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The size of bacteria and the size distribution of heterotrophic activity were examined in estuarine, neritic,
and coastal waters. The data indicated the small size of suspended marine bacteria and the predominance of
free-living cells in numerical abundance and in the incorporation of dissolved ammo acids. The average per-cell
volume of suspended marine bacteria in all environments was less than 0.1 pm>. Cell volume ranged from
0.072 to 0.096 p,m at salinities of 0 to 34.3%o in the Newport River estuary, N.C., and from 0.078 to 0.096 um?>
in diverse areas of the Gulf of Mexico. Thus, the free-living bacteria were too small to be susceptible to
predation by copepods. In the Newport River estuary, ca. 93 to 99% of the total number of cells and 75 to 97 %
of incorporated tritium (from *H-labeled mixed amino acids) retained by a 0.2-pm-pore-size filter passed
through a 3.0-pum-pore-size filter. Although the amino acid turnover rate per cell was higher for the bacteria in
the >3.0-pm size fraction than in the <3.0-pm size fraction, the small number of bacteria associated with the
>3.0-pm size particles resulted in the low relative contribution of attached bacteria to total heterotrophic
activity in the estuary. For coastal and neritic samples, collected off the coast of Georgia and northeast Florida
and in the plume of the Mississippi River, 56 to 98% of incorporated label passed through a 3.0-pm-pore-size
filter. The greatest activity in the >3.0-pm fraction in the Georgia Bight was at nearshore stations and in the
bottom samples. Our data were consistent with the hypothesis that resuspension of bottom material is an
important factor in influencing the proportion of heterotrophic activity attributable to particle-associated

bacteria.

Bacteria are an abundant and productive food resource for
fine-particle-feeding organisms in marine water. Bacteria
have been found to comprise 10 to 83% of the total suspend-
ed biomass (13, 30, 33, 34, 42). These bacteria efficiently
transform dissolved free amino acids into particulate organic
nitrogen and, therefore, may be important in making this
critical resource available to higher trophic levels (31). Paerl
(29) demonstrated that bacteria confined in dialysis bags
transform dissolved organic matter into particulate organic
carbon. The particulate organic carbon consisted of free-
living cells and diffuse particles composed of extracellular
secretions and associated bacterial cells. Free-living bacteria
are grazed by a variety of organisms including larvaceans (1,
14, 22), phagotrophic flagellates (16), marine suctorians (34),
and the ribbed mussel Geukensia demissa (46) but appear to
be too small to be cropped by most copepods (23). Studies in
which both direct microscopic counts of bacteria and
[*H]thymidine-labeled bacterial cells were used have con-
firmed the absence of bacterial cropping by copepods in
samples of water from the Newport River estuary (J. Ustach
and A. V. Palumbo, unpublished data). The availability of
bacterial biomass as food for particle-feeding organisms
depends on the size of bacterial cells and the extent of
association of the bacteria with larger particles in the water.

The principal techniques used to determine bacterial size
and to demonstrate the association of cells with particles are
direct microscopic examination and differential filtration of
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samples. Both epifluorescent light microscopy and scanning
electron microscopy allow direct measurement of bacterial
cell dimensions (9, 13). Scanning electron microscopy may
be more precise and less subjective than epifluorescent
microscopy, but it has been criticized because of cell shrink-
age during sample preparation (15). Differential filtration
combined with microscopic observation provides estimates
of bacterial numbers associated with different size fractions
(19) and also i 1s used to determme the heterotrophic activity
(incorporated '*C- and *H-labeled orgamc compounds) re-
tained by filters with different pore sizes (2, 8, 18, 41). Most
of the heterotrophic activity in a wide variety of aquatic
environments passes through filters with a 3.0-wm pore size
(3,4,8,10,21; P. A. Rublee, S. M. Merkel, M. A. Faust, and
J. Miklas, Microbial. Ecol., in press) except, perhaps, in
estuarine and coastal waters off Georgia (17, 18).

To determine the size distribution of bacterial numbers,
heterotrophic activity, and per-cell activity, we used epi-
fluorescent microscopy, radiotracer techniques, and differ-
ential filtration. We report spatial and temporal differences
both in the size of suspended bacterioplankton and in the
association of heterotrophic activity and bacterial num-
bers with size fractions of suspended particulate matter for
water samples from the Newport River estuary, N.C., and
from the Gulf of Mexico. We also report differences in the
size fractionation of heterotrophic activity associated with
sample depth and distance from shore in coastal waters off
Georgia and northeast Florida.

