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INTRODUCTION

Quantification of the amount of inorganic carbon
photosynthetically incorporated by open-ocean pri-
mary producers has been and still remains a central
activity in most oceanographic research programmes
focussed on understanding biogeochemical cycling in
the upper ocean, despite the well-known limitations
inherent in the 14C incorporation method (e.g. Lean &
Burnison 1979, Peterson 1980). Some of these limita-
tions largely derive from the in vitro methodological
approach (e.g. Gieskes et al. 1979), although a variety
of additional potential sources of error have been
reported, such as cell breakage during filtration (Gold-
man & Dennett 1985), dark 14C uptake (Markager

1998), contamination by the Niskin samplers (Williams
& Robertson 1989), incubation starting time (Mingel-
bier et al. 1994) or the effect of dissolved organic C
released during the experiments (Karl et al. 1998). 

More recently, a large amount of information has
accumulated on the size distribution of primary pro-
duction in different marine environments (e.g. Trem-
blay & Legendre 1994, Legendre & Rassoulzadegan
1996, among others). Phytoplankton size, a variable
under hydrodynamical control (Rodríguez et al. 2001),
has been hypothesized to play a keystone role in con-
ceptual models of energy transfer through pelagic food
webs (Legendre & Le Févre 1989). Several observa-
tional and modelling efforts have provided evidence of
the functional relationship between the size-structure
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of primary producers and a diversity of central pro-
cesses in the functioning of pelagic ecosystems, such
as new and export production (e.g. Legendre & Ras-
soulzadegan 1996, Tremblay et al. 1997, Legendre &
Michaud 1998) or dissolved organic carbon (DOC) pro-
duction and net community production rates (Teira et
al. 2001). Also, most of the pelagic ecosystem models
developed in the last few years are size-structured
(e.g. Fasham et al. 1999, Hurtt & Armstrong 1999).
However, only a small fraction of the available size-
fractionated phytoplankton data has been obtained
from open-ocean waters (e.g. Platt et al. 1983, Joint et
al. 1992, Jochem & Zeitschel 1993). In a recent paper,
Marañón et al. (2001) summarised the main patterns of
size-fractionated chlorophyll a (chl a) and primary pro-
duction of the Atlantic Ocean from 50° N to 50° S and
pointed out a discrepancy between the relative contri-
bution of small-sized phytoplankton cells to total chl a
and C incorporation rates, particularly in oligotrophic
ecological domains. These authors reported that in
these environments the contribution of <2 µm cells to
total primary production was considerably lower than
to total chl a (see Table 1 and Fig. 10A in Marañón et
al. 2001). Several alternative but not exclusive expla-
nations can be put forward: (1) enclosure of picoplank-
ton in the incubation bottles enhances their loss rates
to a higher extent than those of larger phytoplankton,
and thus the finding would be an artifact originated
from chl a being measured at the start of primary pro-
duction experiments whose duration typically exceeds
2 h; (2) >2 µm phytoplankton cells have higher assimi-
lation numbers than smaller cells; and (3) the C:chl a
ratio is size-dependent, being higher in smaller cells.

In this investigation, we first present further evi-
dence supporting what seems to be a general discrep-
ancy between the fraction of carbon incorporated by
small-sized phytoplankton cells and the corresponding
contribution to total chl a concentration. We then con-
sider the results of 2 short-term time-series experi-
ments conducted in subtropical and tropical Atlantic
waters with the aim of exploring the potential causes of
such discrepancy and to test whether phytoplankton
biomass, size-structure and production change during
incubation. 

MATERIALS AND METHODS

The data presented in this paper were obtained dur-
ing 7 oceanographic cruises in open oceanic waters of
the Atlantic Ocean from 50° N to 20° S: AMT-2 (Sep-
tember and October 1995), AMT-3 (April 1996), AMT-
4 (September and October 1996), AMT-5 (April 1997),
Azores-2 (April 1999), AMT-11 (September and Octo-
ber 2000) and CIRCANA-1 (November 2001).

