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ABSTRACT: Experiments were carried out on Georges Bank, a productive coastal region in the
northwestern sector of the North Atlantic Ocean, and in the oligotrophic western Sargasso Sea to
examine the effects of nutrient (inorganic nitrogen and phosphorus) and organic carbon (glucose)
additions on bacterial and phytoplankton growth. Four experiments were conducted in each envi-
ronment. Phytoplankton growth was monitored over a 36 h period by following changes in the con-
centration of chlorophyll in unfiltered seawater and in seawater prefiltered through 5 pm screening
to reduce grazing pressure. Bacterial production was estimated initially and after 24 h using the *H-
thymidine (TdR) method in unfiltered seawater and in 1 pm filtrate. Phytoplankton biomass increased
significantly in response to nutrient additions in all but 1 experiment, whereas chlorophyll concen-
trations remained unchanged or decreased in all of the unamended (control) treatments or treatments
supplemented with glucose. Responses of the phytoplankton community were similar for the <5 pm
and unfiltered treatments. Bacterial production increased after 24 h in all of the treatments on
Georges Bank, and there was little effect of nutrient or glucose addition in unfiltered seawater rela-
tive to unamended controls. However, glucose addition to the <1 pm filtrate caused substantial
increases in bacterial production relative to controls and N/P-amended treatments in 2 of the exper-
iments from this environment. Glucose had no stimulatory effect (relative to unamended treatments)
in 3 of the 4 Sargasso Sea experiments, and only a marginal effect in the fourth. However, the addi-
tion of inorganic nitrogen and phosphorus in the latter ecosystem resulted in higher bacterial pro-
duction (relative to unamended treatments or glucose addition) in 2 of the experiments with unfil-
tered seawater, and very large increases in 3 of the experiments with 1 pm filtrate. The magnitude of
the changes in bacterial production differed greatly between unfiltered and filtered seawater in both
ecosystems, indicating an important role for bacterial grazers in controlling bacterial population
growth. The results of this study indicate different nutritional restraints on bacterial production in
these contrasting environments.

KEY WORDS: Bacteria - Phytoplankton -
Georges Bank - Sargasso Sea

Nutrients - Microbial growth - Bacterial production -

Resale or republication not permitted without written consent of the publisher

INTRODUCTION
Conventional wisdom among plankton biologists has
evolved during the past decade regarding the factors

that limit primary and bacterial production in the
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ocean. For example, the potential for micronutrients
(e.g. iron) rather than major nutrients (N, P) to limit
rates of phytoplankton production and affect species
composition in high nutrient, low production regions of
the ocean has been demonstrated experimentally dur-
ing the past several years (Landry et al. 1997, Caven-
der-Bares et al. 1999). Similarly, the dogma that bacte-
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rial growth rates are dictated by available organic car-
bon (energy for growth) has been challenged in recent
years, and nitrogen and phosphorus have been recog-
nized as elements whose scarcity might restrain bacte-
rial production in some aquatic ecosystems (Caron
1994, Kirchman 1994, Elser et al. 1995, Rivkin &
Anderson 1997). Fueled by these insights, there is a
growing recognition that the factors limiting produc-
tivity of bacteria and phytoplankton in the ocean are
likely to change over a variety of spatial and temporal
scales.

There is justification to believe that bacterial produc-
tion in nature is limited at times by nitrogen or phos-
phorus availability. Bacterial biomass is relatively N-
and P-rich compared to the gross chemical composi-
tion of most other plankton (Vadstein & Olsen 1989).
This situation results in C:N and C:P ratios for bacteria
that are generally lower than ratios for phytoplankton.
In addition, the cellular stoichiometry of bacteria
appears to be less flexible than the carbon:nutrient
ratios for some plankton (Caron 1990). These results
imply that the overall C:N:P ratio of bacterial sub-
strate(s) in nature must be relatively low in order to
meet bacterial N and P demand (Goldman et al. 1987,
Goldman & Dennett 1991). However, this prediction
must be tempered by considerations of bacterial
growth efficiency because carbon incorporation ulti-
mately dictates nitrogen and phosphorus demand by
the growing cells (Coffin et al. 1993, del Giorgio & Cole
1998).

