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SUMMARY: Two meridional transects were conducted in the tropical and subtropical Atlantic to describe (i) the spatial 
variability of total and size-fractionated (picophytoplankton and phytoplankton >2 mm) chlorophyll a (chl a) concentration 
and primary production, (ii) the relative contribution of each phytoplankton size fraction to total biomass and carbon 
fixation, and (iii) the spatial variability of size-fractionated phytoplankton growth rate (P/B) and assimilation number (P/chl 
a) in the ocean. The highest chl a for both size fractions was observed in the Western Tropical Atlantic province (WTRA), 
while the lowest chl a was found in the upper mixed layer (UML) of the South Atlantic Tropical gyre (SATL). A similar 
pattern was found for carbon fixation. Within the SATL, the highest picophytoplankton contribution to total production 
was recorded at the Deep Chlorophyll Maximum (DCM), while the contribution of phytoplankton >2 mm was higher in the 
UML. Additionally, the relative contribution of large phytoplankton to total integrated primary production was higher than 
its contribution to total biomass. Both size fractions depicted maximum P/B and P/chl a in WTRA surface waters. In the 
SATL province, phytoplankton >2 mm showed the highest P/B and P/chl a along the UML, while picophytoplankton P/B 
and P/chl a peaked around the DCM. We suggest that the differential impact of light on small and large phytoplankton may 
help to explain the contrasting dynamics of the two size classes. 
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RESUMEN: Biomasa y producción en diferentes clases de tamaño de fitoplancton en el Atlántico tropical. 
– Se realizaron dos transectos latitudinales en el Atlántico tropical y subtropical para describir (i) la variabilidad espacial de 
la concentración de clorofila a (chl a) y de la producción primaria total y fraccionada en clases de tamaño de fitoplancton (pi-
cofitoplancton y fitoplancton >2 mm), (ii) la contribución relativa de cada clase de tamaño a la biomasa y fijación de carbono 
total, y (iii) la variabilidad espacial de la tasa de crecimiento (P/B) y del número de asimilación (P/chl a) para cada clase de 
tamaño en el océano. Las dos clases de tamaño consideradas presentaron la máxima chl a en el afloramiento ecuatorial y la 
mínima en la capa de mezcla del giro oligotrófico del Atlántico Sur. Se encontró un patrón similar en el caso de la fijación de 
carbono. En el giro oligotrófico del Atlántico Sur la mayor contribución del picofitoplancton a la producción total se registró 
en torno al máximo profundo de clorofila, mientras que la contribución de la fracción >2 mm fue mayor en la capa de mezcla. 
Además, la contribución relativa del fitoplancton >2 mm a la producción primaria total fue mayor que su contribución a la 
biomasa total. Ambas clases de tamaño presentaron máximos valores de P/B y P/chl a en las aguas superficiales del aflora-
miento ecuatorial. En el giro oligotrófico del Atlántico Sur la fracción de fitoplancton >2 mm mostró máximos valores de P/B 
y P/chl a en la capa de mezcla, mientras que los mayores valores de P/B y P/chl a de picofitoplancton se registraron en torno 
al máximo profundo de clorofila. Nuestros resultados sugieren que el impacto diferencial de la radiación solar sobre el pico-
fitoplancton y el fitoplancton >2 mm puede contribuir a explicar las diferencias en la dinámica de estas dos clases de tamaño. 

Palabras clave: fitoplancton, tamaño celular, variabilidad espacial, giros oligotróficos subtropicales, producción primaria, 
biomasa.
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INTRODUCTION

A full understanding of carbon cycling in the open 
ocean requires a detailed knowledge of the spatial and 
temporal variability of phytoplankton biomass and 
primary production. In addition, the size distribution 
of phytoplankton biomass and production should also 
be known, as it is a major biological factor governing 
the dynamics and function of the pelagic ecosystem, 
significantly influencing the rate of carbon export 
from the upper layers to the ocean’s interior (Malone, 
1980; Azam et al., 1983; Legendre and Le Fèvre, 1991; 
Tremblay and Legendre, 1994; Marañón et al., 2001). 