On each cruise, size-fractionated chl a concentra-
tions and primary production rates were measured as
described in detail by Marañón et al. (2001). Briefly,
250 ml water samples collected from 5 to 7 depths with
Niskin bottles were filtered sequentially through 20, 2
and 0.2 µm polycarbonate filters. After extraction with
90% acetone at 4°C overnight, the chl a fluorescence
was determined with a 10 SU Turner Designs Fluoro-
meter calibrated with pure chl a. 

For primary production measurements, 3 clear and 1
black acid-cleaned 70 ml polypropylene bottles were
filled with seawater collected from 5 to 6 depths with
Niskin bottles within 2 h after sunrise. After addition of
370 to 740 kBq (10 to 20 µCi) of NaH14CO3, each bottle
was incubated at irradiances similar to those experi-
enced by the cells at their original sampling depths in
an on-deck incubator refrigerated with surface sea-
water and provided with neutral-density screens. Incu-
bations lasted for 6 to 7 h, except on Cruise AMT-11,
when they extended for a 24 h period. After incuba-
tion, samples were filtered at very low vacuum pres-
sure (<50 mm Hg) through 20, 2 and 0.2 µm poly-
carbonate filters, which were decontaminated after
exposure to concentrated HCl fumes for 12 h. Filters
were then placed into vials and 4 ml of scintillation
cocktail were added. Radioactivity of the samples was
measured on a Beckman LS6000 SC counter (AMT
cruises) or with a LKB Winspectral 1414 liquid scintil-
lation counter (Azores-2 and CIRCANA-I cruises). The
averaged coefficient of variation of the photic-depth-
integrated size-fractionated primary production rates
presented in this study were 11, 10, 16 and 8% for the
0.2 to 2, 2 to 20, > 20 µm and total primary production,
respectively.

Two time-series experiments were conducted in
oligotrophic waters of the North Atlantic Ocean during
the CIRCANA-1 cruise to assess the evolution of size-
fractionated chl a, size-fractionated primary production
and the biomass of picoplankton groups during 24 h
periods. Water samples were collected from 3 m depth
with Niskin bottles at 23° 35’ N, 28° 00’ W (Expt 1) and
14° 32’ N, 28° 00’ W (Expt 2) on 2 and 4 November 2001,
respectively: 15 to 18 polypropylene bottles (70 ml)
were filled and placed in an on-deck incubator at sea
surface irradiance levels and refrigerated with surface
seawater. Incubations started at 11:45 h and 10:40 h, re-
spectively. At selected time intervals (5 for Expt 1 and 6
for Expt 2), 3 bottles were drawn from the incubators
and processed for the determination of size-fraction-
ated chl a as described above. Samples (1 ml) for the
quantification of the carbon biomass of Prochlorococcus
spp., Synechococcus spp. and small eukaryotic algae
were drawn from the same bottles and immediately
analysed in vivo with a Becton & Dickinson FACSCal-
ibur flow cytometer. We added 1 µm fluorescent latex

102



Fernández et al.: Picophytoplankton biomass and productivity

beads (Molecular Probes) as internal standard,
and the 3 picoplanktonic groups were distin-
guished by their different signals in plots of red
and orange fluorescence versus side scatter. For
each group, picophytoplankton abundance
was converted into biomass with the average
cellular carbon content estimates given by
Zubkov et al. (1998) for a latitudinal transect
along the Atlantic Ocean. 

For the determination of carbon incorpora-
tion rates, 16 to 20 polypropylene bottles
(70 ml) were filled with the seawater sample,
inoculated with the radiocarbon label and
incubated on deck. At each time interval, 3
clear and 1 black bottles were drawn from the
incubator and size-fractionated primary pro-
duction rates were measured following the
methodological protocol described above.

