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INTRODUCTION

Bacterioplankton production and metabolic activities
are critically important in structuring aquatic environ-
ments. Microbial processes mediate the biogeochem-
istry of critical life elements, such as carbon, oxygen,
nitrogen, phosphorus, sulfur and other trace elements
(Kirchman 2000). Bacterioplankton can also be an
important link to the microbial food web by converting
detrital carbon into biomass (Azam et al. 1983). Bacte-
ria play a key role in decomposing autochthonous and
allochthonous organic matter; a process that places a
respiratory oxygen demand on the water column. In
coastal and estuarine systems, oxygen demand in-

creases with increased carbon loading, and coupled
with stratification and warm temperatures, can result
in hypoxic or anoxic bottom waters (NRC 2000). In this
light, a better understanding of the linkages between
organic carbon delivery and its microbial decomposi-
tion are critical to predicting oxygen demand and its
ecosystem consequences. Therefore, examining bacte-
rioplankton production, and its controlling factors,
helps to develop a better functional understanding of
aquatic systems.

Cross-system comparisons examining the linkage
between phytoplankton and bacterioplankton produc-
tion have found a remarkably robust empirical rela-
tionship that suggests bacterioplankton production
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typically comprises from 20 to 40% of phytoplankton
production (Bird & Kalff 1984, Cole et al. 1988). This
implies a broad coupling between phytoplankton and
bacterioplankton production; however, this coupling
may be weaker in systems with large allochthonous
inputs (Painchaud & Therriault 1989, Findlay et al.
1991, Murrell et al. 1999). Also, the degree of coupling
appears to be dependent on the temperature regime.
For example, in arctic environments, bacterioplankton
metabolism is temperature-limited, hence insensitive
to changes in phytoplankton carbon sources (Pomeroy
& Wiebe 2001). Relatively little is known about the
nature of this coupling in warm subtropical environ-
ments, such as the Gulf of Mexico.

The existing literature on bacterial production in
Gulf of Mexico coastal and estuarine waters is focused
on the very productive Mississippi River plume region
as well as oligotrophic Gulf sites (Chin-Leo & Benner
1992, Cotner & Gardner 1993, Biddanda et al. 1994,

Pakulski et al. 1995, Pomeroy et al. 1995). Bacterial
production rates from these regions range from 1 to
90 µg C l–1 d–1 and appear to vary along trophic gradi-
ents. One study conducted in Santa Rosa Sound
Florida (near the present study), found that bacterial
production ranged from 0 to 66 µg C l–1 d–1, being
highest during summer and lowest during winter (Cof-
fin & Connolly 1997). The purpose of this study was to
investigate the patterns of bacterioplankton metabo-
lism in a warm subtropical estuarine system, and to
evaluate the relative importance of autochthonous and
allochthonous substrate sources. A further goal was to
compare the results to widely cited literature-synthesis
studies.

MATERIALS AND METHODS

Study site. Pensacola Bay is a moderately sized
(370 km2) estuary located in northwestern Florida
(Fig. 1), a micro-tidal, partially stratified, drowned
river valley estuary (Schroeder & Wiseman 1999).
Tides are mixed but are predominately diurnal with a
mean amplitude of 0.5 m. About 80% of the freshwater
in the system flows into the western side of the system
from the Escambia River, which empties into Escambia
Bay (Olinger et al. 1975), with an annual mean dis-
charge of ca. 200 m3 s–1. The other 20% of the fresh-
water flow comes from the Blackwater, Yellow and
East Rivers, which empty into the East Bay. The

Escambia River is alluvial with a water-
shed area of 9900 km2, draining a land-
scape of pine forests (74%), croplands
(12%), pastures (7%) and urban devel-
opment (2%). River concentrations of
dissolved inorganic nitrogen (DIN)
averages 39 µM (range: 14 to 107) and
dissolved inorganic phosphorus (DIP)
averages 1.2 µM (range: 0.3 to 4.8)
(Alexander et al. 1996). Escambia and
East Bays converge into Pensacola Bay
proper, which exchanges with the Gulf
of Mexico through a narrow, deep pass
at the western end of Pensacola Bay
and Santa Rosa Sound. The mean
water residence time for the entire sys-
tem is about 25 d (Solis & Powell 1999).
Mean depths for Escambia Bay (Upper
Bay) and Pensacola Bay proper (Lower
Bay) are 2.4 and 5.9 m, respectively
(Olinger et al. 1975). Chl a concentra-
tions average 5.4 ± 4.8 µg l–1 (mean ±
SD) based on 5 yr quarterly data from
39 sites in Pensacola Bay and bottom
waters can become hypoxic during
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summer months (J. Macauley unpubl. data). This study
was focused along a transect of Escambia Bay because
it receives the majority of the freshwater flow.