Although many studies have focused on the size-
fractionated chlorophyll a (chl a) and primary pro-
duction in different marine environments (Tremblay 
and Legendre, 1994; Legendre and Rassoulzadegan, 
1996), only a small fraction of the available size-frac-
tionated phytoplankton information has been recorded 
from open ocean waters and over large spatial scales 
(Marañón et al., 2001; Pérez et al., 2006; Morán et 
al., 2004; Poulton et al., 2006). Marañón et al. (2001) 
described the main patterns of size-fractionated chl a 
and carbon fixation in the Atlantic Ocean and showed 
a marked discrepancy between the relative contribu-
tion of picophytoplankton to total chl a and primary 
production, particularly in the oligotrophic gyres (see 
also Teira et al., 2005). In these ecological domains, 
the relative contribution of picophytoplankton to 
total carbon incorporation was lower than its rela-
tive contribution to total chl a. The potential causes 
of this pattern were explored by Fernández et al. 
(2003), who concluded that a higher light utilization 
efficiency of the larger phytoplankton fraction in the 
oligotrophic waters could enhance its contribution to 
primary production in comparison with that of pico-
phytoplankton. In addition, it has been demonstrated 
that solar radiation induces considerable cell damage 
and mortality in the subtropical Atlantic (Llabrés and 
Agustí, 2006; Agustí and Llabrés, 2007), and Teira et 
al. (2005) hypothesized that a considerable fraction 
of the picophytoplankton biomass should correspond 
to damaged and non-viable cells, thus resulting in dis-
crepancies between their contribution to biomass and 
carbon fixation. 

Pérez et al. (2006) characterized the vertical vari-
ability of phytoplankton biomass, size structure, pro-
duction and growth in the Atlantic subtropical gyres. 
However, more information is needed on the large-
scale distribution of size-fractionated phytoplankton 
biomass and carbon fixation in order to improve our 
knowledge of the dynamics of open ocean ecosystems. 
In this context, although picophytoplankton abundance 
and spatial distribution has been described previously 
within the tropical Atlantic (Zubkov et al., 1998; Tarran 
et al., 2006), few studies have combined such measure-
ments with size-fractionated primary production deter-
minations (i.e. Marañón et al., 2003). Consequently, 
we still lack a large-scale picture of the vertical and 

latitudinal patterns of size-fractionated phytoplankton 
growth rate (P/B) and the assimilation number (P/chl 
a) in the Atlantic Ocean. 

Here we report the results of two surveys con-
ducted over a latitudinal range spanning>6000 km 
in the central Atlantic Ocean, covering the North 
Atlantic Tropical Drift (NATR), the Western Tropi-
cal Atlantic (WTRA) and the South Atlantic Tropical 
gyre (SATL) biogeographic provinces (Longhurst, 
1998). We first describe the spatial (vertical and lati-
tudinal) variability of total and size-fractionated chl 
a and primary production, and explore the relative 
contribution of each phytoplankton size fraction to 
total chl a and primary production along the transects. 
We then analyse the spatial variability of the size-
fractionated phytoplankton P/B and P/chl a. Finally, 
we investigate the role of light climate in controlling 
the size-fractionated phytoplankton dynamics in the 
Atlantic Ocean. 

MATERIALS AND METHODS

Study area and general hydrography

Two meridional transects were conducted in the 
Atlantic Ocean on board the R/V Hespérides as part of 
the Trynitrop (‘Trichodesmium and N2 fixation in the 
tropical Atlantic’) project (Fig. 1a). The cruises took 
place in November-December 2007 (Trynitrop 1) and 
April-May 2008 (Trynitrop 2) and a total of 33 sites 
were visited, covering the NATR (25°N-15°N), WTRA 
(15°N-6°S) and SATL (6°S-30°S) biogeographic prov-
inces defined by Longhurst (1998). At each sampling 
station, vertical profiles of temperature, salinity and 
fluorescence were obtained from the surface to 300 m 
depth using a CTDSBE911 probe attached to a rosette 
sampler equipped with 24 Niskin bottles. The begin-
ning of the thermocline was defined as the depth at 
which the thermal gradient was >0.1ºC m-1 (Pérez et 
al., 2006). 

