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Abstract

The latitudinal variation (358S to 288N) in the rate of diffusive nitrate supply across the thermocline and the
associated variation in the uptake rate of nitrate and ammonium in the Central Atlantic was studied. The calculated
diffusive nitrate flux showed a sharp latitudinal gradient, with the lowest nitrate supply (0.00037 mmol m23 d21) in
the South Atlantic subtropical gyre and the highest values (23.5 mmol m23 d21) between the Equator and 158N. The
uptake rate of nitrate was inhibited at high irradiance at most stations. Both nitrate and ammonium uptake rates
were lowest (about 3 and 10 mmol m23 d21, respectively) at the southern end of the transect and increased (about
20 and 55 mmol m23 d21, respectively) towards the Equator, with this increase being much greater for ammonium
than for nitrate uptake. The f-ratio was highest (ø0.4) just south of the Equator and lowest (ø0.03) at the southern
end of the transect. The slope between total uptake rate of dissolved inorganic nitrogen and gross primary produc-
tion, calculated from O2-based measurements, in surface waters (4.72 6 1.54) was somewhat lower, but not sig-
nificantly so, than the expected C/N ratio of 6.6. The average uptake rate of nitrate did not differ significantly from
the average estimated diffusive supply of nitrate to the biogenic layer over the Central Atlantic. However, the nitrate
uptake rate increased as the ⅓ power of the diffusive nitrate flux to the biogenic layer. As a result, nitrate uptake
far exceeded (by up to 100-fold) the nitrate flux to the biogenic layer in the stations where the supply of nitrate
was lowest. The excess nitrate uptake averaged 0.65 6 0.24 mmol NO3 m22 d21 (range, 0.05–1.9 mmol NO3 m22

d21), which must be supplied through atmospheric deposition and other perturbation events. This excess nitrate
uptake is relatively large compared to the diffusive supply in the most unproductive areas, where external nitrate
inputs fuel the new production. In contrast, these sources of nitrate are far less significant where high diffusive
fluxes suffice to maintain high nitrate uptake rates.

In the open ocean, under equilibrium conditions the nitro-
gen needed to support primary production is believed to be
mostly supplied from the nutrient-rich deeper waters via ad-
vective fluxes of nitrate during upwelling or vertical mixing
or diffusive fluxes driven by the nitrogen gradient across the
thermocline (Lewis et al. 1986). Advective nitrate fluxes in
the open ocean tend to be higher at high latitudes, where
convective mixing favors high levels of primary production.
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In contrast, fluxes are low in the permanently stratified trop-
ical ocean, where a permanent thermocline limits the fluxes
to those associated with the slow process of diffusive supply.
The supply of nitrogen is lowest in the middle oceanic gyres,
where a deep thermocline and smooth nutrient gradients de-
termine slow rates of nutrient supply to the biogenic zone
(Sverdrup 1955; Dugdale et al. 1990). However, nitrogen
fluxes are enhanced in the equatorial zone of the Pacific and
Atlantic Oceans, where equatorial divergence leads to dom-
ing of the pycnoclines at the Equator, bringing nitrate-rich
waters in closer contact with surface waters. This process
accounts for the higher phytoplankton biomass and primary
production observed in the equatorial ocean (Murray et al.
1989; Peña et al. 1992; Carr et al. 1995). Hence, there should
be strong latitudinal patterns in the nitrogen supply and,
therefore, in primary production in the tropical ocean.

The link between the rates of nitrogen supply and new
production have been studied extensively in the Central Pa-
cific (e.g., Peña et al. 1992; Carr et al. 1995). Studies in the
Atlantic Ocean are largely restricted to the North Atlantic
(Lewis et al. 1986; Glibert et al. 1988; Eckman 1994; Har-
rison et al. 1996), and there is a remarkable paucity of in-
formation on the Central and South Atlantic (Le Bouteiller
1986; Metzler et al. 1997). These studies have provided
some evidence of imbalances between the diffusive nitrogen
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Fig. 1. Track of the ‘‘Latitude I’’ cruise across the Central At-
lantic, showing the position of the stations studied (v).

supply and new production (McGillicuddy et al. 1998; Osch-
lies and Garçon 1998). However, the present empirical in-
formation on nitrate uptake and supply in the Central and
South Atlantic is too meager to reliably test the existence,
magnitude, and distribution of such imabalances.

The goal of this study was to test the balance between
nitrate uptake and diffusive supply in the Central Atlantic,
using data acquired during a meridional study (358S–288N)
across the Central Atlantic. We first calculated the vertical
turbulent diffusion coefficient and the nitrate gradient across
the thermocline, thereby allowing the calculation of upward
diffusive nitrate supply rates. We then used 15N tracer ad-
ditions to estimate nitrate and ammonium uptake rates and
to test their possible light dependence. The estimated nitro-
gen uptake was then compared with gross primary produc-
tion and estimates of diffusive nitrate supply to the biogenic
layer.

