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free amino acids (DFAA), and dissolved monosaccha- 
rides. During the June cruise w e  also measured bacte- 
rial secondary production and conducted enrichment 
experiments. Bacterial numbers were counted at 
selected stations on both cruises, and bacterial biomass 
was estimated. This permits us to make comparisons 
with seasonal changes in  microbial processes reported 
from other latitudes. 

METHODS 

Near-surface salinity, water temperature, and 
chlorophyll fluorescence were recorded under way b y  
an on-board system on  RV 'Pelican', and those para- 
meters also were recorded during samplmg casts with 
the ship's SeaBird SBE-9 CTD. O n  both cruises, Stn 14 
was centered in the plume of  the Mississippi River in 
darkness with the aid of  continuous under-way record- 
ing of humate fluorescence using a Turner Designs 
fluorometer at an excitation wavelength of  360 nm and 
reading fluorescence at >510 nm.  Fluorometer output 
was fed through an analog-digital converter to  a com- 
puter programmed to compile and graphically present 
the fluorescence data in  real time. This provided less 
ambiguous detection of  the river plume than did 
chlorophyll or salinity. Water samples were collected 
with a rosette o f  Niskin samplers closed with silicone 
tubing. 

Dissolved amino acids, monosaccharides, and 
phosphate. Subsamples (3  per station) from the Niskin 
samplers for later analysis o f  DFAA were filtered 
through 0.2 p AnotecB filter cartridges into fired 
glass vials using a new plastic syringe for each sta- 
tion. For each subsample, a n e w  filter was used and 
<20 ml was passed through it i n  order to minimize the 
effects o f  cell disruption (Fuhrman 1985). The  first 
10 ml passed through each new filter were discarded 
as a filter rinse, and then <10 ml was collected. Sam- 
ples were stored at -20Â° for later analysis b y  high 
performance liquid chromatography according to the 
general precolumn derivatization procedure devel- 
oped b y  Lmdroth & Mopper (1979) and Mopper & Lin- 
droth (1982). W e  followed the  specific procedure o f  
Henrichs & Williams (1985) except that samples were 
thawed at 4OC, 2 rnl subsamples were derivatized, and 
300 pl was injected. Derivatized primary ammo acids 
were separated in a 250 x 4.6 m m  cartridge-style 
column (Alltech) packed with Spherisorb ODs-1 5p 
(Phase Separation) and detected using a Kratos FS970 
Spectrofluoromonitor. T h e  amino acids quantified 
were: aspartic acid, glutamic acid, serine, histidine + 
threonine + glycine (co-eluted), alanme, tyrosine, ar- 
gmine, methionine, valine, phenylalanine, isoleucine, 
leucine, and lysine. 

Unfiltered water samples also were frozen in acid- 
washed, fired vials for later analyses. Dissolved mono- 
saccharides were measured using the MBTH method 
(Johnson et al. 1981). A standard curve was prepared 
using glucose, and the concentrations are reported as 
glucose equivalents. Additionally, phosphate was 
measured b y  the method o f  Murphy & Riley (1962) 
after the reduction o f  arsenate (Johnson 1971). 

Bacterial secondary production. During the June 
cruise, bacterial secondary production was calculated 
b y  measuring incorporation of  'H-leucine into protein 
(Kirchman et al. 1985) and converting leucine uptake 
to bacterial protein production (Simon & Azam 1989). 
Triplicate sets o f  10 ml seawater samples were pulsed 
with 10 nM leucine (1  pCi L-[3,4,5-3H(N)]-leucine, 
157 Ci m m o l l ,  and 9.36 nM unlabeled L-leucine) for 
1 h at in situ temperature, and protein was extracted 
using 5 % trichloroacetic acid at 95'C for 30 min. Pre- 
cipitated protein was then  filtered, and the  amount of  
'H-leucine in  protein was measured b y  liquid scintilla- 
tion counting (Pomeroy et  al. 1994). At Stns 3,  9 ,  and 
17, samples were pulsed with 3 dif ferent concentra- 
tions of  leucine (0.32, 10, and 30 n M )  to examine 
uptake kinetics. Maximal uptake velocities of  added 
leucine (Vmax) were estimated from Wright-Hobbie 
plots (Wright & Hobble 1966, Logan & Fleury 1993). 

