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INTRODUCTION

Nutrient availability has been considered the
primary factor limiting marine primary production.
The earlier belief that nitrogen (Ryther & Dunstan
1971, Codispoti 1989) or phosphorus (Redfield 1958,
Broecker 1982) were the elements most often limiting
net organic production in the ocean has been gradu-
ally replaced by a more comprehensive view that also
assigns an important role to silica and to trace ele-
ments, and which takes into account changes in the
controlling factors at different spatial and temporal
scales (Tyrrell 1999, Falkowski 2000, Pahlow & Riebe-
sell 2000, Tréguer & Pondaven 2000, Karl 2002). 

Analyses of nitrogen budgets have provided evi-
dence of net nitrogen losses in parts of the Indian
Ocean and the Pacific Ocean (Gruber & Sarmiento
1997). Nevertheless, the biological fixation of dinitro-
gen may protect marine ecosystems from N limitation.
The recent finding of active nitrogenase expression in
nanoplanktonic cyanobacteria (Zehr et al. 2001) has
increased our knowledge on the conditions necessary
for balanced nitrogen cycles in the ocean (Karl 2000,
Fuhrman & Capone 2001), leading to more likely sce-
narios of P limitation (Sañudo-Wilhelmy et al. 2001,
Mulholland et al. 2002). Anthropogenic N inputs, both
riverine and atmospheric, have doubled the nitrogen
inputs to the ocean over the last century (Prospero &
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Savoie 1989, Prospero et al. 1996), further increasing
the potential for P limitation. These increased inputs,
along with changes in the dominance of diazotropic
organisms, probably account for reported changes
from N- to P-control in the central Pacific (Karl et al.
2001). P deficiency has been reported for the Sargasso
Sea (Cotner et al. 1997, Wu et al. 2000) and the
Mediterranean Sea (Krom et al. 1991, Thingstad et al.
1998, Zohary & Robarts 1998). However, it is likely to
occur in many other oceanic areas also, as meta-
analyses of nutrient-limitation assays show that N lim-
itation is most probable in polluted or impacted ecosys-
tems, while pristine unpolluted marine waters are
often P-limited (Downing et al. 1999). Hence, P may
play a more prominent role as a limiting nutrient than
hitherto recognised.

P limitation may also derive from peculiarities of its
cycling within the ecosystem. Whereas dissolved
organic matter contains large quantities of the nitro-
gen present in the upper ocean layers (Guildford &
Hecky 2000, Bronk 2002), it is depleted in phosphorus,
which turns over very rapidly (e.g. Cañellas et al. 2000,
Karl & Björkman 2002). Enzymatic release of phos-
phate from dissolved organic phosphorus (DOP) is the
mandatory initial step for DOP utilisation by plank-
tonic organisms (Jansson et al. 1988). Hence, P nutri-
tion in P-depleted waters may be closely dependent on
the availability of enzymes to hydrolyse dissolved
organic compounds. Alkaline phosphatase (AP) cataly-
ses the hydrolysis of a wide variety of phosphomono-
esters (Shan et al. 1994, Karl & Yanagi 1997). It is wide-
spread among most components of the biota in aquatic
systems, and has been found in bacteria, phytoplank-
ton and zooplankton. Although constitutive enzymes
are common in both bacteria and algae (i.e. algal acid
phosphatase seems to be mostly constitutive), AP is to
a large extent a repressible enzyme that is mainly pro-
duced during periods of pronounced phosphorus defi-
ciency. AP synthesis has been related to the depletion
of an internal-cell phosphorus pool that is switched on
when inorganic phosphate is in low supply (Jansson et
al. 1988). Conversely, high levels of inorganic phos-
phate often repress phosphatase synthesis (Cembella
et al. 1984). In addition, phosphate is a frequent
inhibitor that competes with phosphate esters for
active sites on the phosphatases (Jansson et al. 1988).
Consequently, AP activity (APA) and (especially) par-
ticulate APA have been related to the degree of inor-
ganic phosphate deficiency (Healey & Hendzel 1980,
Nausch 1993, Li et al. 1998, Zohary & Robarts 1998).
Nevertheless, the use of APA as an indicator of phos-
phorus deficiency is not exempt from criticism. This
has been partly related to the difficulty of exactly spec-
ifying the origin of free dissolved APA (i.e. arising from
the excreta of algae and zooplankton, losses from

dying or aged cells, and external inputs). Irrespective
of origin, AP facilitates the breakdown of P from
organic molecules which constitute an important P
pool in the oligotrophic ocean, where phosphate con-
centrations are low (Vidal et al. 1999, Karl & Björkman
2002). 

Despite the suggestion of P deficiency in the Atlantic
(Pahlow & Riebesell 2000, Wu et al. 2000, Sañudo-
Wilhelmy et al. 2001, Karl 2002), APA has only been
reported for the Sargasso Sea (Cotner et al. 1997,
Guildford & Hecky 2000), and there is a paucity of
experimental data on nutrient limitation over extensive
areas of the ocean. Here we provide the first data set
on the extent of APA in the central Atlantic. We deter-
mined the activity of the enzyme AP along a transect in
the central Atlantic (28° S to 28° N), encompassing the
oligotrophic subtropical gyres and the relatively more
productive equatorial zone (Agustí & Duarte 1999,
Planas et al. 1999). Low inorganic nutrient concentra-
tions and low plankton biomass prevail throughout
most of the studied area, with the contribution of dis-
solved organic nitrogen and phosphorus to the total
nutrient pool increasing in the most oligotrophic areas
(Vidal et al. 1999). In particular, the rates of production
of DOP are high in the central Atlantic (Cañellas et al.
2000), whilst the DOP pools are small (Vidal et al.
1999), suggesting fast P recycling. Plankton commu-
nity structure changes along the transect, with
picoplanktonic bacteria and cyanobacteria dominating
the most oligotrophic areas (Agustí et al. 2001). We,
therefore, hypothesise that APA plays an important
role in P availability in the central Atlantic, with organ-
isms in the <0.8 µm size class contributing a large por-
tion of the APA to ultraoligotrophic waters of the sub-
tropical gyres.

