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ABSTRACT: We used the oxygen method (dark and light bottles) to study photic-layer-integrated
microbial metabolism along a latitudinal transect in the Atlantic Ocean (50°S to 50° N) during May
and October 1997. The temperate region was more productive than the other oceanic environments,
showing a net autotrophic balance (gross primary production/total respiration, GPP/R = 1.41 + 0.34;
mean + SE). The GPP/R ratio in the upwelling regions was close to 1 (GPP/R = 1.32 + 0.41), whereas
in subtropical, oligotrophic environments it tended to be lower than 1 (GPP/R = 0.83 + 0.27). The
south oligotrophic gyre showed a higher organic carbon deficit (-235 + 167 mmol O, m~2 d™!) than the
north oligotrophic gyre (-77 + 162 mmol O, m 2 d™!). The occurrence and extent of net heterotrophic
metabolism in the oligotrophic ocean (north and south subtropical gyres) are not constant and can
vary as a response to seasonal variations in physical forcing. The degree of nutrient limitation is a crit-
ical factor in the control of the microbial community metabolism in the oligotrophic regions of the
open ocean. Relatively weak variations in the structure of the water column in the subtropical gyres
may have a major impact on the metabolic functioning of the pelagic ecosystem.
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INTRODUCTION

Knowledge of the net community production (NCP),
defined as the difference between gross primary pro-
duction (GPP) and total respiration (R), is important for
understanding the role of marine biota in the global
carbon cycle. The range of the balance between het-
erotrophy and autotrophy spans more than 2 orders of
magnitude, from gross primary production/respiration
(GPP/R) ratios of ca. 0.05 to >45 (Duarte & Agusti
1998). In contrast to coastal environments, the central
regions of the open ocean are highly undersampled,
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and therefore it is still not possible to conclude if the
biota in these ecosystems acts as a net sink (e.g. Geider
1997, Williams 1998, Williams and Bowers 1999) or a
source (e.g. del Giorgio et al. 1997, Kirchman 1997,
Duarte & Agusti 1998, Duarte et al. 1999) of carbon
dioxide. Although the subtropical oceans are low-
nutrient and low-productivity regions, as a result of
their large extension, they may contribute >80 % of the
total marine primary production (Karl et al. 1996). For
this reason, it is critical to clarify whether or not these
systems are substantially in a state of organic carbon
imbalance.

Several reasons may explain the current lack of
agreement regarding the metabolic balance of micro-
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Fig. 1. CTD stations sampled during April-May 1997 and Sep-

tember-October 1997. Solid symbols indicate that metabolic

balance measurements were taken. The latitudinal transect

was divided into 5 broad regions: north temperate, north olig-

otrophic gyre, upwelling, south oligotrophic gyre and south
temperate. See ‘Results’ for details

bial plankton in the open ocean. Firstly, it is possible
that insufficient methodological accuracy has played a
role, given that, on many occasions, the metabolic bal-
ance has been estimated from indirect comparisons of
organic carbon production (**C uptake) and planktonic
respiration (dark O, consumption), leading to an over-
estimation of heterotrophy (Carignan et al. 2000). Sec-
ondly, the spatial distribution of currently available
measurements of microplankton metabolic status is
heavily biased towards coastal and high-productivity
environments (see Lefevre et al. 1994, Blight et al.
1995, Aristegui et al. 1996, Williams 1998). As a result,
conclusions on the metabolic status of the open ocean
have to be drawn from a relatively limited number of
observations. Finally, many studies of net ecosystem

production do not consider temporal variability, and
the results can only be interpreted as representing sta-
tic conditions of the systems under study (Duarte &
Agusti 1998, Williams 1998, Duarte et al. 1999). How-
ever, recent results clearly indicate that the oligo-
trophic regions of the open ocean undergo substantial
temporal changes that affect the metabolic rates of dif-
ferent planktonic groups (Maranén et al. 2000). Prior to
the present contribution, the only study that examined
the extent to which temporal variability influences the
net metabolic balance of the microbial communities in
the oligotrophic gyres was that of Gonzdalez et al.
(2001). Their study, however, dealt with the effects of
mesoscale features on net community metabolism, and
therefore had limited geographical coverage. To our
knowledge, no account of the temporal variability in
the metabolic balance of the open ocean has yet been
provided at the basin scale.