Light climate and water samples collection

Water samples for the determination of nutrients, 
size-fractionated chl a and primary production were 
collected before dawn from 6-9 depths in the upper 200 
m of the water column. Sampling depths were selected 
at each site after examining the fluorescence CTD pro-
files and corresponded to optical depths ranging from 
100% to 0.5% of surface irradiance. Vertical profiles 
of photosynthetically active radiation (PAR) were ob-
tained at noon with a Satlantic OCP-100FF radiometer 
at a total of 16 stations. We found a highly significant 
relationship between the depth of the 1% PAR level 
(Zeu) and the depth of the deep chl a maximum DCM 
(ZDCM): Zeu=9.3+0.98×ZDCM (r2=0.87; P<0.001; n=16). 
This relationship was used to calculate Zeu and the light 
extinction coefficient (Kd) at each station where pri-
mary production was measured. 
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Nutrient concentrations

Nanomolar concentrations of nitrate were deter-
mined on-board on fresh samples using a segmented-
flow automatic analyser (Technicon/Bran Luebbe) and 
following the method of Raimbault et al. (1990). To 
determine the concentration of dissolved reactive phos-
phate, water samples were collected and stored frozen 
at –20°C until analysed in the laboratory with the same 
segmented-flow automatic analyser, following standard 
colorimetric methods (Grasshoff, 1976). The nitracline 
was defined as the depth at which nitrate concentra-
tion reached 1 mmol L-1 (Robinson et al., 2006) and the 
phosphocline as the depth at which phosphate concen-
trations reached 0.2 mmol L-1. We assumed that silicate 
was not a limiting factor for phytoplankton dynamics 
in the oligotrophic Atlantic. 

Size-fractionated chlorophyll a concentration and 
primary production 

For the determination of chl a concentration we fol-
lowed the method proposed by Welschmeyer (1994). 
For this study, 250 ml of seawater was filtered sequen-
tially through 2 and 0.2 mm polycarbonate filters using 
low vacuum pressure. After filtration, filters were kept 
in 5-10 ml of 90% acetone at –20°C overnight. Chl a flu-
orescence was determined on the acetone extract using a 
Turner Designs fluorometer which had been previously 
calibrated with pure chl a. Total chl a concentration was 
determined as the sum of the chl a concentration in the 
two considered phytoplankton size classes, picophyto-
plankton (<2 mm) and phytoplankton larger than 2 mm. 

For the determination of size-fractionated primary 
production, four 75-ml volume polystyrene cell culture 
flasks (3 transparent and 1 dark bottle) were filled with 
seawater from each of the 6-9 sampling depths. Bottles 
were inoculated with 360-540 KBq (10-15 mCi) NaH-
14CO3 and then incubated from dawn to dusk in on-deck 
flow-through incubators provided with neutral density 
and blue (Lee Mist Blue) filters that simulated the PAR 
levels experienced by the phytoplankton in their natural 
location within the water column. The incubators were 
refrigerated with running seawater pumped from the 
surface (for the samples from the upper mixed layer, 
UML) or with water circulating through a refrigera-
tor (for the samples collected below the UML); it was 
ensured that all water samples were incubated at an in 
situ temperature ±2°C. After incubation, water samples 
were filtered at very low vacuum pressure (<50 mm 
Hg) through the same type of filters as those described 
for size-fractionated chl a determinations. In order to 
remove the unassimilated 14C, filters were exposed to 
concentrated HCl fumes for 10-12 hours. After adding 
4 ml of liquid scintillation cocktail to each filter, we de-
termined radioactivity on board using a Wallac liquid 
scintillation counter. Dark-bottle disintegrations per 
minute (dpm) values were subtracted from the values 
measured in the light samples. 

Size-fractionated phytoplankton biomass

The biovolume of picophytoplankton in the water 
samples was determined on-board on fresh samples us-
ing a Becton-Dickinson FACSCalibur flow cytometer. 
Picophytoplankton biovolume was then transformed 

Fig. 1. – Cruise tracks and location of the sampling stations (a). Crosses, Trynitrop 2007; white circles, Trynitrop 2008. Contour plots repre-
sent water temperature (ºC), the dotted line indicates the nitracline and white circles indicate the phosphocline during the Trynitrop 2007 (b) 
and Trynitrop 2008 (c) cruises. Marks in the top axis of the contour plots show the CTD stations. SATL: South Atlantic Tropical gyre; WTRA: 

Western Tropical Atlantic province; NATR: North Atlantic Tropical gyre.
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to biomass following the conversion factors proposed 
by Worden et al. (2004): 230 fg C mm-3 for Synechoc-
occus spp., 240 fg C mm-3 for Prochlorococcus spp. 
and 237 fg C mm-3 for picoeukaryotes. The biomass of 
phytoplankton larger than 2 mm was estimated from 
the size-fractionated chl a data using the C:chl a ratio 
calculated by Pérez et al. (2006) for this phytoplankton 
size class from a large data set collected from 94 oli-
gotrophic stations in the Atlantic Ocean: 186 mg C mg 
chl a-1 in the UML and 58 mg C mg chl a-1 in the DCM. 