Methods

This study was conducted as part of the LATITUDE I
cruise, aimed at elucidating latitudinal patterns in the struc-
ture and functioning of the biogenic zone across the Central
Atlantic Ocean (Fig. 1). The cruise was conducted between
17 March and 15 April 1995 on board the RV BIO-Hespé-
rides. The physical structure of the water column was pro-
filed at 87 stations along the transect, with a vertical reso-
lution of 10 cm, using a MARK V or MARK III
conductivity-temperature-depth (CTD) fitted with a fluorom-
eter and a Rosette sampler system. Salinity and temperature
estimates derived from both CTDs were calibrated from sa-
linity samples and a highly accurate reversible thermometer,

respectively. Salinity measurements were made on a Guild-
line Autosal salinometer calibrated with IAPSO standard
seawater (34.993 ppt). Horizontal velocity was measured
continuously along the transect using a VM150 narrow-band
acoustic Doppler current profiler (RD Instruments) mounted
in midhull of the ship. The two horizontal velocity compo-
nents, E–W (u, m s21) and N–S (v, m s21), were taken every
1.2 s in 8-m bins from the subsurface (16 m) down to 400
m. The calibration of the average velocities was done as
recommended by Joyce (1989). The estimates were averaged
to 5-min intervals and scanned for errors due to changes in
ship position and speed (King and Cooper 1993; Saunders
and King 1995).

Nitrogen uptake—Nitrate and ammonium uptake rates
were estimated in surface (5 m depth) waters and those at
the deep chlorophyll maximum (DCM), as determined from
the profiles obtained from the fluorometer mounted on the
CTD, at 14 of the stations using 15N tracer (as 15NO and2

3
15NH ; modified from Dugdale and Goering [1967] as rec-1

4

ommended by McCarthy et al. [1992]). The use of 15NH4 as
a tracer should provide conservative estimates of recycled
production because urea and amino acids, although often
below detection limit, may support a significant fraction of
the N uptake in the Central Atlantic (Metzler et al. 1997).
The water samples for these experiments were collected
from the 12-liter Rosette sampling system between 0900 and
1100 h (local time). All the containers used for subsampling
and incubation were of cleaned polycarbonate (Fitzwater et
al. 1982). Once cleaned, the bottles were soaked with sea-
water for 24 h before use and rinsed with the sample before
pouring the water. Water samples were screened through a
150-mm Nytex mesh and transferred to dark 20-liter carboys.
Four 20-ml subsamples, filtered through precombusted
(4608C for 4 h) GF/F, were drawn to analyze initial NH1

4

and NO . The carboys were then spiked with the adequate2
3

tracer [(15NH4)2 SO4 or K15NO3 99 atom%] and mixed, and
an aliquot was filtered onto a precombusted GF/F filter and
kept frozen for later analysis of the initial particulate organic
nitrogen (PON) (Glibert et al. 1991). The filtrate was also
used to measure the initial 15N atom% enrichment of the
substrate. The 15NO additions did not exceed 10% of am-2

3

bient NO concentrations. Whenever NO concentrations2 2
3 3

were below the detection limit and for 15NH experiments,1
4

where estimates of the in situ ammonium concentrations
were not available before spiking the sample with the tracer,
the additions were 0.025 mM for NO and NH .2 1

3 4

Incubation of the 15N-enriched samples was initiated with-
in 1 h of sample collection in 2-liter polycarbonate bottles
fitted with neutral density screens to adjust the incident light
levels to 100%, 50%, 10%, and 1% of the incident irradiance
for surface waters and to 50%, 10%, 6%, and 1% of the
incident irradiance for waters at the deep chlorophyll a max-
imum. We assumed low diel periodicity in the low-nitrogen
regions studied, comparable to findings elsewhere (Sahlsten
1987; Glibert et al. 1988). Thus, the incubation period, gen-
erally between 1000 to 1400 h local time, was short (2–3 h)
to minimize isotopic dilution (Glibert et al. 1985) and am-
monification, which can be particularly important in oligo-
trophic waters (Garside 1984). The bottles were incubated
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in a deck incubator and cooled with a continuous flow of
seawater.

At the end of the incubation, the bottle contents were fil-
tered through precombusted GF/F filters and immediately
frozen for isotope analysis. The sample nitrogen was con-
verted to pure N2 based on the Dumas combustion technique
(Handley et al. 1991). The isotopic composition of the gas
samples was analyzed on a dual-inlet, triple-collector Prism
Series II ratio mass spectrometer (VG Isotech), which yield-
ed a standard deviation of 0.0006 atom% 15N for a mean of
0.3673 atom% 15N (coefficient of variation 5 0.17%). The
equations used to calculate the specific uptake and uptake
rates for both forms of inorganic nitrogen were those rec-
ommended by Dugdale and Wilkerson (1986), because our
survey encompassed a broad trophic range. Uptake rates
(mmol m23 h21) were calculated by multiplying the specific
uptake rates, V (h21), by PON (measured in the same sample
during the mass spectrometer analysis) at the end of the in-
cubation. The V parameter was determined as the mean of
Vt (the percentage of 15N atoms in the sample adjusted by
subtracting the natural abundance of 15N) and V0, based on
the measured initial value of PON (Dugdale and Wilkerson
1986). The NH uptakes rates must be considered as mini-1

4

mum estimates because no corrections for the isotopic di-
lution were made. The f-ratio was calculated as the ratio
between the NO uptake rate and the sum of the NO and2 2

3 3

NH uptake rates (Eppley and Peterson 1979). These esti-1
4

mates of NO uptake involved a #2-fold uncertainty, re-2
3

sulting from the possible inclusion of detritus in PON, diel
periodicity in NO uptake, and uncertainties in the initial2

3

NO concentrations.2
3

Water column characteristics—Profiles of underwater
spectral irradiance were obtained at the stations using a spec-
troradiometer (LiCor LI-1800UW) and integrated over the
400–700 nm to estimate the irradiance within the photosyn-
thetically active radiation (PAR) band. Mean (6SE) PAR at
5 m depth, from where the surface water samples were col-
lected, was 53.7% 6 2.7% of that at the surface and at the
depth of the deep chlorophyll a maximum (average depth 5
90.2 m; range, 50–139 m) was 3% 6 0.5% of that incident
at the surface.

