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ABSTRACT: Oceanic central gyres cover large areas of the earth and contribute significantly to global
productivity. Oceanic phytoplankton production is believed to be limited by nitrogen (N) in central
gyres and iron (Fe) in high-nutrient low-chlorophyll regions. Bacterioplankton have been less studied
but are believed to be limited by organic carbon. We report here that bacterioplankton in the Sargasso
Sea were phosphorus (P) limited on cruises in 1992 and 1993. This assertion is supported by measure-
ments of high dissolved and particulate N:P and C:P ratios, high alkaline phosphatase activity and
phosphate uptake rates, and bacterioplankton growth rate responses in bioassays where inorganic P
was added. Particulate C:P ratios were always higher than the Redfield ratio (106:1) and occasionally
greater than 400:1. N:P ratios were 75:1 and 46:1 on 2 cruises and time-series data indicated that ratios
were always greater than 24:1 over nearly a 2 yr span. Phosphate concentrations were extremely low
in the euphotic zone (<10 nM} and biomass-normalized alkaline phosphatase activities indicated mod-
erate to severe P limitation, with most severe limitation occurring in the spring. Bioassays indicated that
heterotrophic bacteria may be P limited in the northwestern Sargasso Sea, especially in the spring.
Limitation by P and not dissolved organic carbon may explain why dissolved organic carbon accumu-

lates in the water column at that time.
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INTRODUCTION

Despite low nutrient availability in oceanic central
gyres, these extensive areas contribute significantly to
global productivity (Martin et al. 1987). Primary pro-
ductivity in gyres impacts the global carbon cycle
through atmospheric CO, fixation and the subsequent
flux of organic carbon to the deep ocean. Hetero-
trophic bacteria are a significant component of the
microbial flora in these environments (Fuhrman et al.
1989, Li et al. 1992) and impact dissolved organic car-
bon (DOC) pools through their metabolic activities.
Consequently, processes controlling planktonic pro-
ductivity in these gyres have important impacts on
global biocgeochemical cycles.

*E-mail: j-cotner@tamu.edu

© Inter-Research 1997

Any nutrient can limit productivity in aquatic envi-
ronments when the availability of that nutrient is low
relative to the biomass requirements of the organism
(Redfield 1958). Organic carbon (C) is presumed to
limit bacterioplankton growth in the open ocean
(Kirchman 1990}, but few studies have been performed
on this topic. Phosphorus (P) limitation of bacterio-
plankton growth has recently been demonstrated in
several marginal seas (Zweifel et al. 1993, Pomeroy et
al. 1995). Bacterioplankton are an important constraint
on P availability in freshwater environments (Currie &
Kalff 1984a, b, Vadstein et al. 1988, Tarapchak & Moll
1990, Bentzen et al. 1992, Cotner & Wetzel 1992). How-
ever, little work has been done to examine bacterial
nutrient limitation in the Sargasso Sea, a large sub-
tropical gyre in the North Atlantic. In this region of the
ocean, dissolved inorganic N:P ratios are anomalously
high in surface water {(Fanning 1992), i.e. P concentra-
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tions are low relative to N, and heterotrophic bacteria
have been shown to have a high P requirement (Brat-
bak 1985, Vadstein et al. 1988); therefore, P was be-
lieved to be important to growth of these organisms.

MATERIJALS AND METHODS

Study area. We examined nutrient dynamics in the
Sargasso Sea during 2 cruises in August 1992 and
March 1993 at the U.S. Joint Global Ocean Flux Study
(JGOFS) site near Bermuda (31°50' N, 64° 10" W).
Plankton in Sargasso Sea surface waters, like other
nutrient-depleted subtropical gyres, is dominated by
prokaryotic biomass. Approximately 50% of the bio-
mass is heterotrophic bacteria and nearly half of the
autotrophic biomass is composed of Prochlorococcus
and Synechococcus sp., small photosynthetic prokary-
otes (Li et al. 1992).

Bioassays. Nutrient limitation of heterotrophic bac-
teria was assessed by adding various nutrients to sea-
water and measuring the effects of these additions on
bacterial growth and biomass. These experiments
were conducted to determine what nutrient poten-
tially limited the growth of heterotrophic bacteria in
the Sargasso Sea. Samples for experiments were col-
lected from 20 m depth because microbial activity is
typically maximal near this region of the mixed layer.
Bacterial thymidine and leucine incorporation rates
were low but typically near maximal rates in the
upper 50 m (Carlson et al. 1996). Annual primary pro-
ductivity is highest near the surface and rates below
80 m are typically less than 1 mg C m? d°! (Michaels
et al. 1994).