MATERIALS AND METHODS

The study was conducted as a part of the ‘Latitude I’
and ‘Latitude II’ cruises of the Spanish research vessel
‘Hespérides’, which examined the latitudinal changes
affecting planktonic production in the central Atlantic.
The cruises were performed between 17 March and
15 April 1995 (Latitude I) and between 21 October and
16 November 1995 (Latitude II). A total of 14 and
27 stations between 28.09° S and 27.98° N were sam-
pled for alkaline phosphatase determinations on the
Latitude I and Latitude II cruises, respectively. Water
samples for APA determinations were collected from 5
m depth by 12 l Niskin bottles mounted on a Rosette
frame fitted with a CTD (MARK III or MARK V Sea
Bird). At a few stations we also measured APA at vari-
ous depths in the mixed layer. Large particles and
mesozooplankton were excluded with a 150 µm Nitex
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mesh during transfer of the seawater into 0.25 l glass,
sterilised Pyrex flasks. Samples for AP determinations
were stored in dim light and temperatures near those
of the collection site. Measurements were completed
within 3 to 5 h of sample collection. APA was deter-
mined in untreated samples and in samples, which had
been gently filtered through 0.22 µm filters (Millipore
SLGS025). This fraction is referred to as ‘free dissolved
APA’. During the Latitude II cruise, we also deter-
mined the APA of water samples that had passed
through 0.8 µm filters (Poretics). Filters were washed
with distilled water and with the sample prior to col-
lection of the filtrate, and all the material was auto-
claved before use to minimise contamination with
microbial phosphatase. 

APA was measured fluorometrically using 3-0-
methyl fluorescein phosphate (MF-P) (Perry 1972). The
substrate was added to a final concentration of 10 µM
in the sample. According to Healey & Hendzel (1979),
who recorded Michaelis constant (Km) values of 0.2 to
4 µM in an extensive study on APA kinetics, this
concentration saturates activity of the enzyme in a
variety of situations, since they found no consistent dif-
ference with either season or species composition in
their samples. In addition, Km decreases in conditions
of pronounced phosphorus deficiency (Pettersson
1980). Accordingly, the concentration of substrate used
was assumed to measure maximum or near maximum
activity at most stations. Samples were incubated in a
thermostatic bath at 35°C. This temperature initiates
the highest APA response by natural plankton (total
minus dissolved APA) exposed to temperature varia-
tions between 20 and 45°C (with little change of activ-
ity between 35 and 45°C; Healey & Hendzel 1979). The
response of particulate APA to temperature differs lit-
tle among natural populations sampled from 8 to 21°C,
with APA at 35°C being 1.4 times higher than that at
30°C (Healey & Hendzel 1979). Surface (5 m depth)
temperature was from 18 to 29°C during both ‘Lati-
tude’ cruises. Use of 35°C as a standard temperature
for APA measurements ensures the highest rates with
the smallest chance of inhibition of the reaction during
the short time required for measurements (Healey &
Hendzel 1979). Therefore, the temperature and the
concentration of the substrate analogue used in this
study ensured the highest possible activity of the
enzyme. In addition, comparisons are more realistic
under uniform conditions of temperature and substrate
concentration, yielding the highest and most stable
activity than under variable conditions with a resultant
variation in activity (Healey & Hendzel 1979). The
incubations were carried out in dim light for a period of
1.5 h, with the fluorescence of subsamples being mea-
sured at regular intervals of 5 to 15 min. The linear
increase in fluorescence, derived from the conversion

of the substrate analogue to the highly fluorescent 3-0-
methyl fluorescein (MF), was measured with a Hitachi
spectrofluorometer (excitation at 365 nm and emission
at 460 nm) equipped with a temperature-stabilised
sample support. Calibration curves were made with
MF standards. As MF-P has relative high background
fluorescence, 2 to 3 controls were included in each
APA assay. Controls were prepared with sterile seawa-
ter and incubated in the same conditions as the sam-
ples. The increase in fluorescence of each sample was
compared to that of the controls included in the same
APA assay to test for the significance of the fluores-
cence increases over the background levels measured
in controls. We use the equation of Sokal & Rohlf (1986)
to test the significance of the differences between the
slopes of samples and controls. Where significant dif-
ferences were found (p < 0.05), APA was calculated
from the difference between the slopes of samples and
controls. APA contributed by organisms of the <0.8 µm
size class was calculated as the difference between the
slopes of the 0.8 and 0.2 µm filtrates, and that of parti-
cles in the >0.8 µm size class as the difference between
the slope for the whole sample and that of the 0.8 µm
filtrate. Standard errors (SEM) were obtained from the
relationship (A ± a) – (B ± b) = (A – B) ± √(a2 + b2), where
A and B are the slopes of the sample and the control,
respectively, and a and b are the standard errors of A
and B, respectively (Karl & Yanagi 1997). The amount
of specific APA was calculated from the total activity
divided by chlorophyll a (chl a), particulate carbon or
phosphorus, which were used as proxies of micro-
plankton biomass. The purpose of using total APA nor-
malised to chl a was to relate the total activity, inde-
pendent of origin (algae or bacteria), to the biomass of
the autotrophic microplankton. We used total APA
instead of particulate APA to compute specific activity
since: (1) dissolved APA made a significant and vari-
able contribution to total APA; (2) the conditions which
determine the release of the enzyme to the environ-
ment are not completely understood; (3) at most sta-
tions, dissolved AP could be of local origin, and thus
should be included as part of the organism enzyme
production; and (4) most literature data are computed
from total APA. This approach has the disadvantage
that it assigns dissolved AP, which retains its activity
for some time (even periods of months; Li et al. 1998),
to current biomass, thus integrating the enzyme pro-
duction for some unknown period of time. APA was
expressed as nmol MF-P l–1 h–1. 