Numerous studies have now demonstrated inorganic
N/P uptake by bacteria and/or growth limitation of
these assemblages in a variety of marine and freshwa-
ter ecosystems (Cotner & Wetzel 1992, Zweifel et al.
1993, Kroer et al. 1994, Le et al. 1994, Chrzanowski et
al. 1995, Elser et al. 1995, Hoch & Kirchman 1995,
Schweitzer & Simon 1995, Jansson et al. 1996, Thing-
stad et al. 1998). Collectively these studies indicate
that bacteria acquire a significant fraction of their N
and/or P via the uptake of inorganic forms of these ele-
ments. This behavior places bacteria in direct competi-
tion with phytoplankton for these growth-limiting
nutrients. In support of this observation, laboratory
studies have indicated that bacteria can compete effec-
tively with some phytoplankton for inorganic N and P,
although the overall applicability and implications of
these results for natural plankton communities remain
controversial (Currie & Kalff 1984, Vadstein 1998).

Phytoplankton, for their part, may exacerbate their
own nutrient stress as they compete with bacteria for a
limiting nutrient. This situation may arise via the
release (through either direct excretion or the activities
of zooplankton) of carbon-rich, nutrient-poor organic
materials which may be stored by algal cells in the
absence of sufficient N or P for growth. Utilization of

these N- or P-deficient materials as substrate by the
bacteria may increase their uptake of dissolved inor-
ganic N and P. The apparent paradox of this situation
(bacteria outcompeting the phytoplankton which are
their ultimate source of organic substrate) has been
recognized, as have been possible solutions to this
paradox (Bratbak & Thingstad 1985). These solutions
include a reduction in bacterial substrate (organic car-
bon) supply as phytoplankton become outcompeted
from the ecosystem, or removal and remineralization of
bacterial biomass by bacterivorous protists.

The generality emerging from these laboratory and
field observations is that a bacterial population may
experience strong N or P limitation when the phyto-
plankton are also nutrient-limited. Conversely, when
inorganic nutrients are abundant, N and P in nutrient-
rich organic material produced and released by the
phytoplankton assemblage may meet the N and P
requirements of the bacteria, precluding the need for
the uptake of inorganic nutrients by heterotrophic
prokaryotes. If true, these contrasting scenarios should
be demonstrable in pelagic ecosystems that differ in
their degree of nutrient availability.

We tested this hypothesis in experimental studies
conducted on Georges Bank and in the western Sar-
gasso Sea in the North Atlantic to examine the effect of
nutrient and carbon additions on bacterial growth. Our
goal was to compare the response of the bacteria at
these different locations to additions of major nutrients
(inorganic nitrogen and phosphorus) and organic car-
bon (glucose) additions. In addition, we monitored the
effect that these amendments had on the phytoplank-
ton community. Overall, nutrient additions (but not
organic carbon) stimulated phytoplankton growth in
both environments in all but 1 of 8 experiments. Bacte-
rial production, however, was affected more strongly
on Georges Bank by additions of organic carbon (2 out
of 4 experiments) while nutrient additions consistently
stimulated bacterial growth in the Sargasso Sea.

METHODS AND MATERIALS

Georges Bank is a shallow, productive coastal envi-
ronment in the northwestern sector of the North
Atlantic. It is characterized by anticyclonic circulation
and strong tidal mixing that results in complete vertical
mixing on portions of the bank and high rates of pri-
mary and secondary production (Wiebe & Beardsley
1996). In contrast, the western Sargasso Sea is a highly
oligotrophic, oceanic gyre ecosystem characterized by
a deep permanent thermocline and a strong seasonal
thermocline (Michaels & Knap 1996).

Locations were chosen on the northern edge of
Georges Bank (approximately 42°00' N, 67°40' W) and
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in the western Sargasso Sea south of Bermuda
(approximately 31°42' N, 64°10' W) during the summer
of 1991. Experiments were conducted on 4 dates at 2 to
4 d intervals at each station. No attempt was made to
follow a discrete water parcel during this period. The
ship returned to the same general coordinates at the
time of sampling. Water samples were collected at 2 m
on Georges Bank and at 15 m in the Sargasso Sea. At
all stations, water was collected in acid-cleaned 30 1
Niskin bottles fitted with Teflon-coated springs and
o-rings in conjunction with CTD casts for profiles of
water column temperature and in situ fluorescence.

