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ABSTRACT: Bacterial abundance was measured monthly during 2 consecutive tidal cycles in the main 
channel of the Great Sippewissett Salt Marsh. It was consistently highest in low tide waters and lowest 
in water flooding the marsh from Buzzards Bay. Absolute tidal variation in bacterial abundance was 
lower in winter than in summer. However, relative variation (logarithm of bacterial abundance vs. 
time) was approximately the same throughout the year. We hypothesize that most of the tidal variation 
in bacterial abundance was due to conservative mixing, but that the bacteria-rich water sampled at low 
tide was the result of bacterial growth. In August bacterial growth rates were estimated from changes in 
bacterial abundance in water samples in which the particles were diluted 10-fold. Bacteria appear to 
grow fast enough to account for the difference in bacterial abundance between low and high tide. In 
spite of the large difference in bacterial abundance in low vs. high tide samples, there was no 
significant net export of bacteria from Great Sippewissett into Buzzards Bay during the year. Our 
estimates of bacterial growth rates and biomass were also used to calculate the contribution of bacteria 
to the carbon cycle of the marsh. Bacterial production was small compared to net primary production in 
the marsh and did not appear to contribute significantly (< 10 %) to the carbon required by the large 
mussel population in Great Sippewissett. 

INTRODUCTION 

Streams and channels of salt marsh estuaries serve 
as links between marsh and adjacent coastal waters. 
Dissolved organic compounds (DOC), inorganic nu- 
trients, particulate detritus and planktonic organisms 
are potentially exchanged via these conduits flushed 
by the tides. Planktonic bacteria may utilize the dissol- 
ved compounds and particulate detritus in streams and 
channels and thereby affect the flux of materials 
between salt marsh and coastal waters. In addition, 
bacterial biomass produced in marsh waters may be a 
food source for grazers in the marsh or in coastal waters 
if the bacteria are exported out of the marsh. 

Rates of bacterial production have been used in 
coastal waters to estimate how much carbon is proces- 
sed by bacteria (see review by Azam et al., 1983). In 
coastal waters bacteria appear to utilize a large propor- 
tion (10 to 50 %) of primary production. In the single 
published study of bacterial production in a salt marsh, 
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Wright and Coffin (1984) estimated that the bacteria 
utilized 300 to 400 pg C 1-l d-l .  This rate is among the 
highest reported for marine environments (see review 
by Ducklow, 1983), although it is not clear how much 
of marsh production is processed by planktonic bac- 
teria. Rates of bacterial production have also been used 
in coastal waters to estimate how much bacterial 
biomass is passed on to higher trophic levels. This 
calculation is possible in coastal waters, since bacterial 
biomass is relatively constant over time (Ducklow and 
Kirchman, 1983), implying that bacterial production is 
balanced by grazing (reviewed by Azam et al., 1983). 
In coastal waters microflagellates are thought to be the 
principle grazers of bacteria (Azam et al., 1983). The 
fate of bacteria in marsh water is more complex. In 
addition to possible planktonic grazers, large inverte- 
brates may also be important bacteriovores. Wright et  
al. (1982) demonstrated that bacterioplankton can be a 
food source for the mussel Geukensia dernissa. Fur- 
thermore, bacterial biomass varies greatly in salt 
marshes (see below). This suggests that bacterial pro- 
duction may not always be balanced by grazing, 
although Wright and Coffin (1984) found that grazing 



Mar. Ecol. Prog. Se 

and production were nearly equal in the estuary they 
examined. 

The spatial distribution of bacteria in estuaries can 
be quite complex and is in part due to the physical 
mixing of water masses. In a study of a salt marsh 
estuary in North Carolina, Palumbo and Ferguson 
(1978) concluded that the upper portion of the estuary, 
which had high bacterial abundance, was a source of 
bacteria. The bacteria-rich water mass mixed conser- 
vatively with coastal seawater, which had low bacte- 
rial abundance. Palumbo and Ferguson (1978) 
observed a negative, linear relation between number 
of bacteria and chlorinity. In North Inlet Marsh, Wilson 
and Stevenson (1980) found that bacterial abundance 
decreased in a transect from the high marsh to the open 
ocean. In contrast, Wright and Coffin (1983) reported 
that bacterial abundance was highest downstream 
from the uppermost region of three estuaries in 
Massachusetts. There was a peak of bacterial abun- 
dance at moderate salinity rather than a simple, nega- 
tive linear relation between bacterial abundance and 
salinity. 