RESULTS

General hydrography

The main hydrographic features (thermal structure, 
nitracline depth and phosphocline depth) recorded on 
the 2007 and 2008 cruises are shown in Figures 1b 
and 1c, respectively. Surface water was colder at lati-
tudes higher than 20°N and 20°S. The warmest surface 
temperature and the most intense thermal stratifica-
tion were observed within the WTRA province. As a 
consequence of summer warming within the SATL 
province, water temperature was higher and thermal 
stratification was more intense during the 2008 cruise 
than during the 2007 cruise (mean surface temperature 
was 23.3°C±2.3 in 2007 and 24.5ºC±2.5 in 2008; mean 
temperature difference between 10 and 150 m depth 
was 4.2°C m-1±2.4 in 2007 and 6.4°C m-1±1.3 in 2008). 

Nitracline and phosphocline depth covaried strong-
ly and their latitudinal variations followed those of the 
thermocline (Fig. 1b and 1c). In agreement, the equa-
torial upwelling was evidenced by shallow nitracline 
and phosphocline depths (60 and 55 m, respectively 
during the 2007 survey, and 50 m in both cases dur-

ing the 2008 survey), while the deepest nitracline and 
phosphocline depths were found around 25°S within 
the SATL province (170 and 150 m during the 2007 
survey, and 200 and 150 m during the 2008 survey). 

Size-fractionated chl a

Highest levels of phytoplankton chl a concentration 
were observed between the equator and 15°N. In contrast, 
the oligotrophic gyres, especially the SATL province, 
showed the lowest chl a concentration, with values below 
0.2 mg m-3 throughout the UML (Fig. 2). A similar pattern 
was described by Fernández et al. (2010) for Trichode-
smium spp. abundance during the two Trynitrop cruises. 
A distinct DCM was located at the base of the UML in 
the tropical regions. As a consequence of the equatorial 
upwelling, the DCM was shallower between the equator 
and 15ºN (69 m in 2007 and 67.5 in 2008). The depth 
of the DCM roughly coincides and was significantly cor-
related with the thermocline depth (r=0.80; P<0.0001; 
n=30; slope=1.3), the nitracline depth (r=0.91; P<0.0001; 
n=30; slope=1.2) and the phosphocline depth (r=0.84; 
P<0.0001; n=30; slope=1.1).

Figure 3 depicts the spatial distribution of size-
fractionated chl a concentration. As a general trend, the 
chl a concentration of phytoplankton >2 mm (nano- and 
microplankton) was lower than that of picophytoplank-
ton. The spatial distribution of chl a concentration in 
the two size classes covaried strongly. Both size frac-
tions had their minimum chl a concentration in the 
UML of the SATL province, where the picophyto-
plankton contribution to total chl a was below 60%. 
The contribution of picophytoplankton to total chl a 
in the SATL province was greater (above 70%) below 
~100 m depth. 

Fig. 2. – Latitudinal distribution of total chl a (mg m-3). a) Trynitrop 2007; b) Trynitrop 2008
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Figure 4 shows the latitudinal variability of the total 
chl a integrated over the euphotic zone and the rela-
tive contribution of the fraction >2 mm. Integrated chl 
a concentration values ranged between 18 and 35 mg 
m-2, with the highest values recorded within the equato-
rial upwelling zone. The contribution of phytoplankton 
>2 mm to total biomass was always low, reaching peak 
values (ca. 40%) at some stations within the equatorial 
region. Picophytoplankton constituted the dominant 
size fraction on both cruises, accounting for between 
58% and 75% of total integrated chl a. No significant 
correlation was found between total integrated chl a 
concentration and the contribution of picophytoplank-
ton or phytoplankton >2 mm to total chl a.

Size-fractionated primary production

The latitudinal distribution of primary production 
depicted a similar pattern to that of total chl a concen-
tration. The highest primary production rates (5 mg 
C m-3 d-1 in 2007 and 9 mg C m-3 d-1 in 2008) were 
recorded in subsurface waters around the equatorial 
upwelling and they significantly decreased within the 
oligotrophic NATR province and especially the SATL 
province (Fig. 5).

