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Abstract

A knowledge of the balance between plankton gross primary production (GPP) and community respiration (CR)
in the open ocean is vital to the accurate determination of the global carbon cycle, yet the paucity of open ocean
measurements severely limits our understanding. This study measured GPR, net community production, dark CR,
and size-fractionated primary production in the upper 200 m of a 12,100 km latitudinal (32°S-48°N) transect in the
Eastern Atlantic Ocean during May and June 1998. This comprehensive data set, which spans five contrasting
plankton regimes, including two open ocean oligotrophic provinces, is used to derive a GPP: CR relationship, which
suggests that net heterotrophy (GPP < CR) prevails in the eastern Atlantic when primary production falls below
~100 mmol O, m-2 d-*. The predictive capability of this relationship is compared with that of the only other
published relationship based on similar methodologies and is found to give a more representative description of the
autotrophic (GPP > CR) to heterotrophic seasonal cycle in the Bay of Biscay. This improved predictive power is
attributed to the increased representativeness of the current data set. Specifically, the interpretation suggests that the
influence of community structure on net ecosystem metabolism implies that prediction of GPP:CR balances in
pelagic ecosystems can be best achieved by use of a data set that covers a wide range of community structure and

not only a wide range in the magnitude of primary production.

The significant contribution of the marine biota to the
global carbon cycle (e.g., Sarmiento and Siegenthaler 1992)
ultimately results from the balance between gross primary
production (GPP) (all photosynthesis independent of its fate)
and community respiration (CR) (the oxidative consumption
of organic matter by autotrophic and heterotrophic organ-
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isms). Quantification of such a balance (net community pro-
duction, NCP = GPP — CR) in the open ocean is hampered
by the poor marine CR database, the question as to what
each analytical technique measures in terms of GPP or net
primary production (NPP = GPP minus algal respiration)
(Williams 1993), and the time-consuming methods available
for directly measuring NCP. Existing global estimates there-
fore rely on empirical relationships between the magnitudes
of GPP (Williams 1998) or NPP (del Giorgio et a. 1997)
(derived from AO, or *#C techniques), and bacterial (del
Giorgio et a. 1997) or tota CR (Duarte and Agusti 1998;
Williams 1998; Duarte et al. 1999) to predict NCP where
only primary production data are available. These studies
disagree by about one order of magnitude on the predicted
rate of GPP at which CR exceeds GPP (GPP ~ 1 mmol O,
m-3d-*vs. GPP = 16.7 mmol O, m~2 d-*), which has gen-
erated an active debate on the net metabolism of open ocean
unproductive ecosystems. The conflicting conclusions that
(1) microbia respiration exceeds photosynthesis in unpro-
ductive aquatic systems (del Giorgio et a. 1997; Duarte and
Agusti 1998) and (2) the open ocean is in metabolic balance
(Williams 1998) have been questioned on the basis of the
inadequacy of the data sets (Geider 1997; but see aso del
Giorgio and Cole 1997; Williams 1998; Duarte et al. 1999)
and the form of data analysis (Duarte et a. 1999; Williams
and Bowers 1999). However, the paucity of NCP measure-
ments in the oligotrophic open ocean has prevented an in-
dependent test of either of these models.
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So far, GPP: CR relationships have been obtained by ag-
gregating independent data from different times and loca-
tions, without explicit attention to the state or type of com-
munity studied. One implicit assumption is the prevalence
of steady-state conditions during each sampling period—that
is, that the connection between the processes of production
and consumption of organic matter occurs locally in both
space and time. Although Williams (1998) highlighted the
importance of using depth-integrated data of GPP and CR
to account for the compensation of imbalances over the wa-
ter column, current published GPP: CR relationships do not
explicitly incorporate an analysis of the horizontal or tem-
poral scales involved. However, accumulation of dissolved
organic matter (DOM) in the upper mixed layer (see Hansell
and Carlson 1998) may give rise to the linkage of production
and consumption of organic matter over large spatial or long
temporal scales (e.g., Pomeroy and Wiebe 1993; Sherr and
Sherr 1996), thus affecting the GPP:CR balance at local
scales, as shown in seasonal temperate systems (e.g., Blight
et a. 1995; Serret et al. 1999).

In addition, the relationship between GPP and CR may
not only be different over different spatial and temporal
scales, but, more important, it will probably differ between
systems near equilibrium and those that are transient (Burke
et a. 1997). In practice, given the imprecise nature of the
concept of equilibrium in ecology, and especially in pelagic
systems, and the extreme difficulty in addressing the large
time- and space scales of trophic functioning, the critical
point is to ensure that data are representative of the func-
tional community—that is, that they characterize long-term
averages (Hairston and Hairston 1993).