Whole seawater was enriched with KH,PO, (100 nM
P addition), NH,C1 [1500 (August) or 500 (March) nM
N addition], or glucose {36 {August) or 6 (March) pM as
C] before incubating at ambient temperature and in
light conditions similar to those found at the depth of
collection (August) or at ambient temperature and in
the dark (March). Although ambient phosphate and
ammonium concentrations were near detection limits
(Michaels et al. 1994), we added phosphate to increase
ambient phosphate concentrations by a factor of 10
to insure that sufficient quantities were available
throughout the duration of the experiments. N (as
ammonium) and organic C (as glucose) were added at
Redfield ratios (relative to added P) in August, but in
March, N:P and C:P ratios were adjusted down to
compensate for the higher P requirement of hetero-
trophic bacteria than phytoplankton (Vadstein et al.
1988, Vadstein & Olsen 1989). In March, whole seawa-
ter was diluted 1:1 with 0.2 pm pore-size filtered sea-
water to minimize the impact of grazers on bacterial
biomass accumulation. Control treatments had no nu-

trients added. Samples were removed for analyses 48 h
after initiation of the incubation. Our measurements
indicated maximal activity responses occurred be-
tween 24 and 48 h after experiments were initiated.
Carlson & Ducklow ({1996) also observed maximum
responses of bacteria to nutrient additions 40 to 50 h
after initiation of similar Sargasso Sea experiments.
Bacterial abundance was determined by the epifluo-
rescence method of Hobbie et al. (1977). Thymidine
incorporation rates were measured by the method of
Wicks & Robarts (1987).

Chemical and physiological measurements. Particu-
late C and N were measured with a Control Equipment
Corporation (CEC) 240-XA Elemental Analyzer. Ap-
proximately 2 1 was filtered through pre-combusted
{(400°C) glass fiber (GF/F) {ilters; filters were dried,
combusted and analyzed. These data are provided
from the Bermuda Atlantic time-series (BATS) mea-
surements. Particulate P was determined spectropho-
tometrically after filtration (4 1) onto filters (GF/F) and
combustion of the material on the filters (Solorzano &
Sharp 1980). Particulate nutrient ratios were estimated
by integrating particulate organic carbon, nitrogen
and phosphorus concentrations over the upper 80 m of
the water column.

An upper limit for phosphate concentrations (PO,
K, + S,) was estimated kinetically from the half-satura-
tion constant for PO, uptake (Bentzen & Taylor 1991).
Conventional colorimetric analyses in the euphotic
zone indicated average values near to or below the
detection limit for phosphate in August and March. In
August, colorimetric measurements at the BATS site
indicated an average phosphate concentration of ca
10 nM in the euphotic zone, and in March, all values in
the euphotic zone were less than the detection limit.
Phosphate uptake kinetic constants [half-saturation
constant (K, + S,) and V,,,] were determined by
adding tracer levels of 3P-PO, with unlabeled phos-
phate at various concentrations and measuring isotope
incorporation into particulate matter on 0.2 pm pore-
size polycarbonate membrane filters (Cotner & Wetzel
1992). Uptake at V., was normalized to particulate P
concentrations (referred to as specific uptake} to
estimate the turnover rate in biomass. Alkaline phos-
phatase activity (APA) was determined fluorometri-
cally at saturating concentrations of the artificial sub-
strate, methyl-umbelliferyl phosphate (Ammerman
1993). Incubations for uptake rate determinations and
alkaline phosphatase assays were performed at ambi-
ent temperature.

Particulate nutrient concentrations were compared
to the Redfield ratio (106 C:16 N:1 P; Redfield 1958) to
infer the potential for nutrient limitation. This ratio rep-
resents the molar composition of biomass in most of the
open ocean (Hecky et al. 1993).
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RESULTS AND DISCUSSION
Bioassays

Bioassay experiments conducted on both cruises
demonstrated increased thymidine incorporation, a
measure of heterotrophic bacterial growth rates, in
treatments where P was added (Fig. 1). In August, all
experimental treatments where P was added had sig-
nificantly higher thymidine incorporation rates than
treatments without P (p < 0.05; t-test). In March, both
thymidine incorporation rates and bacterial abun-
dances increased in P-amended treatments (p < 0.05).
Furthermore, the percent increase in thymidine incor-
poration rates in P treatments relative to controls was
also higher in March than August (Fig. 1), suggesting
greater potential for P limitation at that time.