Figure 6 shows the spatial variability of size-frac-
tionated primary production. Both picophytoplank-
ton and large phytoplankton depicted maximum 

Fig. 3. – Latitudinal distribution of size-fractionated chl a (mg m-3) and contribution of picophytoplankton to total chl a (%). Left panel, 
Trynitrop 2007; right panel, Trynitrop 2008.

Fig. 4. – Latitudinal distribution of total integrated chl a (white 
circles, mg m-2) and the relative contribution of phytoplankton >2 
mm to total integrated chl a (BL:BT, black circles, %). a) Trynitrop 

2007; b) Trynitrop 2008.
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Fig. 5. – Latitudinal distribution of total primary production (mg C m-3d-1). a) Trynitrop 2007; b) Trynitrop 2008.

Fig. 6. – Latitudinal distribution of size-fractionated primary production (mg C m-3 d-1) and contribution of picophytoplankton to total primary 
production (%). Left panel, Trynitrop 2007; right panel, Trynitrop 2008
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primary production in the surface and subsurface 
waters of the equatorial upwelling zone, where pico-
phytoplankton contribution to total primary produc-
tion was above 60%. The highest picophytoplankton 
contribution to total production (above 80%) was al-
ways recorded around the DCM depth. By contrast, 
primary production in the SATL province UML was 
dominated by the >2 mm size fraction (~60% in 2007 
and ~80% in 2008). 

Total integrated primary production over the eu-
photic layer peaked in the equatorial upwelling region 
(242 mg C m-2 d-1 in 2007 and 402 mg C m-2d-1 in 
2008) and was lower within the oligotrophic SATL (48 
mg C m-2 d-1 in 2007 and 92 mg C m-2 d-1 in 2008) 
and NATR (38 mg C m-2 d-1 and 133 mg C m-2 d-1) 
(Fig.7). The relative contribution of picophytoplank-
ton to total integrated primary production was above 
50% in the NATR province (62.4%±10.1 in 2007; 
64.5%±5.4 in 2008) and showed maximum values in 
the WTRA province (72.2%±7.5 in 2007; 71.64%± 
9.4 in 2008). By contrast, it decreased in the SATL 
province (48.1%±5.6 in 2007 and 35.1%±9.4 in 2008), 
especially during the 2008 transect when it showed the 
minimum value of 23.6%.

The relative contribution of large-size 
phytoplankton to total biomass and primary 
production

The combined analysis of the results shown in 
Figure 4 and Figure 7 revealed that in the equatorial 
region the relative contribution of large-sized phyto-
plankton to total integrated biomass (BL:BT) and total 
integrated production (PL:PT) was similar. However, 
in the oligotrophic gyres of both hemispheres (espe-
cially in the SATL province) the relative contribution 
of large phytoplankton to total production (average 
54%±6 in SATL 2007 and 65%±5 in SATL 2008) 
was higher than its contribution to total biomass 
(average 34%±3 in SATL 2007 and 31%±4 in SATL 
2008). The most intense mismatch was recorded dur-
ing the 2008 cruise in the SATL province, especially 
at 16º60´S, where the relative contribution of the >2 
mm fraction to total phytoplankton biomass was 33%, 
while its contribution to total primary production was 
76%. Conversely, picophytoplankton significantly 
contributed to total integrated biomass in the ultraoli-
gotrophic SATL province (average values 66%±3 in 
2007 and 69%±3 in 2008), while its relative contribu-
tion to total integrated primary production in this area 
was low (average values 46%±6 in 2007 and 35%±5 
in 2008). 

Size-fractionated phytoplankton growth rate (P/B) 
and assimilation number (P/chl a) 

The size-fractionated phytoplankton growth rate 
(P/B) was characterized by a marked latitudinal and 
vertical heterogeneity (Fig. 8). Picophytoplankton 

highest P/B values (up to 0.6 d-1) were measured both 
in the WTRA surface layers and, interestingly, around 
the DCM within the SATL province, while the lowest 
P/B (<0.1 d-1) were detected throughout the UML in 
the SATL province. On the other hand, phytoplankton 
>2 mm maximum P/B values ranged between 0.1 and 
0.2 d-1 and were recorded in the upper water layers of 
the equatorial upwelling. 