Subsamples were gently filtered (<30 mm Hg) through
1 pm polycarbonate filters to reduce the abundance of
bacterivorous organisms, and through 5 pm Nitex®
screening to reduce the number of herbivorous organ-
isms. This filtration acted to reduce chlorophyll concen-
tration by up to ~50% for the Georges Bank samples.
Chlorophyll values in the Sargasso Sea samples were
virtually unchanged in the filtrate, in agreement with
previous studies that have indicated the dominance of
small algae in the latter ecosystem (Li et al. 1992, Caron
et al. 19995). Filtrate was prepared for experiments on all
dates except 31 July. Three treatments were then pre-
pared with filtered and unfiltered seawater: (1) treat-
ments supplemented with inorganic nitrogen and phos-
phorus received 10 pM N as ammonium (NH,Cl) and
1 pM P as phosphate (Na,HPO,-7H,0); (2) treatments
supplemented with organic carbon received 10 ptM C
as glucose; and (3) treatments with no supplementation
(controls).Volumes of 1 1 were then placed in 1.251
polycarbonate bottles (in duplicate). Samples were in-
cubated at ambient water temperature in an on-deck
incubator with 1 layer of neutral-density plastic win-
dow screening to reduce the light intensity to approxi-
mately 50 % of incident intensity.

All treatments were sampled initially (at the time of
supplementation), and following 24 and 36 h of incu-
bation. Changes in phytoplankton biomass were esti-
mated from changes in the concentration of chloro-
phyll a collected on Whatman GF/F glass fiber filters,
and measured fluorometrically (Parsons et al. 1984)
using a Turner Designs 110 fluorometer. Particulate
organic carbon and nitrogen content were determined
from 1 I samples collected on precombusted Whatman
GF/F glass fiber filters at the completion of the incuba-
tion period and frozen until analyzed on a Perkin-
Elmer 240C elemental analyzer. Bacterial production
was estimated based on *H-thymidine (TdR) incorpora-
tion into DNA modified from protocols of Fuhrman &
Azam (1982). Conversion factors for TdR incorporation
were 4.7 x 10'8 and 3.0 x 10'® bacterial cells mol~! TdR
for Georges Bank and the Sargasso Sea, respectively
(Sanders et al. 2000). Bacterial cell carbon content was
assumed to be 10 fg C cell™! based on the small size of

cells in natural planktonic assemblages (Nagata 1986).
The effects of nutrient/carbon additions on bacterial
productivity were examined using an unpaired t-test.

Samples collected for estimates of microbial abun-
dance were preserved with glutaraldehyde (1% final
concentration) immediately after collection and pre-
pared within 24 h for epifluorescence microscopy by
staining with 5 to 25 ng DAPI ml~! (Porter & Feig 1980).
Bacterial abundances were determined from samples
collected on 0.22 pm blackened polycarbonate filters.
Abundances of nanoplanktonic protists were counted
on separate DAPI-stained samples prepared in the
same manner. Phototrophic nanoplankton and hetero-
trophic nanoplankton were differentiated by the pres-
ence/absence of chlorophyll autofluorescence using
separate filter sets for chlorophyll or DAPI fluorescence
(for chlorophyll, BP450-490 excitation filter, FT510
chromatic beam splitter, LP520 barrier filter; for DAPI,
G365 excitation filter, FT420 chromatic beam splitter,
LP418 barrier filter). At least 60 and usually >200
nanoplanktonic cells were counted per sample. Vari-
ability associated with the microbial population esti-
mates (~10% for bacteria and 15 % for nanoplankton)
was a consequence of the counting error inherent in
the microscopical technique.

RESULTS

Water column structure, chemical parameters and
abundances of microbial assemblages at the 2 sam-
pling locales reflected differences in the trophic state
of these 2 environments (Table 1). Ranges for the
abundance of bacteria and phototrophic picoplankton
(0.2 to 2.0 pm phototrophs, primarily chroococcoid
cyanobacteria) in the mixed surface layer were 1.0 to
1.3 x 10° 1! and 3.3 to 69.0 x 10° I}, respectively, on
Georges Bank. Ranges in the abundances of these
assemblages for samples from the Sargasso Sea were
0.20 to 0.52 x 10° I"! for bacteria and 4.1 to 7.8 x 10° 1"}
for phototrophic picoplankton. Differences in the
abundance of phototrophic nanoplankton (2 to 20 pm
phototrophs) and chlorophyll were great between the
2 sites. PNAN averaged an order of magnitude more
abundant at the Georges Bank site compared to the
Sargasso Sea (average = 4.62 vs 0.34 x 10° I'!), and
average chlorophyll concentration was approximately
70-fold higher on Georges Bank (0.98 vs 0.014 pg I'%).

