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Instituto Español de Oceanografı´a, Centro Oceanográfico de Xixón, Camı´n de L’Arbeyal, s/n, E 33212 Xixón, Spain
c
George Deacon Division for Ocean Processes, Southampton Oceanography Centre, University of Southampton,
Southampton SO14 3ZH, UK
Received 26 October 2005; received in revised form 28 July 2006; accepted 31 July 2006
Available online 2 October 2006

Abstract
Ninety-four stations were sampled in the Atlantic subtropical gyres during 10 cruises carried out between 1995 and 2001,
mainly in boreal spring and autumn. Chlorophyll a (Chl-a) and primary production were measured during all cruises, and
phytoplankton biomass was estimated in part of them. Picoplankton (o2 mm) represented 460% of total Chl-a
concentration measured at the surface, and their contribution to this variable increased with depth. Phytoplankton carbon
concentrations were higher in the upper metres of the water column, whereas Chl-a showed a deep maximum (DCM). At
each station, the water column was divided into the upper mixed layer (ML) and the DCM layer (DCML). The boundary
between the two layers was calculated as the depth where Chl-a concentration was 50% of the maximum Chl-a
concentration. On average DCML extends from 67 to 126 m depth. Carbon to Chl-a (C:Chl-a) ratios were used to estimate
phytoplankton carbon content from Chl-a in order to obtain a large phytoplankton carbon dataset. Total C:Chl-a ratios
averaged (7s.e.) 10377 (n ¼ 22) in the ML and 2474 (n ¼ 12) in the DCML and were higher in larger cells than in
picoplankton. Using these ratios and primary production measurements, we derived mean speciﬁc growth rates of
0.1770.01 d1 (n ¼ 173) in the ML and 0.2070.01 d1 (n ¼ 165) in the DCML although the differences were not
signiﬁcant (t-test, p40.05). Our results suggest a moderate contribution of the DCML (43%) to both phytoplankton
biomass and primary production in the Atlantic subtropical gyres.
r 2006 Elsevier Ltd. All rights reserved.
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The deep chlorophyll maximum (DCM) is a
consistent oceanographic feature of tropical and
subtropical oceans. Several mechanisms have been
proposed to explain its formation and maintenance,
including higher in-situ growth at the nutricline
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than in the upper mixed layer, physiological
acclimation to low irradiance and high nutrient
concentrations, accumulation of sinking phytoplankton at density gradients, behavioural aggregation of phytoplankton groups, and differential
grazing on phytoplankton (e.g. Cullen, 1982;
Gould, 1987).
In the subtropical gyres, the DCM has been
suggested to be the result of a physiological
acclimation of phytoplankton to low light levels
in the presence of high nutrient concentrations
(Cullen,1982) resulting in an increase in cellular
chlorophyll a (Chl-a) content and, consequently, in
a decrease in the carbon to Chl-a (C:Chl-a) ratio.
These areas, considered as the oligotrophic extreme
of the ‘‘typical tropical structure’’ (TTS) regions
described by Herbland and Voituriez (1979), are
characterised by an upper mixed layer, where
nutrients are usually undetectable, a light-limited
deep layer, and the presence of a Chl-a maximum
located in the vicinity of the nutricline. In the
subtropical gyres, therefore, the use of Chl-a
concentration as an indicator of phytoplankton
biomass could very likely result in the false
identiﬁcation of the DCM as a carbon-biomass
maximum.
Studies based on Chl-a size fractionation (Herbland et al., 1985; LeBouteiller et al., 1992) show that
in areas characterised by the TTS, the contribution
of small phytoplankton cells to total Chl-a is higher
in surface waters and decreases with depth, reaching
50% at the DCM. However, studies based on ﬂow
cytometry show that the slope of the size-abundance
spectrum, which is a log–log plot of cell abundance
(y-axis) versus cell size (x-axis), becomes more
negative from surface to the DCM and then
increases with depth. These results reveal a growing
importance of small phytoplankton cells at the
DCM and a progressive change toward larger cells
underneath (Gin et al., 1999), and they suggest that
the phytoplankton community structure shows
signiﬁcant vertical variability in oligotrophic environments. Species, pigment analyses and ﬂowcytometry studies reveal a two-layered structure of
the phytoplankton composition in the tropical and
subtropical Atlantic and Paciﬁc (Gieskes and
Kraay, 1986; Ondrusek et al., 1991; Venrick 1999;
Veldhuis and Kraay, 2004). Usually, Prochlorophytes and Cyanophytes dominate the upper mixed
layer while pico and nanoeukaryotes constitute a
high portion of phytoplankton biomass at the
DCM. In terms of abundance, Prochlorococcus
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dominates the picophytoplankton community
throughout the water column in tropical and
subtropical oceans (Campbell and Vaulot, 1993;
Partensky et al., 1996; Zubkov et al., 1998).
However, Prochlorococcus dominance in terms of
cell numbers does not always translate into a
parallel dominance in terms of biomass (Claustre
and Marty, 1995; Barlow et al., 2002; Veldhuis and
Kraay, 2004).
Primary production rates measured in the gyres
(Letelier et al., 1996; Marañón et al., 2000) are
higher in the upper metres of the water column.
Moreover, small differences (less than 10%) have
been observed in satellite-derived primary production estimates of the North Atlantic and Paciﬁc
subtropical gyres, depending on whether parameterized or uniform Chl-a proﬁles are used (Sathyendranath et al., 1995; Ondrusek et al., 2001). These
results suggest a relatively low contribution of the
DCM to depth-integrated primary production.
Equally, phytoplankton turnover rates are generally
higher in the upper mixed layer than in the
proximity of the DCM (Malone et al., 1993;
Goericke and Welschmeyer, 1998; Quevedo and
Anadón, 2001), although a large variability in
growth rate, ranging from 0.15 to 1.3 d1, has been
reported in the subtropical gyres (e.g., Marañón,
2005), revealing the existence of a more dynamic
environment in the upper mixed layer of the
oligotrophic oceans.
Most previous analyses of the vertical variability
of phytoplankton biomass, production and size
structure in the subtropical ocean have been based
on a relatively small number of observations, or
have limited spatial or temporal coverage. A recent
study (Teira et al., 2005) aimed to characterise the
temporal and spatial variability of primary production and Chl-a in the northeastern subtropical
Atlantic based on observations collected for 12
years in the region. In the present study, we use part
of the Teira et al. data together with data from the
South Atlantic subtropical gyre to obtain a large
dataset (490 stations) of total and size-fractionated
Chl-a and primary production, together with
phytoplankton C biomass measured in the North
and South Atlantic subtropical gyres on 10 cruises
conducted during different seasons from 1995 to
2001. While Teira et al. (2005) focussed on the
temporal and spatial variability, we used this
extensive dataset to characterize the patterns of
phytoplankton vertical variability in the subtropical
gyres. In order to assess the biogeochemical and
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ecological role that the DCM plays in the oligotrophic ocean, we aim to answer the following
speciﬁc questions: (1) How does phytoplankton
size structure change with depth? (2) Is the DCM a
phytoplankton biomass maximum? (3) Is the
DCM a productivity maximum? and (4) Do
phytoplankton grow faster at the DCM than in
surface water?