The temporal variation in bacterial abundance in 
marsh water is also large. According to Wright and 
Coffin (1983), over a year the number of bacteria varied 
10-fold in the Essex River estuary but only 4-fold in 
adjacent coastal waters of Massachusetts. Die1 varia- 
tion in bacterial abundance is due in part to the physi- 
cal mixing generated by the tides. In the Essex River 
estuary studied by Wright and Coffin (1983), bacterio- 
plankton abundance was highest at low tide in the 
lower portion of the estuary; in the upper portion 
bacterial abundance was highest at high tide. Wilson 
and Stevenson (1980) found no significant change over 
a tidal cycle in total bacterial abundance but did 
observe a significant fluctuation in the abundance of 
the bacteria attached to particles, which appeared to 
be due to the resuspension of sediment particles. The 
sediments also could be the source of unattached bac- 
teria and thus contribute to the tidal fluctuation in 
unattached bacteria. However, Rublee et al. (1983) 
established that bacteria were tightly bound to sedi- 
ment particles and were not easily removed by the 
flooding of high salinity water. 

We measured total bacterial abundance in the Great 
Sippewissett Salt Marsh in order to examine how and 
by what mechanism bacterial abundance varied over a 
tidal cycle. We examined the hypothesis that the high 
numbers of bacteria sampled in marsh water were the 
result of bacterial growth in the water column, rather 
than from resuspension of sediments. Data on bacterial 
biomass and bacterial production were also used to 
evaluate the contribution of bacteria to the carbon 
cycle of the marsh and the export of bacterial biomass 
to adjacent coastal waters. 

MATERIALS AND METHODS 

Study site and sample collection. Great Sippewissett 
Salt Marsh is located on Cape Cod, Massachusetts, 
USA. The marsh has been intensively studied (see 
Valielia and Teal, 1979), and recently Peterson et al. 
(1982) described the tidal exchange of reduced sulfur 
compounds. The data discussed in this paper were 
collected concurrently with those of Peterson et al. 
(1982). The area of the marsh is about 50 ha of which 
44 % is covered with Spartina altemiflora and 18 % 
with S. patens. Muddy and sandy bottom creeks com- 
prise 35 % of the marsh; the remaining area (3 %) is 
covered with pans and algal mats. We examined bacte- 
rial abundance in the channel (40 m in width) through 
which water from Buzzards Bay floods and drains the 
marsh (Fig. 1). Samples for bacterial abundance were 

Tnr 

Fig. 1. Study area in Great Sippewissett Salt Marsh. Numerals 
are salinity measurements taken in a transect at low tide in 

July 1980 (see Flg. 5 and text) 

collected at this channel hourly for 2 consecutive tidal 
cycles and 20 m1 subsamples preserved immediately in 
formaldehyde (final concentration of 2 %); they were 
refrigerated in scintillation vials until the bacteria 
were counted. 

Samples for the determination of chlorinity were 
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collected concurrently as described in detail by Peter- 
son et al. (1982). Chlorinity was measured in filtered 
water using a salinometer. In addition, salinity was 
measured with a hand-held refractometer (American 
Optical) when a transect of the marsh was taken. Sam- 
ples for bacterial abundance along this transect were 
preserved as described above. The salinity (%o) and 
location where these samples were taken can be seen 
in Fig. 1. 