Phytoplankton >2 mm sustained higher assimilation 
numbers (P/chl a) than picophytoplankton throughout 
the two cruises (data not shown). The maximum P/
chl a values for both phytoplankton >2 mm (40 µgC 
µgchl a-1 d-1 in 2007 and 56 µgC µgchl a-1 d-1 in 2008) 
and picophytoplankton (17 µgC µgchl a-1 d-1 in 2007 
and 43 µgC µgchl a-1 d-1 in 2008) were measured in 
surface waters within the equatorial upwelling region. 
In addition, within the SATL province, phytoplankton 
>2 mm showed the highest P/chl a values (up to 12 
µgC µgchl a-1 d-1 in 2007 and up to 35 µgC µgchl a-1 
d-1 in 2008) in the UML, where picophytoplankton P/
chl a remained lower than 5 µgC µgchl a-1 d-1. A deep 
and less intense picophytoplankton P/chl a peak (6.5 
µgC µgchl a-1 d-1 in 2007 and 5.5 µgC µgchl a-1 d-1 in 
2008) was recorded close to the DCM depth, where 
>2 mm P/chl a was very low.

Fig. 7. – Latitudinal distribution of total integrated primary produc-
tion (white circles, mg C m-2 d-1) and relative contribution of phy-
toplankton >2 mm to total integrated primary production (PL:PT, 

black circles, %). a) Trynitrop 2007; b) Trynitrop 2008.
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The influence of light climate on the size-
fractionated phytoplankton growth rate

We used the light vertical extinction coefficient 
(Kd) to describe the spatial variability in the light cli-
mate experienced by the phytoplankton throughout 
the transects (Fig. 9). Maximum Kd values (0.067 m-1) 
were always recorded within the WTRA province, 
while minimum Kd were found within the SATL prov-
ince (0.026 m-1 in 2007 and 0.031 m-1 in 2008). 

During the two Trynitrop cruises a direct and sig-
nificant correlation (r=0.70; P<0.0001; n=31) was evi-
denced between Kd and the surface picophytoplankton 
growth rate (Fig. 10a). However, no significant corre-
lation was found between Kd and phytoplankton >2mm 
growth rate (Fig. 10b). 

Fig. 8. – Latitudinal distribution of the size-fractionated growth rate (d-1). Left panel, Trynitrop 2007; right panel, Trynitrop 2008

Fig. 9. – Latitudinal distribution of Kd (m-1). Black circles, Tryni-
trop 2007; White circles, Trynitrop 2008 

Fig. 10. – Relationship between Kd (d-1) and surface size-fractionat-
ed phytoplankton growth rate. a) picophytoplankton; b) phytoplank-

ton >2 mm
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DISCUSSION

The spatial distribution pattern of total chl a dur-
ing the two latitudinal surveys fits well with those ob-
served during previous cruises along similar transects 
(i.e. the AMT programme, see Marañón et al., 2000; 
Marañón et al., 2001; Poulton et al., 2006), and was 
characterized by very low chl a in the NATR and 
SATL provinces (<0.1 mg m-3) and increased chl a at 
depth to form a basin scale subsurface chl a maximum. 
The highest chl a was recorded in the WTRA province 
at the DCM (0.8 mg m-3). The DCM constitutes a wide-
spread feature in the world oceans and may be formed 
through a variety of mechanisms, including accumula-
tion of cells from overlying water layers, differential 
phytoplankton sinking rates, physiological photoac-
climatation and enhanced in situ growth sustained by 
nutrient diffusion through the thermocline (Marañón et 
al., 2000). The DCM was characterized by chl a con-
centrations between 0.2 and 0.8 mg m-3, a similar range 
to that measured by Marañón et al. (2000) in AMT-1 
to AMT-3. As reported by former studies (Herbland 
and Voituriez, 1979; Cox et al., 1982; Agustí and 
Duarte, 1999), the location of the DCM was strongly 
associated with the thermocline depth. Additionally, 
in agreement with Herbland and Voituriez (1979), an 
inverse and significant relationship was evidenced be-
tween the depth of the DCM and its intensity (r=0.86; 
P<0.0001; n=31), with the highest chl a concentration 
located around the equator at relatively shallow depths. 
The higher magnitude of the DCM is likely to result 
from the enhanced nutrient supply by vertical diffusion 
in these regions, in turn due to the existence of a more 
intense vertical gradient in nutrient concentration near 
the base of the euphotic layer.