MATERIALS AND METHODS

Water was sampled from the Newport River estuary of
North Carolina (September 1977 to September 1978), from
the Georgia Bight off the coasts of Georgia and Florida (5 to
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9 November 1977), and from the northeastern Gulf of
Mexico (April to May 1980), including riverine, estuarine,
neritic, and oceanic stations. Surface-water samples were
collected by plastic bucket from a small boat or dock in the
Newport River estuary. Samples were collected in S-liter
Niskin bottles on a rosette sampler from the R/V Columbus
Islen (Georgia Bight) or in a 30-liter Teflon-lined Go-Flo
bottle on a plastic hydrowire from the R/V Researcher (Gulf
of Mexico).

Stations within the Newport River estuary were located
along the longitudinal axis of the estuary in a wide range of
salinities (0 to 35%c). Samples for determination of the size
distribution of heterotrophic activity and bacterial numbers
were taken nearly simultaneously (within 2 h) at one to six
stations. Variations in bacterial size were determined by
using samples taken over a 24-h period at each of three
stations (Fig. 1) during different seasons. The number of
samples taken over the 24-h period was increased from 9 to
17 after the first sampling season, September and October
1977. The estuary (Fig. 1) is small (31 km?), shallow (average
depth at mean low water, 1 m), and unstratified (43).
Circulation is predominantly tidal (tide range at Beaufort
inlet, 0.9 m) but highly variable due to wind and irregular
freshwater runoff. Its watershed is predominantly low-lying
pine-cypress pocosin, pine forests, and farmland. The aver-
age flushing time is 12 tidal cycles or about 6 days (R. A.
Hyle, Ph.D. thesis, University of North Carolina, Chapel
Hill, 1976). Water available for runoff from the Newport
River watershed was calculated (35) from rainfall and tem-
perature data (27, 28).

Stations in the Georgia Bight were sampled once in
November in three transects of three stations, each aligned
normal to the coastline. The transects originated at a water
depth of 12 to 17 m and extended seaward to water depths of
125 m off Savannah, Ga., 41 m off Brunswick, Ga., and 45 m
off Jacksonville, Fla. Duplicate samples were collected at
one depth (surface of the Brunswick transect) or at three
depths (surface, middepth, and within 2 to 4 m of the bottom
of the Savannah and Jacksonville transects). In November
1977 the Georgia Bight was unstratified (isotherms were
virtually vertical) due to seasonal storms. For surface wa-
ters, salinities ranged from 32.9 to 35.0%. nearshore and from
36.2 to 36.4%0 offshore. Temperature ranged from 19.9 to
21.3°C nearshore and from 25.7 to 27.2°C offshore (L.
Atkinson, unpublished data).

In the Gulf of Mexico, three water samples were collected
(one per day) from the estimated depth of maximum produc-
tivity at each of three stations (13a). Stations varied widely
in geographical location and primary productivity and in-
cluded a low-productivity (<0.1 pg of C liter ™! h™!) oceanic
station within the loop of the Gulf Loop current, an interme-
diate-productivity (0.5 to 1.8 wg of C liter™! h™!), post-
phytoplankton-bloom, neritic station near Cape San Blas,
Fla., and a high-productivity (3 to 32 pg of C liter™' h™})
neritic station in the plume of the Mississippi River (Table 1).