Water sampling and processing. Samples were col-
lected on 23 dates from June 99 through November
2001. On each date, 5 sites were sampled ranging from
the Escambia River to the Pensacola Bay region
(Fig. 1). Hydrographic profile data were collected
using a Hydrolab multi-meter (Table 1). Surface water
was collected in clean polyethylene or polycarbonate
bottles for transport to the laboratory where samples
were processed within 2 to 3 h of collection. Water
quality measures included chl a, particulate organic
carbon (POC), particulate organic nitrogen (PON),
dissolved organic carbon (DOC) and bacterial abun-
dance. Metabolic measures included L-leucine incor-
poration and ectoenzyme activities of α-D-glucosidase
(Agluc), β-D-glucosidase (Bgluc) and aminopeptidase
(Apep). Ectoenzyme activities were only measured
during 1999 to 2000. Water flow data from the
Escambia River were obtained from the United States
Geological Survey gauging station at Century, FL, that
is 56 km upstream from the mouth.

For chl a, water samples were filtered onto Whatman
GF/F filters and stored frozen at –70°C. The filters
were methanol-extracted, sonicated using a Vibra
Cell® probe (Jeffrey et al. 1997), and fluorescence was

measured on a Turner Designs® Model TD700 fluo-
rometer using filter sets recommended by Welsch-
meyer (1994). POC/PON samples were filtered onto
pre-combusted (500°C, 4 h) 25 mm Whatman GF/F
filters and the filtrate was collected in combusted vials
for DOC analysis. DOC samples were stored at –70°C,
and the POC/PON filters were dried and stored in a
desiccator until analysis. DOC samples were analyzed
with a Shimadzu TOC 5050 carbon analyzer standard-
ized with potassium hydrogen phthalate. POC/PON
samples were measured with a Carlo Erba 1500 carbon
analyzer standardized with acetanilide.

Samples for bacterial abundance were fixed with
0.2 µm pre-filtered formaldehyde at 2% final concen-
tration. Within 1 or 2 d of collection, samples were
stained with DAPI (1 µg ml–1 final concentration),
filtered onto black, 0.2 µm polycarbonate membrane
filters, mounted on microscope slides between layers
of immersion oil, and counted using a UV filter combi-
nation (350 to 360 nm excitation, >400 nm emission) on
a Nikon Microphot epifluorescence microscope at
1250× (Porter & Feig 1980). A minimum of 300 cells
were counted, distributed over at least 10 microscope
fields (typically 20 to 40). Duplicate samples were peri-
odically counted and the coefficient of variation among
replicates averaged 6.8% (n = 25). Cyanobacteria often
comprised a significant proportion of DAPI positive
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Date Temperature Salinity Chl a DOC POC PON PC:PN DIN DIP
(°C) (psu) (µg l–1) (mg l–1) (mg l–1) (mg l–1) (µM) (µM)

30 Jun 99 28.0 7.4 7.4 4.9 0.8 0.1 6.6 7.6 0.4
3 Aug 99 31.0 6.2 10.1 6.1 1.1 0.1 8.1 9.1 0.3
9 Nov 99 19.1 18.0 2.9 3.4 0.5 0.1 7.4 4.7 0.2
7 Dec 99 13.9 18.4 3.8 2.6 0.6 16.5 0.5
9 Feb 00 10.9 14.7 4.1 2.8 0.7 0.1 9.0 9.8 0.4
13 Mar 00 17.7 14.6 4.9 2.8 0.6 0.1 8.4 9.3 0.4
12 Apr 00 20.0 10.2 7.7 4.4 0.8 0.1 8.1 8.3 0.4
9 May 00 26.1 14.1 5.5 4.3 0.8 0.1 6.8 5.0 0.4
13 Jun 00 29.0 20.4 6.7 3.3 0.8 0.1 7.0 5.7 0.4
11 Jul 00 31.0 16.5 7.3 3.3 1.2 0.2 6.9 6.2 0.5
15 Aug 00 29.5 17.4 6.6 3.3 1.1 0.2 7.1 6.6 0.5
12 Sep 00 28.0 18.1 5.5 3.3 0.9 0.1 7.5 7.2 0.4
18 Oct 00 21.8 21.5 2.9 2.8 0.8 0.1 10.5 5.9 0.2
16 Jan 01 11.1 15.1 4.0 0.6 0.1 7.2 10.6 0.1
13 Mar 01 15.8 1.2 1.1 1.4 0.2 9.6 5.1 0.2
10 Apr 01 23.7 2.4 7.2 0.9 0.1 8.1 7.6 0.3
8 May 01 25.1 12.6 7.7 1.0 0.2 6.2 3.4 0.0
13 Jun 01 27.0 9.3 15.9 1.2 0.2 7.4 4.8 0.1
10 Jul 01 29.4 8.3 12.0 1.1 0.2 5.7 5.0 0.1
8 Aug 01 28.6 8.2 11.2 4.0 0.1
11 Sep 01 27.9 7.9 10.4 1.0 0.2 7.7 3.7 0.1
16 Oct 01 22.7 17.6 9.2 0.6 0.2 6.1 6.7 0.1