Although bacternal growth rates increased with P ad-
ditions on both cruises, bacterial abundance increased
only in March, possibly because only the March exper-
iments were pre-filtered and diluted to remove proto-
zoan predators (Fig. 1). In similar experiments in the
Sargasso Sea, bacterivorous predators were not abun-
dant until approximately 100 h after initiation of the
experiment and abundance only increased in 25% of
the treatments (Carlson & Ducklow 1996). However,
their experimental design was similar to our March ex-
periments, in that they were pre-filtered through a
0.8 um pore-size pre-filter and diluted with particle
free water. Although we did not examine bioassay
experiments for abundance of protists, they likely were
more abundant in the August experiments because
they were not pre-filtered and diluted.

If multiple nutrients limited the growth of bacterio-
plankton in these experiments, multiple additions of
nutrients should have increased productivity or bio-
mass more than single additions. Concomitant N and P
additions in August and all possible combinations of P,
N and glucose in March demonstrated similar biomass
and growth responses as the single P addition treat-
ment. These results suggest that P was the primary
nutrient limiting growth over the course of the March
experiment.

Bioassay experiments performed in the 1960s, prior
to current metal-clean techniques, suggested Fe-
limited phytoplankton in this region (Menzel & Ryther
1961). Recent experiments have also indicated poten-
tial for Fe limitation of heterotrophic bacteria in the
Southern Ocean (Pakulski et al. 1996, Tortell et al.
1996). We did not examine the potential for bacterial
Fe limitation in these experiments but more recent ex-
periments using clean techniques did not suggest that
bacterioplankton were Fe limited (J. B. Cotner, J. W.
Ammerman & R. Greene unpubl. results). Fe seems
less likely to limit productivity in this region today than
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Fig. 1. Effects of phosphate (P), ammonium {N) and glucose on

bacterial abundance and thymidine incorporation rate (TdR)

in surface water collected at the Bermuda Atlantic time-series

station in {(A) August 1992 and (B) March 1993. Error bars rep-

resent 1 standard error of the mean. In August, n = 2 to 4, and
in March, n = 2, for each treatment

at the time these early experiments were performed
because atmospheric dust concentrations have in-
creased by a factor of 3 since the 1960s near Barbados
and regions of the North Atlantic. Atmospheric Fe de-
position rates are 1 to 2 orders of magnitude higher in
the Atlantic than in the equatorial Pacific (Donaghay et
al. 1991) and dissolved Fe:P ratios are 5 times higher in
the Atlantic than the Pacific (Brand 1991). In addition
to relieving the potential for Fe limitation in this re-
gion, increased Fe loading may decrease P availability.
Krom et al. (1991) speculated that Fe- and clay-rich
particulates from the Sahara remove inorganic P from
the water column in the eastern Mediterranean Sea.
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In situ measurements

Physiological measurements also demonstrated
potential for bacterial P limitation. Unlike bioassays,
these measurements are indicative of nutrient suffi-
ciency or deficiency of the total plankton, which in-
cludes both phytoplankton and bacterioplankton.
Autotrophs and heterotrophs are similar in size in this
region of the ocean so size-fractionation is not possible.
Nonetheless, bioassays performed in the light did not
suggest strong P limitation of autotrophs (data not
shown). For this reason, and also because hetero-
trophic bacteria constitute the largest pool of microbial
biomass (Li et al. 1992, Caron et al. 1995), we used
these bulk measurements to make inferences on the
nutrient status of heterotrophic bacteria. P-specific
phosphate uptake rates were high (Table 1; PO, POP™})

