
Vol. 86: 111-121, 1992 MARINE ECOLOGY PROGRESS SERIES 
Mar. Ecol. Prog. Ser. 

1 Published September 10 

Comparison of bacterial dynamics in tidal creeks 
of the lower Delmarva Peninsula, Virginia, USA 

Katherine M. MacMillin, Linda K. Blum*, Aaron L. Mills 

Laboratory of  Microbial Ecology, Department of Environmental Sciences, University of Virginia, Charlottesville, 
Virginia 22903, USA 

ABSTRACT. Bacterial biornass, abundance,  and product~vity were greater in 3 tidal marsh creeks on 
the Chesapeake Bay side of the lower Delmarva Peninsula than in nearby creeks of the seaside coastal 
lagoon complex (biomass: 462 and 71 ng  C ml- ' ;  abundance: 12 X 10' and 3.8 X 106 cells ml-l ;  produc- 
tivity: 46 and 7.3 ng C rnl-' h-'; bayside and seaside respectively). Bacterial cell-size distributions were 
also significantly different between the seaside and bayside creeks, with a larger proportion of smaller 
cells dominating samples from the seaside creeks. Bayside and seaside concentrat~ons of total sus- 
pended solids (TSS) and dissolved organic carbon (DOC) were  similar (approximately 49 mg  1.' TSS 
and 3.5 mg I - '  DOC) The amount of organic matter (OM) and chlorophyll a was  higher in the bayside 
creeks, while inorganic N and P concentrations were higher in the seaside creeks (OM. 9 0 and  3.4 mg 
1 - l ;  chlorophyll a. 6 0 and 4.1 g 1.'; PO," 0.2 and 1.2 FM; NH,' 0.6 and 1.2 ubI; bayside and seaside 
respectively). The high inorganic nutrient pools combined with the low levels of bacterial productivity 
suggest that bacterial production is not l~nli ted by N or P in the seaside creeks and that the amount of 
carbon moving through the bacterial loop is much less than on the bayside. In fact, DOC turnover times 
were much longer for the seaside (22 d )  than for the bayside (6 d ) .  Reasons for the observed differences 
in bacterial dynamics for the bay and seasides are  not known specifically, but may be  related to differ- 
ences in the source of the DOC (marsh grass vs phytoplankton), grazlng on the bacterial cells, or 
bacterial community structure 

INTRODUCTION 

In aquatic systems, bacterial abundance, biomass, 
and productivity are influenced by a number of factors 
including substrate availability (Morita 1982, Wright 
1984), primary production (Cole et al. 1988), and 
bacterivory (Wright & Coffin 1984a, b, Giide 1989, 
Gonzalez et al. 1990). Bacterial and primary produc- 
tion in Chesapeake Bay (USA) have been extensively 
studied and much progress has been made in under- 
standing the factors which control both bacterial and 
primary production. The highly eutrophic waters of the 
Chesapeake Bay support high rates of phytoplankton 
and bacterial production (Jonas 1992, Malone 1992). 
Phytoplankton production is most often limited by 
nutrients (Boynton et al. 1982) or light (Williams 1972) 
and bacterial production is usually most directly de- 
pendent on dissolved organic matter (Jonas & Tuttle 
1990). The nearby coastal lagoon complex (CLC) of the 
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eastern shore of Virginia has not been subject to the 
same scrutiny. However, preliminary surveys of inor- 
ganic nutrients, suspended solids, and microbiological 
characteristics suggest that the creeks on the bayside 
of the Delmarva Peninsula differ substantially from 
those on the seaside, even though they are separated 
by only a few km (Mills et  al. 1990). 

Coastal lagoon complexes represent a different, 
but very important, type of land-sea interface. The 
coastal lagoons of the Delmarva Peninsula have 
counterparts on all continents except Antarctica. The 
entire east and Gulf coast of the U.S. is bordered by 
barrier islands and lagoons, and CLC systems account 
for a significant part of the west and Alaskan coasts as 
well. These systems represent a quantitatively impor- 
tant class of land-margin zones that accounts for 13 % of 
the total coastal area of the globe (Nixon 1982), and the 
productivity of coastal lagoons appears to be substantial 
(Vannucci 1969, Nixon 1982). However, the geographic 
importance of CLCs is not reflected in the amount of 
research attention paid to them (Day et al. 1989). 
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Marsh creeks on the bayside and seaside of the 
lower Delmarva Peninsula are separated by less than 
7 km, and therefore offer the unique opportunity for 
comparative study of estuarine and coastal lagoon 
systems without major differences in regional or local 
climate, land-use patterns, or tidal amplitude (Fig. 1).  
The purpose of the research reported here was to 
determine if observed differences in microbial abun- 
dance and pool sizes of inorganic nutrient standing 
stocks were reflected in microbial transformations of 
carbon in estuarine and coastal lagoon marsh creeks. 
The approach used to address this question was to 
examine bayside and seaside marsh creek water for 
differences in bacterial abundance, biomass, and pro- 
ductivity, as well as aspects of water quality including 
dissolved organic carbon (DOC), total suspended 
solids (TSS), ash-free dry weight of suspended solids 
(i.e. organic matter content), and inorganic nutrients. 
Desplte higher inorganic nutrient concentrations in the 
seaside creeks, bacteria were more abundant and had 
a greater biomass in the bayside creeks. These differ- 
ences may be related to differences in the source 
(quality) of DOC, although grazing upon the bacteria 
or bacterial community structure may also be impor- 
tant. Clearly the seaside and bayside marsh creeks of 
the lower Delmarva peninsula differ in the bacterial 
metabolism of organic carbon. 