Even if the data used are representative, the simple use of
GPP: CR relationships to estimate trophic status (i.e., the
GPP:CR balance at ecologically significant scales; eg.,
Smith and Hollibaugh 1997 and references therein) assumes
that the degree of heterotrophy of pelagic ecosystems may
be predicted from their total amount of GPR, which over-
looks the influence of food web structure on net ecosystem
metabolism. However, the net balance of an ecosystem must
be dependent not only on the total amount of GPP but also
on the type and activity of the community of heterotrophs
that such production sustains (Hairston and Hairston 1993;
McGrady-Steed et al. 1997; Petchey et al. 1999). If food web
organization, and not only primary production, influences
the degree of heterotrophy of the pelagic ecosystems, the
variation of CR with GPP may be different when analyzed
within or between different communities. Consequently,
generalized GPP: CR relationships might be dependent on
the range of different communities studied and not only on
the range of GPP.

We present here data of GPP and CR in the euphoatic zone
of five biogeochemical provinces of the eastern Atlantic
Ocean in the austral spring-to-summer transition period, pro-
viding new empirical evidence of the GPP: CR balance in
two open ocean oligotrophic habitats. This data set allows
us to explore the regional variability of net community pro-
duction, but, more important, because it is representative of
contrasting plankton regimes, it also enables usto investigate
the influence of the type of plankton community on GPP:
CR balances.

1643

Materials and Methods

Sampling—A latitudinal (32°S-48°N) transect across the
Eastern Atlantic Ocean (Atlantic Meridional Transect
[AMT]-6 cruise; see Aiken et al. 2000) was conducted on
board RRS James Clark Ross on passage between Cape
Town, South Africa, and Grimsby, United Kingdom (15
May—16 June 1998) (Fig. 1); 24 stations were sampled daily
(between 08:00 and 09:00 GMT) at ~320 km intervals. Ver-
tical profiles of temperature and conductivity were per-
formed by use of a Seabird 911+ conductivity-temperature-
depth (CTD) rosette fitted to a rosette of 12 X 30 liter
Niskin-type sampling bottles. Vertical profiles of photosyn-
thetically active irradiance (400—700 nm) were calculated by
integrating the measurements of downwelling irradiance at
seven SeaWiFS wavelength bands derived from daily casts
of an optical profiler (SeaOPS) and a free-fall optical profiler
(SeaFALLS) (Aiken et al. 2000). Water was collected from
9-12 depths in the upper 200 m.

Dissolved oxygen—A 60-cm? gravimetrically calibrated,
borosilicate glass bottle was carefully filled from each Niskin
bottle by use of silicon tubing. Measurements of dissolved
oxygen were made with an automated Winkler titration sys-
tem based on that described in Williams and Jenkinson
(1982). Oxygen saturation was cal culated by use of the equa-
tions for the solubility of oxygen in seawater of Benson and
Krause (1984).

Szefractionated chlorophyll a concentration—A tota of
200-300 cm® water samples were sequentially filtered
through 20, 2, and 0.2 um pore size polycarbonate filters.
Chl a was extracted from the filters in 90% acetone at —20°C
for 12-24 h and measured by use of a Turner 10-AU fluo-
rometer calibrated against Chl a standards (Sigma).

Sze-fractionated and total particulate organic carbon
production (PO*CP) rates—At each station, samples were
collected from each of seven depths corresponding to optical
depths ranging from 97% to 1% of surface irradiance. Water
from each depth was distributed into four 75-cm® acid-
cleaned polypropylene bottles (three transparent and one
dark). Each bottle was inoculated with 185-370 KBq (5 to
10 uCi) NaH*CO, and then incubated for 6-7 h in an on-
deck incubator that ssmulated the irradiance at the original
sampling depths by use of various combinations of neutral
density and blue plastic filters. A previous comparison of
this on-deck incubation procedure and an in situ incubation
technique found no statistical difference between the respec-
tive “C derived estimates of primary production (Joint et al.
1993). After the incubation period, samples were filtered at
very low vacuum (<50 mm Hg) through 0.2, 2, and 20 um
polycarbonate filters. Filters were then fumed with concen-
trated HCI for 12 h. Radioactivity was measured with a
Beckman LS6000 SC scintillation counter. Quenching was
corrected by use of an external standard. Total primary pro-
duction was determined by summing the integrated size frac-
tionated rates. Following the method of Marafion et al.
(2000), the hourly production rates were converted to daily
rates by taking into account the length of daylight and as-
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Fig. 1. Cruise track overlaid over SeaWiFS Chl a May monthly composite image. The approxi-
mate boundaries of the five biogeochemical provinces (Longhurst 1998) traversed are shown:

BENG, ETRA, CNRY, NAST-E, and NADR.

suming that dark respiratory losses represent 20% of light
PO“CP (see also review by Geider 1992).

GPP, NCP, and dark CR—GPPR, NCR, and dark CR (DCR)
were determined from in vitro changes in dissolved oxygen
after 24-h light and dark bottle incubations. Water samples
(25 dm?®) were collected each day from the CTD rosette into
acid-washed opague polypropylene aspirators from depths
equivalent to 97%, 33%, and 1% of surface irradiance. Water
was siphoned from each 25 dm? opaque aspirator into 15 X
60 cm® borosilicate glass bottles through silicon tubing.
From each depth, five replicate bottles were fixed immedi-

ately, five bottles were kept in darkness, and five bottles
were incubated under irradiance conditions that simulated
those of the original sampling depth, as described above.
Samples collected from depths at which in situ temperature
was >5°C lower than surface water temperature were also
incubated in the dark in temperature controlled water baths
at near in situ temperature for 24 h. In these instances, re-
ported DCR rates correspond to those measured at about in
situ temperature, whereas most GPP were discarded. Only
seven of these GPP data from ~40-75 m depth in the area
of the Guinea Dome (between ~3°N and 13°N) are included
after detailed comparison with Chl a concentration and
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Fig. 2. Spatial distribution of temperature (°C) along the AMT-6
transect. Dotted line, euphatic depth.