Chlorophyll a concentration was determined fluoro-
metrically, as described by Agustí & Duarte (1999), and
the concentrations of dissolved inorganic (PO4

3–, NO3
–

+ NO2
–) and organic (DON and DOP) nutrients were

measured spectrophotometrically, following the stan-
dard methods of Grasshoff et al. (1999) as described in
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Vidal et al. (1999). Samples for particulate organic
carbon, nitrogen, and phosphorus determinations
(POC, PON and POP) were collected on precombusted
(450°C, 4 h) Whatman GF/F filters and immediately
frozen (–20°C). POC and PON were analysed in a
Carlo-Erba CHN analyser after removing the inor-
ganic carbon with HCl fumes and then drying at 60°C.
POP was determined after the wet oxidation of filters,
following the same procedure as for DOP, with the sub-
sequent analysis of the dissolved phosphate (Grasshoff
et al. 1999). Bacterial carbon and bacterial growth rates
were computed from standard epifluorescence counts
of DAPI-stained particles during cruise Latitude I, and
from flow cytometric counts of Syto13-stained samples
during the second cruise, when we could separate
prochlorophytes from chemotrophic bacteria. Abun-
dance was converted to carbon using an average C
content of 15 fg C bacterial cell–1 (Lee & Fuhrman
1987). Bacterial production was computed from the
uptake of tritiated leucine converted to carbon with

empirically derived conversion factors (Agustí et al.
2001). Bacterial growth rates (µ) were computed from
bacterial production (BP) and bacterial biomass (BBM)
as µ = ln (1 + BP/BBM). 

The mixing layer depth (or thermocline depth) was
defined as the depth at which maximum stratification
occurs (i.e. the maximum Brunt-Väisälä buoyancy fre-
quency, N2) and was obtained from the vertical gradi-
ent in density computed from CTD data. The horizon-
tal velocity was measured using a VM150
narrow-band acoustic Doppler current profiler (RD
Instruments). These data and the Brunt-Väisälä buoy-
ancy frequency estimates were combined to obtain the
coefficient of vertical diffusivity following the proce-
dure described in Planas et al. (1999) and Vidal et al.
(1999). The turbulent flux of nutrients through the
thermocline was then calculated, assuming Fickian
transport, as the product between that coefficient and
the gradient in nutrient concentrations across the ther-
mocline (Lewis et al. 1986).

RESULTS

The 2 cruises spanned the western portion of the
south Atlantic subtropical gyre, the equatorial
current system, the waters off the NW African
coast and the southeastern extreme of the north
Atlantic subtropical gyre (Fig. 1). The surface mix-
ing layer was deep at both extremes of the study
area (the E subtropical N Atlantic and W subtrop-
ical S Atlantic, during Latitude I and Latitude II
cruises, respectively), where it exceeded 150 m in
thickness (Fig. 2a). Shallower mixing layers of
about 40 m depth were found between 10° S and
15° N, corresponding to the equatorial current sys-
tem, and also off the NW African coast, where the
density gradients were sharpest, indicating the
occurrence of upwelling. The Ekman transports in
the equatorial region determine the upwelling of
waters to the south of the equator (the equatorial
divergence), which results from the south-east
trade winds and the position of the intertropical
convergence zone. Another permanent feature in
the region is a zone of convergence at about 4° N,
where the waters transported with the south-east
trades and those linked to the deflection of equa-
torial counter-current (between 5 and 10° N) meet.
A second upwelling area, at the northern extreme
of the equatorial counter-current (10° N), has been
related to water moving away in response to the
north-east trade winds. 

Surface (5 m depth) phosphate concentrations
were below 0.1 µM in the northern extreme of the
studied transect and in the south subtropical gyre

46

Fig. 1. Positions of stations, showing stations with significant
surface (5 m) alkaline phosphatase activity (APA) during the
Latitude I (triangles) and Latitude II (circles) cruises across the
central Atlantic. Surface currents and the main features of the
Ekman transport are also indicated. Open and filled symbols:

undetectable and significant APA, respectively. 
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(during Latitude II cruise) and increased towards the
equator, with the highest concentrations in the up-
welling area off NW Africa (Fig. 2b). Dissolved organic
phosphorus was measured throughout the study area,
and contributed between 20 and 80% to the total dis-
solved pool (Fig. 2c, and Vidal et al. 1999). Surface
nitrate concentrations were below 0.5 µM at most
stations, with nitrate to phosphate ratios largely below
the conventional Redfield value (Fig. 2d). The DON
and DOP fractions increased the total dissolved nitro-
gen:dissolved phosphorus (TDN:TDP) ratio often
above 20:1, similar to the ratio in the particulate frac-
tion (Fig. 2e,f). PON:POP ratios were close to or even
higher than 20:1 at nearly all stations (Fig. 2f).

We found significant APA over extensive areas of the
central Atlantic (57 and 44% of the 14 and 27 stations
sampled during the Latitude I and Latitude II cruises,
respectively; Fig. 1). APA was detected at the south-
east end of the north Atlantic subtropical gyre, with a
local maximum of about 20 nmol MF-P l–1 h–1 recorded
between 24° N, 29° W and 28° N, 29° W, in the region of
the subtropical convergence, during the Latitude I
cruise (Fig. 3a). APA was below 10 nmol MF-P l–1 h–1

southwards (between 20° N, 18° W and 10° N, 20° W,
off the NW African coast) and towards the equator,
along the Latitude II track. APA could not be detected
in the region of the south equatorial current between
3° N and 13° S, during either of the 2 cruises (Fig. 1).
APA reached a maximum of 48 nmol MF-P l–1 h–1 at
13° S and then decreased southwards in the western

portion of the south Atlantic subtropical gyre (Fig. 3a). 
Dissolved APA was found at all the stations (Latitude I

cruise) and at 5 of the 12 stations of the Latitude II cruise,
where we found significant enzyme activity (Fig. 3b)
contributing from 40% to almost the entire activity. In
particular, dissolved APA was very high in the cores of
both the north and south subtropical convergence,
where it accounted for most of the activity. The particu-
late fraction between 0.2 and 0.8 µm accounted for 40 to
90% of the total activity in 6 of 10 stations (mostly be-
tween 10 and 20° N and S), with significant APA on the
Latitude II track for which we have fractionated data
(Fig. 3c). The particulate fraction >0.8 µm contributed
between 20 and 50% of the total activity at 4 stations and
for almost all the observed activity at 11° N, in the
upwelling region associated with the north equatorial
counter-current (Fig. 3d). 