METHODS AND MATERIALS 

Site description. This study was conducted in 6 tidal 
marsh creeks on the eastern shore of Virginia (Fig. 1). 
Three of the creeks sampled, Nassawadox, Hungars, 

and Cherrystone, are on the Chesapeake Bay side 
(bayside) of the Delmarva Peninsula. Greens, Phillips, 
and Box Tree Creeks are on the seaside of the penin- 
sula. Two surveys of each of the 6 creeks were con- 
ducted, one between June 20 and 22, 1991, and 
another between July 17 and 19, 1991. For each sur- 
vey, 2 creeks were sampled per day: one on the bay- 
side and one on the seaside of the peninsula. Samples 
were collected as close to high tide as possible and 
between 14:OO and 18:00 h to insure that the conditions 
were as similar as possible with respect to the tidal 
stage and light regime. 

Although the creeks on the bayside and seaside are 
geographically close together, they differ significantly 
in terms of their morphology (Table 1). The seaside 
creeks are located within extensive marshes. These 
marshes are separated from the Atlantic Ocean by 
barrier islands and a wide, open, shallow lagoon. The 
channels of the creeks are deep and narrow. The 
creeks and marshes are routinely flooded with sea- 
water. In contrast, the tidal creeks on the bayside are 
much wider and shallower, with water from Chesa- 
peake Bay flooding directly into the creeks. The banks 
of the bayside creeks contain fringe marshes and 
samples were collected as closely as possible to those 
marshes. 

Within each creek, an upper and a lower creek loca- 
tion were sampled. The lower creek locations were at 
the mouth of each creek, while the upper creek loca- 
tions were as far upstream as could be reached by boat 
(approximately 0.5 m deep) at high tide. Triplicate 
water samples were collected from the surface at every 
station. Samples were collected for determination of 
bacterial abundance and productivity. Chlorophyll a 

Fig 1 The lower Delrnarva Peninsula 
with the location of the Chesapeake 
Bay and coastal lagoon complex marsh 
creeks indicated. Inset shows the loca- 

tion of the study arca in Virginia. USA 
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Table 1.  Morphological characteristics for the 6 tidal marsh creeks. Marsh areas were estimated using a p lanmeter  (and recent 
aerial photographs). Distances and widths were estimated from topographic maps (1  : 24000) of the eastern shore 

Creek Marsh area Distance between stations Width (upper creek) Width (lowel- creek) 
(ha) (km)  (m) (m)  

-- 

Seaside creeks 
Greens 160 1 .O 15 20 
Phillips 135 1.2 8 30 
Box Tree 137 1.5 8 50 

Bayside creeks 
Nassawadox 18 1.6 750 1300 
Hungars 35 1.2 250 450 
Cherrystone 72 1.7 20 500 

(chl a), total suspended solids, organic matter (OM, as 
volatile suspended solids), particulate and dissolved 
organic carbon, and inorganic nutrients (pod3-, NH,+, 
NO3-, NO2-) were also measured. 

Bacterial abundance and biomass. For determi- 
nation of bacterial abundance, 1.0 m1 of water was 
collected and immediately preserved in 9.0 rill of fil- 
tered (0.2 pm) 2 % formaldehyde. Bacterial abundance 
was determined using acridine orange direct counts 
(Hobbie et al. 1977). 

Obvious differences in bacterial cell sizes were 
noted for the June sampling. Cells from the bayside 
tidal creeks appeared to be substantially larger than 
those from the seaside creeks. Therefore, in addition to 
the other parameters measured, the bacterial biovol- 
ume was estimated for the samples collected in July. 
Photomicrographs were used to calculate bacterial bio- 
volume, using the formula (Krambeck et al. 1981): 

where V =  biovolume; W = width of the bacterial cell; 
and l = length of the cell. At least 100 cells were 
measured for each of the 12 stations. 

Cells were separated into 20 size classes, ranging 
from 0.01 to 1 pm3 in 0.02 pm3 increments. This incre- 
ment was selected based on the volume of the smallest 
bacterium measured in the tidal creeks (0.02 pm3). 
Preliminary analysis of the distribution of cell volumes 
indicated no visible differences among creeks on 
the same side of the peninsula. This observation was 
verified by examining the distributions with the 
Kolmogorov-Smirnoff test. Therefore, all subsequent 
analyses were carried out on results that were pooled 
for each side by combining all cell measurements from 
the bayside creeks into one group and the data from 
the seaside into another group. The bacterial biomass 
was calculated using a conversion factor of 0.354 pg C 
pn1r3 (Bjsrnsen 1986). 