2. Methods
Sampling was carried out at 94 oligotrophic
stations (surface chlorophyll o0.2 mg m3, undetectable surface nitrate concentration, sharp thermocline) of the subtropical gyres of the Atlantic
Ocean during 10 cruises conducted from 1995 to
2001 (Fig. 1, Table 1). Fifty-ﬁve stations were

Fig. 1. Location of sampling stations over SeaWiFS September 1997–August 2000 Chl-a composite.
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Table 1
Summary of cruises conducted from 1995 to 2001 in the subtropical NE Atlantic (NASTE) and in the subtropical S Atlantic (SATL)
Ocean where the results presented in this study were obtained
Cruise

Ship

AMT-1
AMT-2
AMT-3
AMT-4
AMT-5
AMT-6
Azores-1
Azores-2
AMT-11
CIRCANA-1

RRS James Clark
RRS James Clark
RRS James Clark
RRS James Clark
RRS James Clark
RRS James Clark
BIO Hespérides
BIO Hespérides
RRS James Clark
BIO Hespérides

Ross
Ross
Ross
Ross
Ross
Ross

Ross

NASTE St

Dates NASTE

3
3
2
3
2
2
4
27
5
4

30/09–03/10 (1995)
14/05–16/05 (1996)
28/09–29/09 (1996)
16/05–18/05 (1997)
26/09–27/09 (1997)
08/06–09/06 (1998)
02/08–05/08 (1998)
08/04–17/04 (1999)
18/09–20/09 (2000)
30/10–2/11 (2001)

SATL St
4
4
7
5
5

14

Dates SATL
12/10–15/10
04/05–07/05
07/10–13/10
02/05–08/05
05/10–09/10

(1995)
(1996)
(1996)
(1997)
(1997)

01/10–08/10 (2000)

Number of stations (St) and sampling dates are indicated for each cruise.

sampled in the eastern North Atlantic subtropical
gyre between 201 and 351N and 39 stations in the
South Atlantic gyre between 51 and 301S. Hereafter,
we shall use the terms NASTE and SATL to refer
the two areas, although we are aware that they do
not include the whole extension of the provinces as
described by Longhurst (1998). Sampling was
conducted between 1000 and 1200 local time, except
during AMT-11, when two stations were sampled
daily predawn and at noon. All chemical and
microbiological measurements from AMT-11 presented here were carried out on water collected
during the early morning stations, except for Chl-a
concentration, which was measured on every
station.
During AMT cruises, vertical proﬁles of photosynthetically active irradiance (PAR, 400–700 nm)
were obtained by integrating the measurements of
downwelling irradiance at seven SeaWiFS wavelength
bands as measured with an optical proﬁler (SeaOPS).
The downwelling irradiance in the water column was
determined with a Licor Li-1800UW spectroradiometer during Azores cruises and with a Satlantic
OCP-100 FF sensor during the CIRCANA-1 cruise.
Vertical proﬁles of temperature and salinity were
obtained at each station with a CTD probe attached
to a rosette sampler equipped with Niskin bottles.
CTD temperature and salinity sensors were calibrated
with digital reversing thermometers and water samples
drawn for salinity determinations. In this study the
beginning of the thermocline was deﬁned as the depth
where the thermal gradient was 40.1 1C/m. Sampling
strategy and the acquisition of complementary
physical and chemical variables followed JGOFS
protocols
(http://www.uib.no/jgofs/Publications/