Gross oxygen production rates in surface waters were cal-
culated from oxygen variations after incubation of samples
in light and dark bottles. Water samples were filtered through
a 150-mm mesh (to exclude larger zooplankton) and care-
fully siphoned into 125-ml narrow-mouth Winkler bottles.
The initial oxygen concentration was immediately deter-
mined in replicate bottles, and dark and light bottles were
incubated at surface sea temperature in an incubator for 17–
22 h, similar to incubation times used for other plankton-
poor waters (e.g., Williams and Jenkinson 1982). Light bot-
tles were incubated at 600 mmol photons m22 s21, which
represented an average of 65% of the incident light level.
Dissolved oxygen concentration was measured using high-
precision Winkler titration (Carrit and Carpenter 1966), us-
ing a Metrohm-682 Autotitrator for the potentiometric (re-
dox electrode) end-point detection (Oudot et al. 1988). De-
spite the high sensitivity of this technique, gross primary
production rates at the southern end of the transect (at the

southern subtropical gyre) could not be reliably measured.
We therefore increased the number of replicate bottles from
five to eight, resulting in an improved capability to detect
low gross production rates, yielding a precision of about 0.17
mmol O2 m23 and a coefficient of variation of the dissolved
oxygen concentration of 0.12%. As a result of these diffi-
culties, estimates of gross primary production in surface wa-
ters are not available for all of the stations where 15N tracer
addition experiments were conducted. Gross primary pro-
duction was calculated as the sum of the rate of change in
oxygen concentration in light bottles and that of oxygen con-
sumption in dark bottles and was converted to daily (24 h)
estimates by considering the length of the day and night at
each station. Estimates of gross primary production, based
on O2 production, were converted to carbon-based primary
production, using a photosynthetic quotient of 1.1, as rec-
ommended under a dominance of recycled production (Laws
1991).

Water samples taken for nutrient analysis at each station
(down to 400 m depth) and subsamples drawn from the 15N
incubation bottles were immediately filtered using a 0.45-
mm membrane filter and analyzed for NH4 and NO3 within
2 h of collection. When quick analysis was not possible,
samples were deep-frozen (2208C) until analyzed. Standard
analytical procedures for analysis of nutrients in seawater
(i.e., Grashoff 1983) were conducted using a four-channel
SKALAR San-plus autoanalyzer, and accounting for the sug-
gestions made by Mee (1986) for automated analysis of nu-
trients. The detection limits with these methodologies were
0.15 mM for NH4 and 0.1 mM for NO3. Particulate organic
C and N concentrations were measured using a Carlo-Erba
CHN analyzer after collecting the particles in 2–3 liters of
water onto precombusted Whatman GF/F filters. The coef-
ficient of variation of these measurements was 5%.

Diffusive nitrate flux and integrated nitrate uptake—Ver-
tical profiles of salinity and temperature derived from the
(corrected) CTD data were screened for errors. The density
anomaly, st, was then calculated from temperature and sa-
linity following the algorithms of Fofonoff and Millard
(1981), and data were averaged to 1-m intervals. The vertical
gradient in st (Dr/Dz) was then used to calculate the squared
Brunt-Väisälä or buoyancy frequency (N2) according to the
equation

2g Dr
2N 5 , (1)

r Dz

where g is the gravitational acceleration and r is the mean
density averaged over Dz depth interval.

The estimates of velocity obtained during sampling at the
stations contained faulty data, so that only those obtained
during navigation at a uniform speed had sufficient quality
to provide adequate velocity estimates. Vertical shear was
calculated following the formula:

2 2 2
]U Du Dv

5 1 . (2)1 2 1 2[ ] [ ]]z Dz Dz

Buoyancy frequencies were depth averaged to intervals cor-
responding to those used in the calculation of vertical shear,



119Nitrate uptake and supply

and both estimates were combined to derive an estimate of
the vertical diffusivity across the thermocline (following
Granata et al. [1995] after Gregg [1989]):

4S
K (z) 5 K , (3)r 0 47 8SGM

where Kr(z) is a parametrization of turbulent diffusivity in a
thermocline, z is depth, K0 is the background diffusivity and
was set to 5 3 1026 m2 s21 (Gregg and Kunze 1991), SGM is
the Garrett-Munk shear, which was set to 1.66 3 10210 [(N2/
N )], N0 was 5.2 3 1023 s21 (Gregg 1989), and S was the2

0

shear measured over 8 m (broad band). Vertical nitrate fluxes
across the thermocline (units mmol m22 d21) were then cal-
culated from the product of the (geometric) mean turbulent
diffusivity across the thermocline (units m2 d21) and the
NO concentration gradient (units mmol m24) across the2

3

thermocline, determined using linear regression analysis.
The (geometric) mean turbulent diffusivity and the NO con-2

3

centration gradient (units mmol m24) across the thermocline
were calculated for the same depth ranges, because the ni-
tracline was located within the thermocline at all stations.

