltered solution, and mostly BR did not
differ signiﬁcantly from 0 mmol O2 m3 d1 in the
ﬁrst 1–2 days. Such a methodological difference
has a potential to lead to an overestimation of BR/
DCR, but the seasonal trend of BR/DCR can
provide qualitative information on the succession
of the organisms that mainly contributed to the

Table 2
Correlation between DCR and Tchl a, DCR and GCP, DCR and TOC for winter, spring and late summer 2001 in the northern and
southern areas separated at 411N
Winter

DCR vs. Tchl a
DCR vs. GCP
DCR vs. TOC

r
n
r
n
r
n

Spring

Late summer

North

South

North

South

North

South

0.68*
12
0.40 n.s.
12
0.79*
8

0.67 n.s.
7
0.08 n.s.
7
0.86 n.s.
3

0.59 n.s.
11
0.11 n.s.
11
0.68 n.s.
8

0.59 n.s.
8
0.88**
8
0.99*
3

0.21 n.s.
10
0.97***
10
0.39 n.s.
6

0.14 n.s.
8
0.24 n.s.
CO
0.84*
7

DCR: dark community production; Tchl a: total chlorophyll a; GCP: gross community production; TOC: Total Organic Carbon; n.d.:
not determined; n.s.: not signiﬁcative; *: po0:05; **: po0:01; ***po0:001.
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CR. High BR/DCR ratio in winter suggests that
bacteria were the main contributor to CR. On the
other hand, the lowest BR/DCR ratio was found
in spring. We found a signiﬁcant correlation
between DCR and Tchl a in spring (r ¼ 0:60,
n ¼ 19, po0:01) (Table 2), and these results
suggest a signiﬁcant contribution of the autotrophic community to DCR in spring. In late
summer, the contribution of autotrophs to the CR
seems to have decreased judging from the BR/
DCR ratio higher than that in spring. Note that
TOC had the highest concentrations in late
summer, whereas GCP was the highest in spring
(Table 1). This may reﬂect a ‘‘time-lag’’ between
transitions of GCP, BR and DCR, the former
being the highest in spring, the latter during late
summer. Ducklow and Harris (1993) reported that
the bacterial bloom followed that of phytoplankton at latitudes between 101N and 601N, with a
time lag of 10–20 days, implying the possible
uncoupling of GCP and BR in the open ocean.
Note that previous studies have indicated that the
DCR depends on temperature (Lefèvre et al.,
1994; Shiah and Ducklow, 1994). However, there
was no signiﬁcant correlation between SST and
DCR from winter to late summer in this study.
Furthermore, DCR showed a different spatial
distribution from that of SST (Figs. 2 and 4).
There results indicate that temperature did not
signiﬁcantly control the spatiotemporal variation
of DCR in the POMME.
4.2. Mesoscale variability of biological rates
Several previous studies have shown that eddies
enhance primary production by injection of
nutrients into the euphotic layer (Falkowski et
al., 1991; McGillicuddy et al., 1998; Oschlies and
Garc- on, 1998) and by increasing residence time of
microorganisms in the euphotic layer by upward
motion (Rodrı́guez et al., 2001). However, the
impact of eddies on GCP was not clear in this
study (Fig. 4), since production is short-term
variable (Arı́stegui and Harrison, 2002; Karl et
al., 2003) and it will be difﬁcult to highlight the
relationship between GCP and eddies by the
spatial distribution of GCP at 5 m. Indeed, a
north–south zonation was observed with GCP in
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spring (t ¼ 2:9, n ¼ 18, p ¼ 0:01, Table 1) with a
clear limit at 411N that was characterised by
gradients in SST and NO
3 (Figs. 2 and 3). Despite
the homogeneous composition of the autotrophic
community throughout the area (Table 1), the
surface water in the southern part seems to be
more active in terms of metabolism (higher values
of Tchl a, GCP, DCR, and BP; see Table 1). If the
southern part of the study area had been stratiﬁed
earlier, then the spring bloom could have been
triggered earlier than in the northern area. Therefore, the GCP spatial variability was related to
autotrophic biomass accumulation (r ¼ 0:55,
n ¼ 19, po0:05 between GCP and Tchl a).
Since respiration is time variable to a lesser
extent than production (Arı́stegui and Harrison,
2002; Karl et al., 2003), it can be expected that the
distribution of DCR is related to mesoscale
structures. The cyclonic eddy C4 is associated
with the lowest respiration rate at 5 m, in winter,
whereas in spring, C4 is associated with the highest
respiration rate (Fig. 4). The decrease of respiration rate associated with a cyclonic eddy has been
previously highlighted in the study of González et
al. (2001). The impact of mesoscale structure
(cyclonic eddy, frontal zone, etc.) could be
considered to be a consequence of divergent
horizontal advection (Sherr and Sherr, 1996)
associated with the time lag needed to transform
the organic matter by bacteria (Carlson et al.,
1994; Hoppe et al., 2002), which is in the order of
1–2 weeks (Blight et al., 1995). However, this was
not the signal observed at 5 m in spring. Since we
consider that DCR distribution is driven by
horizontal advection in winter, the control of
DCR spatial variability has changed in spring,
probably because (i) the impact of a cyclonic eddy
being disrupted by the stratiﬁcation, as mentioned
by McGillicuddy et al. (1999), its impact is
explicable for a newly formed cyclone, and (ii)
the contribution of autotrophs to CR increased,
which should reﬂect the change in the controlling
factor of DCR. The hydrodynamic situation in
late summer exhibited a well-established vertical
stratiﬁcation that continues to mask the mesoscale
circulation. The results observed for all seasons
indicate that GCP did not relate with any
mesoscale variability, whereas the absolute values
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of DCR were greater in the southern area (t-test:
n ¼ 16, p ¼ 0:01; Table 1).