Report_Series/), although there were slight variations
on some of the cruises.
During Azores-1, Azores-2 and AMT cruises,
dissolved inorganic nitrogen was determined with a
Technicon segmented ﬂow colorimetric auto-analyzer as described in Tréguer and LeCorre (1975)
(Azores-1 and Azores-2 cruises) and in Woodward
(1994) (AMT cruises). Nitrate detection limits range
from 25 nM during the AMT-11 cruise to 0.1 mM
during the rest of the AMT cruises. The nitracline
depth was considered as the ﬁrst depth where nitrate
values were detectable.
Sampling depths for Chl-a and primary production were determined after examination of the
irradiance, temperature, salinity and ﬂuorescence
proﬁles. Typically, 2–3 sampling depths were
located in the upper mixed layer, 2–3 in the DCM
zone, and 1–2 below the DCM. Water samples
(100–250 ml) for Chl-a determination were collected
from 5–7 depths in the upper 200 m of the water
column and sequentially ﬁltered through 20, 2 and
0.2 mm polycarbonate ﬁlters. Chl-a concentration
was measured ﬂuorometrically after extraction in
90% acetone at 20 1C overnight. During AMT-1
and AMT-2 cruises the acidiﬁcation technique of
Holm-Hansen et al. (1965) was used. During the rest
of the cruises Chl-a concentration was measured by
the non-acidiﬁcation technique of Welschmeyer
(1994). Total Chl-a was determined from the
addition of size-fractionated measurements. During
AMT-1, only total, unfractionated Chl-a was
measured. All stations were characterised by the
existence of a deep (450 m depth) chlorophyll
maximum where the Chl-a concentration was at
least twice the surface value. At each station, the
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boundary between the low Chl-a upper mixed
layer (ML) and the DCM layer (DCML) was
chosen as the depth where Chl-a concentration
was 50% of the maximum Chl-a concentration. This
concentration also deﬁned the bottom of the
DCML, which, on average, extended from 67 to
126 m depth.
During AMT-1, AMT-2, AMT-3, and AMT-4,
100 ml samples were preserved with Lugol0 s solution
for identiﬁcation to species level and counting of
nano- (2–20 mm) and microplankton (420 mm). At
least two samples, one from surface and the other
from the DCM, were taken at each station. Samples
were allowed to settle in sedimentation chambers
for 2–3 d and subsequently examined at 187 and 750
magniﬁcations under an inverted microscope. Cell
numbers were converted into carbon biomass as
described by Holligan et al. (1984). The abundance
of phototrophic picoplankton (o2 mm) was determined with a ﬂow cytometer (Zubkov et al., 1998;
Morán et al., 2004) during AMT-3, AMT-4, and
CIRCANA-1 cruises. Synechococcus spp. and Prochlorococcus spp. cyanobacteria, and small photosynthetic
eukaryotes
(picoeukaryotes)
were
discriminated. Samples were taken at 10–12 depths
from the surface down to 200 m. Picoplankton
abundance was transformed to biomass with the
empirical conversion factors obtained by Zubkov
et al. (2000): 32 fgC cell1 for Prochlorococcus spp.,
103 fgC cell1 for Synechococcus spp. and
1496 fgC cell1 for picoeukaryotes.
For the determination of primary production,
water samples from ﬁve to seven depths were
transferred, immediately after collection, to four
75-ml acid-cleaned polystyrene bottles (3 light and 1
dark), inoculated with 370–740 kBq (10–20 mCi)
NaH14CO3 and incubated for 6–7 h. Incubations
were started within 30 min of sampling and were
terminated at sunset, except during AMT-11, when
incubations lasted 24 h. Samples were placed in an
on-deck incubator that simulated the irradiance at
the original sampling depths and were cooled with
surface seawater. Average temperature difference
between surface and the DCM depth was 2.5 1C.
Temperature difference was higher than 5 1C at 13
of the 94 stations. After the incubation period,
samples were sequentially ﬁltered through 20, 2, and
0.2 mm polycarbonate ﬁlters at very low vacuum
(o50 mm Hg). During AMT-1 only total primary
production was estimated by ﬁltration through glass
ﬁbre ﬁlters. Removal of inorganic 14C that had not
been incorporated by phytoplankton as organic

carbon from the ﬁlters was achieved by exposing
them to concentrated hydrochloric acid (HCl)
fumes for 12 h. Then the ﬁlters were transferred to
scintillation vials to which 4 ml of scintillation
cocktail were added. Radioactivity in each sample
was measured on a scintillation counter on board
(AMT cruises, Azores-2 and CIRCANA-1) or
ashore (Azores-1). Quenching was corrected with
an external standard. Dark-bottle values were
subtracted from the counts obtained in the light
samples. Total primary production was determined
by addition of the size fractionated rates. Daily rates
were calculated by taking into account the daylight
period and assuming that dark respiratory losses
amount to 20% of the carbon incorporation during
the light period (Marra and Barber, 2004).
Euphotic-zone-integrated values of size-fractionated and total Chl-a and particulate carbon
production were obtained by trapezoidal integration of the volumetric data down to the depth of 1%
surface incident irradiance.
3. Results
3.1. The DCM in the subtropical gyres
Table 2 shows averaged values of selected
physical, chemical and biological variables in the
subtropical gyres during the present study. Nitracline depth was similar in the NASTE and the
SATL (t-test, p40.05), while the thermocline was
signiﬁcantly deeper in the SATL than in the NASTE
(t-test, po0.001). The depth of the DCM was also
signiﬁcantly higher in the SATL (t-test, po0.001).
Mean temperature difference between the DCM
depth and surface was 2.29 1C in the NASTE and
2.70 1C in the SATL. Chl-a concentrations were
o0.1 and o0.4 mg m3 at the surface and at the
DCM, respectively, and slightly higher Chl-a concentrations were measured in the SATL as compared to the NASTE at the surface (t-test, po0.001)
and at the DCM (t-test, po0.05). Euphotic-depthintegrated primary production rates and picoplankton (o2 mm ) contributions to total primary
production showed no differences between the
two gyres (t-test, p40.05). On the contrary, depthintegrated Chl-a concentrations and picoplankton
contributions to total Chl-a were signiﬁcantly higher
in the SATL than in the NASTE (t-test, po0.001),
although the differences in total Chl-a between gyres
disappeared upon division by the euphotic-layer
depth. Picophytoplankton contribution to Chl-a was
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Table 2
Averaged values7standard error (s.e.) and sample size (n) of selected variables at the sampling stations

Latitude
Thermocline depth (m)
Nitracline depth (m)
DCM depth (m)
Surface Chl-a (mg m3)
DCM (mg m3)
Integrated Chl-a (mg m2)
Integrated primary production (mg C m2 d1)
Contribution of o2 mm cells to total Chl-a (%)
Contribution of o2 mm cells to total primary production (%)

signiﬁcantly larger than to primary production
(t-test, po0.001).
3.2. Chl-a and phytoplankton carbon biomass
(Phyto C)
The averaged vertical distribution of Chl-a
concentration measured in the subtropical gyres
(NASTE+SATL; Fig. 2a) remained almost constant in the upper 50 m of the water column, then
Chl-a concentration increased progressively down
to the DCM, located at 80–110 m, where maximum
values of 0.26 mg m3 were reached. Chl-a concentrations decreased steadily from the DCM down
to 200 m depth. A very similar averaged vertical
Chl-a distribution was found in each gyre separately
(Figs. 2b and c), although in the SATL Chl-a
concentrations at the DCM were higher. By
contrast, the vertical distribution of total phytoplankton carbon biomass (Phyto C) (Figs. 2d–f)
presented higher concentrations (10 mg m3) in
the upper 90 m of the water column and decreased
to 5 mg m3 in the lower part of the DCML.
However, it is difﬁcult to get a real trend given the
scarce number of Phyto C measurements.
The contribution of picoplankton to total Chl-a
was always higher than 60% (Fig. 3a) and increased
from 60% at the surface to 80% at 160 m depth.
A similar pattern was observed in the NASTE
(Fig. 3b), where higher percentages were observed
at 130 m (75%). In the SATL (Fig. 3c), the trend was
slightly different. The contribution of picoplankton
to total Chl-a increased from 72% at the surface to
90% at 200 m, although a subsurface maximum
(80%) was present at 20–30 m. The contribution of
picoplankton to Phyto C ranged from 38% to 63%
(Figs. 3d–f) and did not show a clear vertical pattern.