Table 1. Kinetic phosphorus, particulate carbon and phospho-
rus and ratios {molar) measured at the Bermuda Atlantic time-
series station on cruises in August 1992 and March 1993. Val-
ues represent means (n = 5 to 7) of the upper part of the water
column (less than 80 m). Values in parentheses represent 1
standard error of the mean. In August, only 1 measurement
was made for PO, K; + S, and POy V., but these estimates
are obtained from regressions of greater than 12 points and
are robust, with standard error estimates less than 15 % of the
mean. Particulate organic carbon (POC), nitrogen (PON) and
phosphorus (POP) values were integrated (n = 3 to 7) from the
upper 80 m of the water column. Particulate nutrient ratios
can be compared to the Redfield ratio (106:16:1) to infer
potential nutrient limitation. APA:POC values from 0.24 to
1.2 nmol P (umol C)~! h™! suggest slight P limitation and val-
ues greater than 1.2 are indicative of severe P limitation in
freshwater (Healey & Hendzel 1979)

August 1992 March 1993

POP (nM)

4 (0.6) 9(0.8)
PO, K, + S, (nM) 10 5.4 (0.5)
PO, Vipax (MM K7} 0.78 0.82(0.11)
PO, POP~! (h™}) 0.20 0.09
APA Vg, (nM h7Y) 1.39 (0.08) 2.70 (0.16)
APA POP~! (h™}) 0.35 0.30
APA:POC [nmol P (umol C)=! h™!] 0.70 1.24
POC (mmol m™?) 170.9 181.2
PON (mmol m?) 27.0 32.6
POP (mmol m%) 0.36 0.71
C:N 6.33 5.57
C.p 475 255
NP 75 46
Abbreviations:

POP: particulate organic phosphorus; PO, K, + S,: a kinetic
estimate of ambient phosphate concentrations plus the
half-saturation constant for PO, uptake; V,,; maximum
velocity for phosphate uptake; PO, POP~!: phosphate up-
take at the maximum velocity normalized for POP concen-
trations; APA V.. alkaline phosphatase activity at the
maximum velocity; APA POP-!: saturated alkaline phos-
phatase activity at V,,,, normalized for POP concentrations

and ambient phosphate concentrations (PO, K, + S,}
were extremely low (5 to 10 nM} (Omarza-Gonzdlez &
Statham 1991) and varied little seasonally. These are
among the lowest concentrations reported for any
aquatic system (Cembella et al. 1984, Bentzen & Taylor
1991; Table 1). Similar values for K, + S, were reported
for bacteria in Sandsfjord, Norway, and it was con-
cluded that bacterioplankton were P limited there
(Thingstad et al. 1993).

The phosphate uptake rates measured in our study
were ca 3 to 100 times faster than previous measure-
ments in the central North Pacific (Perry & Eppley
1981), although previous rates were probably under-
estimated because glass-fiber filters were used instead
of membrane filters. The phosphate turnover times
(phosphate concentration divided by uptake rate) mea-
sured in the present study were ca 9 h, which is 40 to
115 times faster than similar measurements in the cen-
tral North Pacific (Perry & Eppley 1981).

One adaptation of organisms to nutrient depletion is
an increase in the capacity for uptake of the limiting
nutrient (Lean & Pick 1981, Button 1985). To examine
phosphate uptake capacity independent of biomass
differences, we normalized uptake at V., to the par-
ticulate P pool, often referred to as the specific uptake
rate (PO, POP~!; Table 1). In a coastal P-limited marine
system, specific uptake rates varied from 0.01 to
0.30 h™! (Thingstad et al. 1993), similar to values mea-
sured in the Sargasso Sea (Table 1). Highest specific
uptake rates occurred in the most P-deficient region of
the water column and heterotrophic bacterial fractions
had higher specific uptake rates than phytoplankton
fractions.

Because these rates are normalized for biomass, it
enables comparisons with other systems of varying
trophic state. These values are similar to measure-
ments in P-limited freshwater systems. In P-limited
Lake Erie, the specific uptake rate varied from 0.02 to
0.09 h'! (Lean & Pick 1981). In a P-limited Michigan
(USA) kettle lake, P turnover times in particulate mat-
ter were 0.06 to 0.5 h™! (Cotner & Wetzel 1992). These
data suggest that P cycled through microbial biomass
at very rapid rates which were comparable to rates
measured in other P-limited systems.

The inverse of this rate represents the turnover time
of P in biomass. These rates indicated that the turnover
time of P in planktonic biomass was ca 5 h in August
and 11 h in March. Although the phosphate uptake
rate remained similar from August to March, the
particulate P pool doubled, giving lower values for P-
normalized uptake.