PO*CP rates. After the incubation period, dissolved oxygen
concentration was determined following the method de-
scribed above. Production and respiration rates were calcu-
lated from the difference between the means of the replicate
light and dark incubated and zero time analyses: NCP =
measured AQ, in light bottles (mean of [O,] in 24-hr light
— mean initial [O,]); DCR = measured AO, in dark bottles
(mean initial [O,] — mean [O,] in 24-hr dark); GPP = NCP
+ DCR. Euphotic zone integrated values were obtained by
trapezoidal integration of the volumetric data down to the
depth of 1% surface incident irradiance. Following the meth-
od of Miller and Miller (1988), we calculated the standard
deviation of integrated NCP through propagation of the ran-
dom_error_in the volumetric measurements as oy =
BV (z., — z)X(o%, + 0?)], where o is the SD, z is the
sampled depth, and i is the depth level. Euphotic depth
ranged from ~30 m in the Benguela Current Coastal Prov-
ince (BENG) to >100 m in the North Atlantic Subtropical
Gyre.

Results

Individual data of temperature, salinity, dissolved oxygen,
and Chl a concentrations, PO“CP rates, percentage of
PO*CP by cells <2 um, and GPP, DCR, and NCP rates at
every sampled station are available in Web Appendix 1 on
the L&O website at http://www.aslo.org/lo/toc/vol_46/
issue_7/1642al.pdf.

Water column thermal structure—The spatial distribution
of temperature (Fig. 2) reflects the hydrographic character-
istics of the different provinces traversed during the cruise:
BENG, Eastern Tropical Atlantic Province (ETRA), Eastern
(Canary) Coastal Province (CNRY'), North Atlantic Subtrop-
ical Gyral Province (NAST-E), and North Atlantic Drift
Province (NADR) (Longhurst 1998), sampled during the
spring-to-summer transition period.

In the southernmost part of the transect, the upwelling
system in the BENG (~33°S-18°S) is shown by the tilting
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Fig. 3. Spatial distribution of (A) the percentage of oxygen sat-
uration and (B) Chl a concentration (mg m-3) along the AMT-6
transect. Dotted line, euphatic depth.

of the isotherms. Areas of intense upwelling, with surface
temperature <15°C, were found close to areas of relaxed
upwelling or convergence, which reflects the highly dynamic
characteristics of this coastal regime (e.g., Luthjermams and
Meeuwis 1987). A sharp hydrographic front, located at
~16°S-12°S, separated the mixed waters of the BENG from
the strongly stratified waters of the ETRA. The Angola-Ben-
guela Front (e.g., Shannon et al. 1987) is regarded as the
convergence zone between the cold northward-flowing Ben-
guela Current and the warm southward-flowing Angola Cur-
rent. Several distinct hydrographic features can be seen in
the ETRA (~10°S-11°N) (see Longhurst 1998; Strammaand
Schott 1999; and references therein): in the tropical cyclonic
Angola Gyre, centered ~8°S, a sharp and relatively shallow
thermocline (~50 m) was observed. The depth of the middle
thermocline (corresponding roughly to the 21°C isotherm)
decreased from 50 to ~30 m at the equatorial divergence.
North of the Equator (3°N), the northern tropical conver-
gence lying between the South Equatorial Current and the
North Equatorial Counter Current (Guinea Current) can be
seen in the compression and deepening of the thermocline
down to ~60 m depth. Further north, through the North
Equatorial Counter Current, surface temperature and the
depth of the thermocline progressively decreased, reaching
the minimum at the Guinea Dome (at ~12°N). Therelatively
shallow thermocline throughout the ETRA (17°C isotherm
above 65 m depth) is characteristic of this tropical area dur-
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Fig. 4. Spatial distribution of total particulate organic carbon pro-
duction along the AMT-6 transect. Dotted line, euphotic depth.

ing the southern autumn-winter, resulting from the intensi-
fication of the Trade Winds (Longhurst 1998 and references
therein). To the north of the ETRA, the cruise track ap-
proached the northwestern African coast, entering the CNRY
province (~15-23°N) (Longhurst 1998), where coastal up-
welling was evident in both the tilting of the isotherms at
20°N and the spatial distribution of surface Chl a (see Fig.
1). Northward of ~23°N, as the track moved away from the
African coast, the interface with the NAST-E province was
identified by the spreading of the thermocline and the deep-
ening of the upper mixed layer down to >100 m depth. A
broad frontal zone north of ~37°N marked the transition
from the NAST-E to the cooler and less saline waters of the
NADR, where a shallower (<50 m) thermocline was ob-
served. In the northernmost part of the transect (at ~48°N),
the thermocline tilted at the European shelf break upwelling.