RESULTS AND DISCUSSION

To illustrate the observed discrepancy be-
tween the relative contribution of large-sized
phytoplankton cells to total chl a and to total C
incorporation rates in oligotrophic environ-
ments, the latitudinal variability of the photic
zone-integrated ratios BL:BT (>2 µm chl a:total
chl a) and PL:PT (>2 µm C incorporation
rate:total C incorporation rate) measured on
Cruise AMT-11 is presented in Fig. 1. The con-
tribution of >2 µm phytoplankters to total chl a
biomass was >40% in the northernmost lati-
tudes and at some stations within the equatorial
region (10° N to 10° S). In these regions, the
fraction contributed by these 2 size classes to
the total biomass was close to their contribution
to primary production. However, in the sub-
tropical regions of both hemispheres, >2 µm
cells, while representing on average <30% of
total chl a biomass, accounted for up to 50%
of total C incorporation. The best example of
this mismatch was in the Southern Atlantic
Subtropical Gyre, and especially at 18° 45’ S,
where >2 µm cells contributed 24 and 67% of
total chl a and primary production, respectively.

These observations, however, are not unique
to the AMT-11 cruise. We assembled the photic
zone-integrated size-fractionated chl a and pri-
mary production data from the stations located in
open-ocean subtropical and tropical waters (35° N to
33° S) which were visited during the 7 cruises, and
plotted a production-biomass (P-B) diagram as origi-
nally proposed by Tremblay & Legendre (1994).
Although showing a considerable scatter, all 56 data

points fell within the upper left corner of the diagram
(Fig. 2), i.e. for every single station, the relative contri-
bution of >2 µm phytoplankton to C incorporation was
higher than its contribution to total chl a. The averaged
BL:BT and PL:PT ratios were 0.25 ± 0.01 (SE) and
0.45 ± 0.02, respectively. 
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Fig. 1. Latitudinal distribution of ratios large phytoplankton
biomass:total phytoplankton biomass (BL:BT) (>2 µm chl a:total chl a)
and large phytoplankton production:total phytoplankton production
(PL:PT) (>2 µm C incorporation rate:total C incorporation rate) on

Cruise AMT-11 (September and October 2000)

Fig. 2. BL:BT vs PL:PT relationships (for abbreviations see Fig. 1) for
subtropical and tropical Atlantic Ocean during Cruises AMT-2, AMT-3,
AMT-4, AMT-5, AMT-11, Azores-2 and CIRCANA-1 (n = 56). Grey
squares indicate stations where the short-term time-series experiments

were carried out
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The significance of the results presented so far relies
on the assumption that the carbon to chlorophyll ratios
of the 2 size-fractions under study are similar. Marañón
et al. (2000) calculated the relationship between phyto-
plankton chl a and carbon for a data set collected
during 2 of the cruises included in our study (cruises
AMT-2 and AMT-3) and an additional latitudinal
cruise carried out in April 1995 (AMT-1) (see their
Fig. 8). These authors found that the phytoplankton
carbon to chl a ratio did not show statistically signifi-
cant variations among the different ecological domains
visited, which were in turn characterised by a largely
different phytoplankton size-structure. Previous inves-
tigations using an extensive data base had reached a
similar conclusion from the analysis of the carbon to
chl a ratio of small and large phytoplankton assem-
blages (Tremblay & Legendre 1994), although higher
carbon to chl a ratios have been also reported for small
cells (Malone 1980) and in oligotrophic waters (Buck et
al. 1996, Chavez et al. 1996)

While a similar pattern for the distribution of the
BL:BT and PL:PT ratios had been described earlier for
subtropical waters (Malone 1993), this finding is not
exclusively restricted to permanently oligotrophic envi-
ronments, given that it has also been reported for polar
(Legendre et al. 1993) and temperate environments
(Tamigneaux et al. 1999). It has been suggested that
this pattern results from a preferential removal of larger
cells in oligotrophic areas by sinking and grazing
processes (Tremblay & Legendre 1994). In temperate
and upwelling regions, the BL:BT and PL:PT ratios are
generally of the same magnitude (Marañón et al. 2001).

