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To ascertain the response of phytoplankton size classes to changes in environmental forcing, we determined
size-fractionated biomass, carbon fixation and growth (production/biomass) rates in surface waters along the
central Atlantic Ocean (26°N–5°S). As a result of the enhanced input of nutrients into the euphotic layer and
the higher water column stability found at the equatorial upwelling, we observed increases not only in
phytoplankton biomass and primary production, but also in turnover rates, suggesting nutrient limitation of
phytoplankton physiology in the oligotrophic central Atlantic. The phytoplankton groups analysed (pico-,
small nano-, large nano- and micro-phytoplankton) showed different responses to the equatorial
environmental forcing, in terms of carbon biomass, primary production and growth rate. Large nano- and
micro-phytoplankton consistently showed higher growth rates and carbon fixation to chl a ratios than smaller
phytoplankton. We observed a higher stimulating effect of increased nitrate supply on the small
phytoplankton growth rates. This observation can be explained by the dynamics of the equatorial upwelling,
where the continuous but small nutrient input into the euphotic layer provide a competitive advantage for
smaller cells adapted to oligotrophic conditions. The size-fractionated approach shown here reveals
important group-specific differences in the response to environmental forcing, which cannot be appreciated
in bulk measurements of the whole community.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Phytoplankton size structure is a critical property of pelagic
ecosystems as it largely determines their food-web organisation and,
consequently, their biogeochemical functioning (Kiørboe, 1993;
Legendre and Rassoulzadegan, 1996; Marañón, 2009). Communities
dominated by small cells (b5 μm in Equivalent Espherical Diameter,
ESD), typical of oligotrophic waters, are characterised by the recycling
of matter within the microbial food web and, in consequence, by a
small downward carbon export (Azam et al., 1983; Goldman, 1988).
By contrast, the dominance by larger cells (N5 μm in ESD), commonly
observed in turbulent and nutrient-rich areas, favours the transfer of
organic matter through short-food chains towards higher trophic
levels as well as its sedimentation towards the deep ocean, thus

increasing the potential of these ecosystems for CO2 sequestration
(Chisholm, 1992; Cushing, 1989). In addition, both chemical and
physical characteristics of ecosystems are key factors in controlling
the size distribution of phytoplankton community. Among other
factors, a higher nutrient supply tends to stimulate in particular the
growth of large phytoplankton and the upwelling water motion
increases the time of permanence of large cells inside the photic layer,
thus increasing primary production (Kiørboe, 1993; Malone et al.,
1993; Parsons and Takahashi, 1973).

It is commonly accepted that in pelagic ecosystems picophyto-
plankton constitute a background component of the phytoplankton
community whose biomass and primary production keep relatively
constant independently of changes in the environment, and that most
of the geographical and temporal variability observed in these
variables is due to the response of large phytoplankton to environ-
mental forcing (Raimbault et al., 1988; Rodríguez et al., 1998;
Thingstad and Sakshaug, 1990). However, recent studies have
demonstrated that, in addition to the spatial and temporal variability
observed for picophytoplankton abundance in both open ocean and
coastal ecosystems (Calvo-Díaz and Morán, 2006; Li et al., 2006;
Partensky et al., 1996; Zubkov et al., 1998), there is also a response of
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smaller cells, in terms of both biomass and production, to the
enrichment of oligotrophic regions of the ocean, although the
magnitude of this responsemay be lower than that registered for larger
phytoplankton (Barber and Hiscock, 2006; Glover et al., 2007; Tarran
et al., 2006).Given the importanceof the nutrient-impoverished regions
of the ocean in global biogeochemical cycles (Longhurst, 1995), it is
essential to improve our current knowledge about which factors
determine the phytoplankton distribution and activity in pelagic
ecosystems and over which size fractions of phytoplankton they are
acting.

Numerous studies have focused on the simultaneous analysis of
size-fractionated biomass and productivity of phytoplankton in the
ocean. Most of them have been conducted in particular geographic
areas (Cermeño et al., 2005a; Han and Furuya, 2000; Jochem and
Zeitzschel, 1989; Tamigneaux et al., 1999), and in those works carried
out in the open ocean over large spatial scales, biomass has been
almost always estimated from chlorophyll a concentrations, rather
than from estimations of cell carbon content (Marañón et al., 2001;
Poulton et al., 2006). Moreover, instead of covering all size classes [the
pico- (0.2–2 μm in ESD), nano- (2–20 μm in ESD) and micro-
phytoplankton (N20 μm in ESD) (Sieburth, 1979)], studies generally
have focused on the picophytoplanktonic component of the commu-
nity (Li and Harrison, 2001; Worden et al., 2004; Zubkov et al., 1998)
or they have only distinguished between picophytoplankton and large
phytoplankton (including within this group all cells N2 μm ESD) (i.e.
Jochem and Zeitzschel, 1989; Joint and Pomroy, 1986; Poulton et al.,
2006). However, recent studies have highlighted the importance of
conducting this kind of analysis for the whole phytoplankton size
range, in order to better understand the carbon fluxes through the
microbial plankton community (e.g. Latasa et al., 2005). This
importance arises from the different dynamics, in both biomass and
production, showed by the main phytoplankton taxonomic groups
under different environmental conditions, which can be translated
into the different contribution of each group to the carbon cycling.

In addition, a more informative approach to the study of the
functioning of planktonic communities is the analysis of the variability
of phytoplankton growth rates in combination with primary produc-
tion estimations and carbon biomass measurements for the different
phytoplankton size groups. In this sense, the simultaneous variation
of primary production and growth rates under changing environ-
mental forcing will mean that phytoplankton are not only limited in
their standing stocks but also in their physiological state (Goldman
et al., 1979). However, the studies carried out in order to determine
the growth rates for different size groups of phytoplankton in the field
are very scarce, and most of them have considered only the smaller
size classes such as the picophytoplankton (i.e. Hirose et al., 2008; Liu
et al., 1997; Zubkov and Tarran, 2008).