Bacterial size measurements and counts were made by
using the acridine orange direct count (AODC) technique as
modified by Hobbie et al. (19). The measurements were
made on 25-mm Nuclepore filters (pore size, 0.2 wm) except
where noted below. The filters were stained with irgalan
black (Ciba-Geigy) for 2 to 48 h and rinsed in distilled water
immediately before use. Average cell volume was deter-
mined based on the frequency of cells (100 cells from each
water sample) in five size and shape categories and on the
calculated mean cell volume of the categories (Table 2).
Many of the bacteria observed were less than one-half the
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size of the smallest division (about 1.2 um at x1,250) on the
Whipple disk, and precise measurement of individual bacte-
ria was not attempted. We assumed a spherical diameter of
0.5 wm to estimate the average volume (0.065 um?) of cells in
this smallest size category (<0.6 um in diameter). Thus,
changes in average cell volume reflect changes in relative
abundance of cells among size categories but would not
reflect shifts in size of cells within the smallest size category.
Heterotrophic activity associated with particle size frac-
tions was measured in neritic-zone and estuarine samples.
Neritic water, sampled during October 1977 in the Georgia
Bight, was filtered through 0.2- and 3.0-pm-pore-size Nucle-
pore filters. Mississippi River plume water was filtered
through 0.2-, 1.0-, and 3.0-wm-pore-size filters. Estuarine
water, sampled during March, July, August, and November
1978, was filtered through 0.2-, 0.4-, 0.6-, 3.0-, and 8.0-pm-
pore-size Nuclepore filters. In August, bacterial numbers
were counted on the same pore-size filters that were used in
the uptake experiments. From size fractionation data for
bacterial amino acid uptake and cell numbers specific activi-
ty (44), the amino acid turnover rate per cell was calculated
for the cells in the 0.2- to 0.6-, 0.6- to 3.0-, and >3.0-pum size
classes. The amino acid turnover rate per cell was calculated
as the volume of water from which a single bacterium
theoretically could remove all of the amino acids in 1 h. In all
cases water was incubated with tritiated amino acids (net
250; New England Nuclear Corp.). Triplicate subsamples (5
to 20 ml) and one formaldehyde-fixed control were incubated
with radioactive label (4 x 10° to 1 x 10° dpm or =0.4 to 1
nmol liter™! [final concentration added]) and incubated for
30 to 60 min within 2°C of ambient temperature. After
incubation, incorporation of label was terminated by adding
formaldehyde to a final concentration of 0.6% or by flooding
the sample with unlabeled substrate (31). Size fractions were
obtained after incubation with label by filtering independent-
ly incubated subsamples through the Nuclepore filters. The
filters then were placed in scintillation vials containing 10 ml
of Aquasol (New England Nuclear Corp.) and counted in a
Beckman LS-200 liquid scintillation counter. Counts were
corrected for quench, and control counts were subtracted.

RESULTS

Cell volume. Mean cell volume was variable within similar
ranges in the Newport River estuary and the Gulf of Mexico.

NEWPORT RIVER

-34°45'N

ATLANTIC OCEAN

2 KN rM'QO N

76°40" W 76°35'w
FIG. 1. Map of the Newport River estuary indicating the low
(@)-. mid (O)-, and high (H)-salinity sites sampled for cell volume
estimates.
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TABLE 1. Locations and mean cell volume estimates. with standard deviations. for three stations in the Gulf of Mexico®
Alini Cell vol (um?)
Station Latitude Longitude Sd!;n"y Yo em
(%) <" SD
Mississippi plume 28°41' N 89°16" W 28.9-33.2 0.089 0.006
Cape San Blas 29°29' N 86°08' W 26.8-31.1 0.096 0.005
Gulf Loop 25°25' N 86°59' W 36.1 0.078 0.005

“ Analysis of variance indicated that there were significant differences (P < 0.05) in mean cell volume among stations (F. 10.6: df. 2. 6) but not among samples at

a station (F. 0.86: df. 6. 9).
" %. Mean cell volume estimates.

The range of cell volume for 15 sets of observations in the
estuary (five sampling seasons at each of three stations) was
0.072 to 0.096 wm?*, compared with 0.078 to 0.096 um? for the
three stations in the Gulf. Coccoid rods which were <0.6 um
in major dimension comprised on the average about 85% of
the total cell number in both areas.

Two-way analysis of variance of the cell volume data
indicated a significant effect (P < 0.01) of both sampling
period and location but not of their interaction on bacterial
size in the Newport River estuary (Fig. 2). For the lower-
estuary high-salinity site, there was relatively little variation
in cell volume through the year for the five sampling periods
(Fig. 2). There were larger differences in mean cell volume
through the year at the upper-estuarine and riverine sites
(Fig. 2). In June the average cell size was uniform through-
out the estuary. The two highest values occurred at the river
site in the falls of 1977 (0.096 wm?®) and 1978 (0.086 wm?).

Temperature, salinity, and water available for runoff from
the Newport River drainage basin also varied during the
sampling of bacterial cell volume. During the fall, calculated
runoff was low, and during the December, February, and
June sampling periods, runoff was higher (Fig. 2). The
average daily water temperature was lowest on 23 February
at the river site (4.5°C) and highest on 5 September 1978 at
the river site (26.4°C) and on 21 June at the upper-estuary
site (28.4°C). Temperatures were between 25.5 and 28.4°C at
all locations in June and September 1978. There was a sharp
temperature increase from 7.0 to 17.3°C among the sam-
plings from the three sites in February and March 1978.
Water available for runoff varied inversely with temperature
(Fig. 2). As a result, the average salinity changed seasonally.
The mean salinity at the river site was greatest (4.2%c) in
October 1977.