Bacterial productivity. Bacterial productivity was 
estimated from the rate of incorporation of tritiated 

thymidine (3H-TdR) into DNA (Pollard & Moriarty 
1984). For each sampling location, 20 pCi 3 H - ~ d R  
(80 Ci mrnol-l) was added to water samples (10.0 ml) 
and unlabeled thymidine was added. Three concentra- 
tions of unlabeled thymidine (30, 60, and 90 nM) were 
used to allow correction of 3H-TdR incorporation for 
isotope dilution (Moriarty & Pollard 1982, Findlay & 
Meyer 1984, Findlay et al. 1984, Chrzanowski 1988, 
Findlay et al. 1991). Three live and 3 killed samples 
were used with 60 nM; 2 live and 2 killed samples 
were used at both 30 and 90 nM. The reactions were 
stopped after 30 min with 1 m1 of buffered formalde- 
hyde (2 %), and the samples were immediately placed 
on ice. The amount of isotope dilution was highly vari- 
able (0 to 75 %) and differed among sampling locations 
and times. 

Extraction of the cold-TCA-insoluble fraction was 
performed within 6 h of sample collection. The bacteria 
were filtered through 0.45 pm pore diam. polycarbon- 
ate filters, rinsed with 15 m1 of ice-cold 80 % ethanol, 
then rinsed 3 times with 10 m1 ice-cold 3 % trichloro- 
acetic acid (TCA). The filters were placed in 10.0 m1 of 
5 O/o TCA for 72 h at room temperature to hydrolyze 
the DNA. A 1 m1 portion of the sample was placed in 
a 20 m1 scintillation vial which was then filled with 
scintillation cocktail. Radioactivity was measured 
using a Beckman LS-7500 liquid scintillation counter 
and corrected for quench using H". 

Bacterial productivity was calculated as cells ml-' 
h-' as described in Moriarty & Pollard (1981) using 
their conversion factor of 1.3 X 10'' cells mol-' TdR. 
This conversion factor, when combined with isotope 
dilution corrections, is within the range of conversion 
factors for marine, estuarine, and freshwater systems 
that are reported in the literature. Carbon-based pro- 
ductivity was not calculated for the June samples be- 
cause our measurements of biovolume invalidated the 
assumptions of uniform cell size inherent in such a cal- 
culation. For the July samples, bacterial productivity 
was calculated as ng C rill-' h-' for each sample by 
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multiplying bacterial productivity (cells ml-' h-') by 
the average measured biovolume of the cells and a cell 
carbon content of 0.354 pg C pm-3 (Bjerrnsen 1986). 

Physical-chemical parameters. For chl a determi- 
nations, 500 m1 water samples were collected and 
stored in brown plastic containers. The samples were 
filtered through glass-fiber filters (Gelrnan, GFC) 
within 4 h of collection, and the filters were refriger- 
ated for up to 1 wk prior to pigment extraction. 
Pigments were extracted by grinding the filters in a 3:  2 
90 %-acetone:DMSO solution (Shoaf & Lium 1976, 
Jonas & Tuttle 1990). The resulting mixture was incu- 
bated at 4 "C for 24 h and then centrifuged for 20 min 
at  5000 X g. Absorption was measured at 750 and 
664 nm before and after acidification with 0.1 N HCl 
to correct for pheopigment absorption. 

Water samples (500 ml) were collected for TSS and 
stored on ice for return to the laboratory where 200 
to 400 m1 of water were passed through preweighed 
glass-fiber filters (Gelman, GFC) within 4 h of sam- 
pling. The TSS weight was determined after drying the 
samples for 24 h at l l 0  "C. To determine ash-free dry 
weight (AFDW = OM), the TSS samples were placed in 
a muffle furnace for 24 h at 450 "C. Samples for DOC 
were filtered (0.2 pm Gelman) at the time of sample 
collection and preserved by adjusting the pH to 2 with 
concentrated H2SO4 and immediately placing the sam- 
ples on ice. DOC concentrations were measured using 
UV-assisted persulfite digestion in a Dohrmann TOC 
analyzer. 

Nutrients. Water used for nutrient determinations 
(100 ml) was filtered though membrane filters (Gelman 
GN-6, 0.45 pm pore diam.). Methods described by 
Grassoff et al. (1983) were used for nutrient analyses. 
Phosphate concentration was determined using a 
combined ammonium molybdate, sulfuric acid, ascor- 
bic acid, potassium antimony tartrate reagent. To 
determine the NH,' concentration, tn-sodium citrate, 
phenol, and hypochlorite reagents were used. The 
concentration of NO,- was determined using sulfanil- 
amide and N-[l-naphthylj-ethylene diamine dihydro- 
chloride reagents. To determine the concentration of 
NO3-, the NO3- in the samples was reduced to NO2- 
by passing 50 m1 of water though a cadmium-reduction 
column. These samples were then analyzed for NOz-. 

Statistical analysis. Multivariate analysis of variance 
(MANOVA) was performed to evaluate differences 
between sides of the peninsula, locations within creeks 
(i.e. upper vs lower), sampling times, and individual 
creeks. A Kolmogorov-Smirnoff test was used to assess 
the similarities of the frequency distributions of the cell 
biovolumes between bayside and seaside water sam- 
ples. SPSS PC+ (version 4.0) was used to perform both 
of these tests. The a-level used to determine signifi- 
cance was set at 0.05 for all tests. 