Spring

late Summer

GCP (mmol O2 m-3 d-1)

3.5
3
2.5
2
1.5
1
0.5

(a)

0
0
-0.5

DCR (mmol O2 m-3 d-1)

Biological rates in surface waters (5 m) followed
a marked seasonal cycle with maximum GCP in
spring and maximum DCR in late summer,
suggesting that production and respiration are
out-of-phase. In winter, the biological ﬂuxes were
probably inﬂuenced by the mesoscale eddy structure mainly as the vertical motion could control
the residence time of cells within the euphotic layer
and the horizontal advection of the organic
matter. Maximum activities were detected in the
southern area (GCP in spring: 371.2 mmol
O2 m3 d1; DCR in late summer: 1.770.9 mmol
O2 m3 d1) below 411N, where the spring bloom
was observed starting earlier. Over an annual
cycle, at 5 m, the balance reached between rates
indicated that the upper surface of the POMME
area was autotrophic (Fig. 5).
The presented results have highlighted the
importance of studying the regional seasonal cycle.
The interpretation of surface NCP measurements
in term of trophic status of the ecosystem has to be
made very cautiously. However, 5 m NCP observations can reﬂect the qualitative variability of the
ecosystem functioning, which provides information on the temporal variability of the trophic
status (Duarte and Agusti, 1998; Williams, 1998;
Marañón et al., 2000; González et al., 2001, 2002;
del Giorgio and Duarte, 2002). Surface NCP
increases from winter to spring (Fig. 5; NCP:
0.1270.53 mmol O2 m3 d1 and 1.0271.22 mmol
O2 m3 d1, respectively) and then decreases toward late summer (NCP: 0.6570.95 mmol
O2 m3 d1 and GCP/DCR ¼ 0.6). The extrapolation of surface ﬂuxes (5 m) to the euphotic layer
will enable us to investigate the impact of the
global oceans’ biological pump. Comprehensive
sampling is required covering the seasonal cycle in
order to take into account the phasing between
GCP and DCR, the mesoscale effects on GCP and
DCR, the identiﬁcation of ‘‘hot spots’’ of regional
production, and the circulation of resources that
sustain low DCR rates on a global scale.

Winter

4

-1
-1.5
-2
-2.5
-3

N

-3.5

S

-4
(b) -4.5

2.2
NCP (mmol O2 m-3 d-1)

5. Conclusion

4.5

1.2
0.2
-0.8
-1.8

(c) -2.8
Fig. 5. Mean rates of: (a) gross community production (GCP),
(b) dark community respiration (DCR) and (c) net community
(NCP) over different seasons (winter, spring, late summer) for
the northern (grey rectangle) and southern (black rectangle)
areas, which are separated at 411N. These calculations do not
include ﬂuxes from station 25.
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Respiration rates in bactéria exceed phytoplankton production in unproductive aquatic systems. Nature 385, 148–151.
del Giorgio, P.A., Duarte, C.M., 2002. Respiration in the open
ocean. Nature 420, 379–384.
Duarte, C.M., Agusti, S., 1998. The CO2 balance of unproductive aquatic ecosystems. Science 281, 234–236.
Duarte, C.M., Agusti, S., del Giorgio, P.A., Cole, J.J., 1999. Is
the open ocean heterotrophic? Science 284, 1735b.
Ducklow, H.W., Harris, R.P., 1993. Introduction to the JGOFS
North Atlantic Bloom Experiment. Deep Sea Research II
40, 1–8.

1675

Falkowski, P.G., Ziemann, D., Kolber, K., Bienfang, P.K.,
1991. Role of eddy pumping in enhancing primary
production in the ocean. Nature 352, 55–58.
Fernández, I.C., 2003. Cycle de l’azote et production primaire
dans l’Atlantique Nord—Est: suivi saisonnier et inﬂuence de
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