Leucine uptake velocity was converted to protein 
production according to Simon & Azam (1989), except 
that where they assumed minimal natural extracellular 
leucine, w e  used a method to correct for extracellular 
as well as intracellular dilution. W e  began b y  assuming 
that leucine is incorporated into protein without iso- 
tope discrimination from a constant-sized intracellular 
pool supplied b y  ultra- and extracellular sources. This 
incorporation rate, then,  would b e  equal to the  sum of 
the rates o f  supply o f  leucine to the  pool from all 
sources. W h e n  uptake of  external leucine is maximized 
( V ) ,  w e  assume that intracellular supply pathways 
are completely suppressed. Several studies support 
this assumption (see van  Looij & Riemann 1993). Under 
these conditions, the  rate of  incorporation of  leucine 
into protein equals Vmax, Intracellular dilution is the  
ratio of  the  actual incorporation rate o f  all leucine to 
the measured incorporation rate o f  added leucine 
under subsaturating conditions (Vadded); therefore, 
dilution can be  estimated as Vmax/VaW. This relation- 
ship was also used b y  van  Looij & Riemann (1993). W e  
calculated dilution for 10 nM of  added leucine at 
Stns 3,  9,  and 17 and applied the  mean of  those dilu- 
tions to the leucine uptake rates o f  the remaining 
stations. 

Bacterial numbers and sizes. At selected stations, 
seawater samples were fixed with 0.5% alkaline 
Lugol's and 5 % borate-buffered formalin and stored at 
4OC. Subsamples were stained with acridine orange 
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and filtered onto 0.2 pm polycarbonate membranes 
(Poretics). Bacteria were counted by epifluorescence 
microscopy (Hobble et al. 1977). Bacteria were also 
measured using a calibrated ocular micrometer and 
separated into 5 size classes; mean cell volume (MCV) 
for each sample was then calculated based on the fre- 
quency of cells in each class, assuming bacteria were 
cocci or rods with hemispherical ends (Fry 1988). Bac- 
terial biovolumes were calculated as the product of 
bacterial abundance and MCV measurements. 

Respiratory rates and enrichments. Respiratory 
rates were measured on multiple replicate 125 ml 
water samples incubated for 12 h at in situ temperature 
in the dark, using the precision Winkler method as 
described by Pomeroy et al. (1994). At Stns 2, 5, 8, 13, 
and 18 on the June cruise, some bottles were enriched 
with nutrient combinations, and oxygen utilization was 
measured after a 12 h incubation. At Stns 8, 13, and 18, 
leucine incorporation and bacterial size and numbers 
were also measured after enrichment and incubation. 
Enrichment treatments were adapted from Brand's 
BWM phytoplankton culture medium (Brand 1986). 
Final concentrations were: lo-' M NH4+ (N); lO--'M 
H2Po4- (P); lo--' M EDTA + M Fe-EDTA + lo-?  M 
Zn2+ + lo-' M Mn2+ + lo-' M Co2+ + lo-' M vitamin Biz 
+ lob7 M thiamine + lou9 M biotin (M); 1 mg I-' 
glucose (G); the combinations N + P + M and N + P + 
M + G; and unenriched controls. The glucose-only 
treatment was not used on Stn 2. 

RESULTS 

Two cruises on RV 'Pelican' occupied as nearly as 
possible identical stations in the Gulf of Mexico in Jan- 
uary and June 1993 (Fig. 1). The stations cover a range 
of conditions, from deep, oligotrophic water in the cen- 
tral Gulf to coastal waters on the Florida continental 
shelf and the Mississippi River plume west of South- 
west Pass. In order to cover this range in the time avail- 
able, samples were taken only from the upper mixed 
layer, usually at a depth of 10 m unless CTD observa- 
tions showed a shallower mixed layer, as, for example, 
at the station in the Mississippi River plume. During 
the June cruise, the central Gulf of Mexico was domi- 
nated by a large eddy, 300 km in diameter, which had 
separated from the Loop Current (Walker et al. 1993). 