Oxygen saturation and Chl a concentration—Figure 3
shows the spatial variability of the percentage of oxygen
saturation (%0, sat) and Chl a concentration along the
AMTB6 transect. The %0, sat in the upper ocean is avaluable
tool for broadly summarizing the recent history of biological
activity (e.g., Chapman and Shannon 1985; Najjar and Keel-
ing 1997). High levels of O, sat (>105%) and Chl a (>1
mg m~3) were observed near the surface in both temperate
waters and coastal upwelling systems (BENG and CNRY).
The latter adso exhibited low O, sat in subsurface waters,
thereby causing the strong vertical oxygen gradients char-
acteristic of these systems (Chapman and Shannon 1985).
Some stations in the north BENG (e.g., ~25°S) and south
of the CNRY presented subsurface Chl a maxima and very
low levels of O, sat (<30%) in subsurface waters. The N
BENG was the only region where O, sat <100% was found
at the surface of strongly upwelled stations. The highest phy-
toplankton biomass was found at the northern end of this
region, near the frontal zone between the BENG and ETRA.
Both oligotrophic provinces (ETRA and NAST-E) exhibited
low phytoplankton biomass, subsurface Chl a maxima
(DCM), and %0, sat >100% through the surface mixed lay-
er. The location of the DCM at the base of the euphotic layer
and its Chl a concentration (~0.2-0.4 mg m~2) are charac-

Serret et al.

% PO™CP <2 pm

=
_

N
=]

100

Depth (m)

150

200

T T T T T T T T
30 20 10 0 10 20 30 40

S Latitude N

Fig. 5. Spatial distribution of the percentage of particulate organic
carbon production by cells <2 um along the AMT-6 transect. Dot-
ted line, euphotic depth.

teristic of low latitudes in the Atlantic Ocean (e.g., Marafion
et a. 2000 and references therein). Oxygen saturation did
not show any relation to the DCM. Both the thermocline and
the DCM were shallower in the ETRA, where strong vertical
oxygen gradients were observed (<50% O, sat below the
thermocline). The lowest deep oxygen content and highest
Chl a concentration in this region were observed in the area
of the Guinea Dome (Oudot 1989). North of ~25°N, a
marked increase in deep oxygen content was observed.

Total and size-fractionated particulate organic carbon
production (PO*CP)—The latitudinal distribution of total
particulate primary production (Fig. 4) resembles that of Chl
a, whereas the relative dominance of picoplankton (Fig. 5)
tended to decrease with the productivity of the province.
Higher values of PO*“CP were measured in the Chl a—rich
waters of the coastal upwelling regions of BENG and CNRY
and in temperate waters. In the BENG and CNRY provinces,
the highest PO*CP rates were always found near the surface
at stations with low surface temperature and high surface
Chl a concentration, whereas stations with relatively higher
surface temperature and subsurface Chl a maxima (e.g.,
~25°S) had low PO“CP rates throughout the water column.
The contribution of picoplankton to total primary production
was aways very low in areas of high phytoplankton bio-
mass, both at the surface productive and subsurface unpro-
ductive Chl a maxima. The ranges of both Chl a concentra-
tion (~55-150 mg m~-2?) and PO*“CP rates (~0.3-3gC m2
d-*) measured in the BENG, as well as their distribution in
relation to hydrographic conditions, are consistent with stud-
ies of the hydrodynamic control of phytoplankton patchiness
and growth in this system (e.g., Shannon and Pillar 1986;
Pitcher et a. 1992). Similarly, values measured at the CNRY
stations (~0.4-2 mg Chl a m~3 in the surface; ~0.7-2.5 g
C m=2 d~*) are representative of mesotrophic and eutrophic
conditions, respectively, in this province (Morel et a. 1996).

Although in the northern ETRA, subsurface maxima of
PO“CP were observed that corresponded to the vertical dis-
tribution of Chl a, south of the Equator, no increase in
PO“CP rates was seen in relation to the DCM. In contrast
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Fig. 6. Spatia distribution of (A) GPP (mmol O, m=3 d-%) and
(B) DCR (mmol O, m=2 d-*). Panel (C) combines the balance be-
tween GPP and DCR (NCP) in the euphotic zone, together with
DCR measurements below the 1% light level. Dotted line, euphotic
depth.

to upwelling provinces, in the ETRA, the relative contribu-
tion of picoplankton to total primary production increased
with productivity and especialy with phytoplankton bio-
mass. In both the northern and southern part of the province,
>60% of the primary production was attributable to cells
<2 pum when Chl a concentration was >0.3 mg m3.
Throughout the ETRA, low levels of surface Chl a (~0.2
mg m~3), relatively deep (~40 m) Chl a maxima, and low
primary production (~40-350 mg C m~2 d-*) suggest that
our sampling occurred prior to the development of the char-
acteristic summer pelagic bloom in this province (Longhurst
1998).