NASTE

SATL

Total

201N–351N
5175 (24)
12375 (45)
9373 (55)
0.0670.01 (55)
0.2970.01 (55)
1771 (55)
156716 (36)
7171 (52)
5172 (33)

51S–301S
11376 (39)
13676 (34)
11974 (39)
0.0970.01 (39)
0.3470.02 (39)
2371 (39)
205717 (33)
7971 (32)
5473 (25)

201N–351N 51S–301S
8976 (63)
12874 (79)
10473 (94)
0.0770.00 (94)
0.3170.01 (94)
1971 (94)
180712 (69)
7471 (84)
5272 (58)

Averaged (7s.e.) Chl-a and Phyto C values in the
ML (whose lower boundary is deﬁned as the depth
where Chl-a concentration is 50% of the maximum
Chl-a concentration; see Section 2) and in the
DCML are shown in Table 3. Very low Chl-a
concentrations were measured in the ML. Total,
unfractionated Chl-a concentrations ranged from
0.01 to 0.23 mg m3 in the ML and from 0.05 to
0.64 mg m3 in the DCML. Chl-a concentration was
also low in the larger (42 mm) phytoplankton size
fraction as picophytoplankton (o2 mm) dominates
Chl-a concentrations throughout the water column
(Fig. 3a). On the contrary, averaged Phyto C
concentration was similar in the ML and in the
DCML (t-test, p40.05) and was signiﬁcantly higher
in the small than in the large size fraction (t-test,
po0.001).
We calculated C:Chl-a ratios using total and sizefractionated Phyto C and Chl-a concentrations
measured in both gyres during AMT-3 and AMT4 cruises, when size-fractionated Chl-a and Phyto C
were measured simultaneously. The datasets from
both hemispheres were pooled together, given the
scarce number of Phyto C measurements available
and the relatively constant vertical pattern followed
by Chl-a and Phyto C in the two gyres (see Fig. 2).
Ratios 4500 were excluded from the analysis
(4 values). Total C:Chl-a ratios ranged from 56 to
200 mg C mg Chl1 in the ML and from 11 to
54 mg C mg Chl1 in the DCML. Size-fractionated
C:Chl-a ratios in the ML ranged between 47 and
155 for o2 mm phytoplankton, and between 74 and
493 for the 42 mm. In the DCML, C:Chl-a ratios
varied between 8 and 30 in the o2 mm size fraction
and between 29 and 147 in the 42 mm size fraction.
Averaged C:Chl-a ratios (Table 3) were signiﬁcantly
higher in the ML than in the DCML and in the

ARTICLE IN PRESS
1622
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Fig. 2. Averaged vertical proﬁles of total Chl-a (left panels) and total Phyto C (right panels), both in mg m3, at all sampling stations
(a and d), at the stations located in the Northern gyre (b and e) and at the stations located in the Southern gyre (c and f). Horizontal bars
represent the standard error (s.e.). Numbers indicate the number of values making up each average. No number (or error bar) indicates
only a single value. Dashed lines represent the vertical limits of the DCML.
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Fig. 3. Averaged vertical proﬁles of the picoplankton contribution (%) to total Chl-a (% Chl-a o2 mm; left panels) and to total Phyto C
(% Phyto C o2 mm; right panels) at all sampling stations (a and d), at the stations located in the Northern gyre (b and e) and at the
stations located in the Southern gyre (c and f). Horizontal bars represent the standard error (s.e.). Numbers indicate the number of values
making up each average. No number (or error bar) indicates only a single value. Dashed lines represent the vertical limits of the DCML.
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Table 3
Averaged values7standard error (s.e.) and data number (n) of selected variables in the mixed layer (ML) and in the DCM layer (DCML)
for each size fraction
o2 mm fraction

Total fraction

Chl-a (mg m3)
Phyto C (mg m3)
C:Chl-a ratio (mg C mg Chl1)
Est Phyto C (mg m3)
Primary production (mg m3 d1)
m (d1)

42 mm fraction

Upper layer

DCM layer

Upper layer

DCM layer

Upper layer

DCM layer

0.0970.00 (237)
9.670.7 (22)
10377 (22)
9.070.3 (237)
1.6870.09 (180)
0.1770.01 (173)

0.2570.01 (244)
7.370.8 (12)
2474 (12)
6.070.2 (244)
1.3970.09 (170)
0.2070.01 (165)

0.0670.00 (223)
6.070.3 (83)
7776 (22)
4.570.2 (223)
0.8170.05 (166)
0.1770.01 (160)

0.1970.01 (215)
5.870.4 (72)
1772 (12)
3.370.1 (215)
0.9970.07 (141)
0.2570.02 (136)

0.0370.00 (222)
4.270.3 (38)
186721 (22)
4.970.2 (222)
0.9270.06 (164)
0.1770.01 (155)

0.0570.00 (218)
3.270.3 (29)
58710 (12)
2.970.1 (218)
0.5170.04 (142)
0.1870.01 (137)

For abbreviations see text.

42 mm than in the o2 mm size fraction (t-test,
po0.001). We estimated the phytoplankton carbon
biomass (Est Phyto C) for each layer by multiplying
the average Chl-a concentration by the averaged
C:Chl-a estimated for each layer. Unlike the
measured Phyto C biomass, Est Phyto C concentrations were signiﬁcantly higher in the ML than in the
DCML (t-test, po0.001) in all size fractions. Est
Phyto C was also higher in the o2 mm size fraction
than in large size fraction in the DCML (t-test,
po0.05), although there was no difference between
the two size fractions in the ML.
3.3. Vertical variability of phytoplankton primary
production and growth rates
Averaged vertical proﬁles of primary production,
when both gyres are jointly considered (Fig. 4a),
showed higher total C incorporation rates in the
upper 90 m of the water column (ranging from 1.0
to 2.3 mg m3 d1) than in the DCML. However,
this pattern is slightly different in each gyre. In the
northern gyre (Fig. 4b), the highest primary
production rates (up to 2.2 mg m3 d1) were
measured in the upper 40 m, while in the southern
gyre (Fig. 4c) the highest rates (up to 2.7 mg m3 d1
at 80 m) were found in the upper part of the DCML.
In general, the contribution of picoplankton to
primary productivity (Fig. 4d) showed a slight
increase with depth from 45% in the upper 60 m
of the water column to 60% at 120 m. Below this
depth, picoplankton contribution to primary production decreased. This trend mirrored that of the
northern gyre (Fig. 4e), while in the southern gyre
(Fig. 4f) picoplankton contributions reached higher
values than in the NASTE. Averaged primary
production measured in the ML (Table 3) was
signiﬁcantly different from that averaged in the