APA is a useful physiological indicator of P limitation
in oceanic systems because it is a de-repressible
enzyme, produced only when internal P stores are
depleted (Perry 1972). APA measurements on both
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cruises indicated high particulate phosphorus-normal-
ized activity (Table 1). Few data exist for comparison in
oceanic systems, but when rates were normalized to
particulate carbon concentrations (Table 1), they were
in a range of values that are indicative of moderate to
severely P-limited freshwater plankton. APA normal-
ized to particulate organic carbon values from 0.24 to
1.2 indicated moderate P limitation and values greater
than 1.2 suggested severe P limitation (Healey &
Hendzel 1979). Although Healey & Hendzel worked
with freshwater plankton in their study, comparison of
their threshold values to ours is consistent with the
idea that some components of the plankton were P
limited on both cruises.

Furthermore, APA rates in March were nearly dou-
ble the rates measured in August, suggesting greater
potential for P limitation at that time (Table 1). Higher
rates in March are consistent with our bioassay results.
In March, there was a greater increase in both bac-
terial biomass and in thymidine incorporation rates
when P was added than in August. One explanation for
severe P limitation in spring is that water that is en-
trained into the mixed layer from deep-water regions
during winter/spring mixing is low in P relative to N.
Consistent with this argument, Fanning (1992) found
that this region of the ocean has high dissolved inor-
ganic N:P ratios (50:1) occurring between the euphotic
zone and 500 m. When this low P water is mixed into
the euphotic zone in the spring, it would likely force
the organisms growing there into a P-deficient condi-
tion.

Bacterial P requirements

Little is known about the nutrient demands of the
dominant microbial autotrophs, Prochlorococcus and
Synechococcus, that occur in this region. Both organ-
isms are present year round with Synechococcus
blooming during winter mixing and Prochlorococcus
blooming after stratification develops in the spring
(Olson et al. 1990). The high N:P ratios below the
euphotic zone and high particulate C:P ratios suggest
that the autotrophs that are abundant in this region are
tolerant of low P availability. In culture, an extremely
high N:P ratio (150:1) was required to induce P limita-
tion in Prochlorococcus (Parpais ef al. 1995) and Syne-
chococcus i1s a dominant phytoplankter in the Mediter-
ranean Sea {Vaulot et al. 1996), another region of high
dissolved N:P ratios. Both of these organisms are abun-
dant in other regions of the ocean, however, where N
or Fe are likely to be limiting. More work needs to be
done to examine the nutrient requirements of these
organisms and the nutrient regimes under which they
are most abundant.

Heterotrophic bacteria have higher P requirements
than most phytoplankton and therefore, may be more
likely to be P-limited than primary producers. In an
oligotrophic marine environment, Suttle et al. (1990)
used a molar C:P ratio of 43:1 to model bacterial P
dynamics. Bratbak (1985) reported C:P ratios of 7.7 and
56 for organic carbon-limited and P-limited mixed
bacterial cultures, respectively. Data from freshwater
environments also suggest low C:P ratios in hetero-
trophic bacteria. Vadstein et al. {1988) reported a
median C:P ratio for natural bacteria of 29:1 and Jur-
gens & Gude (1990) reported values from 40:1 to 80:1
in mixed culture. All of these values are less than Red-
field {106:1) and, coupled with their high affinity for P
uptake at low phosphate concentrations (Cotner &
Wetzel 1992), suggests that heterotrophic bacteria may
acquire a significant fraction of available P in this olig-
otrophic environment. Assuming 20 fg of carbon cell™!
(Lee & Fuhrman 1987), a heterotrophic bacterial C:P
ratio of 56:1 (P-limited bacteria; Bratbak 1985), and a
mean bacterial abundance of 3 x 10% cells 1"! (Li et al.
1992), heterotrophic bacteria comprise ca 500 nM C
and 8 nM of the particulate P pool in the Sargasso Sea.
Our measurements indicate that particulate P concen-
trations were ca 10 nM on average (SE = 1 nM) and
therefore 80% of this pool resides in heterotrophic
bacteria. Similarly, Caron et al. (1995), using epifluo-
rescence microscopy with carbon and nitrogen conver-
sion factors, concluded that heterotrophic bacteria con-
stituted the largest fraction of particulate carbon and
nitrogen. Their estimates indicated heterotrophic bac-
teria constituted 10 to 20% of particulate carbon and
15 to 30 % of particulate nitrogen.