In the Gulf of Mexico the mean size for cells at all sites
was 0.088 wm?; the lowest mean cell volume for a station
was at the Gulf Loop, and the highest was at Cape San Blas
(Table 1). Differences in the mean cell volumes among the
stations were significant, but there were no significant
differences among the samples at a station (Table 1). Both
the Mississippi plume and the Cape San Blas stations had
significantly greater mean cell volumes than the Gulf Loop
station (95% confidence interval, =0.0098 pum?).

Association with particles. Bacterial-sized particles (i.e.,
<3 um) accounted for 75 to 98% of the total amino acid
incorporation in samples from the Newport River estuary,
Georgia Bight, and Mississippi River plume. In the Newport
River estuary, 75 to 96% of the label retained on the 0.2-um
filter (total incorporation) passed through a 3.0-pum filter in
samples collected only for size fractionation of heterotrophic
activity (Table 3). The percentage of total incorporation that
passed through filters with a pore size of 0.6 um was highly
variable, however, ranging from 0.2 to 70%. Similar results
were observed when both amino acid incorporation and cell
counts were measured in samples collected along the salinity
gradient of the estuary in August (Table 4). More than 92%

of the cell numbers and 84% of the heterotrophic activity
were in the <3.0-pum fraction at all stations. The percentage
of total cells in the 0.2- to 0.6-pm fraction and 0.6- to 3.0-um
size fraction was generally consistent throughout the estuary
(Table 4), but the percentage of total amino acid incorpo-
ration was not (Table 4). Amino acid incorporation in the 1.4
and 8.0%. samples was relatively low for the 0.2- to 0.6-um
fraction and relatively high for the 0.6- to 3.0-um fraction
compared with that in the higher-salinity samples. Incorpo-
ration in the >3.0-um fraction was greatest (=15%) at
salinities of =24.4%. and least (=5%) at salinities of >24.4%¢
(Table 4).

Plots of the August data with distance upstream from
Beaufort inlet suggest that intermediate salinities in the
estuary contained the highest abundance of bacteria and
chlorophyll, the most rapid amino acid turnover rates, and
the highest per-cell turnover rates for the 3.0-um size
fraction (Fig. 3). The fastest turnover rate, the highest
bacterial numbers, and the highest per-cell amino acid
turnover rate in the >3.0-um size fraction was just down-
stream from the peak in chlorophyll . Minimum chlorophyll
a was at the farthest upstream, lowest-salinity station, and
minimum turnover rate was immediately downstream of the
chlorophyll ¢ minimum. The lowest bacterial numbers (Fig.
3) were at high-salinity stations nearest the inlet. There were
significant negative correlations (P < 0.05) of percent het-
erotrophic activity and percent AODC in the >3.0-pm size
fraction within salinity (Table 4). There were no significant
correlations (P > 0.05) of percent activity and percent
AODC in the >3.0-pm size class with either chlorophyll a or
total AODC (Table 4).

The per-cell turnover rate of the amino acid pool for the
>3.0-pm size class (98.7 x 107" ml h™! cell™!) was signifi-
cantly higher (P > 0.05) than that for the 0.2- to 0.6-um size
class (30.05 x 107° ml h™! cell™") or that for the 0.6- to 3.0-
pm size class (27.25 x 107° ml h™! cell™!) (Fig. 3). There
was no significant difference between the uptake per cell in
the 0.2- to 0.6-um and the 0.6- to 3.0-um size classes.

TABLE 2. Cell size and shape categories for determinations of
average cell volume*

Diam or Vol for

Cell shape Width (pm)“ category
length (um) (um)
Coccoid rods <0.6 <0.6 0.065
Cocci 0.6-1.2 0.6-1.2 0.320
Rod 0.6-1.2 0.38-0.44 0.111
Rod 1.2-1.8 0.44-0.5 0.254
Rod 1.8-3.0 0.54-0.63 0.574

“ The volume of the smallest size category was calculated. assuming a cell
diameter of 0.5 um. Volumes of the other categories are the geometric mean
of the calculated volumes of the largest and smallest cell in each class. Cell
width for rods (needed for volume calculation) was determined by linear
regression of the data of Zimmerman (47). The resulting equation was width =
0.101 (length) + 0.323 (r = 0.923: n = §).