Particulate organic carbon (POC) in the Georges
Bank samples ranged from 245 to 302 pg C 1! and par-
ticulate organic nitrogen (PON) ranged from 40 to
58 ng N I! (Table 1). The molar ratio of POC:PON var-
ied between 5.95 and 7.47 and averaged 6.45 for the
4 experiments. POC concentration in the Sargasso Sea
samples averaged about 8.5x less than that observed
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Table 1. Experimental dates and microbial abundance and biomass estimates from surface samples collected from Georges Bank
(2 m) and the Sargasso Sea (15 m). PPIC = photosynthetic picoplankton; PNAN = photosynthetic nanoplankton; POC = particu-
late organic carbon; PON = particulate organic nitrogen

Stn Date Depth Temp Bacteria PPIC PNAN POC PON C:Nratio Chlorophyll
(1991) (m) CC) @0°rh (ao°ry  (10°rY) (gl (aglh)  (mo)  (pglY
Georges Bank
1 31 Jul 2 15.8 1.30 69.0 5.28 256 40 7.5 1.40
2 2 Aug 2 15.5 1.22 4.3 5.32 227 42 6.3 0.48
3 4 Aug 2 16.0 1.07 3.7 5.95 302 58 6.1 1.03
4 6 Aug 2 15.6 1.00 3.3 1.94 245 48 6.0 1.04
Sargasso Sea
5 10 Aug 15 28.6 0.20 7.8 0.47 48 10.2 5.5 0.017
6 14 Aug 15 28.9 0.30 4.1 0.46 21 5.3 4.7 0.012
7 16 Aug 15 28.6 0.26 5.1 0.28 24 7.5 3.7 0.014
8 19 Aug 15 28.6 0.52 4.9 0.17 28 4.5 7.2 0.014

on Georges Bank, while PON was reduced by a factor
of about 5.5. POC varied between 21 to 48 ng C 1! and
PON from 4.5 to 10.2 ug N 1"\, The molar ratio of
POC:PON ranged from 3.73 to 7.47 and averaged 5.3
for the 4 experiments in the Sargasso.

Georges Bank experiments

Supplementation of whole, unfiltered seawater with
inorganic nitrogen and phosphorus resulted in sub-

stantial increases in chlorophyll concentration in all 4
experiments performed in this coastal sea (average
increase of 2.5-fold; Fig. 1A-D). In contrast, bottles that
had additions of glucose or no supplementation (con-
trols) showed significant decreases (p < 0.05) in chloro-
phyll over the duration of the 36 h experiments in 3 of
the 4 experiments with unfiltered seawater. Chloro-
phyll changes in the <5 pm filtrate during the experi-
ments on Georges Bank were similar to changes
observed in unfiltered seawater in both their general
trends and magnitudes (Fig. 1E-G).
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Fig. 1. Changes in chlorophyll concentration (pg 1"!) during 36 h incubations in (A-D) whole (unfiltered) seawater samples or

(E-QG) 5 pm filtrate. Water was collected on Georges Bank on (A) 31 July, (B,E) 2 August, (C,F) 4 August and (D, G) 6 August.

Samples received no nutrient or organic supplementation (Control), or they were supplemented with inorganic nitrogen and

phosphorus (N+P) or glucose (Glucose). No experiment was performed with filtrate on 31 July. Error bars indicate =1 SD. Error
bars are too small to be visible for some treatments
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Fig. 2. Changes in bacterial production (ug C 1! d"!) during 24 h incubations in (A-D) whole (unfiltered) seawater samples or

(E-G) 1 pm filtrate. Water was collected on Georges Bank on (A) 31 July, (B,E) 2 August, (C,F) 4 August and (D, G) 6 August.