RESULTS 

Abundance and biovolume 

Bacterial abundance was almost always higher at all 
bayside stations than at any seaside station (Table 2). 
The MANOVA results (Table 3) indicated the differ- 
ences were significant (the grand means for July were 
12 X 106 and 3.8 X 106 cells ml-' for the bayside and sea- 
side creeks respectively; see Fig. 3). There were also 
significant differences in abundance between the June 
and July sampling times (Table 2). For example, in 
upper Cherrystone Creek the bacterial abundance was 
4.27 X 106 and 1.87 X 107 cells ml-' in June and July, 
respectively. In general, the upper creek locations con- 
tained more bacteria than the lower creek locations, 
with the exception of Nassawadox Creek where there 
was little difference between the upper and lower 
sites. The overall effect of the upper vs lower location 
comparison (Table 3) was significant. 

Differences in the size of the bacteria between the 
bayside and seaside creeks were noticed in the June 
samples. These differences were confirmed when cell 
size was measured in July. The relative frequency 
distribution for bacterial biovolume was significantly 
different for the bayside as compared to the seaside 
(Fig. 2). Although the smallest size category (0 to 0.02 
pm3) contained the most cells regardless of sampling 
location, a greater proportion of the total number of 
cells from the seaside fell into the smallest size class 
(40 % seaside, 23 % bayside). There were very few 
large cells in the seaside samples, while there were 
many more cells with large biovolumes in the bayside 
water. 

The total biovolume in each size class was calculated 
(Fig. 2). For the bayside samples, the bacterial cells 
within the 0.22 pm3 size class contained the most 
carbon (40 ng C ml-l). Alternatively, the cells in the 
0.04 km3 size class contained the most carbon for sea- 
side samples (18 ng C ml-'). Similar to the relative fre- 
quency distribution, little carbon was contained in the 
larger cells of the seaside creeks (< 10 ng C ml-' for all 
cells with a biovolume greater than 0.3 pm3). However, 
the large cells from the bayside contained a significant 
proportion of the total carbon (>l00 ng C ml-' for all 
cells larger than 0.3 pm3). 

Bacterial productivity 

Higher rates of bacterial productivity were measured 
on the bayside than the seaside. Productivity was also 
higher in the upper than the lower creeks, and greater 
in June than in July (Table 2),  and all differences were 
statistically significant (Table 3). In July, the average 
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Table 2. Values for biological and chemical factors measured in tidal creeks of the eastern shore of Virginia in June and July 1991. 
All values are the mean of 3 (independent) replicates. Biovolumes (and therefore carbon-based productivity) were only measured 
in July. DOC: dissolved organic carbon; TSS: total suspended solids; OM: organic matter. Error values are  not given for the sake 

of clarity, but the results of the MANOVA analysis are given in Table 3 

Bacterial 
Location DOC TSS OM Chl a Pod3-  NH,' NO,- No3-  

Abundance Biomass Productivity 
(106 cells (ng C (106cells (ng C (mg I - ' )  (mg 1.') (mg I-') (pg I-') (PM) (uM) (PM) (PM) 

ml-l) ml-l) ml-l h-') ml-l h-') 

June 
Greens 

Upper 1.33 - 0.179 - 3.0 41.4 3.31 3.8 0.78 2.32 0.26 0.45 
Lower 1.99 - 0.163 - 2.3 54.0 4.29 1.6 0.72 1.61 0.23 0.33 

Phillips 
Upper 3.08 - 0.570 - 4.7 63.7 0.57 2.9 0.78 2.73 0.15 0.64 
Lower 1.31 - 0.116 - 3.7 36.0 0.67 2.1 0.60 2.02 0.18 0.88 

Box Tree 
Upper 4.14 - 0.131 - 2.5 78.6 4.20 2.7 0.60 0.43 0.16 0.47 
Lower 0.678 - 0.116 - 3.5 40.9 3.63 6.2 0.57 0.28 0.16 0.24 

Nassawadox 
Upper 4.44 - 0.451 - 2.4 10.9 1.87 3.8 0.13 0.12 0.05 0.60 
Lower 3.94 - 0.392 - 3.0 16.5 3.04 5.3 0.13 0.28 0.05 0.25 

Hungars 
Upper 8.46 - 0.906 - 4.4 47.6 10.73 5.3 0.07 0.38 0.09 0.18 
Lower 2.70 - 0.174 - 2.5 31.0 6.02 3.4 0.13 0.17 0.09 0.17 

Cherrystone 
Upper 4.27 - 0.913 - 6.5 64.9 13.07 10.3 0.19 0.33 0.15 0.24 
Lower 10.9 - 0.966 - 3.4 45.8 8.38 7.2 0.19 0.53 0.09 0.36 

July 
Greens 

Upper 4.44 110.0 0.349 8.64 4.8 50.4 4.2 4.3 1.22 1.66 0.25 0.51 
Lower 2.79 55.3 0.456 9.03 2.3 24.0 1.6 2.3 1.08 0.85 0.23 0.38 

Phillips 
Upper 4.10 68.2 0.632 10.51 3.6 56.1 2.7 5.4 1.33 3.07 0.38 0.47 
Lower 2.80 58.4 0.495 10.33 2.5 46.8 2.5 2.4 1.26 4.25 0.38 0.76 