Average 23.5 12.7 7.0 3.6 0.9 0.1 7.6 6.9 0.3
SD 6.4 5.7 3.5 1.0 0.2 0.0 1.2 2.9 0.2

Table 1. Hydrographic conditions averaged over the 5 sampling stations during the study period. DOC is dissolved organic
carbon, and POC and PON are particulate organic carbon and nitrogen, respectively. The POC:PON is a molar ratio. DIN

(dissolved inorganic nitrogen) is the sum of NO2, NO3 and NH4, and DIP is dissolved inorganic phosphorus
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cells (during summer months), so cyanobacteria were
enumerated separately under green excitation (510 to
560 nm excitation, >590 nm emission) and their abun-
dance was subtracted from total DAPI positive cells to
yield bacterioplankton abundance.

Bacterial productivity was determined by the incor-
poration of 4,5-[3H]-L-leucine into cold TCA/ethanol
insoluble pools following established methods (Holli-
baugh & Wong 1992, Smith & Azam 1992, Murrell et al.
1999). During 2000, triplicate 5 ml samples were incu-
bated with added L-leucine (5 Ci mmol–1, 100 nM final
concentration) for ca. 1 h at in situ temperature. Sam-
ples were filtered onto 0.45 µm pore size Millipore®

HA filters and sequentially rinsed with iced, unla-
belled sample water, iced 5% TCA and iced 80%
ethanol to precipitate proteins and rinse away unincor-
porated label. The filters were placed into scintillation
vials with 5 ml of Packard Filter Count scintillation
cocktail and assayed for radioactivity with a Packard
TR 2500 liquid scintillation analyzer using transformed
spectral index quench correction. During 2001, the vol-
umes were scaled down to 1 ml, and protein was sepa-
rated from unincorporated label by centrifugation fol-
lowing the methods of Smith & Azam (1992). When
both methods were applied simultaneously during the
April and May 2001, the results were statistically indis-
tinguishable (paired t-test, p > 0.2, data not shown) and
the calculated rates from the 2 methods were aver-
aged.

Several experiments were conducted to examine
blank incorporation of radiolabel by including addi-
tional samples that were filtered immediately upon
adding isotope (time 0 control) or fixed with formalin
prior to isotope addition (killed control). These experi-
ments showed that the radiolabel attributable to abi-
otic adsorption was small and was considered negligi-
ble for incorporation rate calculations (data not shown).

Bacterial growth assays were conducted during 2000
to convert L-leucine incorporation into carbon produc-
tion equivalents, as described in Hollibaugh & Wong
(1996). For this assay, water samples were incubated
for 24 to 48 h in the dark at in situ temperature in poly-
ethylene Whirlpak® bags. To minimize grazing losses,
the water was first diluted 9:1 with 0.2 µm filtered sam-
ple water. Ten ml subsamples were taken at 3 to 4 time
points over a 24 to 48 h incubation period, fixed and
counted as described above, except that samples were
assigned via a blind randomization process to mini-
mize the likelihood of investigator bias. Bacterial
growth rates (µ, d–1) were calculated as the slope of the
natural log of cell abundance versus time by linear
regression analysis. These growth rates were com-
bined with ambient cell abundance and short-term L-
leucine incorporation rates to calculate a cellular yield
factor (cells produced mol–1 L-leucine incorporated).

Cells were converted to carbon equivalents using
20 fg C cell–1 (Lee & Fuhrman 1987). Because the
bioassay relates cellular yield to L-leucine incorpora-
tion, it obviates the need to apply an isotope dilution
factor.

Ectoenzyme activity. Ectoenzyme activity was mea-
sured using fluorogenic substrate analogs that mimic
naturally occurring substrates (Hoppe 1983). The sub-
strates included methyl-coumarin-amido (MCA)-
leucine, methylumbelliferyl (MUF)-α-D-glucoside and
MUF-β-D-glucoside, and are hydrolized by aminopep-
tidase (Apep), α-D-glucosidase (Agluc) and β-D-glu-
cosidase (Bgluc), respectively. The fluorescent sub-
strates were added at saturating concentrations;
results from preliminary experiments showed that
100 µM was sufficient for Agluc and Bgluc, while
50 µM was sufficient for Apep. The rate of cleavage of
the fluorescent substrate was measured using a
Turner Designs TD700 fluorometer with a near UV
lamp, a 300 to 400 nm excitation filter and a 410 to
600 nm emission filter. Assays were conducted in the
dark at in situ temperature for 1 to 3 h (Apep) or 6 to
12 h (Agluc, Bgluc). The fluorometer was calibrated
each time with MUF and MCA, taking care to match
the matrix of the assay as described below. The early
experiments (June and August 1999) were not repli-
cated within station, but all the later experiments
were done in duplicate or triplicate. The variability
among replicate incubations was typically small (CV
~5%).