Rates of nitrate uptake obtained from the 15N experiments
were derived from samples collected at only two depths but
incubated under a range of irradiances. To allow comparison
of the rate of upward diffusive nitrate supply to the biogenic
zone (units mmol m22 d21) with the rates of nitrate uptake
(units of mmol m23 d21), we estimated the integrated rate of
nitrate uptake within the biogenic zone (units mmol m22

d21). The relationship between nitrate uptake (whether vol-
umetric or per unit chlorophyll a) and changes in incident
irradiance with depth did not follow a simple or consistent
trend. To calculate the integrated nitrate uptake rate, we first
separated the biogenic layer into (1) the upper layer of water
where phytoplankton communities were vertical mixed, as
indicated by examination of chlorophyll a and in situ in-
duced fluorescence profiles, and the nitrate uptake rates mea-
sured for the surface communities were assumed to apply
and (2) the deeper layer containing the deep chlorophyll a
maximum, where the nitrate uptake rates measured for the
communities at the deep chlorophyll a maximum were as-
sumed to apply. Because there was no simple relationship
between uptake and irradiance, we used the depth of the
midpoints between the irradiances where nitrate uptake was
assayed for each of the two communities (i.e., 75%, 30%,
and 8%, and 30%, 8%, and 3.5% of surface irradiance for
the surface and deep chlorophyll a maximum communities,
respectively) to separate each of the two water layers into
depth layers where the different uptake rates applied (e.g.,
the nitrate uptake rate measured at 1% of the incident light
for the deep chlorophyll a maximum community was applied
to the water layer located between the depth receiving 3.5%
of surface irradiance and the bottom of the biogenic layer).
This procedure resulted in the partitioning of the biogenic
layer into three to five contiguous water layers (i.e., the up-
per and deep layers never reached ,8% and .30% of the
surface irradiance, respectively), to which different experi-
mental nitrate uptake rates were assigned. These uptake rates
were then integrated to yield the estimated areal nitrate up-
take. Although the accuracy of these estimates cannot be

evaluated here, their precision is similar to that in previous
studies, which also derived integrated rates from the inte-
gration of estimates derived at two to seven depths (e.g., Le
Bouteiller 1986; McCarthy et al. 1992, 1996). Nitrate uptake
rates typically vary with depth by a factor of ,4-fold (e.g.,
MacIsaac and Dugale 1972; Murray et al. 1989; McCarthy
et al. 1992; Dickson and Wheeler 1995; Metzler et al. 1997),
which represents, therefore, an upper limit to the possible
error in integrating these rates. This resolution is, however,
adequate for the comparison between areal nitrate uptake
rates and diffusive fluxes, because the parametrization of
Kr(z) used, the main source of uncertainty in the calculation
of the diffusive nitrate flux, involves an uncertainty of about
5-fold (Gregg 1989). Hence, estimates of areal nitrate uptake
rates and diffusive fluxes in agreement within a factor of
,5-fold cannot be considered here as significantly different.

Results

Water column structure—The cruise tract spanned the
western portion of the South Atlantic subtropical gyre, be-
tween 358S and 158S, the Intertropical Convergence Zone,
between 158S and 108N, and the southeastern extreme of the
North Atlantic subtropical gyre, at 258N. A two-layer system
occurs between 308S and 158N, with the pycnocline located
between 40 and 60 m depth (Fig. 2). North of 158N, how-
ever, convective mixing deepens the surface mixed layer and
promotes weak pycnocline formation. The isopycnal surfac-
es in the lower layer abruptly slope downward in the south-
ern section of the transect (308S to 128S). The doming of
isopycnals between 58S and about 38N marks the upwelling
(divergent) region of the Southern Equator Current (SEC)
and the Equatorial Counter Current (ECC). North of the SEC
and ECC, at approximately 108N, a second upwelling region
occurs with the divergence of the Equator Counter Current
and the North Equatorial Current. Maxima in fluid stability
(e.g., N2) were coincident with surface divergent features
(Fig. 2), with the largest gradient, that of the pycnocline,
located near the surface (40 m) at the Equator. Similarly,
(dU/dz)2, the squared vertical shear of horizontal current,
was also elevated in the convergent/divergent zones, with a
maximum near 55 m at the Equator (Fig. 2).

The vertical turbulent diffusion coefficient [Kr(z)] in-
creased from south to north across the Central Atlantic,
reaching a maximum around 158N and declining thereafter
(Table 1). The nitrate gradient across the thermocline, which
together with the vertical coefficient of turbulent diffusivity
sets the magnitude of the diffusive nitrate flux, reflected the
strength of the thermocline, with sharp thermocline (as re-
flected in high maximal Brunt-Väisälä frequencies; Fig. 2)
resulting in strong concentration gradients. The nitrate gra-
dient across the thermocline was strongest towards the Equa-
tor and declined with increasing distance from the Equator
(Table 1).

Nitrogen uptake—The examination of the uptake rates of
nitrate and ammonium at different irradiance levels revealed
no consistent pattern across the transect (Table 1). There was
however a tendency (about 50% of the experiments) for
maximal uptake rates to be observed under 50% of surface
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Fig. 2. Meridional distributions of (a) the anomaly density, st (kg m23), (b) square of the buoyancy frequency, N2 (3105 s22), and (c)
square of the vertical shear, [dU/dz]2 (3105 s22) in the Central Atlantic.

irradiance, with declining uptake rates at either lower or
higher irradiances (Table 1). The uptake rate of ammonium
tended to exceed that of nitrate at all of the irradiances test-
ed, with nitrate uptake generally comprising about 10–30%
of the combined uptake of nitrate and ammonium both in
surface and DCM waters. As a consequence, the specific
uptake rate was greater for ammonium than it was for nitrate
(Wilcoxon signed rank test, P , 0.0001), suggesting a higher
affinity for ammonium uptake. The turnover times of partic-
ulate nitrogen estimated from these specific rates ranged
from 6 to 4 months if based on nitrate uptake down to about
2 weeks if based on ammonium uptake. The estimated rates
of nitrogen uptake were poorly correlated (r , 0.4, P .
0.05) with the chlorophyll a concentration of the waters.