The Atlantic Meridional Transect (AMT) programme
offers the opportunity of studing large-scale latitudinal
variability of plankton metabolic balance in the
Atlantic Ocean from 40°N to 40°S. Given that obser-
vations are carried out twice annually, it is possible to
investigate also the temporal variability of remote
regions such as the subtropical gyres. Within the AMT
programme, we determined the large-scale latitudinal
distribution of net community metabolism in the
Atlantic Ocean in 2 contrasting seasons, using high-
precision oxygen evolution measurements. Our main
objectives were to elucidate whether the overall bal-
ance of autotrophy and heterotrophy within the central
gyres varies over time and to establish whether the
open ocean as a whole is substantially in a state of
organic imbalance.

MATERIALS AND METHODS

Sampling was conducted during 2 cruises on board
the RRS ‘James Clark Ross' between Great Britain and
the Falkland Islands from 22 April to 20 May 1997
(AMT-4) and 18 September to 15 October 1997 (AMT-
5). The location of each sampling station is indicated in
Fig. 1. Sampling was carried out between 11:00 and
12:00 h local time. At each station, seawater samples
for the determination of chemical and biological vari-
ables were collected with a rosette system equipped
with 12 1 Niskin bottles. The vertical distribution of
PAR (photosynthetically active irradiance) was ob-
tained using a Sea OPS Satlantic sensor. The vertical
distribution of temperature and salinity were mea-
sured with a Neil Brown Mark IIIB CTD. The density
anomaly (sigma-t) was calculated from temperature
and salinity following the algorithms of Fofonoff & Mil-
lard (1983).
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Inorganic nitrate was measured on fresh samples by
colorimetry using a Technicon AAII Autoanalyzer and
standard techniques during AMT-4, but nano-level
nitrate concentrations were measured by chemilumi-
nescent methods during AMT-5 (Garside 1982).

Vertical profiles of chlorophyll a (chl a) concentra-
tions and *C-based primary productivity were ob-
tained following the methods detailed in Maranén et
al. (2000). Concurrent measurements of *C-based pro-
ductivity and O, production-consumption fluxes al-
lowed us to assess the effect of different calculation
methods (e.g. *C uptake and O, production vs O, pro-
duction and O, consumption) on the final estimate of
metabolic balance. In order to estimate gross primary
production and dark microplankton respiration rates at
each station, seawater was collected from 3 discrete
depths: the surface (7 m), the deep chlorophyll maxi-
mum (DCM), and the depth receiving 1% of surface
irradiance (1 % Iy). Seawater samples were transferred
to calibrated borosilicate glass bottles with a nominal
volume of 130 cm?®. For each station and depth, sam-
ples were placed on a deck incubator cooled with
pumped surface seawater; 4 bottles were fixed imme-
diately (‘zero’ bottles), 4 additional bottles (‘dark’ bot-
tles) were covered with dense black plastic, and 4
more (‘light' bottles) were covered with a set of neu-
tral-density filters, simulating the in situ light profile.
Incubations lasted for 7 h (until dusk). Measurements
of dissolved oxygen were made by automated preci-
sion Winkler titration performed with a Methrom
716 DMS titrino, using a potentiometric end point
(Pakulski et al. 1995). Microplankton respiration rate
(th [02] zero bottle ™ [02] dark bottle) and net CommunitY pro-
duction (NCth [02] light bottle = [OZ] zero bottle) were then
calculated as pmol O, It h~!. Gross primary production
(GPPy) was calculated as NCP,, + Ry, assuming equal
dark and light microplankton respiration. We obtained
a pooled variation coefficient of 0.136 % + 0.008 (mean
+ SE, n = 184, range = 0.000 to 0.75). Daily metabolic
rates were calculated as: R = R, X 24 h; GPP = GPP,, x
hours of light; NCP = GPP - R.