During 1999, assays were conducted as described
in Murrell et al. (1999), wherein sub-samples were
fixed with alkaline buffer (0.05 M glycine, 0.2 M
NH4OH, pH 10.3) prior to reading fluorescence. In
2000, the assays were conducted at ambient pH with-
out the alkaline buffer step. Matrix-matched stan-
dards were prepared from each sampling station to
account for the variation in fluorescence yield due to
pH effects (especially with MUF; however, not with
MCA) and interference from dissolved substances.
The MUF fluorescence yield varied on the order of 2-
fold, depending on the sampling station (decreasing
with decreasing salinity). The fluorescence yield of
MCA was more stable, varying by 10% among differ-
ent stations.

Temperature adjustment. When necessary, the
Arrhenius model was used to adjust measured meta-
bolic rates. This occurred when the incubation temper-
ature varied from ambient water temperature (usually
a small adjustment), but this adjustment was also
applied to normalize bacterioplankton metabolism to
examine the role of other environmental factors. The
Arrhenius equation is defined as:

v =  A exp (–Ea/RT)
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where v is the metabolic rate, A is a constant, Ea is the
apparent energy of activation, R is the gas constant,
and T is temperature (°K) (Li & Dickie 1987). Q10 is a
commonly used index of metabolic temperature and is
the ratio of metabolic rates at 2 temperatures T2 and T1

where T2 = T1 + 10. Q10 relates to the above Arrhenius
equation as follows:

v2/v1 =  Q10 =  exp [Ea/R(T2–T1)/T2T1]

A nominal Q10 of 2.0 was assumed and T1 = 293°K
(20°C), then solving for Ea/R yielded a value of 6361,
which was re-inserted into the above equation and
solved for the metabolic rate (v2) adjusted to the
desired temperature.

RESULTS

Hydrographic conditions

This study spanned a period that varied markedly in
freshwater flow (Table 2). During June 1999, a short-
term pulse in river flow occurred due to a rain event,
but following this point, there was very little rain and
consequently, exceptionally low freshwater flow from
the Escambia River for the following 15 mo.
Beginning in Spring 2001, the flow regime returned to
near-normal conditions. During the 2000 drought,
flows were about 1/5 of normal during the spring-
summer period. The annual average flow was 47 m3

s–1, or 74% below the 65 yr average (178 m3 s–1) and
24% below the previous record low flow in 1968
(62 m3 s–1).

Average chl a concentrations varied from 1.1 to
15.9 µg l–1, generally being higher during summer
months and with noticeable inter-annual variability

(Table 1). Summer peak concentrations typically
occurred in the upper estuary (Stns 2 and 3, data not
shown) and average chl a peaked at 7.3 and 15.9 µg l–1

in July 2000 and June 2001, respectively. As expected,
chl a correlated positively with temperature and nega-
tively with DIN concentrations (p < 0.01, Table 3).

DOC data were only available from 1999 to 2000 and
ranged from 2.6 to 6.1 mg l–1 with a mean (±SD) of
3.6 ± 1.0. In general, DOC was conservatively distrib-
uted along the salinity gradient (data not shown),
being highest in the river and lower downstream. POC
concentrations averaged 0.9 ± 0.2 mg l–1. Both POC
and PON covaried strongly with chl a concentrations
(Table 3). The molar ratio of POC:PON averaged 7.6 ±
1.2 and was slightly above the Redfield ratio (Redfield
1958) for phytoplankton (6.6), suggesting that particu-
late organic matter in this system was of relatively low
detrital content. The average POC contribution to TOC
was 20%, which is also consistent with a plankton-
based rather than a detrital-based system (Meybeck
1982).
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Leu BAbun Apep Agluc Bgluc Temperature Salinity Chl a POC DOC DIN DIP

BAbun 0.59
Apep 0.59 0.59
Agluc 0.76 0.68 0.61
Bgluc 0.82 0.58 0.40 0.62
Temp 0.65 0.57 0.40 0.58 0.55
Sal –0.19 –0.04 0.34 0.10 –0.09 –0.01
Chl a 0.51 0.40 0.68 0.45 0.23 0.42 0.39
POC 0.65 0.65 0.70 0.55 0.37 0.36 0.01 0.53
DOC 0.16 0.41 0.18 0.28* 0.19 0.40 –0.63 0.28* 0.26*
DIN –0.04 0.00 –0.28* –0.03 0.15 –0.29 –0.47 –0.32 –0.25 0.35
DIP –0.13 0.13 –0.06 0.17 0.47 0.02 –0.06 –0.16 0.04 0.18 0.30
Flux 0.35 0.09 –0.09 –0.08 –0.16 –0.08 –0.73 –0.06 0.25 0.61 0.26 –0.14

Table 3. Pearson correlation matrix of log-transformed metabolic and environmental variables. The flux term was calculated as
the 7 d average Escambia River flow multiplied by the freshwater content (33-Sal)/33. Leu: L-leucine incorporation; BAbun:
bacterial abundance; Apep: aminopeptidase activity; Agluc: α-D-glucosidase activity; Bgluc: β-D-glucosidase activity. For other

abbreviations see Table 1. Significance: p < 0.05 indicated by *; p < 0.01 (in bold)