Box Tree 
Upper 4.92 73.1 0.227 3.37 2.9 59.3 5.6 8.2 1.11 1.18 0.16 0.18 
Lower 3.50 63.3 0.110 1.99 1.6 57.6 4.0 2.2 0.95 0.97 0.16 1.76 

Nassawadox 
Upper 7.01 215.8 0.266 8.19 2.5 35.3 4.8 5.4 0.28 0 52 0.10 0.60 
Lower 6.85 249.6 0.882 32.17 2.6 24.2 4.0 7.2 0.35 0.70 0.13 0.19 

Hungars 
Upper 16.7 761.9 1.25 57.30 4.1 46.8 9.2 7.7 0.21 0.59 0 08 0.20 
Lower 7.51 239.4 0.335 10.67 2.5 28.6 7.5 3.8 0.14 0.15 0.08 0.19 

Cherrystone 
Upper 18.7 841.1 3.01 135.12 8.8 110.8 14.4 15.3 0.19 1.42 0.14 0.27 
Lower 14.6 589.5 0.802 32.38 3.2 50.4 14.1 8.8 0.30 1.54 0.08 0.09 

Table 3. Significance of the F-statistic for MANOVA results. Independent variables (treatments) include: Side (bayside vs sea- 
side); Location (upper or lower position in the tidal creek); Time (June vs July); and Creek (individual tidal creek). The a prior1 

a-level for determining significance was set at 0.05. Abbreviations as in Table 2 

Variable Abundance Productivity DOC TSS OM Chl a pod3-  NH,' NO3- NO2- 
Amount % 

Side 0.00 0.00 0.44 0.12 0.00 0.13 0.00 0.00 0.00 0.02 0.00 
Location 0.01 0.00 0.00 0.00 0.00 0.50 0.00 0.02 0.59 0.40 0.09 
Time 0.00 0.00 0.89 0.03 0.00 0.38 0.02 0.00 0.03 0.41 0.00 
Creek 0.00 0.00 0.00 0.00 0.00 0.22 0.00 0.00 0.00 0.23 0.00 
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FREQUENCY 

1.2 I I I I I l 

Fig. 2. Bacterial size class distribution expressed as frequency 
of occurrence (above) and as ng C ml-' (below). Sue  classes 
are 0.02 pm3 Samples were collected during July 1991. Data 

are pooled for all creeks on each side of the peninsula 

BAYSIDE 

bacterial productivity in the bayside creeks was 1.09 X 

10"ells ml-l h ' (46 ng C ml-' h-') compared to 0.38 X 

106 cells ml-I h-' (7.3 ng C ml-' h-') in the seaside 
creeks (Fig. 3).  In Hungars Creek during July, the 
bacterial productivity was 1.25 X 106 cells ml-' h-' 
(57 ng C ml-l h-') at the upper location and 0.34 X 106 
cells ml-' h-' (11 ng C ml-' h-') at the lower location. 
The bacterial productivity in upper Cherrystone Creek 
was 9.1 X 10' cells ml-' h-' during June and 3.0 X 10' 
cells ml-' h-' during July. June samples could not be 
expressed in terms of carbon because biovolume mea- 
surements had not been made. 

When bacterial turnover times were calculated, 
there were no significant differences between sides, 
locations, or times (data not shown; mean bacterial cell 
or bacterial carbon turnover time for all stations and 
times = 25 h). 

SEASIDE 

Physical-chemical parameters 

The creeks of the bayside and seaside contained 
similar concentrations of TSS (Table 2). In July, the 
average TSS concentration for all bayside and seaside 

creeks was the same (approximately 49 mg 1-l; Fig. 3). 
Significant differences in the organic component of the 
TSS (ash-free dry welght) were observed between 
creeks on the seaside vs bayside (Table 3) and both 
Hungars and Cherrystone creeks contained much 
higher concentrations of organic matter than the other 
creeks (Table 2). For example, upper Cherrystone 
Creek contained 14.4 mg 1-' organlc matter in July 
compared to upper Greens Creek which contained 
only 4.2 mg 1-' organic matter. 

The amount of organic matter was significantly dif- 
ferent for the bayside vs seaside creeks, and, similar to 
the distribution of concentrations of organic matter in 
the suspended particles, the concentrations of organic 
matter were higher in the bayside tidal creeks. Values 
were particularly high in upper Hungars Creek (10.7 
mg I-' in June) and upper Cherrystone Creek (13.1 mg 
1-l in June, compared with 0.6 mg 1-' in upper Phillips 
Creek). It is likely that algal biomass contributed sig- 
nificantly to the organic matter content of the water be- 
cause the concentration of chl a was greater in the bay- 
side creeks than the seaside creeks. In July, there was 
an average of 6.0 ~g 1-' chl a in the bayside creeks and 
only 4.1 l g  1-' in the seaside creeks (Fig. 3). 

The amount of DOC was similar in the tidal creeks 
on the bayside and seaside at all sampling times. For 
example, in July the average DOC concentration was 
3.9 mg 1-' in the bayside creeks and 3.0 mg 1-' in the 
seaside creeks (Fig. 3). The concentrations of DOC did 
not vary from June to July (Table 2); however, there 
were distinct differences between the sampling loca- 
tions within the creeks. In July, upper Cherrystone 
Creek contained 8.8 mg 1-'  DOC while lower Cherry- 
stone Creek contained only 3.2 mg 1- '  DOC. The turn- 
over time for DOC was calculated by dividing the DOC 
concentration by bacterial productivity. The turnover 
time for the standing stock of DOC was much more 
rapid on the bayside (5.9 d)  than the seaside (21.2 d) .  
This difference existed despite the fact that the calcu- 
lated bacterial cell turnover times were similar for 
the seaside and bayside (because of the significantly 
larger bacterial biomass in the bayslde creeks). 