We explored the magnitude of the mismatch be-
tween size-fractionated biomass and production in 5
open-ocean ecological domains using a data set con-
sisting of all the depth-integrated data collected from
temperate, subtropical, tropical and equatorial regions
of the Atlantic Ocean during the 7 cruises, comprising
a total of 106 stations. We calculated the photic zone-
integrated (BL:BT)/(PL:PT) ratio, which indicates the

degree of mismatch between the relative contribution
of each phytoplankton size-fraction to total biomass
and production (Table 1). For all regions, the averaged
(BL:BT)/(PL:PT) ratio was <1, indicating that the rela-
tive contribution of >2 µm phytoplankton to total pri-
mary production exceeded their corresponding con-
tribution to biomass. Nevertheless, the average values
of this ratio were significantly lower in subtropical
and tropical waters than in temperate environments
(ANOVA, F1, 78 = 11.07, p < 0.05). One possible reason
for this difference could be an experimental artifact
affecting preferentially small cells, since picoplankton
dominates the biomass of autotrophs in open-ocean
oligotrophic waters. If so, most size-fractionated
primary production measurements taken in these
environments could be severely biased. 

To determine the reason for the difference we con-
ducted 2 time-series experiments to assess whether
the observed mismatch in the BL:BT and PL:PT ratios
could be explained by differential losses of the pico-
plankton component relative to larger phytoplankton
inside the incubation bottles. This would result in a
progressive decrease from 1 of the (BL:BT)/(PL:PT)
ratio with increasing incubation time. In principle, this
is a plausible hypothesis, as it has been experimentally
established that the grazing pressure of protists upon
small-sized phytoplankton in oligotrophic environ-
ments can account for more than 80% of the total
amount of carbon fixed by primary producers (Lessard
& Murrell 1998, Quevedo & Anadón 2001). In addition,
evidence of very high rates of cellular lysis, an alterna-
tive loss process, has been also reported for oligotropic
waters (Agustí et al. 1998). If preferential loss of
picoplankton biomass were the cause of the mismatch,
we would expect a decrease in total chl a concentration
during incubation associated with a reduction in the
picoplankton biomass relative to the total photoauto-
trophic biomass.

The initial phytoplankton populations were dominated
by picoplankton cells in both time-series experiments:
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Variable Temperate Subtropical N Tropical Equatorial Subtropical S
(n = 20) (n = 25) (n = 14) (n = 27) (n = 20)

Total chl a 24.3 ± 2.2 18.7 ± 1.40 26.1 ± 1.90 27.8 ± 100. 25.5 ± 2.6.
Total primary production 416 ± 59 193 ± 150 236 ± 340 427 ± 600 247 ± 23.
BL:BT 00.33 ± 0.02 0.28 ± 0.02 0.25 ± 0.02 0.26 ± 0.02 0.24 ± 0.02
PL:PT 00.43 ± 0.03 0.46 ± 0.02 0.49 ± 0.03 0.35 ± 0.02 0.46 ± 0.03
(BL:BT)/(PL:PT) 00.84 ± 0.06 0.62 ± 0.04 0.57 ± 0.09 0.74 ± 0.04 0.57 ± 0.06

Table 1. Average (±SE) total photic depth-integrated chlorophyll a (mg chl a m–2), primary production rates (mg C m–2 d–1) and
ratios large phytoplankton biomass:total phytoplankton biomass, BL:BT (>2 µm chl a:total chl a), large phytoplankton produc-
tion:total phytoplankton production, PL:PT (>2 µm C incorporation rate:total C incorporation rate) and (BL:BT)/(PL:PT) in 5