In the NAST-E, very low PO“CP rates were measured,
with values only exceeding 0.1 mg C m=2 h=* near the sur-
face and in deep waters (~60-110 m). The percentage of
total primary production attributable to picoplankton in-
creased with depth, reaching >70% in the DCM. Integrated
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Fig. 7. (A) Latitudina distribution of euphotic zone integrated
percentage of particulate organic carbon production by cells <2 um
(solid line) and NCP (shadowed trend; = SD) along the AMT-6
transect. (B) Relationship between euphotic zone integrated per-
centage of particulate carbon incorporated by phytoplankton <2 um
and integrated NCP in five biogeochemical provinces of the eastern
Atlantic Ocean. The intersection of the reduced major axis (solid
ling; NCP = —276.5 log [%6PO“CP < 2 um] + 972.9, r2 = 0.761,
n = 21, P < 0.0001) with the line of NCP = O (dashed line) is at
33% PO“CP < 2 um. Note that the range of %PO“CP < 2 um
(<5% to >70%) covers the full spectrum of community structures.

values of PO*CP of ~370 mg C m~2 d—* were measured at
stations near the boundaries of this province, whereas ~150
mg C m~2 d* characterized the stations with the deepest
mixed layer and DCM. These values are within the range of
those reported by Marahon et al. (2000) for this region and
agree with those measured during the low production season
at Bermuda (NAST-W) (Michaels and Knap 1996), being
dlightly lower than those reported by Morel et a. (1996) for
the tropical northeast Atlantic at 20°N, 30°W.

PO*CP rates increased in the NADR province, where,
corresponding to the distribution of Chl a, a subsurface pro-
duction maximum was observed in the southernmost station,
whereas higher surface rates were measured at the European
shelf break. In this productive region, as in the BENG and
CNRY upwellings, and contrary to the unproductive ETRA
and NAST, the relative contribution of picoplankton to total
primary production decreased with productivity.

Plankton oxygen production and consumption—The range
of gross production of oxygen by phytoplankton (GPP) was
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Fig. 8. Relationship between GPP and DCR rates. The average
percentage of integrated primary production by cells <2 um was
19% = 3% in productive regions, 58% = 3% in ETRA, and 45%
+ 4% in NAST-E. (A) Euphotic zone integrated data. (B) Volu-
metric data. The solid line is the reduced major axis (DCR = 2.284
GPP341 n = 57, r2 = 0.321, P < 0.001), and the dashed ones are
the 1:1 lines.

about four times that of DCR (Fig. 6A,B). GPP and DCR
were not directly related, although both exhibited patterns
related to the distribution of Chl a. High surface values of
GPP were measured in surface Chl a—rich waters, but an
increase of GPP at the DCM of oligotrophic provinces was
only detected in the northern ETRA. A subsurface GPP max-
imum was aso observed south of the CNRY upwelling re-

Serret et al.

gion. On the contrary, the highest DCR rates were measured
not in the most productive waters but in the low productive
DCM observed at some stations of the BENG and CNRY
upwellings. Throughout both oligotrophic provinces, and es-
pecialy in the ETRA, relatively high DCR rates (>1 mmol
O, m=2 d*) were measured in the unproductive, O,-super-
saturated waters of the upper mixed layer. In these provinces,
no relationship was found between the vertical distribution
of DCR rates and the DCM.

Figure 6C combines the balance between GPP and DCR
(NCP) in the euphotic zone, together with DCR measure-
ments below the 1% light level; i.e., under the assumption
that GPP is negligible below the euphotic layer (hence NCP
= —DCR), it depicts the spatial variability of NCP in the
upper 200 m. Within the euphotic zone, NCP was only pos-
itive in the productive surface waters of the upwelling and
frontal regions, which were rich in Chl a and supersaturated
with respect to O,, and where phytoplankton production was
dominated by larger cells (>2 um). As with GPR, the lati-
tudinal variability of surface NCP was related to that of sur-
face Chl a. In both oligotrophic provinces, NCP was con-
sistently negative in the euphotic zone throughout the region.
Higher negative values were found in the ETRA, where Chl
a and PO*CP were aso higher (Figs. 1, 3B, and 4) and the
thermocline shalower (Fig. 2). In the NAST-E province,
positive NCP was only measured in the relatively productive
surface waters of the stations sampled near its boundaries.

In productive provinces, higher NCP was usualy found
in areas of elevated %0, sat (see Figs. 3A and 6), despite
the distributions of hiomass and PO“CP rates in these prov-
inces being governed by the highly dynamic coastal up-
wellings and fronts (see above and, e.g., Pitcher et al. 1992).
A similar trend exists in the spatial distribution of NCP and
%0, sat in the upper 200 m. Such a correspondence suggests
a tight and rapid recycling of the organic matter produced
locally. This contrasts with the situation in oligotrophic
provinces, where negative NCP was always measured to-
gether with O, supersaturation in the upper waters. A similar
maintenance of O, supersaturation with net heterotrophy was
observed in the euphotic zone of the stratified oligotrophic
waters of the southern Bay of Biscay during the summer
(Serret et a. 1999), which is consistent with a slow con-
sumption of organic matter previously synthesized in the
same water and highlights the differences in timescale of
estimations of net community metabolism based on in vitro
oxygen fluxes and in situ concentration. In the ETRA region,
where both NCP and the %0, sat exhibited stronger vertical
gradients, not related to the subsurface Chl a maxima, an
inverse relationship was found between these two variables.