Heterotrophic bacteria in the Sargasso Sea, how-
ever, are likely to have higher C:P ratios than reported
in the literature. Our mean particulate C:P ratio in the
upper water column from July 1991 to March 1993 was
260:1. If heterotrophic bacteria are 50 % of the biomass
and have a C:P ratio of ca 50:1, then the remainder of
the planktonic biomass, primarily prokaryotic photo-
autotrophs, must have a C:P ratio of ca 450:1, which
seems unrealistically high. Bratbak (1985) observed a
7x increase in C:P ratios of a mixed bacterial culture
when nutrient limitation switched from organic carbon
to P, and C:P ratios of as high as 80:1 have been
reported for freshwater bacterioplankton (Jurgens &
Giude 1990).

Time-series measurements

Time-series observations of organic nutrient pool
sizes and ratios also supported the view that some
portions of the plankton could be P limited (Table 1).
Particulate C:P and N:P ratios (Table 1, Fig. 2) were
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Fig. 2. Particulate (A) C:P and (B) N:P ratios {(molar) from time
series measurements at the Bermuda Atlantic time-series sta-
tion. C:P and N:P ratios are plotted with the Redfield ratio
(106:1 and 16:1, respectively)} indicated by a horizontal line
near the bottom of each figure. Values were derived by inte-
grating the upper 80 m of the water column for POC, PON
and POP and plotting their molar ratios. Mean standard errors
for POC and PON were €10% of the mean and mean stan-
dard errors for POP were <20 % of the mean

well above the Redfield ratio of 106:1 and 16:1, respec-
tively, suggesting that P concentrations in biomass
were low relative to both C and N. From July 1991 to
March 1993, C:P ratios varied between 141:1 and 477:1
and N:P ratios varied between 24:1 and 75:1 (Fig. 2).
The lowest C:P ratio observed in the present study was
higher than that observed at the Hawaii JGOFS site
when the phytoplankton were P limited during the
1991-92 El Nino (Karl et al. 1995). The highest ratio we
observed (477:1) was nearly 4 times the ratio observed
by Karl et al. (1995). Similarly, our particulate N:P
ratios were 25 to 400% higher than those observed in
Hawaii during the P-limited El Nino event.

Significant quantities of detrital material collected on
GF/F filters could have biased our inferred nutrient
ratios for the plankton. However, Harris (1986) argued

that detrital material in the open ocean has a similar
stoichiometric composition as living cells because the
turnover of both components is rapid. Even if this were
not the case, high N:P and C:P ratios as a result of
detrital material in our samples would support the
argument that P was in greater demand, i.e. limiting to
some portion of the planktonic community, because it
was recycled more efficiently than other nutrients. The
dissolved organic nutrient ratios (DOC:DOP and
DON:DOP) were also high (ca 500:1 and 40:1, respec-
tively — see below) and would not suggest that P in
particulate matter was merely leaching out into the
dissolved phase and not consumed by plankton.

GF/F filters are known to allow bacteria-sized parti-
cles to pass through into the filtrate (Altabet 1990, Lee
et al. 1995) and this could affect the particulate nutrient
ratios reported here. In the Antarctic Ocean, about one-
third of bacterial cells and 20 to 30 % of bacterial bio-
mass passed GF/F filters (Lee et al. 1995). In the North
Atlantic, ca 30% of all particles passed GF/F filters
(Altabet 1990). However, GF/F filters were as effective
as membrane filters in the North Pacific at retaining
chlorophyll (Chavez et al. 1995). Comparisons of POP
concentrations measured with GF/F and 0.2 pm pore-
size polycarbonate filters at the BATS site indicated that
GF/F filters were 30% more effective at retaining
particulate P than polycarbonate filters (Fig. 3).