Winter Spring Summer Fall Average

1999 204 125 143 53 131
2000 84 48 22 35 47
2001 266 260 115 72 178

Average 273 229 107 101 178
±62 ±103 ±19 ±33

Table 2. Seasonally averaged flow (m3 s–1) from the Escambia
River. US Geological Survey data from the gauging station at
Century, FL. Annual averages are included for each year and
seasonal averages (±SD) are included for the entire data

record (1935 to 2001)
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Bacterial abundance

Bacterial abundances (Fig. 2) averaged 6.7 × 109

cells l–1, but ranged from 2.5 to 15.3 × 109 cells l–1.
The upper estuarine sites (Stns 2 and 3) usually had
the highest abundance, while the Escambia River
(Stn 1) and Lower Bay site (Stn 5) had somewhat
lower abundance. The most striking trend was the
strong seasonal variation in bacterioplankton abun-
dance during 2000, with highest abundances coincid-
ing with peak summer temperatures; a pattern less
pronounced during 2001. The seasonality is reflected
by the strong positive correlations between tempera-
ture and bacterioplankton abundance and meta-
bolism (Table 3).

L-leucine incorporation and bacterial production

Bacterioplankton growth rates derived from dilution
bioassays were used to convert L-leucine incorporation
rates into carbon production equivalents. Of the
35 bioassays conducted (5 Stns, 7 dates), 24 yielded
measurable growth rates (µ ≥ 0.01 h–1). These growth
rates were combined with cell abundance data to cal-
culate cellular production rates (Fig. 3). Conversion
factors varied from 0.63 to 5.3 × 1017 cells mol–1 L-
leucine with no consistent spatial or temporal patterns
(Fig. 3A). The mean conversion factor of 2.1 ± 0.25
(mean ± SE), the median of 1.8 and the regression
slope of 2.2 (Fig. 3B) of a plot of cells produced versus
L-leucine incorporation were all quite similar. Based on
the convergence of these 3 estimates, a factor of 2.0 ×
1017 cells mol–1 L-leucine was applied to incorporation
rates and scaled to carbon using 20 fg C cell–1 (Lee &
Furhman 1987).

Bacterial secondary production (Fig. 4A) ranged
from 20 to 273 µg C l–1d–1 and averaged 115 µg C l–1d–1

across all stations and dates. A strong seasonal signal
was apparent, with peaks in productivity occurring
during both summers; however, productivities were
higher in 2001. On most dates, the highest bacterial
production occurred in the upper estuary. Bacterial-
specific growth rates (SGR, Fig. 4B) were calculated by
combining the abundance and bulk productivity data
and ranged from 0.3 to 2.7 d–1 (average 1.0 d–1). During
2000, SGR was noticeably lower than during 2001 and
exhibited little seasonal variation. During 2001, SGR
appeared to respond to seasonal variation in tempera-
ture; a feature conspicuously absent from the 2000
data. The inter-annual pattern in SGR was investi-
gated further by normalizing to a constant temperature
(25°C), averaged by date and then examined in rela-
tion to freshwater flow (Fig. 5).

Ectoenzyme activity

Apep activity averaged 165 (range 34 to 356) nmol l–1

h–1, with generally higher bulk rates during the
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Fig. 3. (A) Spatial and temporal variability in bacterial pro-
duction conversion factors. (B) Relationship between bacterial
growth rates from dilution bioassays and L-leucine incorpora-

tion. Symbols indicate station

Fig. 2. Bacterial abundance at the 5 sites over the study pe-
riod. Surface water temperature is depicted by the heavy line
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summer (Fig. 6A). Similar to bacterial production, the
upper estuary (Stn 2) tended to have the highest Apep
activities; however, the seasonal pattern was less pro-
nounced than with bacterial production. Agluc activi-
ties averaged 8.3 nmol l–1 h–1 (median: 5.7) but
spanned more than 2 orders of magnitude (0.4 to
60.5 nmol l–1 h–1), and had strongly elevated rates dur-
ing the summer (Fig. 6B). There was a gradient in
Agluc activities, which tended to be higher in the
upper estuary than in the lower estuary. A remarkable
Agluc activity of 60.5 nmol l–1 h–1 was measured in
September 2000 at the river site; more than 2-fold
higher than the next highest activity. Bgluc activities
averaged 10.4 (range: 1.4 to 53.1) nmol l–1 h–1 (median:
8.4), again with a strongly elevated rates during the
summer (Fig. 6C). As with Agluc, Bgluc activities were
generally higher in the upper estuary than the lower
estuary. There was also a single strong peak in Bgluc
(53.1 n nmol l–1 h–1) at the river site, but it occurred
2 mo prior to the Agluc peak.