Atlantic ecological domains
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the initial contribution of <2 µm cells to total chlorophyll
was 59 and 68%, respectively. A similar decline was
found in the evolution of total chl a in the 2 experiments
(Fig. 3). In Expt 1, total chl a concentration decreased by
37% in the first 2 h and then remained quite constant
until the end of the experiment. In Expt 2, after a slight
increase during the first hour, total chl a concentration
decreased by 7 and 21% of initial values in the first 2 h
and 7 h 20 min incubation, respectively. These sharp
changes in chl a concentration over relatively short time-
scales were never observed in surface fluorescence
readings obtained at fixed positions sampled over 30 h
periods in the subtropical NE Atlantic. The evolution of
the biomass of picoplankton groups was consistent with
the changes detected in total chl a (Fig. 3). In Expt 1, the
picoplankton community was initially dominated by
Prochlorococcus. After the first 2.5 h, the carbon biomass
of Prochlorococcus spp. had been dramatically reduced

by 75%, while that of Synechococcus spp. and small
eukaryotes had diminished by 22 and 25%, respectively.
Total small phytoplankton biomass recovered to some
extent from 7 h onwards as a result of an increase in
Prochlorococcus biomass. In contrast, the biomass of
small eukaryotic cells decreased steadily during the light
period. In Expt 2, Prochlorococcus was also the most
important picoplankter in terms of biomass, but Syne-
chococcus had a higher biomass compared to the previ-
ous experiment. Prochlorococcus biomass increased
very slightly during the first 30 min of incubation; after
the first 2 h it had decreased by 29% and after the first
7 h by 59%. Synechococcus biomass followed an almost
opposite trend: after remaining approximately constant
for the first hour, it progressively increased by 79%, and
by the end of the experiment this species had become
the most relevant picoplankton group in terms of
biomass.
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Fig. 3. Short-term time variation in total chl a and carbon biomass of Prochlorococcus spp., Synechococcus spp. and small
eukaryotes in surface (5 m) samples from oligotrophic waters of the North Atlantic along longitude 28° 00’ W in Expt 1 (23° 35’ N)

and Expt 2 (14° 32’ N). Black bars under x-axis indicate dark incubation period
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No consistent pattern of photoacclimation was ob-
served during the incubation period for any pico-
planktonic group, as evidenced by the time-course of
the average red fluorescence relative to that of latex
beads (data not shown). However, increases in the
mean cytometric flow signals of relative side scatter (a
surrogate of cell size) and red fluorescence detected at
the end of the light period in some groups (e.g. Prochlo-
rococcus and small eukaryotes in Expt 1, Synechococ-
cus in Expt 2) could indicate nocturnal cell growth prior
to division. The initial increase in loss processes (i.e.
grazing, lysis) relative to growth in both experiments
resulted in noticeable differences in the contributions of
the respective groups to picoplankton carbon after 24 h,
illustrating the difficulty of predicting the evolution of
phytoplankton populations in long incubations.

As stated in ‘Materials and methods’, the sampling
procedure adopted in oceanographic cruises typically
involves the collection of samples for determination of
chl a before the start of the primary production experi-
ments. According to our results, even short incubation
periods (2 h), are sufficient to reveal sharp reductions
in total chl a and small phytoplankton biomass, a trend
that could potentially in itself explain the differences
observed in the BL:BT and PL:PT ratios recorded by
current measurement methods (i.e. measuring BL:BT
at the beginning and PL:PT at the end of incubation).
However, in order to support the hypothesis of a pref-
erential loss of small primary producers, a progressive
increase in the relative contribution of >2 µm cells to
total phytoplankton biomass should occur as incuba-
tion proceeds. We did not detect any significant
change in BL:BT or PL:PT throughout either of the 2

experiments (Fig. 4); i.e. despite the decrease in pico-
plankton biomass, the chlorophyll size-structure of the
phytoplankton assemblage remained unchanged, sug-
gesting that >2 µm phytoplankton may also be subject
to loss rates similar to those in small-sized cells. It
should be mentioned that most <2 µm cells in both ex-
periments corresponded to Prochlorococcus (~105 cells
ml–1) and Synechococcus (~103 and ~104 cells ml–1, in
Expts 1 and 2, respectively) and that at least some of
the small eukaryotic cells detected using the flow
cytometer might be >2 µm. The use of a larger volume
incubation bottle would probably alter the observed
primary production results (Gieskes et al. 1979), but
this investigation did not test the effect of bottle
volume.