160 PALUMBO, FERGUSON, AND RUBLEE

160 L B S
T - \ (@) ]
< /N
£ 120 |- /\ _
S / \
€ - / o—m I
E 80| s . -
E N - ., _
& a0l el e
[} ¢ N ﬂ
E - \\, -
& opA 4~
ol )
e - oe° Oe0 _|
o
w
€ 20t ° -
g L e ° _
&
e o & —
w ] a
= — ° —
N T TN N T S R U SO R SO N
lﬂE T T T T T T 1 T T T T 1
20095 [ } te)
w
: L _
=)
pl
S o085 |- } 3 —
-
g e ¢ .
© [ ]
5 0075 — § é éﬁ o —
g 1 1 1 @I 1 1 1 1 1 1 1 1
SEP  NOV  lUAN  MAR MAY  JUL  SEP

1977 1978

SAMPLING DATE

FIG. 2. Sampling data versus («) estimated water available for
runoff, (b) average temperature on the sampling day, and (¢) mean
cell volume (+ standard error). Data are for low (@®)-, mid (O)-, and
high (O)-salinity sites in the Newport River estuary. Cell volume
was significantly affected (P = 0.05) by the sampling period (F, 20.7:
degrees of freedom [df], 4, 195) and location (F, 29.6; df 2, 195) but
not by their interaction (F, 1.033: df, 8, 195).

In the neritic samples from Georgia Bight and from the
plume of the Mississippi River the <3.0-um size fraction
also accounted for the greatest portion of the amino acid
incorporation. In the Georgia Bight samples the association
of heterotrophic activity with size fractions varied with
relative sample depth (surface, middepth, or bottom) in the
water column and relative distance from shore (coastal,
midshelf, or shelf break) (Fig. 4). Two-way analysis of
variance of the six stations where surface-, middepth-, and
bottom-water samples were collected (Savannah and Jack-
sonville transects) indicated a significant effect of both
relative distance from shore and relative depth of sample and
no significant interaction between relative distance from
shore and depth (Table 5). At these six stations, the incorpo-
rated label retained on the 3.0-um-pore-size filter relative to
total incorporation on 0.2-pm filters was about the same in
the surface (9.3%) and middepth samples (11%) but was
significantly higher (25.4%) in the bottom-water samples
(Table 5). The incorporation in the >3.0-um fraction for the
two transects and all three depths also decreased significant-
ly (Table S) from nearshore (22.3%) to midshelf (13.4%) and
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shelf break (9.25%) stations. Two-way analysis of variance
of the surface-water samples for all nine stations indicated a
significant difference among stations associated with relative
distance from shore but not with transect or the interaction
of distance and transect (Table 5). In these surface samples
the mean percentage of the total incorporation in the >3.0-
wm size fraction was highest for the nearshore stations
(15.2%), intermediate for the midshelf stations (11.7%), and
lowest for the shelf break stations (5.5%). At the Mississippi
station in April 1980 the <1.0-wm fraction accounted for
90.5% and the <3.0-pm fraction accounted for 98.4% of the
amino acid incorporation.

DISCUSSION

Our data are consistent with data in the literature showing
that in samples of natural water the mean bacterial cell
volume varies within a relatively narrow range, but changes
within that range may reflect differences in growth rate (25)
or physiological state (36) of the bacterial community. There
are changes in bacterial cell size in the Newport River
estuary associated with a phytoplankton bloom and with
seasonal changes, which could influence substrate availabil-
ity and thus the growth rate or physiological state of the
bacteria. In the Gulf of Mexico differences in bacterial size
among stations may also be related to substrate availability.

The mean cell volumes calculated from AODC measure-
ments of cells from the Newport River estuary (0.08 pum?)
and the Gulf of Mexico (0.088 um?) were similar and in the
range (0.045 to 0.090 wm®) reported by other investigators,
who used epifluorescence techniques (13, 15, 47) in marine
and estuarine waters. The variability in bacterial size and in
the maximum cell size of suspended bacteria appears to be
larger in freshwater environments (e.g., see reference 24).
Bowden (9) measured bacterial cell size on scanning electron
micrographs and reported an average volume of 0.047 pm?®
for samples from the Newport River estuary. Although we
found differences in cell volume associated with time and
location of sampling in the Newport River estuary (Fig. 2), it
is unlikely that the differences between the scanning electron
microscopy estimates of Bowden and our AODC estimates
are due entirely to these factors. The difficulty in sizing the
smallest cells with light microscopy and the problem of cell
shrinkage during sample preparation for scanning electron
microscopy (15) probably contribute to the discrepancy
between the cell volume estimates.