The latitudinal variability in nutrient concentration and water
column structure of the tropical and subtropical Atlantic Ocean is well
documented (e.g.Marañón et al., 2000, 2001; Poulton et al., 2006). A
“Typical Tropical Structure” (TTS; Herbland and Voituriez, 1979),
whereby a nutrient-depleted upper mixed layer is separated from a
light-limited deep layer by a strong density gradient, is found in those
regions under the influence of the oligotrophic gyres, while a
persistent upwelling takes place in the equatorial region (Longhurst,
1993; Monger et al., 1997; Pérez et al., 2005a). This equatorial
upwelling is the result of the differential effect of the Ekman transport
on both sides of the Equator, which causes the entrance into the
photic layer of nutrient-rich water from the equatorial undercurrent
and the shallowing of the deep chlorophyll a maximum (DCM) that
typically develops at or close to the pycnocline depth (Longhurst,
1993; Tomczak and Godfrey, 1994). The study of the variability of
biotic and abiotic factors throughout a long latitudinal transect of the
Atlantic central ocean crossing the equatorial upwelling constitutes a
good opportunity for testing the effect of environmental forcing,
mainly nutrient availability and water-column structure, on the

dynamics of the phytoplankton community. Here we report the
latitudinal variability of size-fractionated phytoplankton carbon
biomass, primary production and growth rates in a survey conducted
from 26°N to 5°S along the ~29°W meridian, with two main
objectives: 1) to determine the response of the different size groups
of phytoplankton, in terms of both biomass and production, to
changes in water column stability and nutrient availability; and 2) to
determine the latitudinal variability of size-fractionated phytoplank-
ton growth rates in order to assess the physiological response of
different size classes to environmental forcing and in particular
nutrient supply. The results and conclusions shown in the present
study are complementary to those reported for the same oceano-
graphic survey by Moreno-Ostos et al. (2011), who analyse the
differential impact of light on small and large phytoplankton standing
stocks and production.

2. Methods

2.1. Sampling, hydrography, irradiance and nutrients

We sampled 10 stations during the TRYNITROP (Trichodesmium
and N2 fixation in the tropical Atlantic) cruise, carried out in
November–December 2007 in the tropical Atlantic Ocean (Fig. 1) on
board R/V Hespérides. At each sampling station, vertical profiles
(0–300 m) of temperature, salinity and in situ fluorescence were
obtained using a Conductivity–Temperature–Depth (CTDSBE911)

Fig. 1. Location of the sampling stations superimposed on a map of the climatological
mean surface chlorophyll a concentration for the period September–November of the
years 2002–2008 in the Atlantic Ocean. Ocean colour data are fromMODIS Aqua (9 km).
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probe attached to a rosette sampler equipped with Niskin bottles.
Using the density computed from the temperature and salinity data
distributed in 1 m intervals, we calculated the Brunt-Väisäla frequen-
cy (BV), averaged over the upper 125 m, as a proxy of water column
stability (Bray and Fofonoff, 1981). Sampling was conducted before
dawn and different water subsamples were collected from the Niskin
bottles to determine nutrient concentration, phytoplankton biomass
and abundance, chlorophyll a concentration and primary production.

During our cruise and a subsequent cruise conducted along the
same track, in April–May 2008, 16 vertical profiles of photosynthet-
ically active irradiance (PAR) were obtained at noon with a Satlantic
OCP-100FF radiometer. A highly significant relationship was obtained
between the depth of the 1% PAR (Zeu) and the depth of the DCM
identified by in situ fluorescence (ZDCM): Zeu=9.3+0.98×ZDCM
(r2=0.93, pb0.001, n=16). This relationship was used to calculate
Zeu and the light extinction coefficient (Kd) in all sampled stations.

Nanomolar and micromolar nutrient concentrations were deter-
mined with a segmented-flow automatic analyser (Technichon/Bran
Luebbe), following the method of Raimbault et al. (1990). The
concentration of nitrate, phosphate and silicate were highly correlat-
ed along the latitudinal transect (r=0.97, pb0.001, n=109 and
r=0.85, pb0.001, n=103 for nitrate vs. phosphate and nitrate vs.
silicate, respectively). In addition, neither silicate (mean concentra-
tion in the upper mixed layer was 1.5±0.9 [±sd] μmol L−1) nor
phosphate (the mean nitrate to phosphate ratio in the upper mixed
layer was 3.0±1.6 [±sd]) were likely to be limiting. Therefore, our
analysis was subsequently focused exclusively on the latitudinal
variability of nitrate and its limiting role on the phytoplankton
metabolism. The nitracline depth was defined as the depth below
which nitrate concentration was equal to 0.5 μmol L−1. Vertical
nitrate fluxes into the euphotic layer were calculated from the
product of the estimated diffusion coefficients (kz) and the gradients
of nanomolar nitrate concentration, computed across the depth of the
euphotic layer by using linear interpolation. The photic layer depth
corresponded to the 1% of PAR (photosynthetic active radiation).
Vertical diffusivity (kz) was estimated from Osborn (1980) as:

kz = e ε=N2
� �

where e is a mixing efficiency (e=0.2 herein), ε is the dissipation rate
of turbulent kinetic energy, and N is the Brunt-Väisäla frequency
averaged over depth intervals of 10 m length. Assuming that the
dissipation of turbulent kinetic energy balances the local production
due to the shear induced by the wind stress, ε was parameterized
from wind data (Terray et al., 1996) as:

ε = u�3
= kz

where k is the von Karman's constant (0.4) and u* is the friction
velocity, related to the surface wind stress by

τ = ρwu
�2 = ρaCDW

2

where ρw is the water density, ρa is the air density, CD is a drag
coefficient and W is the wind speed determined with an Aanderaa
meteorological station during the cruise. For each station, wind speed
was averaged during 24 h before the CTD sampling. The drag
coefficient was 1.14×10−3 for 4bW≤10 m s−1 and computed as
CD=(0.49+0.065 W)×10−3 for 10bWb26 m s−1 (Large and Pond,
1981).