Samples received no nutrient or organic supplementation (Control), or they were supplemented with inorganic nitrogen and

phosphorus (N+P) or glucose (Glucose). No experiment was performed with filtrate on 31 July. Error bars indicate =1 SD. Error
bars are too small to be visible for some treatments

Rates of bacterial production at the beginning of the
experiments on Georges Bank ranged from approxi-
mately 4.5 to 11 ug C 1t d! (Fig. 2). These values were
significantly greater (p < 0.05) in all experimental
treatments after 24 h compared to initial measure-
ments. Bacterial production in the control treatments
of the whole (unfiltered) seawater samples after 24 h
of incubation averaged twice the initial values
(Fig. 2A-D). Unfiltered seawater supplemented with
inorganic nutrients had production rates at 24 h that
differed from control treatments in 1 experiment
(4 August; Fig. 2C), but this treatment did not differ
significantly (p < 0.05) from production rates in sam-
ples supplemented with glucose. Glucose enrichment
did not result in significant increases in bacterial pro-
ductions (relative to controls) in any of the experiments
with unfiltered seawater.

Bacterial production was measured in the 1 pm fil-
trate for 3 experiments performed on Georges Bank in
an effort to examine bacterial growth under conditions
of reduced predation. Initial bacterial production val-
ues in these filtrates were similar or less than produc-
tion values in the unfiltered samples (one filtrate had a
significantly lower production than the corresponding
value in the unfiltered seawater; p < 0.05), which pre-
sumably indicated that most of the bacterial assem-
blage passed through the 1 pm filters. Production val-
ues after 24 h of incubation in the 1 pm filtrates,
however, were greatly increased relative to increases

observed in the unfiltered samples. TdR values in the
<1 pm control treatments at 24 h averaged 3.7 x the
values for the same samples at the beginning of the
incubations.

Bacterial production in the N+P treatments with
1 pm filtrate was significantly greater (p < 0.05) than
production in the control treatments in 2 of the 3 exper-
iments (Fig. 2F,G). Production in the glucose treat-
ments, however, was significantly greater than pro-
duction in controls in all 3 experiments (Fig. 2E-G; p <
0.05) and greater than the N+P treatments in 2 of the
experiments (Fig. 2E, G; p < 0.05). In the latter 2 exper-
iments (2 and 6 August), glucose increased bacterial
production 56 and 62% relative to N+P additions,
respectively, and 66 and 120 % relative to production
in the controls treatments.

Sargasso Sea experiments

The pattern of changes in chlorophyll in the 4 exper-
iments performed in the Sargasso Sea were compara-
ble to results on Georges Bank with the exception of
the 16 August experiment (Fig. 3). The control and glu-
cose treatments using unfiltered Sargasso Sea water
showed no significant increases (p < 0.05) in chloro-
phyll during the 36 h incubations. In 1 experiment,
chlorophyll in these 2 treatments decreased during the
incubation period (16 August; Fig. 3C). In contrast to
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Fig. 3. Changes in chlorophyll concentration (ug 1"!) during 36 h incubations in (A-D) whole (unfiltered) seawater samples or
(E-H) 5 pm filtrate. Water was collected in the Sargasso Sea on (A,E) 10 August, (B,F) 14 August, (C,G) 16 August and (D,H) 19
August. Samples received no nutrient or organic supplementation (Control), or they were supplemented with inorganic nitrogen
and phosphorus (N+P) or glucose (Glucose). Error bars indicate +1 SD. Error bars are too small to be visible for some treatments

the controls and glucose amended treatments, chloro-
phyll increased markedly (average of 3-fold) in treat-
ments amended with N+P in 3 of the experiments
(Fig. 3A,B,D). Changes in the <5 pm fraction were
similar in pattern and magnitude to changes in the
unfiltered seawater in all 4 experiments (Fig. 3E-H).
Chlorophyll did not increase in any of the treatments
on 16 August in the Sargasso Sea (Fig. 3C, G). Presum-
ably, this result indicated that some other factor was
limiting growth of the phytoplankton assemblage at
that time and place.

The responses of the bacterial assemblages in the
Sargasso Sea to nutrient or carbon supplementation
were quite different from those obtained on Georges
Bank (Fig. 4). Initial bacterial production in the Sar-
gasso Sea was much lower than values obtained on
Georges Bank (range = 0.3 to 1.1 ug C I"! d! for unfil-
tered seawater samples). Glucose additions to whole,
unfiltered seawater did not increase bacterial produc-
tion relative to controls for any of the 4 experiments in
the Sargasso Sea. Bacterial production following N+P
additions on 10 and 16 August, however, showed sig-
nificantly elevated bacterial productivity relative to the
control or glucose treatments (Fig. 4A,C; p < 0.05).