Chlorophyll fluorescence, from both the CTD and 
the under-way sampling system, in June was 1 to 8x 
higher at individual stations than in January and was 
significantly different by paired t-test (p = 0.0001). 
However, no consistent difference in mixed layer 
depth was evident between the 2 cruises. Reactive 
phosphate concentrations in the Mississippi River 
plume were 0.9 pM in June and 1.66 pM in January. 

Fig. 1. Locations of the stations in the Gulf of Mexico occupied 
in both January and June 1993 by RV 'Pelican'. The 200 m 

isobath is delineated by a continuous line 

Except for the Mississippi plume, reactive phosphate 
concentrations throughout our cruise track were 
mostly near our detection limit of 0.04 pM, with a 
range of <0.04 to 0.14 during both cruises. We could 
not detect a significant difference between the Janu- 
ary and June phosphate concentrations. Dissolved 
monosaccharides tended to be higher in June, but 
were at most double the January concentrations 
(Table 1). The differences were too small to be statisti- 
cally significant. 

Bacterial numbers and biomass were similar in Janu- 
ary and June (Table 2). Moreover, there was no clear 
distinction in bacterial numbers between waters of the 
continental shelf, continental slope, or the deep, cen- 
tral Gulf. All samples which were fixed immediately 
i .e .  without incubation) were dominated by small 
cocci (0.2 to 0.4 x 0.2 pm), and both numbers and sizes 
of bacteria were typical of oligotrophic, oceanic sys- 
tems. Bacterial numbers at the Mississippi plume sta- 
tion and the inner continental shelf station off Tampa 
Bay were an order of magnitude higher than else- 
where. The Mississippi River plume is a special situa- 
tion that we exclude from our generalizations about 
the Gulf of Mexico. 

The median microbial community respiratory rate in 
January approached our lower limit of resolution, 
which is around 0.03 pM Oa h ' ,  with 9 January sta- 
tions below resolution. The June median respiratory 
rate was 0.15 pM O2 h l ,  with values tailing off toward 
higher rates (Fig. 2). Respiratory rates were lower in 
January with the exception of Stn 5 in the Florida Strait 
and Stn 17 on the northeast Gulf continental slope, at 
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Table 1. Dissolved free leucine (nM), total dissolved free amino acids (DFAA, nM) and total monosaccharides (pM glucose 
equivalents) in the Gulf of Mexico surface waters in January and June 1993 

Stn Location Total 
depth (m) Leucine 

January 
Total DFAA Monosac. 

June 
Leucine Total DFAA Monosac. 

which the January rates were approximately twice 
those found in June. The difference was most pro- 
nounced in the Mississippi River plume, but at many 
stations June respiratory rates were 5 to 10 times those 
in January (Table 3). 

DFAA concentrations were strikingly different on 
the 2 cruises (Table 1). With small variances, the June 
values exceeded those in January everywhere (except 
the Mississippi River plume) by more than an order of 
magnitude. Other than respiratory rates, this is the 
largest difference we found between conditions in 
January and June. 

We measured bacterial secondary production only 
on the June cruise (Table 4).  Calculated dilution fac- 

Table 2. Bacterial numbers (10' bacteria m l l )  m the upper 
mixed layer of the Gulf of Mexico in January and June 1993 

Stn January June 

tors (means and 95 % confidence limits) were: Stn 3, 
8.1 ( 5.1 to 19); Stn 9, 10.9 (6.6 to 29.5); Stn 17, 6.1 (4.5 
to 9.5). Confidence limits are asymmetrical around the 
point estimates because confidence limits were ongi- 
nally obtained for l/Vmax and then inverted. An overall 
dilution estimate of 8 was used in the calculation of 
bacterial protein production for all stations. These data 
permit us to place limits on bacterial assimilation effi- 
clencies (growth yields) in June. For purposes of esti- 
mating bacterial efficiency, we compared 3 assump- 
tions about the relative contribution to total respiration 
by various classes of autotrophs and heterotrophs. As a 
first approach, we assumed that all of the measured 
microbial community respiration was that of bacterial 