The chl a (as a proxy of microplankton biomass),
particulate carbon and phosphorus contents were low
at both extremes of the studied transect, with higher
values off the NW African coast (Fig. 4a–c). The rela-
tively low phytoplankton biomass in both the north
and south subtropical gyres combined with the APA
measurements resulted in high specific APA, above
200 nmol MF-P (µg chl a)–1 h–1 (Fig. 5a). In comparison,
the relative high biomass in the upwelling area off the
NW African coast resulted in a lower specific APA of
about 44 nmol MF-P (µg chl a)–1 h–1 (Fig. 5a). Likewise,
the high APA found in the particulate fraction <0.8 µm
corresponded to stations with moderate bacterial
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Fig. 2. Latitudinal variation in (a) mixing depth, (b) dissolved inorganic phosphate, (c) ratio of dissolved organic phosphorus to total
dissolved phosphorus (DOP:TDP), (d) ratio of dissolved nitrate to phosphate, (e) ratio of total dissolved nitrogen to phosphorus
(TDN:TDP), and (f) ratio of nitrogen to phosphorus in the particulate fraction (PON:POP), from surface (5 m depth) water samples

collected from the central Atlantic during the Latitude I and Latitude II cruises
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carbon and relative low bacterial growth rates (below
0.3 d–1) (Fig. 4d,e). The distribution of specific APA
along the transect displayed an inverse relationship to
the calculated upward turbulent phosphate flux, which
showed very low rates at both extremes of the studied
transect and maximum values in the equatorial region
(Fig. 5). 

Vertical profiles of total APA showed significant
activity at different depths in the mixed layer (Fig. 6),

even at stations with undetectable sur-
face activity. 

DISCUSSION

We observed significant activity of the
enzyme alkaline phosphatase in both the
north and south Atlantic subtropical
gyres, in waters off the NW African coast
and in some locations in the tropical
north Atlantic (Fig. 1). APA has also
been reported for other open-ocean sites
such as the subtropical central north
Pacific (Perry 1972), the Sargasso Sea
(Cotner et al. 1997, Guildford & Hecky
2000), the Indian Ocean (Hoppe & Ull-
rich 1999) and the Mediterranean Sea
(Thingstad et al. 1998), suggesting that
utilisation of P from DOP through APA is
probably a characteristic feature of the
oligotrophic ocean. The APA found in
our study (between 4 and 50 nmol MF-P
l–1 h–1) is comparable to that reported by
Li et al. (1998) and Thingstad et al.
(1998) for some stations in the Gulf of
Aqaba (Red Sea) and the NW Mediter-

ranean, respectively. Nevertheless, our values are
somewhat higher than those found in the central north
Pacific, Indian, Sargasso and eastern Mediterranean
seas (Perry 1972, Cotner et al. 1997, Zohary & Robarts
1998, Hoppe & Ullrich 1999). With the exception of the
study of Li et al. (1998), in which the samples were
incubated at 37°C, the remainder of the studies listed
in Appendix 1 (available at www.int-res.com/
journals/suppl/vidal_appendix.pdf) derive from APA
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Fig. 4. Latitudinal variation in (a) chlorophyll
a, (b) particulate organic carbon (POC), (c)
particulate organic phosphorus (POP), (d) bac-
terial carbon, and (e) bacterial growth rate, for
surface (5 m depth) water samples collected
from the central Atlantic during the Latitude I

and Latitude II cruises

Fig. 3. Latitudinal variation in (a) alkaline phosphatase activity (APA), and in
(b–d) contribution (%) of size fractions to total activity, where (b), (c) and (d) show
dissolved APA, particulate APA in the 0.2–0.8 µm fraction and particulate APA
in the >0.8 µm fraction, respectively. Water samples for APA determinations
were collected from 5 m depth in the central Atlantic during the Latitude I and
Latitude II cruises. Size-fractionated APA was determined only on the Oct/Nov-
95 cruise. Error bars = ± SEM; solid and dashed arrows indicate stations lacking

data for size-fractionated and dissolved APA, respectively
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assays performed at the ‘in situ’ temperature of the
samples. According to Healey & Hendzel (1979), this
determines APA below its maximum. We used an incu-
bation temperature of 35°C for both transects, thus
testing for the highest activity of the enzyme. This may
explain, in part, why we found somewhat higher APA
than recorded in other studies. We exclude back-
ground fluorescence arising from spontaneous hydro-
lysis of the substrate analogue as the cause of our
slightly higher APA values, since although the sub-
strate used (3-0-methyl fluorescein phosphate, MF-P)
has a relatively high fluorescence, this was measured
and accounted for (see ‘Materials and methods’). In
addition, the affinity of the enzyme for the substrate
can differ depending on the structure of the organic
part of the molecule (Jansson et al. 1988). This may
lead to differences in the APA measured with different
substrate analogues whenever these were not at satu-
rating concentrations in the samples. The concentra-
tion of MF-P used here has been found to support sat-
urated or near saturated rates of phosphatase activities
in both cultured algae and natural populations (Healey
& Hendzel 1979). APA is usually assayed at its maximal
potential activity, thus reducing the differences associ-
ated with the use of various substrate analogues. 