DCML (t-test, po0.05 for total and the o2 mm size
fraction and po0.001 for the 42 mm size fraction).
Primary production rates were higher in the ML for
large (42 mm) and total phytoplankton sizes and in
the DCML for the small (o2 mm) cells.
We calculated the carbon-speciﬁc phytoplankton
growth rate (m, d1) from daily primary production
rates (DC) and the estimated phytoplankton carbon
biomass (Est Phyto C) according to the equation:
m ¼ ln [(Est Phyto C+DC)/ Est Phyto C]. We have
chosen estimated phytoplankton biomass (Est
Phyto C) instead of measured phytoplankton
biomass (Phyto C) because of the scarcity of Phyto
C data available (see Figs. 2 and 3). The carbon
speciﬁc phytoplankton growth rate showed almost
constant values (0.20 d1) from surface to 110 m,
then decreased with depth (Fig. 5a). In the NASTE,
m showed values 40.20 d1 both in the ML and in
the DCML (Fig. 5b), while in the southern gyre the
highest rates (40.20 d1) were found at 80–90 m
depth coinciding with the beginning of the DCML
(Fig. 5c). The highest picoplankton growth rates
were estimated at 70–80 m depth (0.30 d1), when
the two gyres were either jointly or separately
considered (Figs. 5d–f). Relatively high picoplankton m values (up to 0.27 d1) were also estimated
for the upper water column in the northern gyre
(Fig. 5e). It is worth mentioning the large variability
associated with picoplankton growth rate estimates.
In the case of 42 mm phytoplankton (Figs. 5g–i),
the highest growth rates were measured in the upper
40 m of the water column, reaching 0.23 and
0.35 d1 in the NASTE and the SATL, respectively,
and decreasing rapidly downwards. Averaged phytoplankton growth rates in the ML and in the
DCML did not differ (t-test, p40.05, Table 3).
However, signiﬁcant differences were found in the
small size fraction between the two layers. As for
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Fig. 4. Averaged vertical proﬁles of total primary production rates in mg m3 d1 (left panels) and picoplankton contribution to total
primary production expressed as percentage (right panels) at all sampling stations (a and d), at the stations located in the Northern gyre (b
and e) and at the stations located in the Southern gyre (c and f). Horizontal bars represent the standard error (s.e.). Numbers indicate the
number of values making up each average. No number (or error bar) indicates only a single value. Dashed lines represent the vertical limits
of the DCML.
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Fig. 5. Averaged vertical proﬁles of phytoplankton growth rates (m, d1) for total phytoplankton (left panels), for the o2 mm
phytoplankton size fraction (central panels) and for the 42 mm phytoplankton size fraction (right panels) at all sampling stations (a, d and
g), at the stations located in the Northern gyre (b, e and h) and at the stations located in the Southern gyre (c, f and i). Horizontal bars
represent the standard error (s.e.). Numbers indicate the number of values making up each average. No number (or error bar) indicates
only a single value. Dashed lines represent the vertical limits of the DCML.

ARTICLE IN PRESS
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Table 4
Averaged integrated values7standard error (s.e.) of selected variables in the upper mixed layer (ML) and in the DCM layer (DCML) for
each size fraction in the NASTE and SATL regions
o2 mm fraction

Total fraction

NASTE
Chl-a (mg m2)
Est Phyto-C (mg m2)
Primary production (mg m2 d1)
SATL
Chl-a (mg m2)
Est Phyto-C (mg m2)
Primary production (mg m2 d1)

42 mm fraction

Upper layer

DCM layer

Upper layer

DCM layer

Upper layer

DCM layer

4.670.3
2871%
472729
5471 %
88712
5472%

12.270.8
7279%
395725
4671%
7279
4672%

2.970.2
2671%
226715
5271%
4176
4473%

9.070.6
7471%
206714
4871%
5076
5673%

1.670.1
3672%
302723
5771%
5477
6572%

2.970.2
6472%
217715
4371%
2774
3572%

8.370.5
3572%
854749
6272%
115711
5973%

15.870.8
6572%
514725
3872%
83710
4173 %

5.970.3
3472%
452725
6172%
6477
5573%

11.970.6
6672%
279714
3972%
5377
4573%

2.070.14
673 %
372723
6572%
5676
6674%

2.670.2
5473%
194716
3572%
2974
3474%

Numbers in bold represent the averaged contribution (%)7s.e. of each layer to the integrated value throughout the water column
(ML+CML).

primary production, picoplankton growth rates
were signiﬁcantly higher in the DCML than in the
ML (t-test, po0.001).
3.4. Contribution of the DCM to the phytoplankton
biomass and productivity of the Atlantic subtropical
gyres
Phytoplankton carbon biomass and primary
production were depth-integrated in the ML, in
the DCML and throughout the water column
(ML+DCML layer) to estimate the relative contribution of each layer to the total biomass and
productivity of the subtropical gyres (Table 4). In
the NASTE, the DCML accounted for the same
fraction of the water column picoplankton biomass
and primary production as the ML (t-test, p40.05).
For the large phytoplankton size fraction the
DCML represented a signiﬁcantly lower fraction
of the water column primary production (3572%;
t-test, po0.001) and biomass (4371%; t-test,
po0.001). In the SATL, the ML layer showed
signiﬁcantly higher contributions to water column
phytoplankton biomass and primary production
than the DCML (60%; t-test, po0.001 for
biomass and po0.05 for primary production). The
exception, in this region, was the small phytoplankton size fraction, where no signiﬁcant differences
were found between the contribution of the DCML
and the ML to primary production (t-test, p40.05).