Inefficient retention of heterotrophic and autotrophic
picoplankton would cause an underestimation of the
particulate matter concentrations in the present study.
However, nutrient ratios should not be affected unless
the particles passing the filter had significantly differ-
ent nutrient stoichiometries than the retained particles.
As discussed above, heterotrophic bacteria typically
have lower C:P as well as C:N ratios relative to phyto-
plankton and therefore loss of bacterial biomass

POP (nM)
0 2 4 6 8 10 12
o} ' :
50
=-100-| —a— GFIF
2 —&— Poly-C
8 150
200
250

Fig. 3. Depth profile of POP concentrations determined using
GF/F and 0.2 pym pore-size polycarbonate filters. Samples
for this profile were collected during the August 1992 cruise
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through the filter could increase the ratios measured at
the time-series station. The extent to which ratios are
exaggerated depends on what fraction of the pico-
plankton is lost through the filter and the degree that
ratios of lost material differ from retained material. In
the Sargasso Sea, Altabet (1990) found 5 % deviation of
the C:N ratio of particles that passed a GF/F filter rela-
tive to those collected on a 0.2 pm pore-size filter.

Dissolved organic N and P data also suggest that P is
deficient in this region. Although dissolved organic N
was not measured on our cruises, other measurements
in this region indicated values of ca 4.6 uM (D. Hansell
pers. comm.). Our measurements of dissolved organic
P concentrations were 0.12 (SE = +0.01) and 0.11 (SE =
+0.00) pM on the August and March cruises and,
therefore, dissolved organic N:P ratios were ca 40:1,
also above the Redfield ratio (16:1). DOC concen-
trations vary from ca 65 to 75 nM at BATS (Carlson et
al. 1994, Carlson & Ducklow 1996}, giving DOC:DOP
ratios of over 500:1 on both cruises. These data suggest
that P is efficiently regenerated from dissolved organic
matter in the euphotic zone. Alkaline phosphatase
enables plankton to remove inorganic P from dissolved
organic matter and the high phosphatase activity we
observed is consistent with the high DOC and DON to
DOP ratios measured.

Significance to carbon cycling

P limitation in the ocean may be more common than
previously thought. Components of both the phyto-
plankton (Berland et al. 1980) and bacterioplankton
(Thingstad & Rassoulzadegan 1995) in the Mediter-
ranean were shown to be P limited. P limitation has
been demonstrated recently in plankton growing in
the Pacific (Karl et al. 1995) and in phytoplankton
(Smith & Hitchcock 1994) and bacterioplankton
growing in the Gulf of Mexico (Pomeroy et al. 1995).
Furthermore, the recent discovery that a major con-
stituent of dissolved organic matter in the Pacific is
porin P (Tanoue et al. 1995), a protein produced in P-
limited bacterial cultures, suggests bacterial P limita-
tion may be fairly cosmopolitan in this ocean, as well.

Other bioassay experiments performed in the Sar-
gasso Sea by Carlson & Ducklow (1996) suggested that
organic carbon was the primary limiting factor to bac-
terial production in this region of the ocean. Although
the potential for P limitation was examined in only 1
experiment, the greatest increase in bacterial abun-
dance, biomass, and productivity (as measured by
thymidine and leucine incorporation) was observed
with organic carbon additions, as glucose, dissolved
amino acids or as algal lysate, which would include
other nutrients as well. Although organic carbon con-

centrations are in excess of inorganic N and P concen-
trations in the euphotic zone, they hypothesized that
most of the carbon is refractory to bacterial metabo-
lism. The combined results of their experiments and
stimulation of bacterial productivity by P in the present
experiments suggest that multiple nutrients may con-
trol bacterial productivity in this system. More of these
experiments with greater temporal coverage need to
be performed to resolve the importance of various inor-
ganic and organic nutrients to bacterioplankton pro-
ductivity.

The potential for P limitation may be highest in the
spring when productivity, and presumably excretion of
DOC, in the euphotic zone are highest (Michaels et al.
1994) and advection of high N:P water occurs (Fanning
1992). Consistent with these observations, spring bio-
assays and alkaline phosphatase activity indicated
greatest potential P limitation at that time. DOC accu-
mulates in the Sargasso Sea euphotic zone in the early
spring and is exported to deep water during winter
mixing (Carlson et al. 1994). Carlson et al. (1996) sug-
gested that DOC accumulates during the spring bloom
because the DOC produced is recalcitrant to degrada-
tion processes. Another possibility, suggested by our
work, is that DOC may not decompose completely
because heterotrophic bacteria are limited, not by
DOC, but rather by inorganic P availability.
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