Taking into account the microplankton biomass
allows better comparisons between APA at different

locations. Although APA can be found in both the
particulate and dissolved phase, it is usual to normalise
total activity with reference to some surrogate of bio-
mass (see ‘Materials and methods’). Chlorophyll a has
been the most used proxy of biomass (Appendix 1),
despite the fact that autotrophic organisms are not the
only contributors to APA and that some part of the
activity may originate from bacteria and zooplankton.
APA correlates with biomass surrogates such as
chlorophyll when phosphate concentrations are above
a certain threshold (Nausch 1993), so that some part of
the variability recorded in Appendix 1 arises from dif-
ferences in biomass. Hence, the relatively low APA
observed in central Atlantic resulted in a higher
specific APA when normalised to chl a concentrations
(Appendix 1). Moreover, the low biomass at both
extremes of the transect studied (E subtropical N
Atlantic and W subtropical S Atlantic, Fig. 4), resulted
in a high specific APA (Fig. 5a). If the differences
among the different locations are valid (taking into
account the various incubation temperatures of the
APA assays in studies listed in Appendix 1), this would
indicate that APA in the subtropical Atlantic is even
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Fig. 5. Latitudinal variation in (a) specific alkaline phosphatase
activity (APA) normalised to chlorophyll a, and (b) upward
turbulent phosphate flux in the central Atlantic. MF-P:

3-0-methyl fluorescein phosphate

Fig. 6. Depth profiles of alkaline phosphatase activity (APA)
in the central Atlantic. (a) Latitude I cruise, (b–d) Latitude II
cruises. Error bars = ±SEM; dotted lines indicate depth of

mixed layer
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higher than that in the Sargasso Sea and in the western
Mediterranean in summer (Cotner et al. 1997, Thing-
stad et al. 1998) being exceeded only by that in the
northern Gulf of Aqaba, (northern Red Sea; Li et al.
1998) (Appendix 1). Specific APA from 0.24 to 1.2 nmol
MF-P (µmol C)–1 h–1, expressed in terms of particulate
organic carbon, has been found to indicate moderate P
limitation in freshwaters, while values higher than
1.2 nmol suggest severe P limitation (Healey &
Hendzel 1979). Hence, the specific APA found at both
extremes of the north and south Atlantic subtropical
gyres (between 1.8 and 7.1 nmol MF-P [µmol C]–1 h–1,
Appendix 1) could indicate severe P limitation in those
regions. This is consistent with data available for the
western subtropical north Atlantic gyre (Mulholland et
al. 2002), thereby sustaining the hypothesis of a preva-
lent high level of P stress in the subtropical north
Atlantic. The APA off the NW African coast and in the
tropical north Atlantic coincided with a relatively high
biomass (Fig. 4), resulting in low specific activities of
about 44 ± 11 nmol MF-P (µg chl a)–1 h–1 (Fig. 5a), indi-
cating relatively low P deficiency in this region. APA
was absent from the southern extreme of the equator-
ial current system between 3° N and 13° S during both
the Latitude I and Latitude II cruises (Fig. 1); this has
been associated with shallow mixing layers and the
upwelling of nutrient-rich waters. Indeed, the upward
turbulent phosphate flux was high in this region, with
undetectable APA, which could be linked to repression
of the synthesis of the enzyme or to inhibition of its
active sites as phosphate availability increased. Similar
APA was found in the region around 24° S during the 2
cruises, indicating that P utilisation from DOP was a
consistent feature of the plankton system in this
region. 

Inverse relationships between APA and phosphate
have been frequently reported (Cembella et al. 1984,
Jansson et al. 1988, Nausch 1993). However, the
phosphate threshold for this regulatory mechanism
may vary among ecosystems (Healey & Hendzel 1980,
Chróst 1991), with presumably very low phosphate
concentrations required in the oligotrophic ocean. The
presence of APA in the central Atlantic was associated
with relatively low concentrations and inputs of nutri-
ents to the mixed layer (Figs. 2b & 5b), although these
trends did not yield a significant correlation between
these properties. Low phosphate concentrations are
not necessarily accompanied by detectable APA (Jans-
son et al. 1988), possibly due to stored P or to a lag in
the induction or activation of the enzyme’s synthesis
(Perry 1972). Indeed, AP is very stable, with turnover
times exceeding the average generation time of most
phytoplankton species (Liu et al. 1995). AP is released
to the environment (where it may be detected as free
dissolved activity) through either cell lysis or excretion,

and maintains its activity over extended periods. Col-
loidal surfaces are centrally involved in the longevity
and activity of extracellular enzymes in soils (Burns
1978), and may be important in aquatic systems as well
(Boon 1993). Consequently, APA and, in particular,
dissolved APA may reflect past episodes of P-
deficiency, thus integrating the inorganic P history of
the plankton community over long periods of up to
1.5 mo (Chróst 1991, Cotner et al. 1997, Li et al. 1998). 

We can exclude cell breakage during filtration as the
origin of dissolved phosphatase, since filtration was
very careful and, in such case, dissolved APA would
have occurred preferentially at the stations with the
highest cell density. On the contrary, dissolved APA
was most abundant in the oligothrophic stations and
was absent from most (high-biomass) stations off the
NW African coast. APA in the free dissolved fraction
dominated the activity in the stations of the subtropical
gyre with the highest specific APA (Figs. 3b & 5a), sug-
gesting a reflection of strong P deficiency in the past,
causing low microbial biomass and particle-bound
APA. This is consistent with the high uptake rates and
short turnover time of phosphate in the western part of
the south subtropical gyre during the same Latitude II
cruise (Cañellas et al. 2000), with values characteristic
of P-deficient environments (Dolan et al. 1995, Cotner
et al. 1997, Zohary & Robarts 1998). Dissolved phos-
phatases have been found to dominate the total
enzyme activity in highly oligotrophic environments of
both lakes and marine waters (Hantke et al. 1996, Li et
al. 1998), and it has been suggested that this indicates
the prevalence of P deficiency. 

Our finding of APA in the central Atlantic confers a
central role to dissolved organic molecules in the nutri-
tion of microbial populations. A substantial part of the
activity of the enzyme was associated with particles
smaller than 0.8 µm (Fig. 3c), as would be expected
from the dominance of picoplanktonic bacteria and
cyanobacteria in the oligotrophic ocean (Fuhrman et
al. 1989, Gasol et al. 1997) and their characteristic low
C:P ratios (Chrzanowski & Kyle 1996, Heldal et al.
1996). In addition, phosphorus bound to organic mole-
cules can be hydrolysed through an additional contri-
bution from bacterial 5’–nucleotidase, which is not
suppressed in the presence of phosphate (Ammerman
& Azam 1985). With few exceptions (see Fig. 6), we
tested only the presence of surface (5 m depth) APA,
whereas APA may also be frequent at depth (Appendix
1). Our finding of APA at various depths within and
outside the mixed layer, even at stations with unde-
tectable surface activity, suggest that APA may be
more frequent than hitherto recognised.