The latitudinal changes in nitrogen uptake rate were, how-
ever, far greater than the differences attributable to differ-
ences in the community (surface or DCM waters) or any

possible light dependence of the uptake rate (Fig. 3). Both
nitrate and ammonium uptake rates were lowest at the south-
ern end of the transect and increased towards the Equator,
and this increase was much greater for ammonium than for
nitrate uptake (Fig. 3). As a consequence, the f-ratio showed
a clear latitudinal pattern, with the highest values reached
just south of the Equator and the lowest values observed at
the southern end of the transect.

The gross production (P, mmol C m23 d21) measured in
surface waters was strongly correlated (Fig. 4) with the total
uptake rate of dissolved inorganic nitrogen (U, mmol N m23

d21), as described by the regression equation

P 5 332.8 (685.9) 1 4.72 (61.54) U (4)

(R2 5 0.65, F 5 10.31, P 5 0.032). The slope of the rela-
tionship (4.72) is somewhat lower, but not significantly so,
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Table 1. The latitude, vertical diffusivity across the thermocline (Kr(z)), nitrate concentration gradient across the thermocline, chlorophyll
a (Chl a) concentration, and nitrate and ammonium uptake rates measured at different irradiances (as percentage of subsurface irradiance)
and depths (surface and deep Chl a maximum) at stations along the Central Atlantic. Missing uptake rates indicate assays were not performed
or that the rates were below detection limits.

Latitude

(decimal)*

Depth

(m)

Kr(z)

(m2 d21)

NO3gradient

(mmol

m24)

Chl a

(mg/liter)

NO3 uptake (mmol m23 d21)

100% 50% 10% 6% 1%

NH4 uptake (mmol m23 d21)

100% 50% 10% 6% 1%

234.25

231.95

225.99

225.24

220.75

218.5

29.5

22.84

3.41

6.50

13.25

16.25

23.75

27.50

5
64
5

100
5

100
5

93
5

84
5

110
5

139
5

70
5

50
5

75
5

68
5

90
5

105
5

115

0.097

0.015

0.491

0.417

0.796

1.13

0.266

1.45

1.76

5.84

4.15

14.43

1.14

2.59

0.0005

0.0025

0.0168

0.0365

0.0017

0.049

0.109

0.159

0.225

0.268

0.202

0.146

0.038

0.030

0.16
0.56
0.14
0.31
0.23
0.36
0.13

0.17
0.25
0.05
0.24
0.02
0.23
0.07
0.84
0.22
0.88
0.11
0.80
0.15
0.71
0.12
0.60
0.04
0.33
0.02
0.50

9.6

0.24

1.92

14.0

3.72

9.6

8.04

10.2

12.7

3.24

7.2

4.8

1.2

0.12
0.48
2.52
0.72

14.3

3.96

21.5
11.8
11.8

21.6

15.5
9.0

24.6
5.04

14.8
8.88
6.6

29.0
9.6
2.4
8.04
2.4

0.48

0.36
1.44
0.96

16.2

2.4
0.6

22.8
14.9

8.4
10.3
21.2

11.5
11.3

0
6.24
4.8

14.5
5.64

35.4
4.32
5.76
3.48
2.4

0.48

0.72

1.08

0.6

0.72

12.5

16.3

8.76

9.24

9.48

37.7

5.04

2.88

0.12
1.32

1.2
1.68
2.52

22.7

4.2
0.36

21.5
11.5
10.2
23.4
71.4

1.08
20.4

5.88
4.92
9.12
5.88
8.76

32.8
9.6
4.32
2.16
2.88

20.3

12.4

13.4

49.9

23.9

8.3

7.4

51.1

55.6

46.2

14.3

18.4

19.2

5.0
3.5

10.2
7.4

40.3
13.8
38.5

16.2
29.4
13.2
16.6
69.5

51
54.2
57
22.9
52.7
50.0
41.5

6
21.8

21.2
12.8

18.1

10.9
7.9

10.6

49.7
13.6
28.3

25.8
47.3
12.0
43.7
55.2
37.2
64.6
56.0
40.7
37.2
38.5
52.0
32.4

7.6
20.3
22.4
15.3
27.2

23.8

5.2

19.0

9.8

22.3

19.4

62.4

37.2

46.6

25.3

17.8

18.6
4.0
5.0
7.4
8.8

12.0
38.8
12.6
27.4
17.9
21.0
25.8
6.4

53.9

56.8
63.1
36.6
36.8
38.5
37.8
25.1
5.9

24.4
17.9
15.8
18.4

* Negative values are S; positive values are N.

than the expected Redfield C/N ratio of 6.6 (Redfield 1958).
However, the intercept of the relationship was significantly
greater than 0 (t-test, P 5 0.028), suggesting the existence
of other sources of nitrogen for phytoplankton uptake than
those investigated here, and/or the release of dissolved or-
ganic nitrogen (Bronk et al. 1994).