The changes in cell volume with sampling time in the
Newport River estuary may be related to seasonal changes
in freshwater flow, temperature, and salinity. These factors
may directly or indirectly influence the growth rate of the
bacteria or their physiological state. The large temperature
increase between the February and March samples (Fig. 2)
cooccurred with an observed increase in mean cell volume

TABLE 3. Salinity, total number of bacteria (AODC), and percentage of amino acid incorporation by different size fractions in the
Newport River estuary in 1978

Date Salinity AODC (10° mi-') % Amino acid incorporation by following size fractions:
(%) 0.2-0.6 um 0.6-3.0 um <3.0 pm >3.0 pm
27 March 11 18¢ 78" 96 3.8
31 July 0 2.54 0.2 75 75.2 24
31 July 21 4.01 S50 38 88 12
31 July 34 0.87 70 18 88 12
12 November 34 83 17¢

“ Size fraction for this datum: 0.2 to 0.4 pm.
* Size fraction for this datum: 0.4 to 3.0 um.
< Of the 17% in this fraction, 8% occurred in the 3.0- to 8.0-um size fraction.
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TABLE 4. Percentage of amino acid incorporation and cell number (AODC) in different size fractions in the salinity gradient of the
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estuary on 23 August 1978
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Salinity

% Total in following size fractions”:

prog 0.2-0.6 pm 0.6-3.0 pm >3.0 um <3.0 um”
Incorp AODC Incorp AODC Incorp* AODCY Incorp AODC

1.4 27.4 62.7 57.6 29.6 15.0 7.7 85 92.3

8.0 27.5 52.7 57.4 43.5 15.1 3.8 84.9 96.8
244 54.1 53.3 313 43.5 14.6 3.2 85.4 98.9
29.2 64.3 62.1 29.2 36.8 6.5 1.1 93.5 98.7
34.2 77.8 55.3 19.2 43.4 3.0 L3 97.0 97.5
34.3 62.3 63.8 329 33.7 4.8 2.5 95.2 96.7
Mean 52.2 58.3 379 38.4 9.8 33 90.2 96.8

SD 20.6 5.1 15.9 6.0 5.7 2.4 5.6 2.4

“ Station locations identified on Fig. 1 were: low-salinity site, 8.0%c sample: midsalinity site. 29.2% sample: high-salinity site. 34.3%c sample. Incorp.

Incorporation.

» Sum of incorporation of AODC in the 0.2- to 0.6-um fraction and the 0.6- to 3.0-um fraction.
“ The percentage of the total incorporation in the >3.0-um fraction was significantly correlated with salinity (» = —0.853) but not with AODC (r = 0.283) or

chlorophyll a (r = 0.336).

< The percentage of the total AODC in the >3.0-um fraction was significantly correlated with salinity (- = —0.877) but not with AODC (r = —0.191) or

chlorophyll a (r = —0.208).

from =0.075 wm?® in the river and lower-estuary sites to 0.080
pwm? at the upper-estuarine site (Fig. 2). During this tempera-
ture increase, a large phytoplankton bloom occurred in the
estuary, and bacterial numbers increased rapidly (A. V.
Palumbo, Ph.D. thesis, North Carolina State University,
Raleigh, 1980). The increased size of the bacteria at the
upper-estuarine site may have been in response to the
phytoplankton bloom and. faster bacterial growth due to
increased organic nutrient availability during the bloom.
This interpretation is consistent with our observation for the
Gulf of Mexico where cells in highly productive (Mississippi
plume) or postbloom (Cape San Blas) waters were larger
than those in low-productivity water (Gulf Loop). Other data
also indicate that water temperature alone does not control
cell volume. In August and September of both 1977 and
1978, there were significantly higher mean cell volumes in
the river and upper-estuarine sites than during a period of
high temperature throughout the estuary in June (Fig. 2).

In August and September, seasonal Spartina alterniflora
die-off combined with increased flushing time of the estuary
during this period of reduced runoff (Fig. 2) probably in-
creased substrate availability, which could explain the ob-
served increase in bacterial size in the upper estuary. This
results in an inverse relationship between the salinity of a
site and the mean cell volume. Valdes and Albright (37) also
found a general correspondence between increasing mean
cell volume and decreasing salinity in March in the Fraser
River estuary.