Bacterial production in the 1 pm filtrates in the Sar-
gasso Sea responded dramatically to inorganic nitro-
gen and phosphorus supplementation in 3 of the 4 ex-
periments (Fig. 4F-H; 14, 16 and 19 August). A minor

(but significant; p < 0.05) response also was obtained
on 10 August (Fig. 4E). Bacterial production showed a
significant response to glucose additions in only 1 of
the experiments (10 August), and this value was not
significantly different than the response elicited by the
N+P treatment in that experiment (Fig. 4E).

DISCUSSION
Phytoplankton growth limitation

Phytoplankton growth responded positively to inor-
ganic nutrient enrichment in 7 of the 8 experiments
performed in this study. This result is not surprising
given the environments sampled and the season. The
Sargasso Sea south of Bermuda is a highly oligotrophic
ecosystem characterized by low nutrient availability in
summer (Michaels & Knap 1996). A strong seasonal
thermocline was present during August. A weak but
persistent thermocline also was present at the Georges
Bank station near the northern edge of the bank
(Sanders et al. 2000). Phytoplankton under these con-
ditions might be expected to experience some level of
nutrient limitation.

Net growth rates of the phytoplankton assemblage
were estimated for these experiments by assuming
that the amount of chlorophyll cell"! remained constant
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Fig. 4. Changes in bacterial production (ug C 1! d"!) during 24 h incubations in (A-D) whole (unfiltered) seawater samples or
(E-H) 1 pm filtrate. Water was collected in the Sargasso Sea on (A,E) 10 August, (B,F) 14 August, (C,G) 16 August and (D,H) 19
August. Samples received no nutrient or organic supplementation (Control), or they were supplemented with inorganic nitrogen
and phosphorus (N+P) or glucose (Glucose). Error bars indicate +1 SD. Error bars are too small to be visible for some treatments

throughout the incubation, and that algal growth was
exponential during the 36 h incubations. Net growth
rates determined in this manner in the unfiltered sea-
water samples amended with N+P ranged from 0.48 to
1.04 d! on Georges Bank, and —0.22 to 0.84 d™! in the
Sargasso Sea. Excluding the one experiment in the
Sargasso Sea where the community did not respond
positively to nitrogen and phosphorus enrichment, the
overall average for both environments was 0.68 d’.
These values are in contrast to net growth rates of the
phytoplankton assemblages in the control treatments
and in the glucose treatments. On Georges Bank,
phytoplankton net growth rates in the control and glu-
cose treatments were estimated to be -0.45 d°! and
-0.27 d’!, respectively. The corresponding average
rates estimated for the Sargasso Sea samples were
-0.06 d! and -0.07 d! excluding the experiment
where none of the treatments produced positive net
growth rates (16 August; Fig. 3C). Phytoplankton
growth therefore appeared to be quite constrained in
the control treatments relative to the nutrient-enriched
treatments.

These rates should not be taken as accurate esti-
mates of phytoplankton growth rates, but rather as a
useful way of comparing relative growth rates in the
various treatments. They were calculated by assuming
that there was no photoadaptation of the algae during
the incubations (constant chlorophyll cell™!). However,

changes in chlorophyll content may have occurred in
some (or all) of the treatments as a consequence of
photoadaptation to light conditions in the on-deck
incubations, or to changes in nutritional status. Such
changes would make our estimates of absolute phyto-
plankton growth rates inaccurate.

We expected that the addition of a labile, nutrient-
free carbon source for the bacteria (glucose) might
stimulate bacterial competition for dissolved inorganic
nutrients and thus lower phytoplankton growth rates.
Phytoplankton growth rates in the unamended treat-
ments apparently were already quite low (see para-
graph above), and thus the addition of glucose did not
lead consistently to decreases in these rates in excess
of the decreases observed in the controls.