The presence of APA in the central Atlantic contrasts
with the low nitrate availability of the surface mixing
layer, with undetectable nitrate concentrations (below
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0.02 µM) at most stations and low nitrate to phosphate
ratios (Fig. 2d), which could suggest nitrogen limita-
tion of plankton biomass and growth. However, N:P
ratios were above the Redfield ratio when ammonium
and dissolved organic nitrogen (DON) were also con-
sidered (Fig. 2e), although a variable unknown fraction
of DON may be refractory (Vidal et al. 1999). The high
TDN:TDP ratios observed in this study agree with
those reported for the subtropical Sargasso Sea (Wu et
al. 2000). High N:P ratios, above 20:1, also characterise
the particulate pool (Fig. 2f), indicating nitrogen-
sufficient conditions in the central Atlantic, probably
reflecting the use of other nitrogen pools in addition to
nitrate (Planas et al. 1999). Moreover, the nitrate
uptake rates at these stations far exceeded the upward
diffusive nitrate supply, further indicating additional,
possibly atmospheric, nitrogen inputs (Planas et al.
1999). Similar conclusions were reached on the basis of
the observation that downward DON fluxes matched
or even exceeded upward nitrate inputs (Vidal et al.
1999). Therefore, the high N to P ratios observed in the
total dissolved and particulate nutrient pool as well as
the nitrogen fluxes estimates for the central Atlantic
suggest the presence of additional N inputs, probably
through N2 fixation (Lipschultz & Owens 1996) and
atmospheric deposition. Populations of diazotrophic
organisms, in particular Trichodesmium spp., have
frequently been reported for the central Atlantic (Car-
penter 1983, Lipschultz & Owens 1996, Mulholland et
al. 2002), and were also abundant off the north African
coast in this study (S. Agustí unpubl. data). Indeed,
high abundances of Trichodesmium spp. have recur-
rently been observed in the years 1995 to 1999 be-
tween the equator and 15° N, close to 20° W in the
eastern Atlantic (Tyrell et al. 2003), i.e. at the same
positions at which we found APA. Recent studies have
extended the ability to fix N2 to small nanoplankton
(Zehr et al. 2001). Higher N2 fixation rates in the cen-
tral Atlantic than in the Pacific Ocean have been
explained by higher iron availability in the Atlantic,
which is supplied with Sahara dust (Carpenter 1983,
Gruber & Sarmiento 1997). Under these conditions, N2

fixation is limited by the availability of phosphorus
(Sañudo-Wilhelmy et al. 2001), which could account
for the presence of the AP enzyme in part of our study
area. 

The probable utilisation of DOP in the central
Atlantic, which may be derived from the presence of
AP, helps to explain the fast DOP turnover inferred
from the high production rates of DOP (Cañellas et al.
2000) relative to the small DOP accumulation in the
mixed layer (Vidal et al. 1999). Net production rates of
DOP accounted, on average, for 6 ± 2 nmol l–1 h–1

during the autumn cruise (Cañellas et al. 2000), and
the highest potential DOP hydrolysis that could be

derived from APA was 13 nmol MF-P l–1 h–1 during the
same cruise (Fig. 3a). Although APA does not measure
DOP hydrolysis, comparisons between both estimates
are illustrative of the probably fast DOP turnover in the
central Atlantic. In this case, fast DOP recycling should
allow an efficient use of P in the biogenic layer, while
more refractory DON accumulates in (and is subse-
quently exported from) the mixed layer (Vidal et al.
1999). Higher biological and chemical lability of DOP
than DON has been suggested in some studies (Smith
et al. 1986, Abell et al. 2000). Hence, differences in the
lability of dissolved organic compounds containing P
and N might lead to uncoupled biogeochemical fluxes
and to differential controls on N and P availability in
the ocean (Jackson & Williams 1985, Smith et al. 1986,
Wu et al. 2000). N2 fixation provides the mechanism to
cope with a progressive decrease in labile available
nitrogen, while AP activity alleviates P deficiency. 

In summary, our observation of APA in the central
Atlantic and the high contribution of the dissolved
fraction to total activity support the existence of persis-
tent P-deficiency in most of the central Atlantic. This is
consistent with stoichiometric factors and estimates of
rate processes and elemental fluxes for the same dates
and locations (Planas et al. 1999, Vidal et al. 1999,
Cañellas et al. 2000), which point to excess N concen-
trations in the central Atlantic in agreement with pre-
vious studies (Gruber & Sarmiento 1997, Pahlow &
Riebesell 2000). More severe P deficiency in the north
Atlantic than in the north Pacific has also been recently
suggested (Wu et al. 2000, Sañudo-Wilhelmy et al.
2001, Karl 2002). Thus, P regeneration from DOP, as
implied from the observed APA, may play a pivotal
role in the tropical and subtropical Atlantic, allowing
an efficient use of P in the biogenic layer, and avoiding
P loss from the mixed layer through the diffusive DOM
flux that preferentially removes C and N. 

Acknowledgements. This is a contribution to the ‘Latitude’
project (grant AMB94-0739), funded by the Spanish Intermin-
isterial Commission of Science and Technology (CICYT). We
thank M. Manríquez and P. Jornet for assistance with CTD
profiling, A. Lucea for help with nutrient analyses, I. Casals
and P. Fernández, from the Serveis Científico-Tècnics of the
University of Barcelona, for the POC and PON analyses,
T. Granata for guidance in processing of CTD and ADCP
data, and all the participants of the Latitude I and Latitude II
cruises and the commander and crew of the ‘BIO-Hespérides’
for help during the cruise. The comments and suggestions of
4 anonymous reviewers are gratefully acknowledged. 