2.2. Size-fractionated chlorophyll a concentration

Two replicates of 500 mL surface seawater were sequentially
filtered through 40 μm net filters and 20, 10, 5, 3, 2, 0.8 and 0.2 μm
polycarbonate filters under low vacuum pressure (b50 mm Hg). In

order to avoid the undersampling of larger cells, for 40, 20, 10 and
5 μm filters, the whole 500 mL were filtered, whereas for 3, 2, 0.8 and
0.2 μm filters only 250 mL were filtered. After filtration, pigments
were extracted in 90% acetone during 24 h in the dark and at 4 °C.
Chlorophyll a (chl a) concentration was estimated with the non-
acidification technique using a Turner Designs Fluorometer (TD-700),
previously calibrated with pure chl a. The detailed analysis of each of
the 8 assayed size classes was used to calculate the size scaling of
carbon fixation and abundance, which will be reported elsewhere. In
the present study, to calculate the chl a concentration in the
phytoplankton size classes commonly used in the literature, concen-
trations measured in different filters were added: 0.2 and 0.8 μm for
picophytoplankton (b2 μm in ESD), 2 and 3 μm for small nanophy-
toplankton (2–5 μm in ESD), 5 and 10 μm for large nanophytoplank-
ton (5–20 μm in ESD), and 20 and 40 μm for microphytoplankton
(N20 μm in ESD). Total chl a values were calculated as the sum of all
size-fractionated chl a concentrations.

2.3. Size-fractionated carbon fixation rate

Photosynthetic carbon fixation rates were measured with the 14C
uptake kinetic. One-litre polycarbonate bottles (3 transparent and 1
dark bottles)were filledwith surface seawater from each station, taking
care to avoid any light shock to the plankton populations. To always
sample at the 80% of surface irradiance, sampling depths were selected
by applying the calculated Kd for each station to the Lambert–Beer
equation. Bottles were inoculated with ~100 μCi NaH14CO3 and then
incubatedduring 5–7 h inon-deckflow-through incubatorswhichwere
cooled with running surface seawater. All incubations were started at
dawn andwere finished about 1–2 h after noon. The irradiance received
by the incubation bottles was attenuated to 80% using a neutral density
screen. At the end of the incubation time, water samples were
sequentially filtered, under low vacuum pressure, through the same
types of filters used for the estimation of the size-fractionated chl a
concentration. In order to ensure adequate sampling of larger cells, for
40, 20, 10 and 5 μm filters, the whole content of the 1-L bottles was
filtered,whereas in the caseof the3, 2, 0.8 and0.2 μmfilters only500 mL
were filtered. The unassimilated dissolved inorganic 14C was removed
from the filters by exposing them to concentratedHCl fumes during 10–
12 h. Filterswere thenplaced in 5-mL scintillation vials towhich4 mLof
scintillation cocktail were added. The radioactivity of each filter was
measured with a Wallac scintillation counter. Disintegrations per
minute (DPMs) from dark bottle filter were subtracted from the DPMs
of each light bottle filter and the carbon fixation rate of each size class
was calculated taking into account the filtered volume and assuming a
constant ambient DIC concentration of 25,956 mgm−3. To obtain daily
carbonfixation rates, thehourly ratesweremultipliedby thedurationof
the daylight period and it was assumed that 20% of the carbon fixed
during the light period is lost through respiration during the night
(Geider, 1992). Carbon fixation rates of each light bottle for pico-, small
nano-, large nano- and micro-phytoplankton were calculated from the
rates determined for each individual size class, as explained before for
chl a concentration, and were subsequently averaged. Total carbon
fixation rates for each sample were calculated as the sum of the size-
fractionated carbon fixation rates.

2.4. Phytoplankton cell size and abundance

The abundance of surface pico- (b2 μm in ESD) and small nano-
phytoplankton (2–5 μm in ESD) was determined by flow cytometry
using a FACSCalibur flow cytometer (Becton Dickinson) with a laser
emitting at 488 nm. Samples (4 mL) were fixed with 1% (v/v)
paraformaldehyde and 0.05% glutaraldehyde, frozen in liquid nitrogen
and subsequently kept at−80 °Cuntil analysis at the laboratory. Aliquots
of each sample were used for the analysis of the cell size and abundance
of picophytoplankton and small nanophytoplankton. As our aim was to
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determine the total cell abundance in a given size range, taxonomical
groups such as Prochlorococcus sp. or Synechococcus sp. were not
distinguished. Calibration of the cytometer flow rate was performed
daily (Marie et al., 1999) for estimating the abundance of both size
ranges. In order to increase the number of counting events, the analyses
for large picoeukaryotes and small nanophytoplankton were always
conducted during 10 min at high flow rate (around 40 μL min−1). An
empirical calibration between relative side scatter (SSCrel) and cell
diameter (D) following Zubkov et al. (1998) was used to estimate the
individual cell biovolume (V) of picophytoplankton cells, D=1.0049×
SSCrel+0.6297. For the small nanophytoplankton, V was estimated
using a calibration curve that relates the light scattering signal (FSC)
to cell biovolume estimated by image analysis, log V=0.0079×FSC+
1.0699 (Rodríguez et al., 1998). This latter calibration curve was
constructedwithmeasurements ofmonospecific cultures ofNannochlor-
opsis gaditana (2–5 μm), Isochrysis galbana (3–5 μm), Phaeodactylum
tricornutum (3–6 μm), Rhodomonas sp. (7 μm), Heterocapsa sp. (15 μm)
and Alexandrium sp. (20 μm).

Large nano- (5–20 μm in ESD) and micro- (N20 μm in ESD)
phytoplankton were determined by image analysis under an inverted
microscope.With the aim of increasing the number of large-sized cells
sampled, we used 2 replicates of 2 L of surface seawater. Samples
were filtered through 5 μmpolycarbonate filters and then thematerial
collected on the filters was gently resuspended with 0.2 μm-filtered
seawater until completing a sample volume of 125 mL. One of these
replicate samples was fixed with 2% Lugol's solution whereas the
other one was fixed with 4% formaldehyde. Samples were stored in
the dark until their analysis following the method of Utermöhl (Lund
et al., 1958). Subsamples of 100 mL in volume were allowed to settle
in sedimentation columns for 48 h and then counted using an
Olympus IX50 invertedmicroscope. Amagnification of 100×was used
for large forms, 200× for intermediate forms and 400× for smaller
forms. In the samples fixedwith Lugol's solution, the cell biovolume of
~400 cells was determined using the geometric shapes recommended
in Olenina et al. (2006) and the NIS-Elements BR 3.0 image analysis
programme. Samples fixed with formaldehyde's solution were only
analysed in order to estimate the cell abundance and biovolume of
coccolithophores. In the case of chain-forming species (i.e. Trichodes-
mium spp., Rhizosolenia spp. or Pseudonitzchia spp.), measurements of
the average cell size of the cells that formed each trichome or chain
and the size of each trichome and chain were carried out in order to
estimate the cell abundance of these species in each sample.