The responses of the phytoplankton assemblages to
inorganic nutrient additions were similar in the unfil-
tered seawater samples and the <5 pm filtrates. These
filtrates were prepared with the expectation that
phytoplankton in the filtrate might experience lower
grazing pressure in the absence of herbivores >5 pm.
Our findings indicate that either grazing pressure was
low on the phytoplankton assemblage responding to
nutrient additions in the bottles (resulting in similar net
growth rates in whole and filtered seawater), or that fil-
tration through 5 pm screening did not remove most of
the herbivore community (resulting in similar grazing
pressures in the filtered and unfiltered seawater).
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Picoplankton biomass has been shown to dominate the
phytoplankton biomass of the Sargasso Sea (Olson et
al. 1990a,b, Li et al. 1992, Malone et al. 1992), and
small nanozooplankton appear to be the major con-
sumers of this biomass (Caron et al. 1999). Therefore, it
seems possible that a considerable portion of the her-
bivore assemblage passed through the 5 pm screen.

Bacterial growth limitation

Nutrient (nitrogen, phosphorus) limitation of phyto-
plankton growth in a stratified water column is not a
unique finding. Demonstration of a positive response
of bacterial growth to inorganic nutrient additions in
these environments, however, is much less common.
The ability of bacteria to take up inorganic nutrients at
low concentrations has been known for quite some
time, and the ecological significance of this behavior
has been recognized and incorporated into some mod-
els of nutrient and carbon flow in aquatic ecosystems
(Bratbak & Thingstad 1985, Thingstad 1987). However,
empirical evidence for nutrient limitation of bacterial
growth in oceanic waters is still rare (Cotner et al.
1997, Rivkin & Anderson 1997, Shiah 1999). Limitation
of bacterial growth by nitrogen or phosphorus presum-
ably occurs as a consequence of the utilization of sub-
strates that have high C:N or C:P values and thus insuf-
ficient organic nitrogen or phosphorus for growth
(Goldman et al. 1987, Goldman & Dennett 1991). It has
been suggested that labile organic carbon compounds
may accumulate under these conditions in the pool of
dissolved organic carbon, and that these carbon
sources are taken up rapidly and metabolized when
the growth-limiting element becomes available (Cot-
ner et al. 1997).

Competition between bacteria and phytoplankton
for a growth-limiting nutrient would be expected to in-
tensify as nutrient limitation becomes more severe. For
this reason, one might expect highly nutrient impover-
ished environments to have bacterial assemblages that
are often limited by the availability of nitrogen or
phosphorus, while less nutrient-stressed communities
might be characterized by bacterial assemblages lim-
ited by the availability of organic carbon. The results of
several of the experiments performed in this study,
particularly in the 1 pm filtrates, appear to lend support
to our speculation. Two of the 1 pm filtrates in the
experiments on Georges Bank had increased bacterial
productivities in response to glucose additions that
were far in excess of the responses in the controls or
the N+P amended treatments (Fig. 2E,G). In contrast, 3
of the 1 pm filtrates in the experiments in the Sargasso
Sea had large increases in bacterial production within
24 h of inorganic nitrogen and phosphorus additions

(Fig. 4F-H). These same bacterial assemblages showed
no response to glucose additions (relative to control
treatments). The response of the assemblages to nitro-
gen and phosphorus additions but not glucose in these
latter experiments implies a strong limitation of bacte-
rial growth by one of the former elements.

Two recent studies in the Sargasso Sea have de-
tected phosphorus limitation of bacterial growth (Cot-
ner et al. 1997, Rivkin & Anderson 1997). Our findings
are consistent with those reports, although our experi-
ments did not differentiate nitrogen from phosphorus
limitation. The initial particulate C:N ratios in all of our
Sargasso Sea experiments were approximately equal
to or less than the Redfield ratio of 6.6 (Table 1). This
result may indicate that nitrogen was not limiting
during our study in the Sargasso Sea (Goldman et al.
1979). The magnitude of the bacterial response when
nitrogen and phosphorus were added to our incuba-
tions apparently indicates the presence of a substantial
pool of labile organic carbon which may be utilized
when these inorganic nutrients become available (Cot-
ner et al. 1997).

Bacterial production after 24 h of incubation was
much higher in all 1 pm filtrates than production in the
unfiltered seawater samples for both the Georges Bank
and Sargasso Sea experiments (note different ranges
for bacterial production values in Fig. 2B-D compared
to 2E-F, and in Fig. 4A-D compared to 4E-H). This
finding is interesting in view of the fact that filtration
might be expected to have 3 major effects on bacterial
production in the filtrates; removal of the source of
organic carbon and nutrients arising from production
and grazing by organisms >1 pm, enhanced sub-
strate/nutrient supply due to the physical disruption
of delicate plankton by the filtration process, and re-
duced grazing impact on the bacterial assemblage
because of the removal of bacterivores >1 pm.