Association of bacteria cells and heterotrophic activity
with large particulate matter probably has a greater effect on
potential availability of bacteria to predators than do the
changes we report in average cell volume. Individual bacteri-
al cells are below the size that can be effectively utilized, for
example, by adult copepods (22). Bacterial association with
larger particles, however, might make them vulnerable to
copepod predation (32). In the Newport River the associa-
tion of bacterial activity with particles is dependent on
location. Very small particles (<0.6 pm) accounted for
=50% of the number of cells and heterotrophic incorporation
of dissolved amino acids in all samples taken at salinities of
>20%¢ (Tables 3 and 4). At salinities of <20%c. however.
particles of >0.6 pm accounted for the majority of the
activity and for more than 30% of the cell numbers (Table 4).
Also, there were significant negative correlations of salinity
and the percentage of the AODC and activity in the >3.0-um

fraction, which reflects the abrupt change from 29 to 25%c
(Table 4). Our observations of a correspondence between
increasing salinity and decreasing importance of attached
bacteria relative to free-living bacteria in an estuarine envi-
ronment agree with observations by Bell and Albright (5, 6).

Although cells associated with particles have a higher
activity on a per-cell basis (Fig. 3) and may be consumed by
a wider variety of zooplankton than are free-living cells,
their contribution to estuarine food webs may be limited and
difficult to assess. In the Newport River estuary, amino acid
turnover rate per cell was greatest in the >3.0-um fraction
(Fig. 3), in agreement with the suggestion of Ferguson and
Rublee (13) and the observations of later investigators (20,
24, 45) that the larger cells associated with particles may be
more active oh a per-cell basis than are the free-living
bacteria. This observation may not hold when attached
bacteria predominate in bacterial activity and numbers and
when there are very high concentrations of suspended solids
(7). Despite the higher per-cell activity for bacteria associat-
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FIG. 3. Plots of salinity (A): amino acid turnover rate per cell in
the >3.0 (@)-, 0.6- to 3.0 (A)-. and 0.2- to 0.6 (O)-pm size fractions:
and AODC (O). chlorophyll « (@), and total amino acid turnover
rate (A) versus distance from Beaufort inlet for samples collected on
23 August 1978. AODC and chlorophyll « are given * 1 standard
error. There are significant differences (P = 0.05) in amino acid
turnover rate per cell (F, 4.11: df, 2. 15) among the different size
classes (95% confidence interval, 57.5 X 107 ml h™ ' cell .
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FIG. 4. Percentage of heterotrophic activity on the filters with a

pore size of 3.0 wm in samples from Georgia Bight. Data are for
surface (S)-, middepth (M)-. and bottom (B)-water samples collected
at nearshore (NS), midshelf (MS). and shelf break (SB) stations. All
values except the sample marked with an asterisk are means of two
replicate samples (+ 1 standard error) taken from different Nisken
bottles.
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ed with particles retained on a filter with a pore size of 3.0
wm, their incorporation of amino acids in the Newport River
estuary was still only 3 to 24% (Tables 3 and 4) of the total.

Problems remain in assessing the relative contribution of
attached and free-living bacteria to total heterotrophic activi-
ty (23). For example, direct counts underestimate the num-
ber of cells associated with particles. and incorporation of
dissolved amino acids by particle-associated bacteria will be
underestimated to the extent that these bacteria utilize
amino acids directly from the particles upon which they
reside. This pathway cannot be measured by the technique
we employed but may not be significant in all cases or for all
compounds.

In the Newport River estuary and in coastal waters of the
Gulf of Mexico and Georgia Bight, we found that 85 to 98%
of the heterotrophic activity was associated with the <3.0-
wm size fraction. Other investigators (2, 3, 8, 10), utilizing
techniques similar to ours have also reported that the smaller
size fractions (e.g., <3 wm) are responsible for the majority
of heterotrophic activity in coastal and oceanic water. Filtra-
tion of samples before incubation with label yields data (17,
18, 40) that apparently are not consistent with those derived
from filtration of samples after incubation (e.g., see refer-
ences 2, 3, and 8). There is evidence that filtration before the
addition of the label can increase substrate levels and thus
reduce the uptake of labeled substrate and that sample
manipulation can also result in inadvertent increases in toxic
trace metals such as copper (13a). However, filtration arti-
facts could affect filtration after incubation procedures (39),
making the choice of technique an important factor in
comparinig results from different investigators.