All profiles in this study were depth-integrated from
the surface to the bottom of the photic layer using a
simple trapezoid procedure. In order to evaluate the
error involved in calculating photic-layer-integrated
rates using 3 depth profiles, we used the *C produc-
tivity data set from the AMT-3 cruise, during which *C
experiments had been conducted at 7 depth levels on
each profile (Maranén et al. 2000). Using this data set,
we found no significant differences between the
photic-layer-integrated estimates obtained using 3
depth levels (surface, DCM and 1% I;) and those cal-
culated using the full, 7-depth profiles (Student's t 1; =
0.05, n = 18, p = 0.96). The results of this comparison
strongly suggest that our areal estimates of production

and respiration, calculated from 3 depth profiles, ade-
quately reflected the integrated O, fluxes in the photic
layer.

Regression analyses were carried out using the re-
duced major axis (rma) slope (McArdle 1988).

RESULTS

Temporal and spatial variability in temperature,
nitrate and chlorophyll a

The main patterns of vertical and latitudinal distrib-
ution of temperature, nitrate concentration and chl a
concentration were similar to those given by Maranén
et al. (2000) for earlier cruises. The temperature distri-
bution in the subtropical gyres showed marked tempo-
ral changes (Fig. 2). During May 1997 (AMT-4), the
north subtropical gyre had a colder upper mixed layer
and a deeper thermocline than in October 1997
(AMT-5). The south subtropical gyre showed the oppo-
site pattern, with colder upper mixed waters and a
deeper thermocline in October 1997. The upward dis-
placement of isotherms during both cruises between 0
and 20° N reflected the effects of the African and equa-
torial upwellings (Fig. 2). A well-mixed water column
was found in the south temperate waters, with temper-
ature decreasing progressively southwards from 16 to
12°C during both cruises. During most of the transect,
surface waters showed undetectable levels of nitrate
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Fig. 2. Latitudinal and vertical distribution of temperature
during (A) April and May 1997 (AMT-4) and (B) September
and October 1997 (AMT-5)
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(<0.1 uM), but the effect of the equatorial and African
upwellings were also reflected in the nitrate distribu-
tion (Fig. 3), with subsurface concentrations >0.5 1M
between 0 and 20° N.

The equatorial region showed temporal changes in
the nitracline depth, which was deeper during May
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Fig. 3. Latitudinal and vertical distribution of nitrate concen-
tration during (A) April and May 1997 (AMT-4) and (B) Sep-
tember and October 1997 (AMT-5)
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Fig. 4. Latitudinal distribution of chlorophyll a during (A)
April and May 1997 (AMT-4) and (B) September and October
1997 (AMT-5)

1997 than October 1997. The vertical distribution of
nitrate in south temperate waters was relatively homo-
geneous, with concentrations above 1 ptM during both
cruises. Temporal changes in the nitracline depth were
also found in the subtropical gyres. In the north sub-
tropical gyre, the vertical extent of the nitrate-depleted
waters in May 1997 was deeper than in October 1997,
whereas the opposite pattern was observed in the
south subtropical gyre.

Lowest chl a concentrations were measured in the
subtropical gyres, where the upper mixed layer was
nitrate-depleted, with values lower than 0.2 mg m
along most of the transect during both cruises (Fig. 4).
In contrast, the highest chl a concentrations were mea-
sured in the temperate and African upwelling regions.
The equatorial region showed a clear deep chl a maxi-
mum around 80 m, with values up to 0.5 mg m~> during
both cruises (Fig. 4).