Nutrients 

In general, the nutrient concentrations on the bayslde 
were substantially lower than those on the seaside. 
Mean NH,+ concentration for all bayside creeks at both 
sampling times was 0.6 suM, and was significantly dif- 
ferent from that of the seaslde creeks (2.0 PM;  Flg. 3). 
There was also a significant time difference with the 
July concentrations of nutrients being greater (Tables 2 
& 3). Differences between creeks on the same side of the 
Delmarva Peninsula were also apparent, except for 
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No3- which was highly variable for each 
individual sample (Table 2). Samples col- 
lected at the upper and lower locations 
within each creek were not different with 
the exception of Pod3-.  Phosphate con- 
centrations were consistently higher at 
the upper creek locations. 

Ammonia was the dominant form of 
nitrogen for all samples evaluated at all 
times. In the cases of Phillips and Greens 
Creeks, NH,' concentrations were as 
much as 3 times greater than those of 
NO3- and NO2- combined (Phillips: 2.3 pM 
NH,', 0.71 pM NO3- + NO2-; Greens: 
2.7 pM NH,', 0.79 pM NO3- + NOz-). 

All of the creeks examined in this 
study are well mixed from top to bottom so 
that concentrations of dissolved species 
and water temperatures are consistent 
throughout the entire water colun~n. Water 
temperatures ranged from 24 to 29 "C in 
June and from 27 to 31 "C in July. No dif- 
ferences in water temperature in any of the 
statistical comparisons made were signifi- 
cant. Creek water oxygen concentrations 
ranged from 6 to 11 mg 1-' during June and 
July. No significant oxygen concentration 
differences were observed among the 
creeks. Salinities ranged from 26 to 33 ppt 
on the seaside and 17 to 23 ppt on the bay- 
side. Salinity effects could not be separated 
from the side (bay- vs seaside) effects. 
Additionally, there were no relationships 
between salinity and DOC turnover or 
bacterial abundance, productivity, and 
biovolume within either side. However, 
the limited data set available at this time 
precludes making definitive statements 
about salinity effects in these systems. 
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Fig. 3. Average values ( w ~ t h  1 SDI of measured parameters for bayside loca- 
tions and seaside locations in July The portion of the bar on each side of the 
line represents relative magnitude of the value for each parameter. Top 3 
bars characterize the bacteria, middle 4 bars are other important biological 

variables, and bottom 3 bars represent ~norganic  nutrient concentrations 

DISCUSSION 

Obvious differences in the bacterial parameters 
measured were observed between the bayside and 
seaside marsh creeks. Microbial abundance and bio- 
volume (i.e. biomass) were significantly greater on the 
bayside as compared to the seaside. Bacterial turnover 
times were similar; thus. DOC turnover was signifi- 
cantly greater for the bayside samples due to the 
greater bacterial biomass found there. These differ- 
ences may be reflected in the bacterial processing of 
carbon in these tidal marsh creeks. 

Many of the factors measured were elevated at the 
upper sanlpling locations in each creek relative to the 

lower sites even though the samples were taken at 
high tide, when differences should be minimal 
(Stevenson et al. 1974, Erkenbrecher & Stevenson 
1975, Chambers 1990). At high tide most of the water 
in the creeks has been brought in by the tide so that at 
high tide most of the water in the seaside creeks has 
come from the coastal lagoon complex and the water in 
the bayside creeks has come from the Chesapeake 
Bay. Thus the input of materials from the marsh surface 
would be diluted by the flooding water. At low tide it 
might be expected that the concentrations of TSS, 
DOC, and nutrients would be greater than at  high tide 
and the differences between upper and lower locations 
might be more pronounced. In fact, when samples 
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were collected though a tidal cycle in Phillips Creek, 
the greatest concentrations of nutrients occurred at 
low tide (Chambers 1990). Elevated levels of bacteria, 
organic, and inorganic compounds in waters at the 
upper locations suggests a strong influence of the more 
extensive marshes there on the composition of the tidal 
creek water even at high tide. Based on the earlier 
work (Stevenson et al. 1974, Erkenbrecher & Steven- 
son 1975, Chambers 1990), we might expect the differ- 
ences to be even greater during falling tides. 

The differences in chl a concentrations between 
upper and lower sampling locations correlated with 
differences in the other measured biological parame- 
ters. Chl a concentrations were higher at upper sites 
and may have been related to the higher nutrient con- 
centrations measured there. In addition, the greater 
bacterial abundance at upper sites could be due to 
higher concentrations of DOC and organic matter in 
the creek water at the upper locations. Erkenbrecher & 
Stevenson (1975) measured the influence of tidal flux 
on microbial biomass in salt marsh creeks and found 
that microbial abundance was correlated with POC 
concentrations at locations which were similar to our 
upper and lower sites (although their upper and lower 
sites were not located in the same creek). The greater 
microbial abundance and organic matter concentra- 
tion observed at upper creek locations in our study 
were not seen by Erkenbrecher & Stevenson (1975). 
This discrepancy may be related to the differences be- 
tween their tidal creeks that masked the influence of 
the sampling location. Their 'lower' creek site had a 
soft, silty-clay bottom, while their 'upper' creek site 
had a firm, sandy bottom. It is likely that differences in 
microbial abundance and POC that they observed 
were related to differences in creek sediments: greater 
abundance and POC resulted from resuspension of 
fine sediments. 