2.5. Phytoplankton carbon biomass and growth rates

Picophytoplankton biovolume (V) was converted to carbon
biomass (C) using the conversion factor of 235 fg C μm−3 obtained
from averaging the values proposed in Worden et al. (2004) for the
different picophytoplankton groups. Small nanophytoplankton car-
bon was estimated with the conversion equation proposed by Verity
et al. (1992), pg C cell−1=0.433×V0.863, and large nano- and micro-
phytoplankton carbon was calculated according to Montagnes and
Berges (1994), pg C cell−1=0.109×V0.991. Phytoplankton carbon
biomass (Phyto-C) was estimated by multiplying cell abundance by
cellular carbon biomass and the resulting values were added in order
to obtain the Phyto-C for pico-, small nano-, large nano- and micro-
phytoplankton. Growth (turnover) rates for both total and size-
fractionated phytoplankton were calculated by dividing production
(carbon fixation rates) by biomass, as advised by Kirchman (2002).

3. Results

3.1. Hydrography and chlorophyll a concentration

The vertical distribution of temperature shown in Fig. 2a indicates
strong thermal stratification in the upper mixed layer (UML) through-

out the transect.Warmer UML temperatures (~28 °C) occurred south of
17°N, coinciding with the strongest stratification of the water column.
The 16 °C isothermwas relatively shallow (b120 m) between 17°N and
the Equator, indicating the upwelling of cold and nutrient-rich deep
waters in this region. Thus, the equatorial upwelling was detected
slightly displaced northwards from the Equator, as it is typical for the
sampling season (Pérez et al., 2005a, 2005b). Accordingly, the influence
of the environmental forcing associated to this hydrodynamic feature
was considered to be between 17°N and the Equator. Very low nitrate
concentrations (b0.5 μM) were measured in the UML along the whole
transect and those stationsmost affected byupwellingpresentedhigher
sub-surface concentrations (Fig. 2b). Similarly, the highest chlorophyll a
concentration (chl a) values (N0.25 mgm−3) in the UMLwere found in
those stations most influenced by the equatorial upwelling, whereas
near both ends of the transect UML chl a below 0.2 mgm−3 was
measured, coinciding with the beginning of the subtropical gyres
(Fig. 2c). A deep chl a maximum (DCM) was observed throughout the
transect at the base of the photic layer. As a consequence of the
equatorial upwelling, the DCM was shallower (~60 m) between 15°N
and the Equator.

Coherent patterns in the latitudinal variability of water column
stability (indicated by the Brunt-Väisäla frequency averaged over the
upper 125 m), PAR extinction coefficient (Kd), nitracline depth and
nitrate diffusive fluxes computed across the euphotic zone were
observed during the transect, reflecting the environmental forcing
associated with the equatorial upwelling (Fig. 3a and b). In general,
stronger water stability was observed between 15°N and the Equator,
as a result of the upwelling of cold subsurface waters. In the case of
Kd, higher values (N0.05 m−1) were found between ca. 15°N and the
Equator, reflecting the presence of higher phytoplankton abun-
dances in this region. Northwards and southwards of these latitudes,

Fig. 2. Latitudinal and vertical variability of a) temperature (°C), b) nitrate
concentration (μmol L−1) and c) chlorophyll a concentration (mg m−3). Positive and
negative latitude values correspond to the North and South hemisphere, respectively.
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progressively smaller Kd values were measured, indicating the
presence of very clear and oligotrophic waters with low phytoplank-
ton abundances. Nitracline depth and nitrate diffusive flux showed
opposite latitudinal patterns, as it is supported by the significant,
inverse correlation found between both variables (r=−0.67, pb0.05,
n=9). The shallowest nitracline depths (b70 m) and the highest
nitrate diffusive fluxes (~2500 μmol N m−2 d−1) were found in those
stations under the influence of the equatorial upwelling (between
17°N and the Equator), while the deepest nitraclines (N100 m) were
registered northwards of 20°N, coinciding with the lowest nitrate
diffusive supply through the base of the euphotic layer. Therefore,
both variables can be considered as proxies of the enhanced
nitrate supply to the euphotic layer in those regions under the
influence of the equatorial upwelling (Malone et al., 1993; Oschlies
and Garcon, 1998). The magnitude of nitrate diffusive fluxes and
the latitudinal pattern shown by this feature were also very
similar to those reported by previous studies conducted in the central
Atlantic Ocean (Planas et al., 1999) and by a recent analysis carried out
for a similar latitudinal transect in 2008 (Mouriño-Carballido et al.,
2011).

3.2. Total phytoplankton biomass, production and growth rates

The concentration of surface phytoplankton carbon biomass
(Phyto-C) showed a marked increase in the equatorial upwelling
region, where values N20 mg C m−3 were measured (Fig. 3c). Outside

this region, Phyto-C took values around 10 mg C m−3. A significant
correlation between total Phyto-C and total chl awas found (r=0.87,
pb0.01, n=10). Surface total primary production varied from 0.5±
0.07 (±sd) mg C m-3 d−1 to 6±0.9 (±sd) mg m−3 d−1 and total
turnover rates ranged between 0.05±0.007 (±sd) d−1 and 0.2±0.03
(±sd) d−1. In general, both variables showed a similar latitudinal
pattern, with markedly higher values in the region affected by the
equatorial upwelling (between 17°N and the Equator). Phytoplankton
turnover rates increased to values of up to 0.2 d−1 in the region most
affected by the upwelling, whereas values below 0.08 d−1 were
estimated for the stations near both ends of the transect. In addition, a
significant correlation between surface total primary production and
euphotic layer-integrated total carbon fixation rates was also found
(r=0.80, pb0.01, n=10; euphotic layer-integrated primary produc-
tion data were obtained from Moreno-Ostos et al., 2011).