In agreement with Marañón et al. (2000), we did not 
find any statistically significant correlation between 
the depth of the DCM and the depth of the total pro-
duction maximum (r=0.35; P>0.1; n=31). However, 
this pattern changes when the different phytoplankton 
size fractions are considered separately. In fact, DCM 
depth and the depth of picophytoplankton maximum 
primary production were strongly correlated for DCM 
depths deeper than 110 m (r=0.87; P<0.0001; n=12). 
Similarly, the DCM depth and the picophytoplankton 
maximum P/B depth were also correlated for DCM 
deeper than 110 m (r=0.88; P<0.0001; n=12). Fur-
thermore, maximum picophytoplankton P/B values 
were recorded both in WTRA surface waters (where 
Synechococcuss and picoeukaryotes constituted the 
main picophytoplankton populations) and at the DCM 
depth in the SATL province, where Prochlorococcus is 
the dominant population. By contrast, the DCM depth 
and the depth of maximum carbon fixation rate and 
maximum P/B ratio were not significantly correlated 
in the case of the phytoplankton >2 mm. Maximum P/B 
and chl a values for this phytoplankton size fraction 
were typically found in the UML. A study of in situ 
phytoplankton growth rate for different size classes in 

the two Atlantic subtropical gyres (Pérez et al., 2006) 
also found that picophytoplankton showed significant-
ly higher growth rates in the DCM than in the UML, 
while the opposite occurred in the larger size fraction. 
Pérez et al. (2006) suggested that picophytoplankton 
should perform better than larger cells in the DCM, 
where light is low but nutrient availability is higher 
than in the UML. Similar results were obtained in the 
SATL province by Huete-Ortega et al. (unpublished 
data) when they analyzed the vertical variability of the 
metabolic size scaling of phytoplankton.

 Thus, contrary to previous assumptions based on 
bulk phytoplankton measurements of a low primary 
production and slow turnover for the phytoplankton 
populations inhabiting the DCM (Marañón et al., 
2000), our results suggest that the DCM should be con-
sidered as a physiologically active layer for picophyto-
plankton in the Atlantic Ocean, especially in the ultra-
oligotrophic SATL province. The mean contribution of 
the DCM to total integrated primary production was 
high in the oligotrophic subtropical gyres (29.9%±12.7 
in NATR and 30.6%±7.3 in SATL), but lower in the 
WTRA province (18.8%±8.3). 

In agreement with previous studies (Behrenfeld et 
al., 2005; Marañón, 2005; Pérez et al., 2006), the P/B 
values obtained for both phytoplankton size fractions 
in the upper layers of the subtropical gyres were gen-
erally very low, and always lower than the maximum 
theoretical growth rates (1.5 d-1) suggested by Eppley 
(1972) for unicellular algae of surface waters in the 
subtropical gyres. As a consequence, in agreement 
with Marañón (2005), our data strongly suggest that 
not only the standing stocks of phytoplankton but also 
their growth rates are limited in the surface layer of the 
oligotrophic subtropical gyres. The nutrient limitation 
of phytoplankton physiology and productivity in the 
oligotrophic Atlantic Ocean has been unequivocally 
demonstrated (Moore et al., 2008).

Regarding the size-fractionated primary produc-
tion to chlorophyll a ratio, our results demonstrate that 
higher assimilation numbers were associated with larg-
er cells in the UML. A similar pattern was described 
by Poulton et al. (2006) for the Atlantic Ocean. In the 
case of picophytoplankton the assimilation number 
was lower, reaching maximum values both in WTRA 
surface waters and around the DCM in the SATL prov-
ince. Although previous studies have reported a higher 
photosynthetic efficiency for the phytoplankton >2 mm 
in a wide range of marine environments including the 
subarctic pacific (Hashimoto and Shiomoto, 2002), 
coastal ecosystems (Madariaga and Fernández, 1990; 
Cermeño et al., 2005) and the Atlantic oligotrophic 
gyres (Fernández et al., 2003), these results are unex-
pected from the current knowledge of size-dependent 
variability in resource acquisition and photon-harvest-
ing capacities of phytoplankton. 