Temporal and latitudinal variability in
community metabolism

The spatial and temporal distributions of depth-inte-
grated R and GPP within the euphotic layer were char-
acterized by rates lower than 200 mmol O, m™2 d!
along most of the transect during both cruises (Fig. 5).
The metabolic rates during October 1997 were lower
and less variable than those measured during May
1997. In general, high GPP rates occurred outside the
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Fig. 5. Latitudinal distribution of depth-integrated rates of

microplankton respiration (R) and gross primary production

(GPP) during (A) April and May 1997 (AMT-4) and (B) Sep-
tember and October 1997 (AMT-5)
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Fig. 6. Gross primary production (GPP) to microplankton respi-
ration (R) ratio in different regions (temperate, oligotrophic and
upwelling) along the latitudinal transect during April and May
1997 (AMT-4) and September and October 1997 (AMT-5).
Boxes enclose 25 and 75 % percentiles of the data, central line
represents median, and the bars encompass 95 % of the data

subtropical regions, except for a local maximum in the
North subtropical gyre during May 1997 (>500 mmol
O, m2d!). The highest R rates were measured in the
south subtropical gyre during May 1997 and in the
north subtropical gyre during October 1997 (Fig. 5).

In order to summarise the main patterns of geo-
graphical variation in community metabolism, we
divided the meridional transect into 3 broad regions:
temperate (>40°N and >32°S), subtropical olig-
otrophic gyres (from 22 to 40°N and from 5 to 32°YS)
and upwelling (from 5°S to 20-22° N), which included
both the Equatorial and the Mauritanian upwelling
zones. The ratio between depth-integrated GPP and R
showed marked differences between regions (Fig. 6).
The temperate region was more productive than the
other oceanic environments: 100% of stations dis-
played autotrophic balance (GPP/R = 1.41 + 0.34; mean
+ SE), producing more organic carbon than they con-
sumed. The tendency in the equatorial and the Mauri-
tanian upwelling regions was for GPP and R rates to be
similar, leading the GPP/R ratio close to 1 (GPP/R =
1.32 + 0.41). In the oligotrophic subtropical communi-
ties, the GPP/R balance tended to be <1 (GPP/R =
0.83 + 0.27). Fig. 7 shows the relationship between
GPP and R in oligotrophic and eutrophic regions. The
GPP-R relationship was significant outside the oligo-
trophic domain (upwelling and temperate) using both
volumetric (Fig. 7A: r? = 0.38, p < 0.0005, n = 28) and
areal (Fig. 7B: 2 =0.45, p < 0.05, n = 11) rates, but not
in the oligotrophic region.

Oligotrophic domains

In order to evaluate the importance of temporal vari-
ability in the north and south oligotrophic gyres, we
calculated average values for several selected physi-
cal, chemical and biological variables during May 1997
and October 1997 (Table 1). Differences in daily inci-
dent irradiance (PAR) were significant between cruises
and hemispheres (F; 5 = 17, p < 0.001, n = 24). The
mixing depth was distinguishable by temperatures dif-
fering by >0.25°C from those at the surface (Johnson &
Howd 2000). Compared to the north oligotrophic gyre,
the south oligotrophic gyre had a deeper upper mixed
layer (Fy, 22 = 39, p < 0.0001, n = 25), warmer surface
waters (Fy 9, = 22, p < 0.0005, n = 25), deeper nitrate-
depletion waters (Fy 9, = 15, p < 0.001, n = 25), and
lower integrated nitrate concentration (Fy 5, = 5, p <
0.05, n = 25; Table 1).

In summary, the South oligotrophic gyre tended to
show a more stratified water column structure, with a
warmer upper mixed layer and deeper and more
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Fig. 7. Relationship between gross primary production (GPP)
and respiration (R) in oligotrophic and eutrophic regions using
(A) volumetric and (B) areal rates, during April and May 1997
and September and October 1997. Continuous lines indicate
the reduced major axis linear regression calculated for eu-
trophic regions. The parameters of the linear regression
model are: (A) X (GPP), Y (R), a (1.13 +£0.07), b (-0.13 + 0.16),
r>=0.38, n =28, p < 0.0005; (B) X (GPP), Y (R), a (2.32 + 0.31),
b (-3.11£2.92),1*=0.45,n=11,p < 0.05
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Table 1. Average values (+ SE) of selected physical, chemical and biological variables in the oligotrophic regions during April and
May 1997 and September and October 1997. Variables shown are depth of the upper mixed layer (Z,,;, m), surface temperature
(T, °C), nitracline depth (Zy, m), nitrate concentration integrated over the first 120 m (Nitrate, mmol NO3; m~?), daily average inci-