The relationship between uptake and diffusive flux of ni-
trogen–The latitudinal pattern in the calculated upward dif-
fusive nitrate supply to the biogenic layer was roughly sim-
ilar to that in the integrated nitrate uptake rate. However, the
average integrated nitrate uptake rate over the study area
(0.86 6 0.19 mmol NO3 m22 d21) exceeded by a factor of 2
the average diffusive nitrate supply to the biogenic layer
(0.38 6 0.18 mmol NO3 m22 d21), although these regional
estimates cannot be considered statistically different because
of the 5-fold uncertainty about both estimates. The stoichi-
ometry between the total uptake rate and gross primary pro-
duction was close to the expected Redfield value, and nitrate
uptake and supply were roughly in agreement at the regional
scale. This suggests that the average f-ratio should be similar
when calculated from the 15N tracer experiments and when
estimated as the average ratio between the new production
supported from the diffusive nitrate flux and the measured

gross production. This similarity in f-ratios was indeed con-
firmed by our results (t-test, P 5 0.23).

Closer examination of the relationship between the inte-
grated nitrate uptake (NO3uptake, mmol NO3 m22 d21) and the
upward diffusive supply (NO3flux, mmol NO3 m22 d21) re-
vealed a significant tendency for the uptake rates to exceed
the diffusive supply rates at the stations with low diffusive
supply, suggesting this relationship to be nonlinear (Fig. 5).
This relationship was confirmed by the examination of the
scaling between these two variables, as described by the al-
lometric equation

0.31(60.05)NO 5 1.5NO3uptake 3flux

2(R 5 0.75, F 5 38.4, P 5 0.00004), (6)

which shows nitrate uptake to increase as the ⅓ power of
the upward diffusive nitrate flux to the biogenic layer. As a
result, the uptake of nitrate exceeded its diffusive supply by
nearly three orders of magnitude at the most oligotrophic
sites investigated, whereas these rates were comparable at
the most productive ones (Fig. 5). Even considering the 5-
fold uncertainty about the areal estimates of nitrate supply
and uptake, the uptake exceeded the upward diffusive flux
when this was ,0.1 mmol NO3 m22 d21. The excess nitrate
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Fig. 3. Box plots describing the latitudinal variation in uptake
rates of nitrate and ammonium and the resulting f-ratio, measured
at different irradiance levels in surface and DCM waters along the
Central Atlantic. Boxes encompass 50% of the data, the central line
represents the median, the bars encompass the range of 90% of the
values, and asterisks represent observations beyond the 90% per-
centile of the data.

Fig. 4. The relationship between gross primary production and
total dissolved inorganic nitrogen uptake rates in surface waters of
the Central Atlantic. The solid line describes the fitted regression
equation (Eq. 4).

uptake in the region of low upward diffusive flux averaged
0.65 6 0.24 mmol NO3 m22 d21 (range, 0.05–1.9 mmol NO3

m22 d21), which must be supplied through atmospheric de-
position.

Discussion

The results described demonstrate the existence of signif-
icant latitudinal variations in nitrogen uptake rates across the
Central Atlantic. As expected, uptake rates were enhanced
towards the Equator and were reduced in the gyre areas,
being particularly low in the South Atlantic subtropical gyre.
Meridional changes were much more important in account-
ing for the variation in uptake rates than were differences
between communities growing in the surface waters or in
the deep chlorophyll maximum. There was no consistent re-
lationship between nitrate or ammonium uptake rates and
incident light, except for a tendency for the rates at 50% of
the irradiance incident in the surface waters, which corre-
sponds to that reaching down to 5 m depth, to be higher than
rates observed at either higher or lower irradiances. In ad-
dition, the results provide evidence of a strong inhibition of
nitrogen uptake rates under high irradiance at most of the
stations, supporting past claims that irradiance is an impor-
tant determinant of nitrogen uptake rates (e.g., Collos and
Slawyk 1980; Dugdale et al. 1990).

The uptake of nitrate comprised 10–40% of the total up-
take rate of dissolved inorganic nitrogen (overall f-ratio
mean 6 SE 5 0.21 6 0.02), being highest (mean f-ratio .
0.4) around the Equator. Both the total uptake rate of dis-
solved inorganic nitrogen and that of nitrate were low com-
pared with recently published estimates for stations located
west of those reported here (Metzler et al. 1997), and in the
gyre areas they reached values among the lowest yet record-
ed in the ocean (Table 2). These slow rates resulted in slow
turnover rates of the particulate organic nitrogen (weeks to
months). The specific nitrate uptake was on the order of
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Fig. 5. The relationship between the integrated nitrate uptake rate within the biogenic layer and
the supply rate of nitrate from diffusion across the thermocline. The solid and dotted lines represents
the fitted regression equation (Eq. 6) and its lower 95% confidence limit, and the broken line
represents the 1-to-1 line.

Table 2. Compilation of nitrate and ammonium uptake rates and the corresponding f-ratios observed in the tropical ocean.