4. Discussion
4.1. Vertical distribution of phytoplankton size
fractions
The importance of small phytoplankton cells in
the oligotrophic regions of the ocean is well
established in terms of Chl-a concentrations, cell
abundances and primary production rates (e.g.,
Zubkov et al., 1998; Marañón et al., 2001).
However, the vertical pattern of the relative
contribution of picoplankton to total phytoplankton biomass remains unclear. In the tropical
Atlantic, Herbland et al. (1985) found that the
contribution of the small (o1 mm) phytoplankton to
total Chl-a was maximum (70%) in the nitratedepleted upper mixed layer (NO
o0.1 mM),
3
decreased to 50% at the nitracline depth and was
always o50% in the nutrient-replete, light-limited
bottom layer. The same vertical distribution of Chla o1 mm was observed in the equatorial Paciﬁc by
LeBouteiller et al. (1992), who identiﬁed o1 mm
phytoplankton size with photosynthetic prokaryotes and 41 mm with eukaryotic microalgae, but
they did not measure the abundances of these
groups. Although small cells absorb light more
efﬁciently in low-irradiance environments, as at the
bottom of the euphotic layer in the tropical oceans,
it seems that the inﬂuence of irradiance on
phytoplankton vertical distribution in the tropical
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oceans is less important than the effect of nutrient
availability. These results suggest that the vertical
distribution of phytoplankton in these areas is
controlled largely by nutrient availability, as small
phytoplankton cells are more efﬁcient in taking up
nutrients at low nutrient levels. In contrast, our
study shows that the contribution of picoplankton
(o2 mm) to total Chl-a in the subtropical gyres
increased with depth. Similar ﬁndings have been
reported by Lutz et al. (2003) in the North Atlantic
and Taguchi et al. (1988) in the Caribbean Sea and
in the subtropical western Atlantic. Our results also
agree with those of Gin et al. (1999) in the Sargasso
Sea, who found an increase in the relative contribution of picoplankton cells down to the DCM depth
and a slight shift towards large phytoplankton sizes,
based on the slope of size-abundance spectrum,
below the DCM. These authors explained the
dominance of small cells at the DCM in terms of
the competitive advantages of small-sized cells in
reduced irradiance conditions.
The apparent discrepancy in the vertical distribution pattern of phytoplankton size structure is likely
to be related to the different phytoplankton size
fractions considered in the studies. In their investigations, Herbland et al. (1985) and LeBouteiller
et al. (1992) used 1 mm as the upper limit for the
picoplankton size class. According to Campbell and
Vaulot (1993), Prochlorococcus cells (0.5–0.7 mm)
dominated the ML, and picoeukaryotes, which are
larger than 1 mm and therefore not included in the
Herbland et al. (1985) and LeBouteiller et al. (1992)
studies, dominated below the DCM. In general, the
vertical distribution of Prochlorococcus in the
subtropical Atlantic is homogeneous in the ML
and presents a maximum close to the DCM depth,
where this taxonomic group dominates in terms of
carbon biomass, Chl-a and cell abundance (e.g.,
Zubkov et al., 1998). The vertical distribution of
picoeukaryotes also shows increasing abundances
with depth, reaching maximum values at the DCM,
where they account for an important fraction of
phytoplankton biomass (Li, 1995; Partensky et al.,
1996; Veldhuis and Kraay, 2004).
4.2. C to Chl-a ratios
Measurement of phytoplankton carbon biomass
in natural populations is not straightforward.
During this study we obtained Phyto C on only
two cruises from ﬂow cytometry and microscopical
count and identiﬁcation. However, Chl-a was

obtained routinely on all cruises. So we decided to
convert the easily measured Chl-a to carbon by
means of appropriate C:Chl-a ratio as an alternative
to the direct quantiﬁcation of Phyto C. A wide
range of C:Chl-a ratios, from ca. 20 to 4400, has
been reported in phytoplankton cultures growing at
different rates under different nutrient availability,
light, and temperature conditions (Laws and Bannister, 1980; Sakshaug et al., 1989; Geider, 1993). The
different patterns followed by the vertical distributions of Phyto C and Chl-a observed in this study
suggested the C:Chl-a ratio might vary with depth.
So, we calculated the corresponding C:Chl-a ratios
for each depth where both variables were concurrently measured. The averaged (7s.e.) C:Chl-a ratio
was 10377 (ranging from 56 to 200) in the ML and
2474 (ranging from 11 to 54) in the DCML, when
the data sets from both gyres were jointly considered. Our C:Chl-a estimates for the ML are
slightly lower than those previously reported in the
eastern subtropical North Atlantic (160–250;
Taylor et al., 1997; Veldhuis and Kraay, 2004;
Behrenfeld et al., 2005). The C:Chl-a ratios estimated for the western subtropical North Atlantic by
different authors were more variable, ranging from
40–160 in the ML to 15–65 in the DCML (Li et al.,
1992; Goericke and Welschmeyer, 1998; Lefèvre
et al., 2003). This wide range of values is probably
related to the different methods used in these studies
(Marañón, 2005) and to the larger seasonal
variability characteristic of the upper water column
in the western subtropical Atlantic (e.g., Longhurst,
1998). It is noteworthy that, despite the differences
in magnitude, all the studies carried out in
subtropical and tropical oceans show that C:Chl-a
ratios are always 3–6 fold higher in surface waters
than at the DCM (Malone et al., 1993; Campbell
et al., 1994; Veldhuis and Kraay, 2004), which
reﬂects the increasing chlorophyll content per cell as
irradiance levels decrease, as has been reported for
Synechococcus and Prochlorococcus (Olson et al.,
1990; Campbell and Vaulot, 1993; Lutz et al., 2003).
In this study, we also observed differences in the
C:Chl-a ratios as a function of phytoplankton size.
We estimated higher ratios in the 42 mm than in the
o2 mm size fraction (Table 3). These results,
however, must be taken with caution, as phytoplankton C biomass was estimated by different
methods for the two size fractions (see Section 2).
Although the comparison of our results is difﬁcult,
mainly because of the size classes considered in our
study and to the different methods used in the
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literature to estimate phytoplankton biovolumes
and carbon content, previous ﬁeld and culture
studies have also reported an increase in C:Chl-a
ratio with phytoplankton size (Furuya, 1990;
Finkel, 2001; Arin et al., 2002). This is expected
on theoretical grounds, since pigment content is
more closely related to cell surface area, whereas
carbon content is more closely related to cell volume
(Finkel, 2001). However, other studies show that the
C:Chl-a ratio does not change with cell size (Blasco
et al., 1982; Geider et al., 1986; Montagnes et al.,
1994). Besides, we cannot rule out the possibility
that the size dependence of the C:Chl-a ratio could
be related to differences in taxonomic composition
between small (o2 mm) and large (42 mm) phytoplankton. Thus, prokaryote phytoplankton usually
show higher C:Chl-a ratios than eukaryotes (Furuya, 1990; Odate et al., 1993; Geider, 1993), and
also dinoﬂagellates have been reported to show
higher ratios as compared to diatoms grown in
cultures (Chan, 1980).
Nevertheless, it is necessary to note that our
results could be biased by the use of constant C/cell
conversion factors to estimate picoplankton carbon
content from cell abundances (see Section 2). It is
well known that, in the subtropical gyres, Prochlorococcus, Synechococcus and picoeukaryotic cell sizes
(Li et al., 1992; Sieracki et al., 1995), and therefore
the carbon content per cell, change with depth. In
order to check the effect of the vertical variability of
this factor on our results we applied different C/cell
factors obtained from the literature to our picoplankton abundances. We estimated Prochloroccus
and Synechococcus biomass by assuming the conversion factors reported by Sieracki et al. (1995) in
the Sargasso Sea: 10 fg C/cell in the ML and 49 fg C/
cell in the DCML for Prochlorococcus and 99 fg C/
cell in the ML and 199 fg C/cell in the DCML for
Synechococcus. For picoeukaryotes a constant
factor 1500 fg C/cell (Zubkov et al., 1998) was used,
despite the fact that this group shows a slight
decrease of cell size with depth (Li et al., 1992; Xelu
Morán, pers. commun.). With these factors we
obtained lower C:Chl-a ratios for the small size
fraction (39 in the ML and 25 in the DCML) and
for the total size fraction (77 in the ML and 30 in
the DCML) than those obtained assuming a
constant factor with depth (see Table 3). However,
the C:Chl-a ratios are still higher in the ML than in
the DCML (t-test, po0.05 for the small size
fraction and po0.001 for the total size fraction).
Recently, Veldhuis and Kraay (2004) used a slightly