DISCUSSION

Bacterioplankton production

Bacterial production in Pensacola Bay aver-
aged 115 µg C l–1 d–1 (range: 20 to 273 µg C l–1

d–1) well above the 50 to 73 µg C l–1 d–1 range
reported for estuaries in a review by Ducklow &
Carlson (1992). Bacterial production data for the
Gulf of Mexico region are underrepresented in
the literature, especially in estuarine environ-
ments. All published after Ducklow & Carlson
(1992), several studies have examined bacterio-
plankton in the Mississippi River plume and open
Gulf waters (Chin-Leo & Benner 1992, Cotner &
Gardner 1993, Biddanda et al. 1994, Pakulski et
al. 1995, Pomeroy et al. 1995). Chin-Leo & Benner
(1992) found that bacterial production varied
from 4 to 90 µg C l–1 d–1 during summer and from
3 to 20 µg C l–1 d–1 during winter. Cotner &
Gardner (1993) reported a summer range of 4.3 to
107 µg C l–1 d–1, Pakulski et al. (1995) reported a
spring range of 10 to 90 µg C l–1 d–1, and
Biddanda et al. (1994) reported a fall range of 2.4
to 74 µg C l–1 d–1. Pomeroy et al. (1995) measured
a range of 0.7 to 28 µg C l–1 d–1 during summer at
mostly oligotrophic sites. Coffin & Connolly
(1997) found quite low bacterial production from
0 to 66 µg C l–1 d–1 in Santa Rosa Sound, a system
adjacent to the Pensacola Bay. Based on these
reports, bacterioplankton production in Pen-
sacola Bay is the highest reported from the Gulf
of Mexico region.

The most productive sites in Pensacola Bay
were in the upper estuary, near the mouth of the
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Fig. 4. (A) Bacterial production and (B) specific growth rate based on
L-leucine incorporation assays at the 5 sites over the study period.

Surface water temperature is depicted by the heavy line

Fig. 5. Plot relating average bacterial specific growth rates to
freshwater flow from the Escambia River. Specific growth
rates were averaged by date and temperature-adjusted to
25°C assuming a Q10 of 2 (see ‘Materials and methods). Error
bars represent the SE among stations on a given date
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Escambia River, an area also typified by peak chl a
concentrations. This pattern is generally consistent
with observed empirical relationships between bacte-
rioplankton and phytoplankton biomass and produc-
tivity (Bird & Kalff 1984, Cole et al. 1988, White et al.
1991) and supported by the positive correlations
between bacterial metabolism and chl a concentrations
(Table 3). Also, the upper estuary frequently exhibited
higher ectoenzyme activities than the adjacent river
and lower estuarine sites, particularly aminopeptidase
(Fig. 6). This peak may simply reflect a microbial
response to increased algal biomass, but also may be
due to enhanced degradation of allochthonous organic
matter by estuarine-dependent microbial communi-
ties. In estuaries with large allochthonous carbon
inputs, the role of phytoplankton supporting bacterio-
plankton production may be diminished (Kirchman et
al. 1989, Painchaud & Therriault 1989, Findlay et al.
1991, Hollibaugh & Wong 1996, Murrell et al. 1999).
However, it appears that Pensacola Bay has relatively
low allochthonous carbon inputs and, thus, microbial

metabolism is probably driven by phytoplankton. This
view is based on the relatively low POC:PON ratios
and DOC concentrations (Table 1).

Conversion factors

A critical component of accurately estimating bacte-
rioplankton production is applying appropriate con-
version factors that relate radiolabel incorporation to
cell and carbon production rates (Ducklow & Carlson
1992, Ducklow 2000). In this study, a factor of 2.0 × 1017

cells mol–1 L-leucine incorporated was used to scale
leucine incorporation rates to cell-based production.
While individual conversion factors ranged widely
from 0.63 to 5.3 × 1017 cells mol–1 L-leucine incorpo-
rated, they generally agree in magnitude and variation
with similarly derived factors from other estuarine and
coastal sites (Chin-Leo & Kirchman 1988, Hollibaugh &
Wong 1996). This factor is in a sense an index of bacte-
rial growth efficiency, which is influenced by environ-
mental factors, such as temperature and substrate
supply. One would expect conversion factors to vary in
response to environmental conditions; however, the
lack of clear spatial and temporal patterns (Fig. 3A)
implies that other sources of error, such as measure-
ment error, may be relatively more important. It is
therefore likely that true conversion factors are less
variable than suggested by measurements, and this
provides the rationale for applying a single factor to
the entire data set.

Using a completely different approach, Simon &
Azam (1989) derived a conversion factor, based on the
relative protein and carbon content of bacterioplank-
ton cells, which they argued to be quite stable. They
reported a 7.3 mol% L-leucine in bacterial protein and
a 0.86 carbon:protein ratio, and recommended adopt-
ing an isotope dilution of 2. Combining these factors,
Simon & Azam (1989) recommended a factor of 3.1 kg
C produced mol–1 L-leucine incorporated. In this study
(assuming 20 fg C cell–1), the comparable factor was
somewhat higher at 4.0 kg C produced mol–1 L-leucine
incorporated.