-2 1

dent irradiance (PAR, pmol m~2 s7!) and integrated chlorophyll a concentration (mg m~2) within the photic layer. Also indicated
are the latitudinal limits of each region

35°N 22°S 29°N 24°S
May 1997  October 1997

Fig. 8. Depth-integrated gross primary production (GPP),

microplankton respiration (R) and GPP/R ratio of selected sta-

tions in the north and south subtropical gyres during May
1997 (AMT-4) and October 1997 (AMT-5)

marked pycnocline and nitracline. These differences
should not be considered representative of the entire
subtropical gyres, as they reflect the particular location
of the cruise track in each hemisphere (see Fig. 1).
Concerning temporal variability in the subtropical
gyres, we observed a tendency for colder waters and
higher nitrate concentration during spring periods
(northern part of the transect during May 1997 and
southern part of the transect during October 1997).
Depth-integrated chl a in the north gyre was higher
during May 1997 than during October 1997, whereas
the opposite was true for the south gyre (Table 1). The
temporal variability in community metabolism in the
oligotrophic regions of the open ocean remains poorly
resolved. In our study, we observed opposite temporal
(from May 1997 to October 1997) changes in the meta-
bolic balance of each oligotrophic gyre (Fig. 8).

GPP tended to be higher during spring, whereas R
tended to be lower, resulting in autotrophic balances
(GPP/R > 1) during spring and heterotrophic balances
(GPP/R < 1) during autumn (F; ¢ = 7.61, p < 0.05, n =
11). The general picture that emerges from our obser-
vations is that a significant degree of temporal vari-
ability exists in the oligotrophic gyres: net autotrophy
dominates during periods of higher vertical mixing

Period Region Z T VAN, Nitrate PAR Chl a
Apr + May 10°S-35°S 74+ 4 25+ 1 1379 22 374 = 43 23 +2
Sep + Oct 10°S-35°S 74 + 12 23+1 104 + 18 24 +13 863 + 70 28+2
Apr + May 22°N-40°N 35+3 18+1 63 + 12 103 + 48 981 + 53 38+10