1629

higher conversion factor for Prochlorococcus
(35 fg C/cell in the ML and 50 fg C/cell in the
DCML). Using these factors for Prochlorococcus
and maintaining Synechococcus and picoeukaryotes
factors as above we calculated C:Chl-a ratios and
phytoplankton growth rates similar to those reported in our study. In any case, C:Chl-a ratios for
picoplankton are higher in the ML than in the
DCML, suggesting that the increase in the C/cell
ratio with depth is lower than that of the Chl-a/cell
ratio.
4.3. DCML contribution to phytoplankton biomass
and productivity
In this study, the DCML, deﬁned as depths where
Chl-a concentrations are 0.5 times higher than the
value measured at the Chl-a maximum, accounted
for 65–75% of the euphotic-depth-integrated Chl-a
concentration in the subtropical gyres of the
Atlantic Ocean. However, our results show that,
as reported in previous studies, the DCML does not
represent either a phytoplankton biomass or a
primary production maximum (Table 4; Claustre
and Marty, 1995; Goericke and Welschmeyer, 1998;
Marañón et al., 2000). Using photosynthesis-irradiance (P-E) experiments, Lorenzo et al. (2004)
found a DCML contribution to primary production
(54717%, average7s.d.) similar to that reported in
our study (4672, average7s.e.) although these
authors deﬁned the DCML as the layer that showed
a steady increase–decrease in the Chl-a concentration above and below of the maximum Chl-a value
of the water column.
It is necessary to note that, although during our
study the DCML accounted for a similar or slightly
lower amount of the water-column-integrated primary production than the ML (Table 4), the highest
primary production rates were measured well above
the DCM (Figs. 4a and b). These results suggest
that the reduced light environment at the DCM
depth may be partially compensated by an increase
in the chlorophyll concentration, resulting in a
contribution of the DCML to the water column
integrated primary production similar to that of the
ML. Therefore, it would be necessary to consider
the Chl-a proﬁle in primary productivity models.
4.4. Phytoplankton growth rates
There is a growing interest in the estimation of
phytoplankton growth rates in the ocean as they

ARTICLE IN PRESS
1630
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largely determine the degree of coupling between
autotrophic and heterotrophic components of the
planktonic community (Marañón et al., 2000) and
therefore affect the carbon ﬂuxes through the
planktonic food web. Observed phytoplankton
growth rates in the oligotrophic oceans are either
close to their theoretical maximum values, i.e.,
1.5–2 d1 in the subtropical Paciﬁc (Laws et al.,
1984, 1987; Jones et al., 1996), or well below these
values in the subtropical North Atlantic (Malone
et al., 1993; Goericke and Welschmeyer, 1998;
Marañón et al., 2000). Phytoplankton growth rates
estimated in the upper layer of the subtropical
Atlantic during our study (averaged value of
0.17 d1) were lower than those previously reported
in the eastern subtropical North Atlantic
(0.4–0.8 d1; Stelfox-Widdicombe et al., 2000; Quevedo and Anadón, 2001) and in the lower end of the
range reported in the western subtropical Atlantic
(0.1 1.3 d1; Malone et al., 1993; Goericke and
Welschmeyer, 1998; Lessard and Murrell, 1998).
The low phytoplankton growth rates presented
here are a direct consequence of the primary
production rates and phytoplankton biomass estimated in our study. Averaged euphotic-depthintegrated primary production rates measured in
the
NASTE
and
SATL
(156716
and
205717 mg C m2 d1, respectively) are lower than
those reported in other oligotrophic areas such as
the Bermuda Atlantic and Hawaii Ocean timesseries (BATS and HOT, respectively, with an annual
averaged rate 500 mg C m2 d1) and slightly
lower than those estimated with the bio-optical
model of Longhurst et al. (1995; 330 and
210 mg C m2 d1 in the NASTE and SATL, respectively). However, differences between these
areas could be explained by taking into account
their hydrographic characteristics. The HOT zone
in the subtropical Paciﬁc is a permanently stratiﬁed
region with mixed layer depth nearly always
5100 m, and therefore lower primary production
rates than in the subtropical North Atlantic could
be expected. However, other factors, such as the
availability of dissolved inorganic phosphate, which
is much lower in the subtropical North Atlantic
than in the subtropical Paciﬁc (Wu et al., 2000),
could be inﬂuencing productivity differences between the two areas. The BATS station is located
near the edge of the subtropical gyre and experiences deep mixing during winter months
(100–400 m), leading to a modest spring bloom.
Most of our data derive from AMT cruises carried