A higher PL:PT than BL:BT ratio also implies that the
assimilation number of picoplankton assemblages is
lower than that of larger cells. In fact, the primary
production to chlorophyll ratio (P:chl a) for <2 µm and
>2 µm cells was 1.0 ± 0.1 and 5.1 ± 0.3 mg C mg–1 chl a
h–1, respectively, for Expt 1 and 4.7 ± 0.3 and 6.6 ±
0.5 mg C mg–1 chl a h–1 for Expt 2. We calculated this
ratio for all the upper mixed-layer samples included in
the data set in Fig. 2 (n = 90), and found that the aver-
age P:chl a ratio of small (<2 µm) and large (>2 µm)
phytoplankton was 1.5 ± 0.2 and 3.7 ± 0.3, respectively.
Higher assimilation numbers associated with larger
cells (mainly diatoms) have also been reported for
phytoplankton assemblages in the subarctic Pacific
(Hashimoto & Shiomoto 2002). Similar results were
also found in coastal phytoplankton communities both
during microcosms experiments (Madariaga & Fer-
nández 1990) and under natural conditions at sea (Han
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Fig. 4. Short-term time variation in BL:BT and PL:PT ratios (for abbreviations see Fig. 1) in surface (5 m) samples from oligotrophic
waters of the North Atlantic along longitude 28° 00’ W in Expt 1 (23° 35’ N) and Expt 2 (14° 32’ N). Black bars under x-axis 

indicate dark incubation period
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& Furuya 2000), although these results could
partially be the result of the experimental proce-
dure, which involved removal of large grazers
from the incubation bottles. 

Our results showing higher production to chl a
ratios in the larger size fraction are unexpected
in view of the current understanding of size-
dependent variability in resource acquisition
and photon-harvesting capacities of phytoplank-
ton. Other things being equal, smaller cells have
a smaller package effect and a higher surface to
volume ratio, and therefore are able to use
resources more efficiently and attain higher
growth rates than larger phytoplankton (Raven
1998). Indeed, size-fractionated P-E experiments
typically show that both light-saturated photo-
synthesis per unit chl a (P Bm) and the rate of
photosynthetic activity (α) tend to be higher in
picophytoplankton than in the larger size classes
(e.g. Platt et al. 1983, Joint & Pomroy 1986, Frenette et
al. 1996 among others), but only a few such measure-
ments are conducted in the oligotrophic open ocean.
Although at present we cannot explain why our mea-
surements consistently indicated a higher photosyn-
thetic efficiency for larger phytoplankton, it is likely
that taxonomic differences played a role. In this con-
text, it has been noted that diatom growth rates dis-
play a somewhat weaker size dependence than other
algal groups (Chisholm 1992). The presence in these
oligotrophic regions of diatoms and other eukaryotic
algae characterised by relatively high photosynthetic
efficiencies could explain our results. However, only
a thorough survey of the geographical variability
in the photosyntetic parameters of size-fractionated
phytoplankton can provide a definite answer to this
problem.

An additional implication derived from our results is
that primary production rates could be underestimated
when >2 h incubations are adopted (Table 2), at least
in the open-ocean oligotrophic environments in which
our experiments were conducted. In Expt 1, 4 h 40 min
and 7 h 05 min after the beginning of incubation, car-
bon incorporation rates had decreased by 20 and 45%,
respectively, compared to rates measured after 2 h. In
Expt 2, these rates decreased less, with primary pro-
duction being only 16% lower after 7 h 20 min incuba-
tion than after 2 h incubation. However, when shorter
incubation times are used, a slight stimulation of car-
bon incorporation rates can occur, as shown in Expt 2,
which illustrates the diversity of responses associated
with the confinement of plankton assemblages in
bottles. Hourly primary production rates were
enhanced by 5% after 1 h incubation compared to 2 h
incubations, which translates into an 8 and 5%
increase in total chl a concentration and picoplankton

biomass, respectively. These temporal changes were
not due to variations in the light levels experienced by
the incubated phytoplankton populations (Table 2),
since the production data were corrected by taking
into account the integrated irradiance during each
time interval. In this context, several authors have
reported positive net phytoplankton growth rates in
long-term incubations using the dilution method in
oligotrophic waters (e.g. Stelfox-Widdicombe et al.
2000, Quevedo & Anadón 2001); however, these rates
showed a large degree of spatial variability and, in
some experiments, negative net growth rates were
measured (see Fig. 2 in Quevedo & Anadón 2001). 