L-leucine incorporation versus ectoenzyme activity

Amino acid incorporation and the various ecto-
enzyme activities measure different processes, yet
they all are metabolic indices of microbial activity.
Amino acid incorporation integrates bacterial activities
of membrane transport and translational assembly of
proteins. Ectoenzyme activity, on the other hand, mea-
sures cell-surface expression of ectoenzymes and is a
crucial microbial process because it breaks down poly-
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Fig. 6. Ectoenzyme activities measured at the 5 sites during
1999 and 2000. (A) Aminopeptidase, (B) α-D-glucosidase and 

(C) β-D-glucosidase
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mers into smaller units that only then can be trans-
ported across the cell membrane (Hoppe 1983, Chrost
1990). In this manner, ectoenzyme activity may reflect
the substrate environment in which the bacteria
reside. Because both approaches measure aspects of
bacterial metabolism, it is not surprising that, when
measured simultaneously, they tend to correlate
(Somville & Billen 1983, Somville 1984, Vives-Rego et
al. 1985, Rosso & Azam 1987, Karner et al. 1992,
Muller-Niklas et al. 1994, Murrell et al. 1999) as they
do in this study (Table 3).

The variability in ectoenzyme activities suggested
that they were a more sensitive and less integrative
index of the microbial metabolism than L-leucine
incorporation rates. The high variation was most evi-
dent at the river site, in July with Bgluc and September
with Agluc, where rates were about double other
respective measures. Glucosidase ectoenzymes are
regulated by the availability their polymeric substrates
as well as their respective monomers. As such, both the
presence of polymers and the lack of monomers appear
to up-regulate the expression of the ectoenzyme (Mun-
ster 1991). Therefore, the especially high glucosidase
rates in the river imply either glucose limitation or a
pulse of polysaccharides. However, given the transient
nature of these spikes in activity, it is difficult to attach
too much significance to these results.

Role of river flow contributing to observed patterns

A strong inter-annual pattern was evident in bacteri-
oplankton production and abundance, especially when
these variables were combined and plotted as specific
growth rate (Fig. 4B). During 2000, specific growth
rates averaged 0.7 ± 0.2 d–1 (±SD) and varied little over
the course of the summer, despite a large temperature
excursion. In contrast, specific growth rates during
2001 averaged 1.4 ± 0.6 and exhibited strong seasonal
variation. During 2001, SGR ranged from 0.5 to 2.5 d–1,
a 5-fold variation that coincided with a 20°C tempera-
ture change. A physiological mechanism for this varia-
tion appears likely given that, using a nominal Q10 of 2,
one would expect a 4-fold change in SGR over this
temperature range. In this light, the lack of any real
temperature response during 2000, coinciding with the
severe drought, strongly suggests that bacterioplank-
ton were substrate-limited. The resumption of normal
flows during 2001, apparently alleviated this limitation
(Fig. 5). In systems with large allochthonous carbon
inputs, such as the Hudson River estuary (Findlay et al.
1991), the St. Lawrence River (Painchaud & Therriault
1989) and northern San Francisco Bay (Hollibaugh &
Wong 1996, Murrell et al. 1999), bacterioplankton pro-
duction appears strongly linked to variation in fresh-

water flow. One might conclude that bacterioplankton
production was similarly controlled in Pensacola Bay;
however, organic matter in Pensacola Bay appeared to
be largely of phytoplankton origin as evidenced by low
POC:PON ratios and DOC concentrations (Table 1).
Therefore, it is more likely that the drought during
2000 reduced nutrient delivery and, consequently,
reduced phytoplankton productivity, and this resulted
in the patterns in specific growth rates observed. Dur-
ing 2001, specific growth rates were much higher, but
the relationship between SGR and river flow appears
to asymptote, near 1.5 d–1, implying that further
increases freshwater flow may not result in further
increases in specific growth.

Empirical relationships between bacterioplankton
and phytoplankton

Several synthesis studies have examined the rela-
tionships between phytoplankton and bacterioplank-
ton variables using data compiled from the literature
and by performing simple regression analysis (Bird &
Kalff 1984, Cole et al. 1988, White et al. 1991).
Together, these studies encompass a wide variety of
marine, freshwater and estuarine systems; however,
the data sources tend to be weighted to cool temperate
regions. To place Pensacola Bay data into this context,
identical regression analyses were performed to exam-
ine the degree of coupling between phytoplankton
biomass (as chl a) and bacterioplankton biomass (as
cell abundance) and production, as well as the cou-
pling between bacterioplankton biomass and produc-
tion. In all 3 cases, the regressions were highly signifi-
cant (p < 0.001, Table 4), but had low R square values.
The relationship between chl a and bacterioplankton
abundance (Fig. 7A) shows that the 2 literature studies
(Bird & Kalff 1984, Cole et al. 1988) had similar regres-
sions; however, the Pensacola Bay data lie consistently
above them. The Model I regression statistics suggest
that both the slope and intercept were significantly
different (Table 4). Also, bacterial production in
Pensacola Bay was greater than predicted by chl a
(Fig. 7B) from both Cole et al. (1988) and White et al.
(1991). The plot relating bacterial abundance to bacte-
rial production (Fig. 7C) was mixed, showing that bac-
terioplankton production fell well below that predicted
from abundance by White et al. (1991), and were
somewhat higher than Cole et al. (1988). In this case,
the 2 literature studies varied wildly in the intercept
estimate, but had similar slopes.