3.3. Size-fractionated carbon biomass and production

Surface phytoplankton biomass was dominated by the b2 μm size
fraction (picophytoplankton), with values between 4 and
20 mg C m−3 (Fig. 4a) and a relative contribution of N40% to total
carbon biomass in most stations (Fig. 4c). Phytoplankton biomass
of the 2–5 and 5–20 μm size fractions (small and large nano-
phytoplankton respectively) were much lower (0.3–3.2 mg C m−3)
with a relative contribution not higher than ca. 20% to total carbon
biomass along the transect. In several stations between ca. 11°N and
the Equator (latitudes affected by the equatorial upwelling), the
carbon biomass represented by the size fraction N20 μm (micro-
phytoplankton) was also relatively high with values varying between
11 and 17 μm Cm−3. This size class, with a relative contribution to
total carbon biomass of ca. N40% in this region, displaced the
picophytoplankton in their dominance of the phytoplankton biomass.
This increase in the biomass of the microphytoplankton in this region
was mainly due to the enhanced abundance of the filamentous
cyanobacteria Trichodesmium spp. (Fernández et al., 2010), although
the increase of the abundance of other diatom chain-former species
was also observed (data not shown).

A higher degree of latitudinal variability was found in the
contribution of the different size classes to carbon fixation rates
(Fig. 4d). Although picophytoplankton showed, on average, the largest
contribution to total production, the partitioning of carbon fixation
among size classes (Fig. 4d) was more equitable than that of biomass
(coefficient of variation between size classes for the relative contribu-
tion to total carbon fixation rate was always lower than that for the
relative contribution to Phyto-C along the latitudinal transect, data not
shown). All the size fractions showed a marked dome-like latitudinal
pattern with higher production in the upwelling region (between 17°N
and the Equator), although the degree of response to the environmental
forcing associated with this hydrodynamic feature varied depending on
the size class (Fig. 4b).While small nano- and largenano-phytoplankton
primary production rates were between 0.1±0.003–0.6±0.05 (±sd)
mg C m−3 d−1 and 0.2±0.02–0.7±0.06 (±sd) mg C m−3 d−1 respec-
tively, pico- andmicro-phytoplankton carbonfixation rates variedby ca.
16-fold and an opposite pattern in their relative contribution to total
primary production was observed in the region of the equatorial
upwelling (Fig. 4d).

The turnover rates of the pico- and small nano-phytoplankton
typically ranged between0.02±0.002 (±sd) and0.3±0.03 (±sd) d−1,
and showed an increase (ca. 12- and 6-fold, respectively) in several
stations affected by the upwelling (between 10°N and the Equator)
(Fig. 5a and b). In general, the turnover rates of the large nanophyto-
plankton were higher, taking values in the range of 0.07±0.01 (±sd)–
0.6±0.06 (±sd) d−1, without a clear dome-like latitudinal pattern and
varied slightly among stations throughout the equatorial upwelling
domain (Fig. 5c). Finally, a higher latitudinal variability without a clear
dome-like pattern was shown by microphytoplankton turnover rates,

Fig. 3. Latitudinal variability of a) the Brunt-Väisäla frequency (circles, solid lines) and
Kd (squares, dashed lines), b) the nitracline depth (circles, solid lines) and nitrate
diffusive flux computed across the euphotic zone (squares, dashed lines), and c) surface
total carbon biomass (circles, solid lines), total carbon fixation rate (squares, dashed
lines), and total turnover rate (triangles, dotted lines). Error bars indicate 1 SD. Vertical
dashed lines point out those stations under the influence of the Equatorial upwelling.
Latitude values as in Fig. 2.
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Fig. 4. Latitudinal variability of a) carbon biomass, b) carbon fixation rate, c) relative contribution (%) to total carbon biomass, d) relative contribution (%) to total carbon fixation rate
of picophytoplankton (0.2–2 μm in ESD; black circles), small nanophytoplankton (2–5 μm in ESD; white circles), large nanophytoplankton (5–20 μm in ESD; black triangles) and
microphytoplankton (N20 μm in ESD; white triangles). Error bars indicate 1 SD. Between vertical dashed lines are pointed out those stations under the influence of the equatorial
upwelling. Latitude values as in Fig. 2.

Fig. 5. Latitudinal variability of turnover rate of a) picophytoplankton (0.2–2 μm in ESD), b) small nanophytoplankton (2–5 μm in ESD), c) large nanophytoplankton (5–20 μm in
ESD) and d) microphytoplankton (N20 μm in ESD). Error bars indicate 1 SD. Those stations under the influence of the equatorial upwelling are pointed out between vertical dashed
lines. Latitude values as in Fig. 2.
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whose values ranged between 0.04±0.006 (±sd) and 0.35±0.07
(±sd) d−1 along the transect (Fig. 5d).

The carbon fixation rate to chlorophyll a (chl a) concentration ratio
of all size classes increased in the region most affected by the
upwelling (Fig. 6). Throughout the transect, lower values were
consistently found in the pico- and small nano-phytoplankton
(range 1.4±0.09 (±sd) to 14.5±2.9 (±sd) mg C mg chl a−1 d−1)
than in the larger size classes (range from 3±0.3 (±sd) to 35.5±9.6
(±sd) mg C mg chl a−1 d−1).

3.4. The influence of environmental forcing on size-fractionated carbon
biomass, production and growth rates

In order to study the differential response of phytoplankton size
fractions to changes in water column stability and nutrient input into
the euphotic zone, we carried out a linear regression analysis between
Brunt-Väisäla frequency (BV), nitracline depth, nitrate diffusive flux,
Phyto-C, carbon fixation rate, turnover rate and the carbon fixation to
chl a ratio (Tables 1 and 2). All the variables that did not meet the
assumption of normality were log transformed before the statistical
analysis. With the exception of microphytoplankton carbon biomass,
which related with the water column stability (r2=0.58, pb0.05,
n=9), neither Brunt-Väisäla frequency nor nitracline depth showed
any significant relationship with pico-, small nano- and large nano-
phytoplankton biomass (Table 1). Primary production in all size
fractions except large nanophytoplankton were related with BV
(r2=0.46–0.68, pb0.05, n=10), reflecting the association between
higher stability and increased productivity in the upwelling region
(Table 1). Conversely to that found for large nano- and micro-
phytoplankton, the primary production, turnover rate and the carbon
fixation to chl a ratio of pico- and small nano-phytoplankton showed
an inverse significant relationship with nitracline depth (always
pb0.05), suggesting a stimulating effect of higher nutrient input in the
euphotic layer on both absolute and biomass-specific productivity in

the smaller size classes (Tables 1 and 2). Although no significant
relationships between nitrate diffusive flux and biotic variables were
found, the similar latitudinal patterns shown by these variables in the
central Atlantic Ocean (see Figs. 3B, 4 and 5) seem to suggest that
there was an association between the increase in size-fractionated
primary production, biomass and turnover rates found under the
influence of the equatorial upwelling and the higher nitrate diffusive
supply estimated for this region.