In the light of our results, it seems advisable when
working in open-ocean oligotrophic regions to run
chl a analyses also at the end of the carbon uptake and
oxygen-exchange bottle experiments and, whenever
possible, to monitor cell numbers in parallel incuba-
tions. Importantly, the averaged primary production
rates reported herein for oligotrophic biogeochemical
provinces (Table 1) compare well with those reported
by Longhurst et al. (1995) for the same regions (260
and 210 mg C m–2 d–1 for subtropical North Atlantic
and subtropical South Atlantic, respectively), which
are derived from remotely sensed chl a data and the
parameters of the photosynthesis-irradiance relation-
ship. This similarity leads us to believe that the poten-
tial underestimation of photosynthetic carbon incorpo-
ration rates pointed out in the present study could
possibly extend to independent measurements previ-
ously conducted in the oligotrophic Atlantic.

The results presented herein show that in temperate,
subtropical, tropical and equatorial regions of the
Atlantic Ocean, depth-integrated PL:PT is always
higher than BL:BT and that the magnitude of the mis-
match between both ratios depends on the biogeo-
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Incubation C incorporation rate Irradiance-normalized 
period (mg C m–3 h–1) C incorporation rate
(h:min) (µg C m–3 h–1 (µE m–2 s–1)–1)

Expt 1
2:30 0.69 ± 0.06 1.92 ± 0.16
4:40 0.50 ± 0.05 1.08 ± 0.10
7:05 0.38 ± 0.06 0.84 ± 0.13

Expt 2
30 min 1.04 ± 0.13 1.60 ± 0.20
1:00 1.23 ± 0.31 1.79 ± 0.45 
2:00 1.17 ± 0.15 1.70 ± 0.22
7:20 0.98 ± 0.25 1.43 ± 0.37

Table 2. Hourly phytoplankton carbon incorporation rates and irra-
diance-normalized carbon incorporation rates measured during
short-term (24 h) time-series experiments in subtropical (23° 35’ N,
28° 00’ W; Expt 1) and tropical (14° 32’ N, 28° 00’ W; Expt 2) waters 

of the North Atlantic Ocean
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graphic region considered. According to our observa-
tions, the disagreement between BL:BT and PL:PT
ratios cannot be simply considered an experimental
artifact related to a more efficient removal of small
cells by protists as a result of enclosure. The significant
decrease in picoplankton that takes place during the
first 2 h of the incubation period cannot in itself explain
the enhanced PL:PT ratio observed in these environ-
ments, and alternative explanations must be put for-
ward, such as the lower assimilation number charac-
teristic of picoplankton assemblages. A higher PL:PT
ratio with respect to BL:BT could also be interpreted in
terms of preferential removal of larger cells in oligo-
trophic areas (Tremblay & Legendre 1994); however,
our experiments did not include grazing or sedimenta-
tion measurements. We cannot disregard the possibil-
ity that different results might be obtained were the
initial phytoplankton populations used for the experi-
ments characterised by a lower (BL:BT)/(PL:PT) ratio,
i.e. a higher degree of mismatch between both ratios
(see positions of data points for the 2 experimental
stations in the B-P plot in Fig. 2), since in such a situa-
tion loss rates are likely to have a stronger effect on
phytoplankton size-structure. If our results are con-
firmed in other oceanic waters, then the picoplankton
dominance of autotrophic biomass throughout vast
areas of the world ocean cannot be taken as an indica-
tion of an equal degree of dominance in terms of
primary production rates.
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