Region

Nitrate

Uptake rate
(mmol m23 d21)

Specific uptake
(d21)*

Ammonium

Uptake rate
(mmol m23 d21)

Specific uptake
(d21)* f-ratio Source

Tropical Pacific
328N, 1278W
308N–08S
288N, 1558W
208N–108S, 80–1158W
158N–158S
158N–158S, 1508W
158N–158S, 1508W
88N–28S, 84–908W

4.20
3.8–14.9†

10.8–14.4
31
1.6–14.5†

1.2 6 36†
7.5–17.7

,12–76.8†

0.011

0.100
0.09

17.3–77.7†
36.0–74.4

30
1.4–24.4†

6–96†
31.2–50.0
,48–115.2†

0.19–0.26
0.12

0.09
0.17–0.25‡
0.22–0.16‡

0.51‡
0.05–0.84
0.02–0.40‡
0.06–0.14

0.23

Dugdale and Wilkerson 1992
Kanda et al. 1985
Sahlsten 1987
MacIsaac and Dugdale 1972
Peña et al. 1992
Dugdale et al. 1992
McCarthy et al. 1996§
Murray et al. 1989

Tropical Atlantic
Gulf Stream
Sargasso Sea
30–478S, 48.8–388W
288309N, 238W
0–48W
N. Atlantic subtropical gyre,

27–108N, 298W
Equatorial Atlantic,

108N–158S, 29–508W
S. Atlantic subtropical gyre,

15–358S, 298W

1.2–13.2†
1.2–2.4†
12.0†

4.8–14.4†
3–96†
5.7

(2.16–37.7)
10.4

(1.1–71.4)
1.2

(0.12–22.8)

0.48
0.02

(0.001–0.12)
0.03

(0.005–0.4)
0.011

(,0.001–0.12)

4.8–62.4†
14.4–42.0†

121†
19.2–34.8†

6–66†
23.04

(5.6–52.4)
49.8

(6.5–69.6)
18.8

(3.1–49.9)

0.04–0.12
0.08

(0.01–0.16)
0.12

(0.03–0.74)
0.07

(0.01–0.22)

0.17–0.2
0.04–0.08
0.16–0.24
0.21–0.30‡
0.33–0.45‡

0.18
(0.01–0.88)

0.24
(0.09–0.57)

0.12
(0.03–0.66)

Glibert et al. 1998\
Glibert et al. 1998
Metzler et al. 1997\
Lewis et al. 1986
LeBouteiller 1986
This study¶

This study¶

This study¶

* Hourly transport rates 3 12 h.
† Hourly rates 3 24 h.
‡ Estimated from their nitrate and ammonium transport rates.
§ Data obtained during El Niño event.
\ From stratified data.
¶ Median (range) values.
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0.001 h21 (overall mean 6 SE 5 0.0013 6 0.0002 h21), three
times slower than that for ammonium uptake (overall mean
6 SE 5 0.0038 6 0.0002 h21). The dominance of ammo-
nium over nitrate uptake is indicative of a system dominated
by recycled production, as described for other similarly ol-
igotrophic regions of the tropical ocean (Eppley 1981; Mur-
ray et al. 1989; Dugdale et al. 1992; Peña et al. 1992; Har-
rison et al. 1996). The dominance of ammonium uptake was
associated with a major contribution of picoautotrophs to the
photosynthetic production in the area (Agustı́ unpubl. data),
as well as with a high biomass of pico- and microhetero-
trophs (Vaqué et al. unpubl. data).

Both nitrate and ammonium concentrations were low, of-
ten close to the detection limit of the methods used, yet our
results suggest a relatively high uptake of nitrogen. The lat-
itudinal variation in nitrate and ammonium uptake rates was
associated with the water column dynamics that regulate the
diffusive nitrogen fluxes in this permanently stratified area
of the ocean. The doming of the pycnoclines towards the
Equator, which is a conspicuous feature of the Central At-
lantic particularly along its Eastern margin (Voituriez and
Dandonneau 1974), leads to sharp thermoclines located close
to the ocean surface. These thermoclines in turn result in
steep nitrate gradients across the thermoclines and a high
volumetric diffusive supply of nitrate due to the relatively
thin biogenic layer over which the diffused nitrate is distrib-
uted. Moreover, shear induced by the subequatorial counter-
current leads to a high turbulence at the thermocline and a
high vertical diffusion coefficient around the Equator. All
these factors result in a clear meridional gradient in diffusive
nitrate supply across the Central Atlantic and a parallel pat-
tern in the observed nitrogen uptake rates.

The average estimated fraction of the primary production
that can be supported by the calculated diffusive nitrate sup-
ply was close to the average f-ratio observed experimentally.
The significant correlation between the total nitrogen uptake
and that of nitrate and the average f-ratio observed (0.21)
indicate that each nitrogen molecule supplied is, assuming
steady state conditions, recycled about four times before be-
ing lost. This finding suggests that the residence time of
nitrogen in the biogenic layer should be about five times
longer than the turnover time of the particulate organic ni-
trogen, which ranges from weeks to months. Ammonium
residence times of 190–350 days have been reported for the
equatorial Pacific (McCarthy et al. 1996), suggesting that
these long residence times are characteristic of the tropical
open ocean. Moreover, these results suggest that, on average,
the nitrogen loss rate should be comparable to the diffusive
nitrate supply, implying a sinking flux of about 20% of the
gross primary production, similar to that reported for the
equatorial Pacific (14–38%, Murray et al. 1989).

The nitrate and ammonium uptake rates measured in the
Central Atlantic are within the range of values reported for
a station within the Guinea Gulf by Le Bouteiller (1986) and
the NO3 uptake rates reported by Metzer et al. (1997) off
the Brazilian coast, although the ammonium uptake rates
they reported are almost 2-fold higher than ours. The max-
imum nitrate uptake rate observed in the Guinea Gulf was
somewhat higher than what we observed (Table 2), probably
because of enhanced nitrate diffusion within the Guinea

Dome (cf. Herbland and Voituriez 1979). Data on nitrogen
uptake rates in the gyre areas of the North Atlantic are few
(Table 2), but the results we obtained in the northern end of
our transect were similar to those reported in a station nearby
by Lewis et al. (1986). The uptake rates reported by Glibert
et al. (1988) in the Sargasso Sea were, however, even lower
than those we report here for the gyre areas.