RESPIRATORY RATE (pM On h"') 

Fig. 2. Frequency distributions of microbial community respi- 
ratory rates in the Gulf of Mexico m 1993. Open bars: 

January; solid bars: June 
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Table 3 Microbial community respiratory rates in the upper mixed layer of the Gulf of Mexico in January and June 1993 
Positions and total depths are reported in Table 1. CL: confidence limits 

Stn January respiratory rate June respiratory rate Jan/Jun 
(pM 0 2  h-I) 95 % CL r2 O C  (pM 0, h-I) 95 % CL r2 O C  

heterotrophs. This is not correct, but estimates of bac- bacteria, the remainder being that of protozoans and 
terial biomass and phytoplankton respiratory rates in autotrophic phytoplankton and bacteria. For a third 
other subtropical waters suggest that phytoplankton approach, we developed a linear regression of phyto- 
respiration is often a small fraction of total microbial plankton respiratory rates against chlorophyll a based 
respiration (Laws et al. 1987, Fuhrman et al. 1989, on the data of Laws et al. (1987) and Grande et al. 
Grande et al. 1989). For a second approach, we assume (1989). In the range 0 to 1 pg chlorophyll 1 1 ,  respira- 
that half the observed respiration is from heterotrophic tion = 0.05 pM O2 h 1  p g l  chlorophyll (r2 = 0.94; n = 5). 

Table 4.  Bacterial secondary production, microbial community respiration, and estimated bacterial assimilation efficiency 
(growth yield) in the upper mixed layer of the Gulf of Mexico, June 1993. Bactenal turnover tune is reported for those stations 

where biovolume was measured. See text for details of the calculations. RQ was assumed to equal 1 in these calculations 

Stn Bacterial Bacterial Bacterial Microbial community Bacterial 
production biovolume turnover tune respiration efficiency 
(nM C h-I) (W c 1-I1 (4 (nM C h-I) 
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This regression was applied to the approximate esti- 
mates of chlorophyll from the ship's fluorometers to 
give a crude approximation of phytoplankton respira- 
tion. We then subtracted the estimated phytoplankton 
respiration from microbial community respiration and 
assumed that 90 % of the remainder was bacterial. The 
3 sets of assumptions produced very similar estimates 
of bacterial assimilation efficiency. June bacterial 
assimilation efficiencies are mostly low, ranging from 
1 to 28 %; Table 4 uses assumption 1, so the reader can 
multiply that by any chosen factor. A similar range is 
reported by Biddanda et al. (1994) whose observations 
are limited to the Louisiana shelf, one of the most 
productive regions of the Gulf. As Biddanda et al. and 
others (e.g. Griffith et al. 1990) have pointed out, bac- 
terial assimilation efficiency seems to be lower in 
oligotrophic environments. 

In June, enrichment experiments with natural micro- 
bial communities from the upper mixed layer were car- 
ried out at 5 stations: Stn 2 on the west-coast Florida 
shelf, Stn 5 in the Florida Strait, Stn 8 in the central 
Gulf, Stn 13 on the upper continental slope, near the 
shelf break to the south of the Mississippi River delta 
and Stn 18 on the lower continental slope in the north- 
eastern Gulf. At all 5 stations, the primary limiting fac- 
tor was phosphorus, and a secondary limiting factor 
was organic carbon substrates. Added glucose was uti- 
lized only when phosphorus was also supplemented 
(Table 5). At 3 of the 5 stations, the combined addition 
of phosphorus, ammonium, iron and other trace met- 
als, vitamins, and chelators showed a small but signifi- 
cant increase over the effect of phosphorus alone on 
microbial oxygen utilization. The greatest increases in 
microbial oxygen utilization at all stations were with 
the complete enrichment, which included both phos- 
phorus and glucose. 