4. Discussion

The Atlantic equatorial upwelling constitutes a scenario of
environmental forcing in which phytoplankton carbon biomass
(Phyto-C) and primary production are stimulated (Marañón et al.,
2000, 2001; Pérez et al., 2005b; Poulton et al., 2006). In our study,
both Phyto-C values and primary production rates were similar to
those previously reported for the same region (e.g. 6–47 mg C m−3

and 1.2–18 mg C m−3 d−1 respectively: Buck et al., 1996; Marañón
et al., 2000), and the latitudinal pattern observed for both variables,
characterised by higher values in those stations under the influence of
the equatorial upwelling (between 17°N and the Equator) (Fig. 3c),
coincided with previous studies in the Atlantic Ocean (Marañón et al.,
2000; Morán et al., 2004; Pérez et al., 2005b). In addition, given the
significant correlation found between surface and euphotic layer-
integrated primary production (pb0.01), we can consider that our
surface measurements of total carbon fixation rate were representa-
tive of the primary production of the whole water column. Two new
arising from our study should be highlighted. Firstly, in addition to the
determination of phytoplankton primary production and chlorophyll
a concentration, we also obtained direct biomass measurements, so
phytoplankton turnover rates could be derived. Therefore, it was
possible to elucidate whether the primary production enhancement
observed under the upwelling influencewas due only to the increased
phytoplankton standing stocks, or if it was also the result of the

Fig. 6. Latitudinal variability of size-fractionated carbon fixation rate to chl a concentration ratio of a) picophytoplankton (0.2–2 μm in ESD), b) small nanophytoplankton (2–5 μm in
ESD), c) large nanophytoplankton (5–20 μm in ESD) and d) microphytoplankton (N20 μm in ESD). Error bars indicate 1 SD. Those stations under the influence of the equatorial
upwelling are pointed out between vertical dashed lines. Latitude values as in Fig. 2.
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favourable effect of environmental forcing, mainly nutrient inputs, on
phytoplankton physiology, translated into higher phytoplankton
growth rates. Secondly, phytoplankton biomass, primary production
and turnover rates were estimated in four different size classes, so we
have been able to determine if there was a differential response
among different phytoplankton groups to the environmental forcing
associated with the equatorial upwelling. The results of this size-
fractionated analysis conducted from surface samples can be
extrapolated to the rest of the water column, as the geographical
variability in phytoplankton size structure along latitudinal transects
in the Atlantic is much higher than the variability observed in the
vertical profiles (Marañón et al., 2001; Moreno-Ostos et al., 2011).

4.1. Changes in size-fractionated biomass and production in response to
environmental forcing

Relatively few studies have previously analysed the partitioning of
phytoplankton carbon biomass and carbon fixation rates among
several size classes and over large spatial scales in the Atlantic Ocean
(Buck et al., 1996; Marañón et al., 2001; Pérez et al., 2006; Poulton
et al., 2006). It is commonly accepted that picophytoplankton biomass
and production in the ocean keep relatively constant, independently
of changes in the environment (Raimbault et al., 1988; Rodríguez
et al., 1998; Thingstad and Sakshaug, 1990). However, our results
confirm that not only microphytoplankton biomass and productivity
respond to the environmental forcing associated with the equatorial
upwelling, but also the other phytoplankton size classes identified,
even the picophytoplankton, increased their carbon fixation rates in
those stations under the influence of the upwelling. If we examine the
latitudinal pattern of size-fractionated Phyto-C and carbon fixation
rates (Fig. 4a and b) and also the relationships found between these
variables and the Brunt-Väisäla frequency and nutrient supply (as
reflected in the vertical diffusive flux of nitrate and also on the
location of the nitracline depth) (Table 1, see P-values and
determination coefficients), we can see that the response to the
environmental forcing associated with the equatorial upwelling of all
the size fractions was more intense in terms of primary production

than in carbon biomass. This result reflects the fact that phytoplank-
ton standing stocks are also influenced by loss processes such as
grazing and sedimentation rates (Kiørboe, 1993). As a consequence of
this differential response in terms of biomass and production to the
nutrient enrichment and the increased water-column stability,
turnover rates were higher in those stations under the upwelling
influence.

The effect of environmental forcing, reflected in changes in water
column stability and nutrient supply, varied depending on the size
class considered. While, with the exception of large nanophytoplank-
ton, primary production of all phytoplankton size fractions showed a
significant positive relationship with the water column stability, only
pico- and small nano-phytoplankton carbon fixation rates respond
significantly to the enhanced supply of nitrate into the euphotic layer
(Table 1, see P-values and determination coefficients). Although this
result contrasts with that previously reported by other authors
(Landry et al., 1996; McAndrew et al., 2007; Poulton et al., 2006) and
with the commonly accepted preference of smaller cells for the
ammonium (Chisholm, 1992; Sunda and Hardison, 2010), it would
confirm the observations by Glover et al. (2007) regarding the
physiological response of picophytoplankton to nitrate perturbations.
In their addition experiments conducted in the Sargasso Sea, these
authors showed an enhancement of picophytoplankton photosyn-
thesis in response to nanomolar nitrate supplements. Similarly, from
the results derived from the JGOFS programme, Barber and Hiscock
(2006) concluded that other phytoplankton taxa, in addition to
diatoms, are able to respond by increasing their growth rates during
the development of diatom-dominated blooms.

The fact that no significant relationship was found between large
nano- and micro-phytoplankton production and the nitracline depth
or nitrate diffusive fluxmay seem paradoxical, as it is well known that
large phytoplankton grow mainly when resource availability in-
creases (Chisholm, 1992; Kiørboe, 1993; Malone, 1980). In our survey,
although other chain-forming species enhanced their abundance in
those regions under the upwelling influence, the dominant species
withinmicrophytoplankton size class was the N2-fixing cyanobacteria
Trichodesmium spp., whose contribution to total Phyto-C was ~30%

Table 1
Determination coefficients of the linear regression analysis conducted between phytoplankton biomass (mg C m−3) and primary production (mg C m−3 d−1) and water column
stability, represented by Brunt-Väisäla frequency (BV freq.) (s−2), nitrate diffusive flux (μmol N m−2 d−1) and nitracline depth (m). Bt and Pt are total carbon biomass and total
carbon fixation rate respectively. B0.2, B2, B5 and B20 refer to the carbon biomass of pico-, small nano-, large nano- andmicro-phytoplankton. P0.2, P2, P5 and P20 refer to the carbon
fixation rate of pico-, small nano-, large nano- and micro-phytoplankton. The linear regression P-values are between brackets. Bold data highlighted those relationships that are
significant at 95%.