Discussion

Data representativeness: the linkage between trophic dy-
namics and community structure—It is critical that the data
used to derive meaningful GPP: CR relationships and to un-
derstand the functioning of an ecosystem, are representative
of long-term averages (see Hairston and Hairston 1993). The
biomass and activity of heterotrophs in a community are not
only sustained by locally produced organic matter nor ex-
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clusively controlled by substrate availability. Consequently,
such activity is not aways directly related to the concurrent
activity of autotrophs (e.g., early or late spring bloom), and
hence the relationship between GPP and CR in a transient
community will not necessarily reflect the trophic dynamics
of the ecosystem. Similarly, the relative abundance of the
different species sharing an habitat at a certain time will not
necessarily reflect the structure of the community or the or-
ganization of the food web. The obvious difficulty we face
is the assessment of the representativeness of a set of in-
stantaneous measurements without actually knowing the
long term averages.

Various theoretical (e.g., Legendre and Lefevre 1991; Mo-
loney and Field 1991; Kigrboe 1993) and field studies (e.g.,
Legendre et al. 1993; Nielsen and Hansen 1995; Pesant et
al. 1998; Tamigneaux et al. 1999) have shown that the struc-
ture of a plankton community close to equilibrium can be
predicted from the size distribution of phytoplankton. This
occurs because, under equilibrium conditions, the factors
regulating the relative growth and loss rates of the different
populations (and hence also the net metabolism of the com-
munity)—i.e., competitive aptitude for nutrients and light
uptake, sinking rate, predator-prey interactions, susceptibility
to grazing control, and DOM exudation—are all dependent
on cell size. A combination of the adequate representation
of the structure of planktonic food webs by the size structure
of phytoplankton and the existence of a link between com-
munity structure and food web fluxes in functional com-
munities (e.g., Hairston and Hairston 1993) has enabled sev-
eral conceptual models to relate the percentage of export
(Legendre and Lefevre 1989; Tremblay and Legendre 1994,
Legendre and Rassoulzadegan 1996; Boyd and Newton
1999) or new production (Tremblay et al. 1997) to the rel-
ative dominance of particular food webs. Predictions of these
models have been frequently satisfied in the field (e.g., Heis-
kanen et al. 1996; Pesant et a. 1998; Tamigneaux et al.
1999; Pesant et al. 2000), except when the scale of study
did not match that of the functioning of the ecosystem (e.g.,
Rivkin et al. 1996). Within this conceptual framework, but
by simply reversing the logic, we have investigated the rep-
resentativeness of our data set by analyzing the relation be-
tween community structure (as summarized by phytoplank-
ton size) and ecological energetics (summarized by NCP) in
our sampled communities.

The latitudinal variation of the euphotic zone integrated
percentage of particulate carbon incorporated by phytoplank-
ton <2 um (YPO™CP < 2 um) and integrated NCP shows
a clear inverse relationship along the AMT-6 transect (Fig.
7A). Such a significant relationship is described by the equa-
tion (reduced major axis) NCP = —276.5 log (%PO“CP <
2 um) + 9729, r2 = 0.761, n = 21, P < 0.0001 (Fig. 7B).
This relationship does not reveal whether community struc-
ture affects plankton GPP: CR balance, because that could
simply result from the respective covariation of both NCP
and phytoplankton size with total GPR. What such a strong
relationship between trophic structure and functioning does
suggest is that our data are representative of different eco-
logical communities, and, specifically, that the plankton
communities from oligotrophic and eutrophic provinces
were functionally distinct. This is an important observation
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Fig. 9. Seasonal variation in euphotic zone integrated rates of
NCP at three stations (~50, 250, and 1,000 m depth) across the
coastal transitional zone of the southern Bay of Biscay. Shadowed
trend, measured rates (= SE). Dashed line, NCP rates predicted from
GPP by the model of Williams (1998): 3R = 0.73 (SGPP) + 4.57,
r2 = 0.536, P = 0.02, n = 65, where 3R and XGPP are the inte-
grated rates of R and GPP, respectively. Estimation of O, GPP de-
rives from the sum of measured NCP and DCR (see Materias and
Methods); hence, it is not independent of either of them. Neverthe-
less, for the comparative test presented here, we have followed an
analogous approach to Williams (1998): integrated NCP (solid line)
was predicted from GPP by use of the empirical relationship be-
tween integrated GPP and NCP aong the AMT-6 transect: NCP =
63.434 X GPP** — 300, r2 = 0.71, n = 19, P < 0.001.

that will help us to interpret our results of community me-
tabolism.