LITERATURE CITED

Abell J, Emerson S, Renaud P (2000) Distributions of TOP, TON
and TOC in the North Pacific subtropical gyre: implications
for nutrient supply in the surface ocean and remineralization
in the upper thermocline. J Mar Res 58:203–222

51



Mar Ecol Prog Ser 262: 43–53, 2003

Agustí S, Duarte CM (1999) Phytoplankton chlorophyll a dis-
tribution and water column stability in the Central Atlantic
Ocean. Oceanol Acta 22:193–203

Agustí S, Duarte CM, Vaqué D, Hein M, Gasol JM, Vidal M
(2001) Food-web structure and elemental (C, N and P)
fluxes in the eastern tropical North Atlantic. Deep-Sea Res
II 48:2295–2321

Ammerman JW, Azam F (1985) Bacterial 5’-nucleotidase in
aquatic ecosystems: a novel mechanism of phosphorus
regeneration. Science 227:1338–1340

Boon PI (1993) Organic matter degradation and nutrient
regeneration in Australian fresh waters: III. Size fraction-
ation of phosphatase activity. Arch Hydrobiol 126:339–360

Broecker WS (1982) Ocean chemistry during glacial time.
Geochim Cosmochim Acta 46:1689–1705

Bronk DA (2002) Dynamics of DON. In: Hansell DA, Carlson
CA (eds) Biogeochemistry of marine dissolved organic
matter. Academic Press, San Diego, p 153–247

Burns RG (1978) Enzyme activity in soil: some theoretical and
practical considerations. In: Burns RG (ed) Soil enzymes.
Academic Press, London, p 295–340

Cañellas M, Agustí S, Duarte CM (2000) Latitudinal variabil-
ity in phosphate uptake in the Central Atlantic. Mar Ecol
Prog Ser 194:283–294

Carpenter EJ (1983) Nitrogen fixation by marine Oscillatoria
(Trichodesmium) in the world oceans. In: Carpenter EJ,
Capone DG (eds) Nitrogen in the marine environment.
Academic Press, San Diego, p 65–103

Cembella AD, Anita NJ, Harrison PJ (1984) The utilization of
inorganic and organic phosphorus compounds as nutri-
ents by eukaryotic microalgae: a multidisciplinary per-
spective: Part 2. Crit Rev Microbiol 11:13–81

Chróst RJ (1991) Microbial enzymes in aquatic environments.
Springer-Verlag, New York

Chrzanowski TH, Kyle M (1996) Ratios of carbon, nitrogen
and phosphorus in Pseudomonas fluorescens as a model
for bacterial element ratios and nutrient regeneration.
Aquat Microb Ecol 10:115–122

Codispoti LA (1989) Phosphorus vs. nitrogen limitation of new
and export production. In: Berger WH, Smetacek VS,
Wefer G (eds) Productivity of the ocean: present and past.
John Wiley & Sons, Chichester, p 377–394

Cotner JB, Ammerman JW, Peele ER, Bentzen E (1997) Phos-
phorus-limited bacterioplankton growth in the Sargasso
Sea. Aquat Microb Ecol 13:141–149

Dolan JR, Thingstad TF, Rassoulzadegan F (1995) Phosphate
transfer between microbial size-fractions in Villefranche
Bay (N. W. Mediterranean Sea), France in autumn 1992.
Ophelia 41:71–85

Downing JA, Osenberg CW, Sarnelle O (1999) Meta-analysis of
marine nutrient-enrichment experiments: variation in the
magnitude of nutrient limitation. Ecology 80:1157–1167

Falkowski PG (2000) Rationalizing elemental ratios in uni-
cellular algae. J Phycol 36:3–6

Fuhrman JA, Capone DG (2001) Nifty nanoplankton. Nature
412:593–594

Fuhrman JA, Sleeter TD, Carlson CA, Proctor LM (1989)
Dominance of bacterial biomass in the Sargasso Sea and
its ecological implications. Mar Ecol Prog Ser 57:207–217

Gasol JM, del Giorgio PD, Duarte CM (1997) Biomass distrib-
ution in marine planktonic communities. Limnol Oceanogr
42:1353–1363

Grasshoff K, Kremling K, Ehrhardt M (1999) Methods of
seawater analysis. Wiley-VCH, Weinheim

Gruber N, Sarmiento JL (1997) Global patterns of marine
nitrogen fixation and denitrification. Global Biogeochem
Cycles 11:235–266

Guildford SJ, Hecky RE (2000) Total nitrogen, total phos-
phorus, and nutrient limitation in lakes and oceans: is
there a common relationship? Limnol Oceanogr 45:
1213–1223

Hantke B, Fleischer P, Domany I, Koch M, Pleß P, Wiendl M,
Melzer A (1996) P-release from DOP by phosphatase
activity in comparison to excretion by zooplankton.
Studies in hardwater lakes of different trophic level.
Hydrobiologia 317:151–162

Healey FP, Hendzel LL (1979) Fluorometric measurement of
alkaline phosphatase activity in algae. Freshw Biol 9:
429–439

Healey FP, Hendzel LL (1980) Physiological indicators of
nutrient deficiency in lake phytoplankton. Can J Fish
Aquat Sci 37:442–453

Heldal M, Norland S, Fagerbakke KM, Thingstad F, Bratbak
G (1996) The elemental composition of bacteria: a signa-
ture of growth conditions? Mar Pollut Bull 33:3–9

Hoppe HG, Ullrich S (1999) Profiles of ectoenzymes in the
Indian Ocean: phenomena of phosphatase activity in the
mesopelagic zone. Aquat Microb Ecol 19:139–148

Jackson GA, Williams PM (1985) Importance of dissolved
organic nitrogen and phosphorus to biological nutrient
cycling. Deep-Sea Res 32:223–235

Jansson M, Olsson H, Pettersson K (1988) Phosphatases; ori-
gin, characteristics and function in lakes. Hydrobiologia
170:157–175

Karl DM (2000) A new source of ‘new’ nitrogen in the sea.
Trends Microbiol 8:301

Karl DM (2002) Nutrient dynamics in the deep blue sea.
Trends Microbiol 10:410–418