Many of the measured parameters were greater dur- 
ing July as compared to June. The small differences in 
water temperature observed in June and July are not 
likely to be responsible for these differences. The 
water temperature ranged from 25 to 29 'C during 
June and from 28 to 32 "C during July. A better expla- 
nation of these differences is the length of time that the 
waters were at the warmer temperature. Temperatures 
in the creeks increased rapidly though May and June 
and remained near 30 "C throughout the rest of the 
summer. Therefore, when samples were collected in 
June, the temperature had just reached summer values 
and biological activity would have been in the process 
of responding to the increased temperatures, while in 
July, the temperature had been elevated for more than 
a month and biological activity would have reached 
the summer maximum. Monthly sampling of the sea- 
side creeks for a 2 yr period indicated that biological 

activity reached a peak in July and remained high 
until October (Mills et al. 1990). 

In July, the concentration of chl a and bacterial pro- 
ductivity and abundance were higher than obtained in 
June. Correlations between primary production and 
bacterial abundance and productivity are common 
across a range of aquatic ecosystems. Cole et al. (1988) 
suggested 2 mechanisms that could explain these rela- 
tionships: either the same factors that limit phyto- 
plankton productivity also limit bacterial productivity, 
or bacterial productivity is controlled by phytoplank- 
ton productivity. These mechanisms can be applied to 
the bayside and seaside creeks in our study. For exam- 
ple, the high nutrient concentrations, low chl a,  and 
bacterial productivity in the seaside creeks may indi- 
cate that both algal and bacterial growth are limited by 
a common factor. Alternatively, the correlation be- 
tween chl a and bacterial productivity may indicate a 
direct link between the phyto- and bacterioplankton 
(Ducklow et al. 1986). 

Striking differences were observed between creeks 
of the bayside and seaside shores of the peninsula 
(Fig. 3). There were significantly more and bigger 
bacteria (mean cell biovolume was 0.12 and 0.05 pm3, 
bayside and seaside respectively) in the water of the 
bayside creeks. The bactenal size-class distribution 
was also significantly different. Most of the bacteria in 
both the bayside and seaside creeks were very small 
(<0.02 pm3), but a significant amount of carbon was 
contained in the largest cells of the bayside creeks. 
Cells of an equivalent size were virtually non-existent 
in the coastal lagoon creeks. 

There are several explanations for the difference in 
the cell-size distribution. Size differences may be 
related to differences in community composition, size- 
selective grazing, or substrate quality including, but 
not limited to, differences in efficiency of assimilation 
of the carbon present. It is possible that the bacteria 
from the bayside tidal creeks were in fact larger than 
the bacteria from the seaside creeks. Alternatively, the 
different creeks may contain different types of bacteria 
which are characterized by larger cell biovolumes. 
However, the results from an examination of the com- 
munity structure using the approach of Garland & 

MiUs (1991) showed that the bacteria from the bayside 
and seaside were capable of utilizing the same sources 
of carbon (data not shown). The Garland & Mills 
approach involves classification of intact microbial 
communities based on patterns of sole-carbon-source 
utilization when a water sample is inoculated into a 
variety of media each containing a single carbon 
source. The results from this type of community struc- 
ture analysis suggest that the bacteria on the bayside 
and seaside are performing the same functions and 
may, in fact, be the same type of bacteria. 
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It is also possible that bacterivory influences the 
frequency distribution of bacterial biovolumes. Bac- 
terivory can also influence both bacterial abundance 
and biomass. Many investigators believe that a bal- 
ance exists between bacterial growth and bacterivory 
which keeps the number of bacteria relatively constant 
(Azam et al. 1983, Giide 1989). It has also been sug- 
gested that in some ecosystems, protozoans preferen- 
tially graze upon large cells and therefore influence 
the distribution of bacteria in terms of size (Gonzalez et  
al. 1990). Perhaps the grazers present in the bayside 
and seaside tidal marsh creeks are different, although 
we have no data to suggest that such is the case. 

Morita (1982) observed that the availability of 
energy-yielding substrate influenced the size of bacte- 
ria. Extremely small or 'ultramicrobacteria' (<0.3 pm 
diam.) were produced in response to low substrate 
levels. Morita suggests that a decrease in cell size is 
advantageous under conditions of low substrate 
concentrations because the increase in cell surface to 
volume ratio increases the efficiency with which the 
bacteria can obtain substrate. If the bacteria are 
smaller in the seaside creeks, they could be limited by 
the availability of nutrients or an  energy source. 
Because the nutrient concentrations in the seaside 
creeks are relatively high, it is unlikely that the bacte- 
ria in these creeks were limited by the availability of 
nitrogen or phosphorus. In addition, the concentrations 
of DOC were very similar in the bayside tidal creeks 
compared to seaside tidal creeks (Fig. 3). However, 
DOC turnover times were much faster on the bayside 
than on the seaside (5.9 and 21.2 d,  respectively) and 
could suggest that the quality of the DOC may be very 
different. If there is less labile DOC in the seaside 
creeks, then perhaps the bacterial cell size distribution 
reflects the relative efficiency of substrate utilization. 