A comparison of the rates of nitrate uptake observed in
the tropical Atlantic with those observed in the tropical Pa-
cific, which has been studied in greater detail, suggests close
similarities between these two oceanic provinces (Table 2).
Both areas show an increased uptake rate of nitrogen from
the ultraoligotrophic gyre areas (nitrate uptake rates of 1.2–
14.4 and 0.12–22.7 mmol N m23 d21 in the Pacific and At-
lantic gyres, respectively) to the equatorial region (nitrate
uptake rates up to 76 and 71.4 mmol N m23 d21 in the Pacific
and Atlantic equatorial regions, respectively). The rates of
ammonium uptake were also similar both in the gyre and
equatorial regions of both oceans, both showing a fast turn-
over rate of particulate nitrogen in the equatorial region (Ta-
ble 2). Our results indicate that the rates of nitrate uptake
and the f-ratios in the gyre areas of the tropical Atlantic
ocean are among the lowest yet reported (Table 2).

The similarity in the rates of nitrate uptake in the tropical
Atlantic and Pacific Oceans is paralleled by a comparable
vertical diffusive nitrate supply in the two areas. Although
there are no previous estimates of the diffusive vertical ni-
trate flux in the equatorial Atlantic, the values we obtained
(0.23–1.56 mmol N m22 d21) for this region are similar to
those reported for the equatorial Pacific (0.57–1.3 mmol N
m22 d21, Carr et al. 1995). In addition, Lewis et al. (1986)
reported the diffusive vertical nitrate flux in a station posi-
tioned at 288N, 208W to be 0.14 mmol N m22 d21, reasonably
close to that we obtained (0.08 mmol N m22 d21) in the
northernmost stations investigated (278309N, 298W), which
were only a few kilometers away. The overall agreement
between both the uptake rates and the rates of diffusive ni-
trate supply to the biogenic layer suggests that the relation-
ship reported here may reflect a broader, more general pat-
tern applicable to the tropical ocean.

The results presented showed that the relationship be-
tween nitrate uptake and upward diffusive supply was
strongly nonlinear. Nitrate uptake far exceeded (by 2–3 or-
ders of magnitude) the upward diffusive nitrate supply in the
most unproductive waters, but these rates were in good
agreement in the more productive region. A possible expla-
nation is that the 15N method overestimates uptake in the
most oligotrophic waters, where nitrate is below detection
limit. The uncertainty about uptake rates in areas where ni-
trate concentrations (three of the stations investigated here)
are below detection limit is of a factor of 2 (McCarthy et al.
1992), well below the large (2 orders of magnitude) differ-
ences between nitrate uptake and diffusional flux at the most
oligotrophic stations. The addition of tracer may have also
influenced N uptake in these oligotrophic waters. However,
this effect would have resulted in f-ratios imposed by the
ratios of 15NH and 15NO added, which was not the case,1 2

4 3

because the experimental f-ratio was independent of what
would have resulted if the uptake was controlled by the trac-
er added (r 5 20.10, P . 0.05). Substantially enhanced
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nitrogen uptake would not necessarily lead to increased par-
ticulate organic nitrogen concentrations, which was not the
case here, because there was no significant increase in par-
ticulate organic nitrogen (t-test, P . 0.05) during the incu-
bations. Hence, our results are robust against these sources
of error, because the differences between nitrate uptake and
supply we describe are .5-fold.

That the nitrate uptake rate exceeds the upward diffusive
nitrate supply to the biogenic layer of the oligotrophic Cen-
tral Atlantic suggests that the nitrate required to support up-
take rates measured in the most oligotrophic waters are de-
livered by perturbations, such as atmospheric inputs (Gruber
and Sarmiento 1997) or episodic inputs such as those re-
sulting from mesoscale eddy dynamics (cf. McGillicuddy et
al. 1998; Oschlies and Garçon 1998). Gruber and Sarmiento
(1997 fig. 12) reported an excess N concentration in the Cen-
tral Atlantic (north of the Equator) that can only be account-
ed for by significant atmospheric inputs. In agreement with
this hypothesis, the absolute magnitude of the excess nitrate
uptake averaged 0.23 mol NO3 m22 yr21 in the tropical At-
lantic, well within the range of the available estimates of
atmospheric deposition there (0–1.3 mol m22 yr21; Roos and
Gravenhorst 1984; Smethie et al. 1985; Andrié et al. 1986;
Schlitzer 1989). This excess nitrate uptake is relatively large
compared with the diffusive supply in the most unproductive
areas, where external sources of nitrate (e.g., atmospheric
deposition) fuel new production (e.g., Owens et al. 1992).
In contrast, these sources of nitrate are far less significant
where high volumetric diffusive fluxes suffice to maintain
high nitrate uptake rates.

In summary, nitrate and ammonium uptake rates within
the Central Atlantic were within the lowest rates reported by
other studies and displayed a maximum toward the waters
at the equatorial upwelling. These patterns were driven by
the forces that control the meridional differences in diffuse
nitrate supply rates, which were on average in agreement
with the measured uptake rates at the regional scale. Yet, the
nitrate uptake rate in the most unproductive waters examined
far exceeded the diffusive supply of nitrate. The excess ni-
trate taken up must be derived from atmospheric deposition,
which fuels the new production of the unproductive gyre
waters studied here, whereas diffusive nitrate fluxes suffice
to maintain the new production of the more productive areas.
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