Sep + Oct 22°N-40°N 27+ 1 20+ 1 60 + 16 66 + 27 926 + 63 20+2

whereas net heterotrophy prevails during periods of

3 enhanced stratification. It has recently been shown

% r that the latitudinal variability in phytoplankton photo-

& [ & synthetic parameters is negatively correlated with the

~ -1 depth of the nitracline, suggesting that the rate of

90 i “g nutrient supply is of paramount importance in the con-

E ! trol of primary production over large spatial scales in

B r the Atlantic Ocean (Maranén & Holligan 1999). Given

=0

that most of the variability in the metabolic balance of
open-ocean environments is due to changes in produc-
tion rather than respiration (del Giorgio et al. 1997,
Duarte & Agusti 1998, Williams 1998), it seemed ap-
propriate to explore if there is a link between nutrient
supply status and the net metabolism of the microbial
communities in the oligotrophic gyres. In order to
obtain an index of nutrient availability at each station,
we followed the approach proposed by Behrenfeld et
al. (2001), which is based on the relationship between
the depth of the nitracline (Zy) and the depth of the
pycnocline (Zy,) as a function of the mixing-stratifica-
tion history of the water column. Zy was identified as
the depth of the first sample, in which NO3;™ concentra-
tion was above the detection levels (>0.05 pM),
whereas Zy,; described temperature changes differing
by >0.25°C from those at the surface (Johnson & Howd
2002). A high correspondence between the location of
Zy and Zy (Fig. 9A,B) is taken to represent a situation
of relatively low nutrient stress (as would be expected
shortly after a mixing event), whereas a Zy signifi-
cantly deeper than Z,, (Fig. 9C, D) implies that stratifi-
cation has persisted long enough to cause high nutri-
ent stress of the phytoplankton in the upper layer.
According to the above criteria, the measurements of
metabolic balance were grouped into 'high nutrient
stress’ and ‘'low nutrient stress’ stations (Fig. 10). Low
nutrient stress led the microbial metabolism to net
autotrophy (GPP/R >1), whereas R tended to exceed
GPP under high nutrient stress (Fig. 10). These differ-
ences in community metabolism between high and low
nutrient stress situations were significant for the over-
all transect and particularly within the oligotrophic
domains (F; ,; =8.04, p<0.01,n=23 and F; g=21,p<
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0.005, n = 11, respectively). Our results indicate that in
the oligotrophic regions a direct linkage exists be-
tween the degree of nutrient limitation and the net
metabolism of the microbial community.

High nutrient stress Low nutrient stress

Nitrate (uM) Nitrate (uM)
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Fig. 9. Representative profiles of density (continuous line) and

nitrate concentration for (A,B) high and (C,D) low nutrient-

stress conditions in oligotrophic regions of the Atlantic Ocean

during April and May 1997 (AMT-4) and September and
October 1997 (AMT-5)
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Fig. 10. Average values for depth-integrated gross primary

production (GPP), microplankton respiration (R) and GPP/R

ratio in oligotrophic stations under high and low nutrient-

stress conditions in April and May 1997 and September and

October 1997. Error bars indicate standard errors of the mean.
See 'Results’ for details

DISCUSSION
Methodological considerations

Some authors (e.g. del Giorgio et al. 1997, Duarte et
al. 1999, 2001) consider the heterotrophy of oligo-
trophic areas to be the rule rather than the exception,
and regard allochthonous inputs as essential for the
functioning of these regions (e.g. Smith & MacKenzie
1987, Bauer & Druffel 1998, Duarte et al. 1999, 2001).
However, other authors (Geider 1997, Williams 1998)
question how the heterotrophy in remote environ-
ments such as the central oligotrophic gyres can be
sustained by organic matter imports. Based on long-
term observations and measurements, it has been
demonstrated that O, production estimates are signifi-
cantly greater than estimates derived from *C uptake
(Shulenberger & Reid 1981). Thus, Carignan et al.
(2000) considered that the reported regional imbal-
ance in the open oceans is a consequence of method-
ological uncertainties such as P/R estimations based on
different methods (*C incorporation and O, consump-
tion). Our metabolic estimations (P/R balance) were
calculated as O, production and consumption, and
were compared with P/R ratios estimated using '4C-
based values of gross photosynthesis. Experiments on
14C uptake and O, production were simultaneous, and
the photosynthetic quotient (PQ) used to convert oxy-
gen to carbon units was 1. The fact that we measured
4C uptake and O, production rates concurrently
allowed us to evaluate the extent to which the determi-
nation of net community metabolism is sensitive to the
method of calculation used. When the metabolic bal-
ance was computed from O, exchange rates only,
<50% of the communities were net heterotrophic
(60 % within the oligotrophic domain). However, when
the P/R balance was calculated from the combined “C
uptake and O, consumption rates, >80 % of the com-
munities displayed a net heterotrophic balance (100 %
within the oligotrophic domain). GPP, net primary pro-
duction (GPP minus auto-trophic respiration) and NCP
are very different metabolic properties (Williams
1993). Thus, photosynthesis measured with *C can be
an intermediate value between GPP and net produc-
tion (Steemann Nielsen 1952), depending on the dura-
tion of the incubation. When *C fixation approximates
GPP, there will be a high correlation between GPP and
14C incorporation data. However, in our study this rela-
tionship was weak (r = 0.43, p < 0.001, n = 59, data not
shown), and therefore *C uptake may not be compa-
rable with GPP. In agreement with Carignan et al.
(2000), our results show that the P/R ratios based on
indirect comparisons of organic carbon production (*C
uptake) and planktonic respiration (dark O, consump-
tion) will tend to overestimate the degree of heterotro-
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phy and might mask the spatio-temporal changes ob-
served in microbial metabolism in the oligotrophic
gyres. However, our observations do indicate that het-
erotrophy is not a methodological artefact but a fre-
quent condition in the oligotrophic ocean. As we shall
discuss below, the occurrence and extent of net hetero-
trophic metabolism in the oligotrophic ocean are not
constant and can vary as a response to seasonal varia-
tions in physical forcing.