Changes in leucine incorporation and oxygen uti- 
lization in the enrichment experiments were greater 
than changes in bacterial numbers or biovolume. 
Numbers of bacteria at most doubled in the controls 
and in enrichments with phosphorus alone. Compared 
to the controls, bacteria increased by a factor of 2 to 4 
in enrichments that included both phosphorus and glu- 
cose. During 12 h incubations, bacterial biovolume 
increased by factors of 4 to 13 in the P + G enrichments. 
Relative to the controls, leucine uptake in the P + G 
enrichments increased by a factor of 5 at Stns 8 and 18 
but by a factor of 91 at Stn 13. Oxygen utilization 
increased less: 5x at Stn 8, 14x at Stn 13, and 8x at 
Stn 18. The differential changes in bacterial secondary 
production and oxygen utilization are also reflected in 
changes in bacterial growth yield. Initial growth yields 
in the controls were 1 to 3 %, if one assumed that 100 % 
of measured respiration is bacterial or 2 to 6 % if 50 % 
of respiration is bacterial. Because leucine assimilation 

increased faster than changes in respiratory rate, 
growth yield tended to rise in the enrichments, but 
since these are transient, shift-up conditions, yield is 
inconsistent. 

DISCUSSION 

A major winter-summer difference in the Gulf of 
Mexico in 1993 was microbial community respiration, 
with significantly higher rates occurring in early sum- 
mer. This is consistent with seasonal comparisons in 
other parts of the ocean. The annual maximum of 
microbial community respiratory rates frequently coin- 
cides with the annual temperature maximum, while 
microbial community respiratory rates at the annual 
temperature minimum approach detection limits (Grif- 
fith et al. 1990, Pomeroy et al. 1991, Pomeroy & Wiebe 
1993, Griffith & Pomeroy in press). Temperatures 
approaching annual minima appear to result in an 
increase in the limiting concentrations of dissolved 
organic substrates required by bacteria for growth, 
even in the subtropics (Wiebe et al. 1993, Nedwell & 
Rutter 1994). Conditions in the Gulf of Mexico during 
our cruises were not entirely consistent with historical 
data (El-Sayed et al. 1972, Churgin & Halminski 1974, 
El-Sayed & Turner 1977, Walsh et al. 1989). Walsh et 
al. report that stability returns rapidly after mixing 
events in the winter in the Gulf of Mexico, and since 
our cruise occurred in fair weather, that may explain 
why we found no difference in the depth of the mixed 
layer between January and June. Contrary to expecta- 
tions, chlorophyll a fluorescence was higher in June 
than in January. 

A second major summer-winter difference in the 
Gulf of Mexico in 1993 was the presence of much 
higher concentrations of DFAA in June. These are both 
a nitrogen source and a carbon source for bacteria 
(Wheeler & Kirchrnan 1986). Therefore, one potential 
explanation for the higher bacterial respiratory rates 
might be the presence of a large source of amino acids 
in June throughout the Gulf of Mexico. However, the 
cause of the accumulation is not evident and is con- 
trary to the more usual finding that dissolved amino 
acids are utilized very rapidly by active communities of 
free heterotrophic bacteria (Hagstrom et al. 1984, 
Fuhrman 1987). One possible explanation for the accu- 
mulation of DFAAs comes out of our enrichment exper- 
iments. 

The enrichment experiments, in 5 different regions 
of the Gulf of Mexico, uniformly point to reactive phos- 
phate as the primary factor limiting bacterial sec- 
ondary production. Chin-Leo & Benner (1992) found 
that organic carbon was the principal limiting factor for 
bacterial production in the Mississippi River plume in 
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Table 5. Effect of nutrient enrichments on bacterial numbers, bactenal biovolume, bactenal incorporation of 'H-leucine (Leu. 
inc.), and microbial community respiration. P: phosphorus; N: ammonium nitrogen; M: metals, vitamins, and EDTA; G: glucose. 
Within each station, means with shared letters are not significantly different (Tukey-Kramer procedure, alpha = 0.05). LCL, 