Biomass Primary production

Bt B0.2 B2 B5 B20 Pt P0.2 P2 P5 P20

BV freq. 0.73 0.21 0.18 −0.04 0.58 0.63 0.68 0.68 0.34 0.46
(0.002) (0.182) (0.225) (0.596) (0.017) (0.006) (0.003) (0.004) (0.079) (0.046)

Nitracline depth −0.51 −0.44 −0.05 0.05 −0.22 −0.50 −0.62 −0.53 −0.16 −0.22
(0.032) (0.051) (0.562) (0.567) (0.243) (0.047) (0.012) (0.026) (0.293) (0.237)

Nitrate diffusive flux 0.30 0.35 0.19 0.02 0.04 0.14 0.21 0.30 0.17 0.21
(0.124) (0.095) (0.243) (0.755) (0.624) (0.313) (0.219) (0.134) (0.265) (0.256)

Table 2
Determination coefficients of the linear regression analysis conducted between phytoplankton turnover rates, carbon fixation rate to chl a ratio and the water column structure,
represented by Brunt-Väisäla frequency (BV freq.) (s−2), nitrate diffusive flux (μmol N m−2 d−1) and nitracline depth (m). Tt is the total turnover rate. T0.2, T02, T5 and T20 refer to
the turnover rate of pico-, small nano-, large nano- and micro-phytoplankton and P/Chl0.2, P/Chl2, P/Chl5 and P/Chl20 refer to the carbon fixation rate to chl a ratio of pico-, small
nano-, large nano- and micro-phytoplankton. The linear regression P-values are between brackets.Bold data highlighted those relationships that are significant at 95%.

Turnover rate Carbon fixation to chl a ratio

Tt T0.2 T2 T5 T20 P/Chl0.2 P/Chl2 P/Chl5 P/Chl20

BV freq. 0.57 0.69 0.47 0.27 −0.01 0.65 0.62 0.14 0.37
(0.011) (0.003) (0.030) (0.124) (0.846) (0.005) (0.007) (0.295) (0.083)

Nitracline depth −0.53 −0.45 −0.44 −0.24 −0.03 −0.54 −0.51 −0.08 −0.21
(0.026) (0.049) (0.050) (0.184) (0.724) (0.024) (0.031) (0.464) (0.251)

Nitrate diffusive flux 0.15 0.07 0.10 0.01 −0.01 0.13 0.23 0.09 0.09
(0.307) (0.496) (0.417) (0.846) (0.879) (0.339) (0.187) (0.444) (0.488)
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from 14°N to the Equator (data not shown). The presence of
Trichodesmium spp. coincided with a higher rate of N2 fixation
between ca. 20°N and the Equator (Fernández et al., 2010). The
dominance of microphytoplankton by a diazotroph species may
explain the lack of relationship between the enhanced nitrate supply
and the productivity of this phytoplankton size group in the region
affected by the equatorial upwelling. Similarly, large nanophyto-
plankton was dominated mainly by dinoflagellates (data not shown),
which present the competitive advantage of vertically migrating
through the water column (Cullen and Horrigan, 1981). Thus, the
effect of the equatorial enhanced nitrate supply on the carbon fixation
rate of this size group may be masked by this ability to migrate
vertically, which allows them to have access to the higher nitrate
concentrations at the UML base.

As it has been found in previous studies carried out in the
oligotrophic Atlantic Ocean (Buck et al., 1996; Marañón et al., 2001;
Pérez et al., 2005b; Teira et al., 2005), along the whole latitudinal
transect Phyto-C was dominated by picophytoplankton (relative
contribution always N40%) and the contribution of the small and
large nanophytoplankton never exceeded 20%. However, a marked
shift in the relative contribution of pico- and micro-phytoplankton to
total Phyto-C in those stations under the influence of the upwelling
must be highlighted, as a decrease in the picophytoplankton biomass
contribution of 40% coincided with an increase of ca. 50% in the
contribution of microphytoplankton. Similarly, in these stations
where the highest production was found, the highest contribution
to total primary production was due to microphytoplankton and this
peak coincided with a decrease of ca. 20% in the picophytoplankton
contribution to total carbon fixation rate. However, as we discuss
below (Section 4.2), our data suggest that the pico- and small nano-
phytoplankton were the size classes that showed the strongest
physiological response to the upwelling. Thus, the increased domi-
nance of larger phytoplankton in the upwelling area may have been
partly favoured by the retention effect of upward water motion
(e.g. Rodríguez et al., 2001), as it is supported by the significant
positive relationship found between microphytoplankton biomass
and primary production and the water column stability (Table 1).

4.2. Influence of environmental forcing on growth rates

The knowledge of phytoplankton growth rates in combination
with primary production rate and Phyto-C concentration is useful in
order to elucidate whether the phytoplankton community is only
limited in its standing stocks or also in its physiological state
(Goldman et al., 1979). Moreover, by comparing the growth rates
estimated with those expected for the temperatures registered it is
possible to assess if phytoplankton are growing at their maximum
theoretical rate (Eppley, 1972; Marañón, 2005). In our study, the
turnover rates of the whole phytoplankton assemblage fall within the
range of values estimated previously by several authors for the same
oceanic regions (e. g. 0.05–0.2 d−1: Goericke andWelschmeyer, 1998;
Lessard and Murrel, 1998; Marañón 2005, among others). These
values were clearly smaller than the maximum theoretical growth
rates (~1.5 d−1) estimated by Eppley (1972) for microalgae growing
at the warm temperatures observed in tropical oceans. A nutrient
limitation of phytoplankton growth has been suggested as an
explanation for the suboptimal rates found (Marañón 2005). In
addition, a significant inverse correlation between total growth rate
and nitracline depth has been reported in basin-scale terms for the
Atlantic Ocean (Marañón et al., 2000) and several experiments carried
out in the tropical and subtropical Atlantic regions have shown
compelling evidence of nutrient limitation of phytoplankton physiol-
ogy and growth (Graziano et al., 1996; Martínez-García et al., 2010;
Mills et al., 2004; Moore et al., 2008). In our case, the association,
observed in the upwelling region (between 17°N and the Equator),
between increased nitrate diffusive fluxes, shallower nitracline

depths and enhanced total phytoplankton turnover rates strongly
suggests a response of phytoplankton growth to nitrate supply. This
response was also evidenced by the significant relationship found
between total turnover rates and nitracline depth (Table 2). There-
fore, not only phytoplankton standing stocks but also their physio-
logical states were limited by nitrate availability.