Metabolic balance of the open ocean

As defined in the present study, temperate regions
comprise the North Atlantic current drift (NADR) and
the South Subtropical Convergence (SSTC), both areas
of active hydrodynamism (White & Heywood 1995,
Froneman et al. 1999). These temperate regions were
sampled during spring and autumn, when the water
column is relatively cold and well mixed, nutrients are
detectable throughout the water column, and the an-
nual maximum chlorophyll content is usually observed
(Campbell & Aarup 1992). These productive, cold-wa-
ter environments generally showed net autotrophy,
whereby the planktonic communities produce more or-
ganic carbon than they consume, thereby acting as a
net sink of CO,. Other authors have found similar re-
sults at higher latitudes, in both the South and North
Atlantic Ocean (see review in Williams 1998). The oc-
currence of an organic carbon surplus in these net au-
totrophic environments agrees with the dominant role
of mid- and high-latitude regions in global sinking
fluxes of biogenic carbon (Buesseler 1998). Efforts have
been made to understand the processes that control
seasonal variability in the Southern Ocean, considered
a region of great uncertainty from the point of view of
its possible role as a source or a sink of atmospheric
CO, (Attwood & Monteiro 1994). However, nothing is
known about the seasonal trends in the metabolic bal-
ance of the South Atlantic oligotrophic gyre. This lack

of metabolic measurements makes our observations
relevant for a better understanding of the global ocean,
since the South Atlantic oligotrophic gyre covers almost
25% of the Atlantic Ocean surface (Longhurst et al.
1995). Our results confirm that the planktonic commu-
nities of the oligotrophic regions, in which picoplankton
accounts for a high percentage of the total phytoplank-
ton abundance and production (Maranén et al. 2001),
tend to be net heterotrophic and therefore must be sus-
tained partially by inputs of allochthonous organic car-
bon. By making a series of assumptions on the surface
area of the south and north oligotrophic gyres
(Longhurst et al. 1995) and taking into account the av-
erage metabolic balance within the gyres in spring and
autumn, it is possible to obtain a gross picture of the
overall metabolic balance of the oligotrophic Atlantic
Ocean. The organic carbon deficit within the south sub-
tropical gyre would fall between 5.3 and 31.3 Gt C yr!
(Table 2), whereas in the north subtropical gyre the net
balance would range from a deficit of 4.7 Gt C yr! to a
surplus of 1.6 Gt C yr! (Table 2).

Recent studies have attempted to identify possible
sources of organic matter that could sustain the het-
erotrophy in these remote oligotrophic systems (e.g.
Duarte et al. 2001, Gonzdlez et al. 2001). Continental
shelves are considered important sources of dissolved
organic matter (DOC) that could fuel respiration in
the open oceans (Bauer & Druffel 1998). However,
Williams & Bowers (1999) pointed out that inputs of
DOC from upwelling regions or from net autotrophic
areas would also be associated with concurrent inputs
of nutrients and subsequent eutrophication, thereby
enhancing autotrophy. It is well known that DOC rep-
resents a significant reservoir of reduced carbon in the
ocean (Kirchman et al. 1991, Carlson & Ducklow 1996).
Although a large portion of the bulk DOC in the sur-
face ocean is recalcitrant, there is evidence that it can
be used by pelagic microbes (e.g. Tranvik 1992, Amon
& Benner 1994), which could help to explain the car-
bon deficit in the oligotrophic areas.