UCL. lower and upper confidence limits 

Stn Incubation Treatment Bact. no. Biovolume Leu. mc. (nM h-l) AO, (pM from t = 0) 
time (h) (lo9 1-1) ( lo6& 1-1) Mean (95 % LCL-UCL) Mean (95 % LCL-UCL) 

Control 
Control 

G 
N 
M 
P 

NPM 
NPMG 
Control 
Control 

G 
N 
M 
P 

NPM 
NPMG 
Control 
Control 

G 
N 
M 
P 

NPM 
NPMG 
Control 
Control 

N 
M 
P 

NPM 
NPMG 
Control 
Control 

G 
N 
M 
P 

NPM 
NPMG 

July-August 1991, while nitrogen and to a lesser extent 
phosphorus was limiting in February 1991. Ammer- 
man et al. (1994), Cotner et al. (1994) and Peele et al. 
(1994) found both phytoplankton and bacteria to be 
limited by phosphorus in the Sargasso Sea during sum- 
mer and producing alkaline phosphatase to hydrolyze 
organic phosphorus compounds. Krom et al. (1991) 
reported that primary production and possibly bacter- 
ial production is limited by phosphorus in the eastern 
Mediterranean. Our enrichment experiments suggest 
that phosphorus limitation of bacterioplankton produc- 
tion was widespread in the Gulf of Mexico in June 
1993. While our June Stn 13 is in water of slightly 

reduced salinity near the Mississippi delta, and Stn 2 is 
on the inner Florida shelf, Stns 5, 8, and 18 are in high- 
salinity, high-temperature water typical of the rela- 
tively oligotrophic central Gulf of Mexico. 

Growth limitation by inorganic nutrients, especially 
phosphorus, has been studied largely in phytoplank- 
ton, although there have been clear indications that 
bacteria often compete with phytoplankton for arnmo- 
nium (Wheeler & Kirchman 1986) and may be nitro- 
gen-limited (Kirchman 1994). Our observation that 
phosphorus limits the ability of heterotrophic bacteria 
to assimilate glucose raises questions about how limit- 
ing factors may act sequentially on heterotrophs. In 
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this instance, limitation of growth by phosphorus may 
have reduced bacterial utilization of the dissolved free 
amino acids, allowing them to accumulate temporarily 
to unusually high concentrations. Such an explanation 
is at least consistent with the results of the enrichment 
experiments. 

This is not to say that bacteria were inactive in the 
Gulf of Mexico in June. Turnover time of bacterial bio- 
mass in the Gulf of Mexico, estimated from biovolume 
and production data, is 7 to 30 h, which is even shorter 
than it is in the Sargasso Sea (Fuhrman et al. 1989). 
Although some pelagic bacterioplankton are always 
dividing, most of them appear to be in a starvation 
mode of reduced size and reduced metabolic activity. 
However, they can respond to enrichment within a few 
hours (Amy et al. 1983, Hagstrom et al. 1984). Kjelle- 
berg et al. (1993) found that Vibrio strain S14 in culture 
made the reverse change, from large, active cells to 
small, stress-resistant ones, only as a result of organic 
carbon starvation and not from limitmg concentrations 
of phosphorus or nitrogen. If this is a valid generaliza- 
tion, it raises questions about the sequence of events 
leading to the presence of extensive communities of 
small, stress-resistant bacteria in the oligotrophic 
ocean, if phosphorus is indeed frequently limiting to 
the growth of aerobic, heterotrophic bacterioplankton. 