Our conclusion that bacterial productivity and DOC 
turnover were much greater in the bayside than the 
seaside creeks depends on several assumptions. The 
first is that cell yield per mole of thymidine incorpo- 
rated is constant for all sampling locations and at  each 
sampling time. The factor that we have used, 1.3 X 10" 
cells mol-I TdR, is derived from the assumption that 
thymidine constitutes an  average of 25 % of the bases 
in bacterial DNA (range 12 to 36 %) and that the 
genome size is 2.5 X 10"altons (range 1 X log  to 3.6 X 

10') (Moriarty & Pollard 1981). Cole et  al. (1988) re- 
viewed variation in the thymidine conversion factor for 
a wide range of aquatic systems and Scavia et  al. 
(1986) have shown that the thymidine conversion fac- 
tor may vary within, as well as between, systems. Bell 
(1986) suggested that the wide variation that has been 
observed in the thymidine conversion factor might be 
accounted for in part by isotope dilution. Our calcula- 
tions of bacterial productivity have been corrected for 

isotope dilution which was measured for every sample 
so that differences in the thymidine conversion factor 
would be minimal. Another assumption that might 
alter our estimates of bacterial productivity and thus 
DOC turnover is that the carbon conversion factor (bio- 
volume to bacterial carbon) is constant. The value that 
we have used (0.354 pg pm-3) is based on measure- 
ments made by B j ~ r n s e n  (1986), who found that this 
value was constant for the freshwater and estuarine 
systems that he examined. Finally, w e  have also as- 
sumed that bacterial growth efficiencies were similar 
between the bayside and seaside marsh creeks. For 
bacterial productivity and DOC turnover of the bay- 
side creeks to be  the same as those of the seaside 
creeks, the thymidine conversion factor, carbon con- 
version factor, or the growth efficiency (or some combi- 
nation thereof) for the bayside creeks would have to be  
2-fold smaller than the values used. We a re  presently 
conducting experiments to address the validity of these 
assun~ptions. 

A convincing case has been made for the connec- 
tion between nutrient loading and eutrophication in 
Chesapeake Bay (Boynton et  al. 1982, Correll 1987, 
Fisher & Doyle 1988, Malone 1988). The high inorganic 
nutrient concentrations present in the seaside tidal 
creeks suggest that the conclusions drawn for the 
Chesapeake may not apply to the coastal lagoon com- 
plex, at least on the lower Delmarva Peninsula. The 
high concentrations of nutrients, especially in Phillips 
and Greens Creeks, may be associated with the agri- 
cultural fields which surround these marshes. Despite 
these higher concentrations of nutrients (presumably 
from high loadings), the standing stock of chl a is sig- 
nificantly less in the seaside tidal creeks and the bacte- 
ria are less abundant, have less biomass, and are less 
productive. Although chl a standing stocks are not a 
measure of phytoplankton productivity, Boynton et al. 
(1982) compared the relationship between these 2 
measures for 39 estuarine systems and found that the 
chl a concentrations paralleled those of phytoplankton 
production. A lower overall standing crop of phyto- 
plankton and a less-active bacterial community associ- 
ated with high inorganic nutrient concentrations in the 
seaside creeks might suggest that a factor other than 
inorganic nutrients limits productivity. High concen- 
trations of available N and P in water do not always 
mean that those nutrients are  not limiting phytoplank- 
ton production (Correll 1987). Alternative controls on 
phytoplankton could include light limitations, flushing 
rates (Boynton et al. 1982), or grazing (Wright & Coffin 
1984a, b) .  

Although we have not directly examined limitations 
on phytoplankton productivity, the observations re- 
ported here suggest that water-quality-management 
plans based on a direct link between nutrient loading 
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and phytoplankton productivity may not produce any 
observable change in aquatic productivity in this CLC 
or other systems with similar behavior. A detailed ex- 
amination of t h s  question could provide the necessary 
information on which to,base management decisions. 

Regardless of the controls on phytoplankton produc- 
tivity, our data suggest that the impact of nitrogen 
inputs in these 2 systems differ. We believe that this 
difference is related to the difference in the quality of 
available carbon and energy substrates. On the sea- 
side, inorganic nitrogen concentrations are higher and 
bacterial productivity is lower than on the bayside. The 
seaside tidal creeks are surrounded by extensive salt 
marshes and chl a concentrations are relatively low. 
This suggests that the seaside DOC and organic matter 
are derived from primarily marsh grasses which is usu- 
ally thought to be of lower quality than organic mater- 
ial derived from phytoplankton (Moran & Hodson 
1990). Understanding the links between the quantity 
and quality of carbon and energy substrates and nitro- 
gen cycling in aquatic ecosystems is essential to un- 
derstanding the impact that inorganic nutrients will 
have on primary production, oxygen depletion, and 
trophic structure in these systems. 
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