This analysis suggests that bacterial abundance and
production were considerably higher in Pensacola Bay
than expected from the chl a concentrations; a differ-
ence that approached an order of magnitude when
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chl a concentrations were low. While
correlations cannot denote causation, it is
obvious that phytoplankton represent a
critical substrate resource for bacterio-
plankton metabolism. It is also clear that
the nature of linkage can be variable, and
likely reflects the fact that many physio-
logical and environmental factors act to
modulate this linkage. Examples of such
factors include bacterial growth efficiency,
phytoplankton biomass:productivity ratios,
organic matter quality (including the role
of allochthonous carbon sources), trophic
interactions and temperature regime.
However, what appears conspicuous when
examining the references that comprise
the literature syntheses is the lack of data
from warm subtropical regimes. Given the
critical role of temperature in modulating
physiological processes, the pattern
observed in Pensacola Bay may not be so
surprising. Future studies should focus on
determining whether this empirical pat-
tern is broadly representative of warmer
environments.
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Fig. 7. Relationships between phytoplankton
and bacterioplankton variables and comparisons
to widely cited literature-synthesis studies.
(A) Bacterioplankton abundance versus chloro-
phyll a (chl a), (B) bacterioplankton production
versus chl a and (C) bacterioplankton produc-
tion versus bacterioplankton abundance. The
lines represent literature averages as indicated 

by the legend

Source Y, X n Slope (95% CI) Y-int (95% CI) R2 Mean X SSX CF Model II slope

Bird & Kalff (1984) BAbun, chl a 39 0.78 (±0.09) 5.87 (±0.07) 0.88 0.38 23.0 1.11 0.83
Cole et al. (1988) BAbun, chl a 35 0.52 (±0.14) 5.89 na 0.75 0.96 17.8 1.14 0.60
This study BAbun, chl a 95 0.23 (±0.11) 6.57 (±0.09) 0.15 0.76 10.0 1.15 0.60
Cole et al. (1988) BProd, chl a 41 0.62 (±0.18) 0.35 na 0.62 0.87 24.0 1.59 0.82
White et al. (1991) BProd, chl a 412 0.71 (±0.09) 0.86 (±0.09) 0.36 0.68 205.1 3.23 1.18
This study BProd, chl a 75 0.39 (±0.15) 1.57 (±0.12) 0.26 0.77 8.0 1.34 0.76
Cole et al. (1988) BProd, Babun 40 1.12 (±0.42) –6.08 na 0.63 6.45 7.4 4.46 1.41
White et al. (1991) BProd, Babun 700 1.22 (±0.06) 0.89 (±0.05) 0.68 0.24 439.3 3.33 1.48
This study BProd, Babun 75 0.75 (±0.24) –3.20 (±1.61) 0.34 6.75 3.6 1.27 1.27

Table 4. Regression statistics describing relationships between log-transformed bacterioplankton and phytoplankton variables,
including bacterial abundance (BAbun, cells ml–1), chorophyll (chl a, µg l–1) and bacterial production (BProd, µg C l–1 d–1). In all
cases, p-values from the F-test were <0.0001. Confidence limits for regression parameter estimates were included and adjusted
to 95% if reported differently in the source. Confidence limits around predicted values of Y can be calculated using mean X and
corrected sums of square X (SSX). The residual mean square can be calculated from the correction factor. The correction factor
must be used when converting from log to arithmetic scales; this factor corrects for an inherent bias of log-transformed regres-
sions. The Model II slope is an estimate of the true relation between X and Y when there is error in the independent variable. 

Y-int: y-intercept. na: not available



CONCLUSIONS

Bacterioplankton production rates were among the
highest reported from the Gulf of Mexico area. Bacteri-
oplankton bulk metabolism in Pensacola Bay exhibited
strong seasonal dynamics that were largely attributable
to increases in abundance during the summer. Specific
growth rates, when adjusted to a constant temperature,
exhibited a striking inter-annual pattern being lower
during 2000 than 2001. These specific growth rates co-
varied with river flow, suggesting that bacterioplankton
growth was dependent on freshwater flow. Bacterio-
plankton appeared substrate limited during 2000, likely
due to reduced delivery of river-borne allochthonous
carbon and inorganic nutrients; this limitation was alle-
viated during 2001, when normal river flow resumed.
Comparisons with the literature suggest that Pensacola
Bay had higher bacterial abundance and production
than predicted from chl a concentration, which may be
characteristic of warm, subtropical systems.
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