GPP: CR relationships: the influence of community struc-
ture—Because the derivation of GPP and CR from in vitro
changes in dissolved oxygen in this study is almost identical
to that employed in Williams (1998), a direct comparison
can be made, thus overcoming the interpretative problems
associated with comparing different analytical methods (i.e.,
the *4C technique used in del Giorgio et a. 1997 and Duarte
et al. 1999). Using the same method of data analysis as Wil-
liams (1998), we found that integrated DCR was remarkably
constant over a range of integrated GPP of aimost three or-
ders of magnitude (Fig. 8A), which agrees with the results
of del Giorgio et al. (1997) and supports their conclusion
that microbial CR exceeds GPP in unproductive systems (see
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also Duarte et al. 1999). We found that, at integrated rates
of GPP below ~100 mmol O, m~2 d-, heterotrophy pre-
vailed. This contrasts with the results of Williams (1998),
who, from data collected from five open ocean regions de-
rived the point of metabolic balance to be 16.7 mmol O, m~2
d-*. Figure 8A aso shows that the constancy of integrated
DCR only occurs through the sampling of both distinct eu-
trophic (black circles) and oligotrophic (open triangles and
circles) communities, which suggests that our discrepancy
with Williams (1998) may result from a different coverage
of plankton communities. Of the data sets examined by Wil-
liams (1998), only those from the North Pacific Central Gyre
may be considered as representing real oligotrophic com-
munities, but these were only 5 out of a total of 65 profiles
used in the analysis.

Comparison of the low GPP parts of the integrated GPP:
DCR plots in Williams (1998) and the present study con-
firms that such a discrepancy does not arise from the differ-
ent range of GPR. Of his 33 stations with integrated GPP
<100 mmol O, m=2d-* (range, ~25-100 mmol O, m2d?)
only 5 values of DCR were >100 mmol O, m~2 d-%, and
the average DCR was ~55 mmol O, m=2 d* (fig. 2a in
Williams 1998). Conversely, in our data set, five out of a
total of six stations within the same range of integrated GPP
(25-100 mmol O, m=2 d-*) had integrated DCR >100 mmol
O, m~2 d%, and the average DCR was 141 = 18 mmol O,
m-2 d-%; the only station with DCR <100 mmol O, m—2d—*
(GPP =95 + 8, DCR = 75 = 6 mmol O, m~2 d?) corre-
sponded to the Benguela upwelling region. This observation
is sustained when al our stations with GPP <100 mmol O,
m~2 d-* are considered: eight of nine stations had DCR
>100 mmol O, m=2 d-* (average DCR 146 = 12 mmol O,
m-2 d-1).

Williams (1998) found that the water-column integration
of his volumetric data tended to move the GPP: DCR rela-
tionship toward the 1: 1 line, whereas our data show exactly
the opposite trend (Fig. 8A,B). The explanation given by
Williams (1998) for the change in the slope between his
volumetric and areal GPP: DCR relationships was the com-
pensation of imbalances over the vertical profile, but in our
data from oligotrophic provinces, heterotrophy prevailed
throughout the water column (Figs. 6 and 8B). Although the
ranges of volumetric GPP overlap between oligotrophic and
eutrophic environments (Fig. 8B), vertical integration tends
to segregate the values from the different regions (Fig. 8A).
That is, volumetric data combines low GPP values from two
very different origins: functionally oligotrophic communities
and locally growth-limited eutrophic communities. In eutro-
phic regions, heterotrophic balances at some depths tend to
be compensated by autotrophic balances at other depths
(usually near the surface); thus, the integrated value tends
toward metabolic balance (Williams 1998) (Fig. 8A). How-
ever, this does not occur in oligotrophic regions, so inclusion
of data from oligotrophic communities in our analysis causes
the observed constancy of integrated DCR.