The relatively high activity of large size fractions reported
for the Georgia estuaries (17, 18) may nevertheless reflect
real differences from other areas. When used in offshore
water (2, 18), filtration before incubation has yielded esti-
mates of activity in the >3.0-um fraction of 14 to 50%, only
slightly higher than the 10 to 30% obtained without prefiltra-
tion (2, 3, 8, 10). Although for coastal Georgia waters we
found a general trend of decreasing activity in the larger size
fractions with distance from shore, our measurements in
near-surface samples (5.5 to 15.2% in the >3.0-pum fraction)
were much lower than values obtained with prefiltration in
the same area (18). Our measurements of heterotrophic
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activity in Georgia coastal waters in the >3.0-um fraction
are similar to the 3 to 17% we observed in the high-salinity
area of the Newport River estuary.

Differences in the amount of resuspension of bacteria and
detritus in the Georgia estuaries (tidal amplitude, >2.0 m
[17, 18]) and the Newport River estuary (tidal amplitude,
<1.0 m) may influence the size distribution of heterotrophic
activity. Heavy particulate loads result in an increased
percentage of heterotrophic activity or bacteria or both in
larger size fractions (6, 7, 24). A significant portion of the
bacteria in sediments is attached to particles (38), and
bacterial density on sedimented particles is greater than the
density on suspended particles in the same size range (26).
Thus, resuspension of sediments would result in a greater
proportion of the heterotrophic activity being associated
with larger size fractions and would put particles with
greater numbers of bacteria into the water column. Resus-
pension of bottom sediments and bacteria appears to be
more important in Georgia (18) than in the Newport River
estuary (Palumbo, Ph.D. thesis). The potential for resuspen-
sion in the Newport River estuary is greatest in the shallow
upper estuary where the underlying sediment has a high silt
and detritus content in contrast to that of the lower estuary,
where the sediment is predominantly sand (11). The low-
salinity upper estuary also has a higher proportion of activity
and cells in the larger size fractions than does the high-
salinity region of the estuary.

The increased activity in the large size fractions in the
near-bottom samples from coastal water off Georgia and
northern Florida (Fig. 4) is also consistent with the hypothe-
sis that sediment resuspension results in increased heterotro-
phic activity in large size fractions. In this unstratified water
column, wind mixing and other water movements resuspend
bottom sediments. Additional evidence for resuspension of
sediments includes elevated bacterial counts in near-bottom
samples in coastal waters (12) and shifts in heterotrophic
activity to large size fractions in estuaries at low tide (A. V.
Palumbo and D. Cooper, unpublished data).

In samples from the open ocean, coastal waters, and
Newport River estuary, the majority of bacteria are associat-
ed with the <0.6-um particulate fraction, and thus most of
the potential flow of dissolved organic matter into the
planktonic food web might be via the bacteria-microzoo-
plankton or bacteria-larvacean link. However, because the
activity per cell of particle-associated bacteria can be signifi-
cantly higher than that of free-living bacteria, the particle-
associated bacteria could contribute significantly to the flow

TABLE 5. Analysis of the percent activity in the >3.0-wm size
fraction from samples collected in Georgia Bight

Analysis* Source F df P>F
A Relative distance 6.59 2,26 0.01
A Relative depth¥ 10.6 2.26 0.001
A Interaction 0.13 4.26 NS
B Relative distance 5.11 2.9 0.05
B Transect 1.43 2.9 NS
B Interaction 2.41 4.9 NS

“ A, Analysis of six stations and three depths from the Savannah and
Jacksonville transects: the weighted squares of means method was used due
to a missing replicate from the midshelf bottom sample from the Jacksonville
transect. B. Analysis of surface samples from all nine stations.

» NS. Not significant: P > F is greater than 0.05.

“ 95% confidence interval = 5.3%.

4 95% confidence interval * 5.1%.

“95% confidence interval * 4.9%.
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of dissolved organic carbon. The proportions of free-living
and particle-associated bacteria in estuaries and coastal
marine waters may depend on the amount of resuspension of
bottom sediments. Thus. in areas where resuspension is
substantial, as in some estuaries and in near-bottom waters
of the neritic zone, a high proportion of bacterial production
may be available to benthic and planktonic organisms feed-
ing on particles which are >0.6 pm in diameter.
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