Table 2. Compilation of average (+ SE), and minimum and maximum net community production (NCP) in several oligotrophic
provinces of the North and South Atlantic (NASE and SATL, respectively). Also indicated are the annual carbon deficits for each
province. CNRY: Eastern (Canary) coastal province

“Longhurst et al. (1995)

reported average annual carbon deficit

Source Area (10° km?) NCP Deficit?
(mmol O, m™2 d?) (GtCyrY
This study 4.45 (NASE) _77 + 162 (-239, +185) (4.7, +1.65)
Gonzélez et al. (2001) 4.2 (NASE) ~103 + 40 (—63, +143) (2.6, -1.15)
Duarte et al. (2001) 5.26 (NASE+CNRY)*® -38 -0.5
This study 17.77 (SATL) ~235 + 167 (~402, —68) (=31.3, -5.3)

PMinimum and maximum annual carbon deficit, under the assumption of a photosynthetic quotient of 1. Duarte et al. (2001)
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Importance of temporal variability

Seasonal variability is considered to be latitude-de-
pendent, with the lowest variations at low and mid lati-
tudes (e.g. Longhurst 1998), where the water column
tends to be strongly stratified throughout most of the
year. These low-latitude systems have been consid-
ered to be stable and homogenous, with random sto-
chastic events explaining the variability observed in
biological parameters (e.g. DiTullio & Laws 1991).
However, recent reports have provided clear evidence
of a large degree of temporal variability within the
oligotrophic regions in DOC stocks (Carlson et al.
1994), new production (Campbell & Aarup 1992), chl a
concentration (Letelier et al. 1993), hetero- and auto-
trophic biomass (Buck et al. 1996, Campbell et al.
1997), and phytoplankton productivity and growth
rates (Maranén et al. 2000). Gonzélez et al. (2001) ob-
served significant temporal changes in the planktonic
community metabolism of the NE subtropical Atlantic.

In the subtropical gyres, the strong vertical stratifica-
tion of the water column limits the supply of nutrients
from below the thermocline to the euphotic layer,
which leads to low rates of primary production. How-
ever, several physical mechanisms exist that can be
sources of temporal variability in the structure of the
water column and the location of the nitracline. Among
these are storms (Eppley & Renger 1988), wind-forced
currents (Lee et al. 1994), internal waves (Uz et al.
2001) and mesocale eddies (e.g. McGillicuddy et al.
1998, Oschlies & Garcon 1998). These episodic events
cause mixing of water masses and enhance the supply
of nutrients to the upper layer, indicated by an in-
creased correspondence between the location of the
nitracline and the location of the pycnocline (see
‘Results’). As discussed below, these upper-layer dy-
namics are likely to significantly affect the metabolic
balance of the microbial community.

According to some authors (Duarte et al. 1999, 2001,
Gonzélez et al. 2001), the GPP/R ratio of the communi-
ties tend to increase as GPP increase, suggesting that
the planktonic GPP/R ratio is mainly determined by
factors directly controlling primary production, such as
nutrients (del Giorgio & Peters 1994). Therefore, the
presence of nutrients within the upper mixed layer
should increase primary production more than respira-
tion, pushing the community metabolism towards
autotrophy. Our results suggest that the degree of
nutrient limitation (as reflected in the relative locations
of Zy and Zy) is a critical factor in the control of the
microbial community metabolism in the oligotrophic
ocean. In contrast with the traditional view of the sub-
tropical gyres as steady-state systems, our results con-
firm that relatively weak temporal variations in the
structure of the water column may have a major impact

on the functioning of the pelagic ecosystem. Low sam-
pling frequency and the scarcity of time-series data
make it difficult to resolve the natural variability of the
net oxygen fluxes in the oligotrophic gyres (Karl 1999).
Our results highlight the critical importance of taking
into account temporal variability if we are to solve the
puzzle of the metabolic status of the open ocean.
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