Picophytoplankton have a smaller package effect 
and a higher surface-to-volume ratio, and are there-
fore able to use resources more efficiently than larger 
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phytoplankton (Raven, 1998). In agreement, many 
size-fractionated P-E experiments generally conclude 
that picophytoplankton show higher photosynthetic 
efficiency and assimilation numbers than larger cells 
(Platt et al., 1983; Joint and Pomroy, 1986; Frenette et 
al., 1996). Nevertheless, Fernández et al. (2003) pointed 
out that only a few such measurements were conducted 
in the open oligotrophic ocean. In this regard, Teira et 
al. (2005) suggested that the higher photosynthetic ef-
ficiency of larger phytoplankton in the surface waters of 
the North Atlantic subtropical gyre occur mainly during 
periods of low nutrient concentration, high irradiance 
and stable thermal stratification, pointing out that the 
high irradiance levels could reduce photosynthesis and 
damage the picophytoplankton cells. Accordingly, it has 
previously been argued that the small size of picophy-
toplankton should be a disadvantage under high solar 
radiation exposure as pico-sized organisms may find 
it difficult to accommodate within their cells sufficient 
photoprotective substances to avoid photosyntheti-
cally active radiation and ultraviolet radiation damage 
(García-Pichel, 1994; Finkel et al., 2010). Llabrés and 
Agustí (2006) have demonstrated that natural levels of 
visible and ultraviolet radiation induce considerable 
picophytoplankton cell mortality in the subtropical At-
lantic Ocean. In addition, Agustí and Llabrés (2007) 
reported that picophytoplankton experience high cell 
death rate due to exposure to natural underwater levels 
of solar radiation in the UML. 

In this context, Raven et al. (2005) pointed out 
the amplified photoinhibition effect of high PAR lev-
els on picophytoplankton cells. Furthermore, recent 
studies have demonstrated that a significant fraction 
of the picophytoplankton community in the surface 
oligotrophic waters is non-viable, i.e. incapable of cell 
division (Veldhuis et al., 2001), while viability of pico-
phytoplankton cells increases significantly at the DCM 
depth (Veldhuis et al., 2005). In agreement, our results 
demonstrate that picophytoplankton surface P/B was 
positively correlated with Kd, thus revealing the nega-
tive effect of high solar radiation on picophytoplank-
ton metabolic dynamics, especially in the oligotrophic 
oceanic tropical waters, where nutrient scarcity should 
also negatively affect the picophytoplankton capacity 
to resist solar radiation and repair associated damages 
(Banaszak, 2003). 

As a consequence, we could conclude that a rel-
evant fraction of the quite constant picophytoplankton 
biomass in the UML of the oligotrophic Atlantic Ocean 
(especially the SATL province) must be composed of 
damaged, non-viable or even dead cells. However, 
variability in Kd did not significantly influence the 
P/B of surface phytoplankton >2 mm, which typically 
have a higher package effect, lower susceptibility to 
photoinactivation and better photosynthetic perform-
ance in surface waters under high irradiance levels 
(Hashimoto and Shiomoto, 2002; Raven et al., 2005; 
Cermeño et al., 2005; Finkel et al., 2010). Therefore, 
the phytoplankton in this larger size class are likely to 

incur lower costs to endure exposures to high light, 
especially under conditions that limit metabolic rates 
(Key et al., 2010; Finkel et al., 2010). 

Our results evidence a marked disagreement be-
tween the relative contribution of phytoplankton larger 
than 2 mm to total chl a biomass and their contribution 
to total primary production, especially in the ultra-oli-
gotrophic SATL province, indicating that a dominance 
of picophytoplankton in terms of biomass frequently 
co-occurred with a dominance of the phytoplankton 
>2 mm in terms of production. A similar pattern has 
been previously reported for the Atlantic Ocean by 
Marañón et al. (2001), Fernández et al. (2003), Teira 
et al. (2005), and Poulton et al. (2006). These authors 
concluded that the observed mismatch was related, 
among other factors, to the higher photosynthetic ef-
ficiency of larger phytoplankton, and they pointed out 
that this discrepancy is greater in areas and seasons 
characterized by low nutrient availability and high ir-
radiance levels (i.e. within the ultraoligotrophic gyres 
in summer). Under these circumstances, a considerable 
fraction of picophytoplankton cells would be damaged 
and, consequently, the chl a concentration and even 
carbon biomass would not necessarily indicate the bio-
mass of viable cells, thus explaining the discrepancies 
between the relative contribution of picophytoplankton 
to total biomass and total primary production (Teira et 
al., 2005). Consequently, the phytoplankton size frac-
tion larger than 2 mm must play a greater role in carbon 
fixation within low nutrient open ocean environments 
than could be expected from their relative contribution 
to total chl a (Poulton et al., 2006). 
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