The first of these possibilities appears not to have
been an important issue during the 24 h incubation pe-
riod as evidenced by the greater production observed
in all filtrates relative to unfiltered water samples. The
opposite result might have been expected if bacterial
growth was tightly coupled to the release of materials
by larger phytoplankton and consumers. On the other
hand, it is possible that filtration caused damage to del-
icate plankton which resulted in the release of sub-
stantial amounts of labile organic material and/or nu-
trients to the filtrates. Clearly, substrate was available
in the unamended filtrates as evidenced by the in-
creased bacterial production observed in the filtrates
after 24 h (Figs. 2E-F & 4E-G). However, it is unclear
if this substrate was the result of filtration or if it was
naturally present in the sample at the time of filtration.

Alternatively, increased bacterial production ob-
served in the filtrates may indicate that bacterial bio-
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mass was removed rapidly by predation in the unfil-
tered samples, but not in the 1 pm filtrates, for both the
coastal and oceanic sites. Bacterial production is a
product of bacterial growth rates and bacterial stand-
ing stocks. If bacteria were growing at the same rate in
the filtrates and the unfiltered seawater samples, but
were removed rapidly by predators in the unfiltered
samples during the 24 h incubations, then bacterial
production in the filtrates at 24 h would reflect the
higher standing stocks of bacteria. Thus, the elevated
differences in the bacterial production at 24 h between
filtrates and unfiltered samples could reflect different
predation pressures between these 2 treatments rather
than differences in the availability of substrate and/or
nutrients as an artifact of filtration. That is, the re-
sponse of bacterial production to carbon/nutrient addi-
tions may simply have been more dramatic in the fil-
trates as a consequence of reduced rates of bacterivory
in those treatments.

The latter scenario is consistent with the results of
studies of bacterivory in these environments which
indicated that bacterial production was in approximate
balance with microbial predation (Caron et al. 1999,
Sanders et al. 2000). If this interpretation is generally
true, then it would support the idea that the uptake of
inorganic nutrients by the bacteria is a substantial sink
of inorganic N and P in these ecosystems, that this
uptake is balanced by ingestion and digestion of bac-
terial biomass, and that remineralization of bacterial
biomass may constitute an important source of nutri-
ents for phytoplankton.

Bacterial production on Georges Bank after 24 h of
incubation was greater than initial production values
even for bottles that received no nutrients or organic
carbon (Fig. 2). This result was also observed for some
of the experiments in the Sargasso Sea (Fig. 4). This
effect was not attributable solely to a filtration artifact
because it was apparent in the unfiltered seawater
samples as well as in the 1 pm filtrates. These consis-
tent increases in bacterial production after 24 h of incu-
bation could have been a consequence of a 'bottle
effect’, or weak top-down control of the bacteria dur-
ing the study period. The latter effect seems unlikely,
however, given the large differences between bacter-
ial production values in the <1 pm and unfiltered sea-
water samples (2- to 3-fold on Georges Bank and >10-
fold in the Sargasso Sea).

Our results indicate that inorganic nutrients are a
potentially limiting factor for bacterial growth, particu-
larly in nutrient-poor environments. The results of 2 of
our Georges Bank experiments typified the classical
response of the bacterial community to enrichment
with labile organic carbon (glucose). In contrast, the
response of the bacterial assemblages in the Sargasso
Sea experiments indicated primarily nitrogen and/or

phosphorus limitation of bacterial growth. It is impor-
tant to note, however, that there is likely to be consid-
erable spatial and temporal variability within these
broad generalities. Carlson & Ducklow (1996), for
example, found no evidence for the stimulation of bac-
terial production by the addition of inorganic nitrogen
or phosphorus in a seasonal study working in the same
vicinity as the Sargasso Sea station occupied in the
present study. Only the addition of labile organic car-
bon substrate stimulated bacterial production in that
study. These contradictory findings presumably indi-
cate that nutritional conditions, and the specific factors
limiting production by planktonic bacterial assem-
blages, can and do change rapidly in nature.
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