Most previous studies on phytoplankton growth rates in specific
size classes have focused on the b2 μm size fraction (Hirose et al.,
2008; Liu et al., 1997; Zubkov and Tarran, 2008; among others). To the
best of our knowledge only Pérez et al. (2006) and Poulton et al.
(2006) reported some growth rates estimations for all phytoplankton
in the N2um size fraction, so our study is the first assessment of the
variability in phytoplankton turnover rates of four different size
classes over basin-wide scales. The estimated picophytoplankton
turnover rates were within the range reported by previous studies for
the same region (Pérez et al., 2006; Poulton et al., 2006) and both
pico- and small nano-phytoplankton turnover rates were, in general,
much lower than those estimated for large nano- and micro-
phytoplankton. This observation contrasts with the higher growth
rates expected for small-sized phytoplankton, if we consider their
advantage over larger cells in nutrient-poor environments (Raven and
Kübler, 2002). In addition, recent studies have reported that
phytoplankton taxonomic groups with a larger average size such as
diatoms sustain higher growth rates than other taxonomic groups
that belong to the pico- and nano-phytoplankton size range, such as
green algae or prymnesiophytes (Latasa et al., 2005). These results
highlight the importance of determining the growth rates of different
taxonomic and size categories, because a single, overall turnover rate
for the whole community often masks the presence of contrasting
growth dynamics in different algal groups. As a result, the relative
importance of different groups in terms of carbon fluxes can vary
considerably (Latasa et al., 2005). Thus, we can conclude that in our
study the large nano- and the micro-phytoplankton contributed to
primary production more than what could be expected on the basis of
their biomass share. This feature has been reported previously for the
oligotrophic oceans (Fernández et al., 2003; Malone et al., 1993;
Tremblay and Legendre, 1994), and it has been commonly explained
by the preferential removal of larger cells by sinking and grazing
processes (Fernández et al., 2003; Tremblay and Legendre, 1994) or
the higher damage cell of small phytoplankton in these oceanic
regions (Agustí et al., 1998; Moreno-Ostos et al., 2011). In our case,
the higher turnover rates estimated for large nano- and micro-
phytoplankton, in addition to the higher carbon fixation rate to chl a
ratios obtained, would add an additional explanation to this general
pattern (Poulton et al., 2006; Teira et al., 2005).

The dome-like latitudinal pattern showed by pico- and small nano-
phytoplankton turnover rates, with higher rates coinciding with
shallower nitracline depths and higher nitrate diffusive fluxes,
indicates that these small-celled photoautotrophs were the most
responsive to the enhanced nitrate supply in the equatorial region.
This result is supported by the significant relationships found between
the turnover rates and carbon fixation rate to chl a ratios estimated for
pico- and small nano-phytoplankton and the nitracline depth, which
contrast with the lack of relationship for large nano- and micro-
phytoplankton (Table 2). The fact that the smaller phytoplankton,
rather than the larger cells, responded to the enhanced nitrate supply
with an increase in their turnover rates and carbon fixation rate to chl
a ratios must be interpreted taking into account the dynamics of the
equatorial upwelling. Coastal upwelling and water mixing events
occur episodically in pelagic ecosystems, and cause sudden and large
increases in the available nutrient concentration. In this scenario,
large-sized phytoplankton such as diatoms are strongly favoured by
their high maximal uptake rates and nutrient storage capacities
(Litchman et al., 2007; Sarthou et al., 2005; Thingstad et al., 2005;
Verdy et al., 2009), resulting in their dominance of the phytoplankton
community (Margalef, 1978; Smayda and Reynolds, 2001). In
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contrast, the equatorial upwelling, although subject to temporal
variability (Longhurst, 1993; Pérez et al., 2005a), represents a more
steady hydrodynamic feature that results in modest and persistent
increases in nutrient supply. In our study, although the nutrient supply
rate into the euphotic layer was clearly enhanced in the upwelling
region, nitrate concentration never exceeded 0.2 μmol L−1 in the upper
mixed layer. Thus, the more marked growth response of small
phytoplanktonwould be a result of the small magnitude of the nutrient
input and its relatively continuous nature, which provide a competitive
advantage to small cells adapted to oligotrophic conditions (Cermeño
et al., 2011; Verdy et al., 2009). In addition to the competitive
disadvantage of larger cells in this kind of hydrodynamic feature, the
lack of response of large nano- and micro-phytoplankton to the
enhanced nitrate supply in the equatorial upwelling would be due to
the dominant taxonomic composition of these size groups.Whereas the
N2 fixation carried out by Trichodesmium spp. would be providing of an
additional nutrient supply to the microphytoplankton, the ability of
dinoflagellates to migrate vertically would allow them not to depend
exclusively on nitrate supply from below the UML.

In summary, the observed increase of both phytoplankton primary
production and turnover rates to the enhanced nitrate supply in the
equatorial upwelling suggests that phytoplankton physiology was
nutrient limited in the oligotrophic central Atlantic Ocean. In addition,
our results highlight the importance of conducting simultaneously size-
fractionated analysis of phytoplankton standing stocks andmetabolism,
when the aim is to obtain amore comprehensive picture of the dynamics
of phytoplankton communities and their role in the functioning of
pelagic ecosystems. The higher responsiveness found of small-sized
phytoplankton fractions to the nutrient enrichment also stress the
relevance of considering not only the magnitude of nutrient supply, but
also the rate of this supply when analysing the physiological response of
phytoplankton size groups. Given the contrasting role of large and small
phytoplankton size classes in terms of trophic interactions and potential
carbon export in pelagic ecosystems, this kind of studies will be
complementary to those analyses focussed on the response of the
phytoplankton community as a whole.
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