Although bacterial respiratory rates became high in 
June, bacterial assimilation efficiency was low. We 
measured total microbial respiratory rates, not bacter- 
ial respiratory rates, but any of our 3 assumptions 
about the fraction of respiration owing to heterotrophic 
bacteria result in estimates of bacterial assimilation 
efficiency well below the widely assumed value of 
50% in most instances (Table 4). Only by assuming 
that bacteria are responsible for <5  % of total microbial 
respiration would we conclude that bacterial assimila- 
tion efficiency was 50% or greater in over half the 
observations. Pace et al. (1984) estimated that 60% of 
microbial respiration was by heterotrophic bacteria in 
their most oligotrophic model, while Moloney & Field 
(1991) estimated that 15 % of microbial respiration was 
by heterotrophic bacteria in their oligotrophic model. 
This reflects the uncertainty in our knowledge and 
possibly the wide range of possibilities. Our measure- 
ments and those of others (e.g. Griffith et al. 1990) sug- 
gest that the assimilation efficiency of natural commu- 
nities of bacteria is highly variable, much more so than 
numbers or biomass. This is further reason to be wary 
of generalizations about assimilation efficiency, no 
matter how badly they are needed for modeling and 
other calculations. 

Seasonal changes in phytoplankton photosynthesis 
in the Gulf of Mexico are reported to be smaller than 
the seasonal changes we found in microbial commu- 
nity respiratory rates (El-Sayed et al. 1972). Bacterial 

production rates plus microbial community respiratory 
rates in June 1993 exceed published rates of photosyn- 
thesis (El-Sayed et al. 1972), so the Gulf of Mexico 
appears likely to be a net heterotrophic system in 
summer. The observation that microbial respiratory 
rates may equal and sometimes exceed net rates of 
phytoplankton production in the upper mixed layer of 
the ocean is strong evidence that bacteria and other 
elements of the microbial food web are major movers 
of energy and materials in the ocean. While this is 
already widely appreciated, it may still be overlooked 
in evaluations of rates of planktonic processes, includ- 
ing limitation of growth of microheterotrophs by in- 
organic nutrients. Our enrichment experiments show 
that bacteria in a variety of situations in the Gulf of 
Mexico in June were limited in their utilization of 
organic carbon sources by the availability of inorganic 
phosphorus and were users, not regenerators, of phos- 
phate. Studies in fresh water have shown that bacteria 
have much higher affinity for phosphate than do typi- 
cal freshwater phytoplankton, and bacteria do com- 
pete effectively for the available phosphate (Currie & 
Kalff 1984a). However, in freshwater systems, bacteria 
were thought to be limited by the supply of organic 
carbon (Currie & Kalff 1984b). In the Gulf of Mexico, at 
least in June 1993, where the dominant photoauto- 
trophs include Synechococcu~~ Prochlorococcus, and 
small eukaryotic organisms not very different in size 
from the bacteria, the balance seems to shift to phos- 
phate limitation for heterotrophic bacteria. This adds 
emphasis to the realization that the microbial food web 
in natural waters is not just a microscopic version of the 
food web of macroorganisms but has distinctive fea- 
tures that result from the abilities and limitations of 
bacteria. 

Fuhrman et al. (1989) point out that very short 
turnover times of bacterial biomass in the oligotrophic 
ocean, which we also found to be characteristic of the 
Gulf of Mexico, imply rates of growth that cannot be 
supported by accepted rates of production of dissolved 
organic matter (DOM) by phytoplankton. This paradox 
of the bacterioplankton may be explained in several 
ways. First, autotrophic bacterioplankton and other 
very small autotrophs that are responsible for much of 
the photosynthesis in oligotrophic oceans and mediter- 
ranean seas are turned over rapidly by flagellate graz- 
ers, and this is a potentially major source of DOM for 
heterotrophic bacteria in addition to direct release of 
DOM by phytoplankton (Hagstrom et al. 1988). Sec- 
ond, in tropical and subtropical waters, the degrada- 
tion of refractory DOM to more labile compounds by 
ultraviolet radiation in near-surface water may provide 
a subsidy for bacteria above the DOM supplied 
directly or indirectly from photosynthesis (Mopper et 
al. 1991, Miller 1994). Further, Pakulski et al. (1995) 
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have found as much as half of the oxygen utilization at 
intermediate salinities in the Mississippi River plume is 
by nitrifying bacteria. Finally, bacterial assimilation 
efficiency in oligotrophic waters where C, N, or P limit 
growth is lower than has been generally recognized. 
Thus, several factors may at times combine to result in 
high rates of bacterial respiration in the sea. 
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