out in May and October, and therefore, we could
have missed high primary production events in late
winter/early spring, which would be recorded in the
BATS programme because of the monthly sampling. Nevertheless, averaged primary production
rate from Bermuda time series in May and October
from 1989 to 2001 (http://bats.bbsr.edu/) are still
higher (472729 mg C m2 d1, average7se) than
ours. Another important difference is the intense
eddy activity in the BATS region (McGillicuddy
et al., 1998), which has been suggested to represent
an important nutrient input to the euphotic
layer in the area in comparison to the eastern North
Atlantic gyre, where we have never detected
inorganic nutrients in surface waters.
It is necessary to take into account some
processes that could be affecting our estimates of
phytoplankton growth, such as losses of 14C during
primary production incubations due to the grazing,
or the possible mixotrophic activity of the phytoplankton. Firstly, if during primary production
experiments zooplankton respired or excreted a
signiﬁcant amount of the 14C previously ingested as
a consequence of their grazing activity, we would be
underestimating primary production. Given that the
small size of the incubation bottles used in our study
(70 ml) exclude mesozooplankton, the effect of
microzooplankton on primary production measurements could be estimated by using the model of
Laws et al. (1984). Assuming that 70% of labelled
carbon is respired or excreted by microzooplankton
(Landry and Calbet, 2004), that grazing rate equals
99% of phytoplankton growth rate, and a phytoplankton growth rate close to the theoretical
maximum of 2 d1, during a incubation of 6–7 h
the model predict that microzooplankton activity
would reduce by 17% the estimated 14C particulate
primary production. Therefore, if actual phytoplankton growth rates were that high, we would be
underestimating primary production rates, because
of the grazing activity, and consequently phytoplankton growth rates. However, these rates would
still be lower than 0.25 d1. Secondly, as our growth
estimates are based only on photosynthesis they
may underestimate real growth rates if the use of
organic substances by phytoplankton is widespread
and signiﬁcant. Recent studies show that Prochlorococcus spp. are able to use organic nitrogen
compounds in the oligotrophic open ocean (Zubkov
et al., 2003). These authors estimated that aminoacid uptake represents 10% of the nitrogen requirements of Prochloroccocus in oligotrophic areas
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assuming that Prochlorococcus accounts for 50% of
the total primary production and 30% of the
leucine-derived bacterioplankton production, and
a C:N ratio of 6.6 for this group. Taking into
account these values the amino-acid uptake of
Prochloroccocus in their study represents 5% of
total primary production. These estimates suggest
that the use of amino acids is small in comparison
with the use of inorganic carbon. Mixotrophy is also
common among ﬂagellates. During our study, we
have included unidentiﬁed ﬂagellate biomass of
unclear trophic status into the Phyto C. We checked
the effect of considering different contributions of
autotrophs to total unidentiﬁed ﬂagellates on
C:Chl-a ratios. We found that it sufﬁces that
autotrophs represent X30% of the unidentiﬁed
ﬂagellates in the ML (or 15% in the DCML) for the
resulting C:Chl-a ratios to be higher in large than in
small phytoplankton. Besides, a smaller contribution of autotrophs would imply total C:Chl-a ratios
lower than those typically reported in the literature
(for example, a contribution o30% would result in
C:Chl-a ratios of 7674 in the ML and 2073 in the
DCML).
Slow phytoplankton growth rates in the subtropical Atlantic have been explained in terms of the
observed assimilation numbers and C:Chl-a ratios
in a review by Marañón (2005). He estimated the
maximum potential growth rate as mmax ¼
D  PBmax =C : Chla where PBmax is the light-saturated, chlorophyll normalised photosynthesis rate,
obtained in short (2 h) incubations (therefore minimising effects of 14C respiration and bottle conﬁnement) during the central hours of the day (when
PBmax is close to its maximum) and D is the duration
of the photoperiod to convert hourly into daily
rates. According to this equation, and given C:Chl-a
from the literature, the PBmax necessary to support
phytoplankton growth rates of 1 d1 would be well
above those reported in the subtropical Atlantic.
The low phytoplankton growth rates measured in
our study, together with the low heterotrophic
bacteria growth rates reported for the upper waters
of the subtropical Atlantic gyres (e.g. 0.12 d1;
Zubkov et al., 2000), suggest the existence of a
microbial community that turns over very slowly.
Small phytoplankton presented higher (t-test,
po0.001) growth rates in the DCML (0.257
0.02 d1) than in the ML (0.1870.01 d1), while
the contrary (t-test, po0.05) occurred in the larger
size fraction (0.1670.01 d1 at ML vs. 0.137
0.01 d1 at the DCML). Our results suggested that
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picoplankton might outcompete large cells in highnutrient, low-light environment of the DCML.
Although to our knowledge there are no studies
reporting in-situ phytoplankton growth rates for
different size classes, we can compare our picoplankton growth rates with those of Prochlorococcus, as this species is the main component of
picoplankton in our study area. Our estimates agree
with those of Goericke and Welschmeyer (1998) in
the upper layer of Sargasso Sea; they measured
Prochlorococcus growth rates of 0.2–0.3 d1 using
the 14C labelling of divinyl Chl-a. However,
Prochlorococcus growth rates above the maximum
values measured in cultures (from 0.5 to 0.6 d1;
Partensky et al., 1999) were estimated in the
subtropical Paciﬁc (0.2–0.6 d1) and in the Arabian
Sea (up to 1 d1) by cell cycle analysis (Liu et al.,
1997; Liu et al., 1998).
5. Conclusions
We have characterized the vertical variability of
phytoplankton biomass, size structure, production
and growth in the Atlantic subtropical gyres. In
answer to the questions posed in the Introduction,
we concluded that: (1) picophytoplankton contribution to total Chl-a and primary production increased with depth to the DCM; (2) the deep
chlorophyll maximum does not represent a phytoplankton-biomass or primary-productivity maximum but contributes a substantial fraction of the
vertically integrated algal standing stocks and
C-ﬁxation rates; and (3) phytoplankton grew at
the same slow rate in the DCML as in the ML.
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Marañón, E., 2005. Phytoplankton growth rates in the Atlantic
subtropical gyres. Limnology and Oceanography 50 (1),
299–310.
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