Such imbalances in the ETRA and NAST require aloc-
thonous supplies of organic matter. Various studies have
shown a seasonal accumulation of dissolved organic carbon
(DOC) in the upper waters of both open ocean (Hansell and
Carlson 1998) and coastal ecosystems (Alvarez-Salgado et
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al. 2001). The possible fate for accumulated DOC is delayed
local consumption, local downward export associated with
winter convective mixing or horizontal transport, or a com-
bination of any of these. Hence, within the winter mixed
layer, there will be areas where or seasons when net con-
sumption of allocthonous DOC must take place to enable the
DOC concentrations to return to those present before the
seasona accumulation. Whenever such consumption occurs
concurrently with low local primary production, a net het-
erotrophic metabolism can develop. Net heterotrophy mea-
sured during the summer in some temperate seas therefore
has been explained as a result of the consumption during the
oligotrophic season of DOC accumulated during the preced-
ing spring bloom (Serret et a. 1999 and references therein).
Hansell and Carlson (1998) have shown that DOC accu-
mulation at the BATS station in the Sargasso Sea (NAST-
W) may reach 59%—70% of the spring bloom NCP; however,
it is unlikely that organic matter locally accumulated in the
unproductive NAST-E and ETRA can sustain the rates of
net heterotrophy presented here. Nonetheless, Hansell et al.
(1995) measured rates of DOC mineralization exceeding
concurrent primary production rates in the Sargasso Sea and
concluded that either GPP had been underestimated or that
previously produced DOC was supporting periods of net het-
erotrophy in this region. Rates of DOC mineralization in the
Sargasso Sea were ~0.45 mmol C m=2 d-* (Hansell et a.
1995), whereas, following the method of Hansell and Carl-
son (1998), the net consumption of DOC in the upper 250
m of the BATS station after the 1995 spring bloom can be
estimated to be ~0.2 mmoles C m~2 d-*. These values rep-
resent ~45% and 20% of the negative NCP rates in the
euphotic zone of the NAST-E presented here. In the Azores
Front region, Dova et al. (2001) have measured rates of
DOC accumulation in the upper 100 m during August 1998
of 0.47 mmol C m=3 d-%, i.e, ~50% of our negative NCP
rates in the NAST-E. However, a significant contribution of
photoheterotrophy to community metabolism, by reducing
the respiratory energy requirements in bacterial DOM assim-
ilation (B&a et al. 2000; Kolber et a. 2000), would further
increase the demand of DOM in relation to our measure-
ments of O, consumption. A lateral input of DOC to the
eastern Atlantic from the neighboring upwelling system off
the northwest African coast (Hansell and Carlson 1998; Al-
varez-Salgado et al. 2001), aeolian inputs (Cornell et al.
1995), and possibly river discharge are also potentialy im-
portant in the ETRA and NAST provinces. The limited quan-
titative information on these large-scale and episodic supply
mechanisms means that it is difficult to completely account
for the carbon demand required for the NCP data presented
here.

Plankton community structure influences net ecosystem
metabolism: constraining the global estimation of NCP—We
have shown that volumetric and areal GPP: DCR relation-
ships change when data from characteristic oligotrophic
communities are included, irrespective of the ranges of GPP.
We therefore suggest that community structure, and not only
the amount of photosynthesis, influences the degree of het-
erotrophy of marine plankton ecosystems. Hypotheses de-
rived from empirical relationships can only be tested through
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their predictions (e.g., Peters 1991). We have hence com-
pared the predictive ability of the integrated GPP: CR em-
pirical relationship presented here with that in Williams
(1998). These two empirical relationships, which differ most
in the range of communities sampled but not in the magni-
tude of GPR, are used to predict the behavior of systems
environmentally similar but taxonomically, geographically,
and temporally different from those included in either model
derivation (Tonn et a. 1990). Given that our empirical model
is based on the large-scale spatial variability of NCR its most
rigorous test would be the prediction of the tempora vari-
ation of NCP at a single location (Burke et al. 1997). We
have used data from the only comprehensive seasonal study
of euphotic zone NCP found in the literature (Serret et a.
1999) (Fig. 9). The prediction of our model, derived from a
wide range of distinct plankton communities, fairly repro-
duces the measured seasonal cycle of integrated NCP at
three stations across the coastal transitional zone of the
southern Bay of Biscay, and in particular, the characteristic
spring-summer auto-heterotrophic transition. By contrast, the
model based on a similar range of GPP, but a single type of
community (Williams 1998), failed to predict any net het-
erotrophy throughout the entire seasonal cycle, even during
the summer, when characteristic oligotrophic communities
prevail in the region. Furthermore, a GPP: DCR relationship
close to 1:1 (Williams 1998) would require disproportion-
ately high values of GPP to justify the measured rates of
NCP during, e.g., the northern Atlantic spring phytoplankton
bloom (e.g., Kiddon et al. 1995; Serret et al. 1999). Follow-
ing the empirical GPP: DCR relationship in Williams (1998),
integrated rates of GPP close to 760 mmol O, m=2 d-* (>9
g C m2d-%) would be necessary to sustain measured NCP
rates of ~200 mmol O, m=2 d=* (Serret et al. 1999).

We therefore suggest that food web fluxes can be pre-
dicted in pelagic ecosystems, despite their enormous taxo-
nomic and functional complexity and diversity, only when
proper consideration of the influence of community structure
on trophic dynamics is made—that is, when the model used
is derived from a representative range of community struc-
tures. This is consistent with analyses of the control of eco-
logical efficiencies by trophic structure in freshwater and
terrestrial ecosystems (Hairston and Hairston 1993) and with
microcosm experiments that revealed an increase in decom-
position rates with the complexity of aquatic microbial webs
(McGrady-Steed et al. 1997; Petchey et al. 1999). Such a
trophic constraint on empirical GPP: CR relationships may
help us understand the functional relationship between food
web organization and net metabolism in pelagic ecosystems
and should be considered for interpretation of NCP predic-
tions. Although our results indicate that net heterotrophy pre-
vails where total GPP < ~100 mmol O, m=2 d-* and the
%POYCP attributable to <2-um cells exceeds 33%, they
also highlight the difficulties in extrapolating observations
beyond the studied range of pelagic ecosystems. This pre-
cludes an estimation of the metabolic balance of the global
ocean from the empirical GPP:CR relationship presented
here, which is based on a spring-summer sampling of sys-
tems located in either the marginal regions of the subtropical
gyres or close (150-500 nm) to highly productive coastal
provinces.
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