Karl DM, Björkman KM (2002) Dynamics of DOP. In: Hansell
DA, Carlson CA (eds) Biogeochemistry of marine
dissolved organic matter. Academic Press, San Diego,
p 249–366

Karl DM, Yanagi K (1997) Partial characterization of the dis-
solved organic phosphorus pool in the oligotrophic North
Pacific Ocean. Limnol Oceanogr 42:1398–1405

Karl DM, Björkman K, Dore JE, Fujieki L, Hebel DV, Houli-
han T, Letelier RM, Tupas LM (2001) Ecological nitrogen-
to-phosphorus stoichiometry at station Aloha. Deep-Sea
Res II 48:1529–1566

Kobori H, Taga N (1979) Phosphatase activity and its role in
the mineralization of organic phosphorus in coastal sea
water. J Exp Mar Biol Ecol 36:23–39

Krom MD, Kress N, Brenner S, Gordon LI (1991) Phosphorus
limitation of primary productivity in the eastern Mediter-
ranean Sea. Limnol Oceanogr 36:424–432

Lee S, Fuhrman JA (1987) Relationships between biovolume
and biomass of naturally derived marine bacterioplank-
ton. Appl Environ Microb 53:1298–1303

Lewis MR, Harrison WG, Oakey NS, Hebert D, Platt T (1986)
Vertical nitrate fluxes in the oligotrophic ocean. Science
234:870–873

Li H, Veldhuis MJW, Post AF (1998) Alkaline phosphatase
activities among planktonic communities in the northern
Red Sea. Mar Ecol Prog Ser 173:107–115

Lipschultz F, Owens NJP (1996) An assessment of nitrogen
fixation as a source of nitrogen to the North Atlantic
Ocean. Biogeochemistry 35:261–274

Liu H, Campbell L, Landry MR (1995) Growth and mortality
of Prochlorococcus and Synechococcus measured with a
selective inhibitor technique. Mar Ecol Prog Ser 116:
277–287

Mulholland MR, Floge S, Carpenter EJ, Capone DG (2002)
Phosphorus dynamics in cultures and natural populations
of Trichodesmium spp. Mar Ecol Prog Ser 239:45–55

52



Vidal et al.: Phosphatase activity in the central Atlantic

Nausch M (1993) Alkaline phosphatase activities and the
relationship to inorganic phosphate in the Pomeranian
Bight (southern Baltic Sea). Aquat Microb Ecol 16:87–94

Pahlow M, Riebesell U (2000) Temporal trends in deep ocean
Redfield ratios. Science 287:831–833

Perry MJ (1972) Alkaline phosphatase activity in subtropical
Central North Pacific waters using a sensitive fluorometric
method. Mar Biol 15:113–119

Pettersson K (1980) Alkaline phosphatase activity and algal
surplus phosphorus as phosphorus-deficiency indicators
in Lake Erken. Arch Hydrobiol 89:54–87

Planas D, Agustí S, Duarte CM, Granata TC, Merino M (1999)
Nitrate uptake and diffusive nitrate supply in the Central
Atlantic. Limnol Oceanogr 44:116–126

Prospero JM, Savoie DL (1989) Effect of continental sources
on nitrate concentrations over the Pacific Ocean. Nature
339:687–689

Prospero JM, Barrett K, Church T, Dentener F, Duce RA,
Galloway JN, Levy II H, Moody J (1996) Atmospheric
deposition of nutrients to the North Atlantic Basin. Bio-
geochemistry 35:27–73

Redfield AC (1958) The biological control of chemical factors
in the environment. Aquat Microb Ecol 46:205–221

Ryther JH, Dunstan WM (1971) Nitrogen, phosphorus and
eutrophication in the coastal marine environment. Science
171:1008–1013

Sañudo-Wilhelmy SA, Kustka AB, Gobler CJ, Hutchins DA
and 6 others (2001) Phosphorus limitation of nitrogen
fixation by Trichodesmium in the central Atlantic Ocean.
Nature 411:66–69

Shan Y, McKelvie ID, Hart BT (1994) Determination of
alkaline phosphatase-hydrolizable phosphorus in natural

water systems by enzymatic flow injection. Limnol
Oceanogr 39:1993–2000

Smith SV, Kimmerer WJ, Walsh TW (1986) Vertical flux and
biogeochemical turnover regulate nutrient limitation of
net organic production in the North Pacific Gyre. Limnol
Oceanogr 31:161–167

Sokal RR, Rohlf FJ (1986) Introducción a la bioestadística.
Reverté, Barcelona

Thingstad TF, Zweifel UL, Rassoulzadegan F (1998) P limita-
tion of heterotrophic bacteria and phytoplankton in the
northwest Mediterranean. Limnol Oceanogr 43:88–94

Tréguer P, Pondaven P (2000) Silica control of carbon dioxide.
Nature 406:358–359

Tyrrell T (1999) The relative influences of nitrogen and phos-
phorus on oceanic primary production. Nature 400:525–531

Tyrrell T, Marañón E, Poulton AJ, Bowie AR, Harbour DS,
Woodward EMS (2003) Large-scale latitudinal distribution
of Trichodesmium spp. in the Atlantic Ocean. J Plankton
Res 25:405–416

Vidal M, Duarte CM, Agustí S (1999) Dissolved organic nitro-
gen and phosphorus pools and fluxes in the central
Atlantic Ocean. Limnol Oceanogr 44:106–115

Wu J, Sunda W, Boyle EA, Karl DM (2000) Phosphate deple-
tion in the Western North Atlantic Ocean. Science 289:
759–762

Zehr JP, Waterbury JB, Turner PJ, Montoya JP, Omoregie E,
Steward GF, Hansen A, Karl DM (2001) Unicellular
cyanobacteria fix N2 in the subtropical North Pacific
Ocean. Nature 412:635–638

Zohary T, Robarts RD (1998) Experimental study of microbial
P limitation in the eastern Mediterranean. Limnol
Oceanogr 43:387–395

53

Editorial responsibility: Otto Kinne (Editor),
Oldendorf/Luhe, Germany

Submitted: January 31, 2003; Accepted: August 5, 2003
Proofs received from author(s): October 7, 2003