Bacterial abundance. Total abundance of bacteria 
was determined by the acridine orange direct count 
method (Hobbie et al., 1977). In August 1980, average 
cell size of bacteria was estimated from photomicro- 
graphs of acridine orange-stained cells; 25 bacteria 
were measured per sample. Bacterial carbon was cal- 
culated by multiplying the average cell size by 1.21 X 

10-l3 g C (Watson et  al., 1977). 
The abundance of particle-bound bacteria was esti- 

mated by counting the number of particles per field 
and the number of bacteria per particle. Two filters 
were prepared for each subsample and at least 10 
fields were examined per filter to determine the aver- 
age number of particles per field. At least 10 particles 
per filter were examined to determine the number of 
bacteria per particle. The data were not corrected for 
those bacteria, which cannot be counted, underneath 
or inside particles. Kirchman and Mitchell (1982) esti- 
mated this error to be 45 % of the attached bacterial 
abundance. 

Bacterial growth. Bacterial growth rates were esti- 
mated by measuring the increase in abundance during 
short incubations in treated water samples. Water was 
collected with a polycarbonate bottle from the marsh at 
low tide or from Buzzards Bay near the mouth of the 
marsh, and was filter-sterilized. The water was first 
filtered through precombusted glass fiber filters 
(Whatman GF/C) under low vacuum (less than 100 mm 
of mercury) in order to minimize breakage of phyto- 
plankton cells and other large particles. The filtrate 
was then filtered through Millipore filters with a nomi- 
nal pore size of 0.22 p m  The first 10 m1 of this filtrate 
was discarded in order to minimize contamination by 
compounds leached from the filter. 

Thirty m1 of unfiltered inocula from the bay or marsh 
were added to the filter-sterilized water in 300 m1 BOD 
bottles such that the final dilution of the inocula was 
1 : 10. The glass bottles were oven-sterilized at 500 'C 
for 4 h before being used in these experiments. Once 
filled, the bottles were incubated in the channel (1979) 
or in the laboratory at the temperature of the marsh 
water (1980). At various times 10 m1 subsamples were 
withdrawn and preserved for subsequent determina- 
tion of bacterial abundance. 

Bacterial growth rates were calculated using the 
approach of Kirchman et al. (1982) to analyze the 

increase in bacterial abundance over time. This 
approach assumes that a proportion of the bacterial 
population is not dividing while the growing bacteria 
are dividing at a constant specific growth rate. The 
increase in bacterial abundance over time can be 

described by N(t) = N,(O)evt + D (1) 

where N(t) = total number of bacteria; N,(O) = 

number of bacteria at  t = 0 dividing at  a specific 
growth rate p; D = number of non-dividing bacteria. 
The direct count method cannot distinguish non-divid- 
ing from dividing cells. Even so, the proportion of 
dividing cells can be estimated by fitting data to the 
equation given above. 

Tidal exchange of bacteria. The possible export of 
bacteria from Great Sippewissett to Buzzard Bay was 
examined by computing the exchange of bacteria over 
the tidal cycles. The tidal exchange was calculated by 
multiplying the bacterial density (cells m-3) by the 
volume of water flooding or ebbing from the marsh. 
Total import to the marsh from the bay and total export 
from the marsh to the bay were calculated by summing 
the exchange over flooding and ebbing tides, respec- 
tively. Net exchange or transport of bacteria per tidal 
cycle was calculated by subtracting the import from 
export flux. Peterson et al. (1982) describe in detail the 
tidal water balance. 

RESULTS 

Total bacterial abundance during tidal cycles 

Total bacterial abundance varied greatly over the 
tidal cycle (Fig. 2) .  The maximum abundance of bac- 
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Fig. 2. Bacterial abundance in Great Sippewissett Marsh over 
2 consecutive tides during Jan. Apr and Sep. The first sample 
of each tidal cycle was taken at 1400 (Jan), 1700 (Apr) and 

1400 (Sep) 
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Fig. 3. Bacterial abundance in Great Sippewissett Marsh over 
2 consecutive tides during Jan, Apr and Sep. Data plotted on 
logarithmic scale; in Fig. 2 on arithmetic scale. Tables 3 and 4 
give statistical analyses of the data from these 3 mo and of the 

remaining months not graphed 

teria unattached to particles was at low tide, the 
minimum at high tide. Absolute tidal variation in 
abundance was greater in summer than in winter. For 
example, in September bacterial abundance varied 
from 1.4 X 106 cell ml-' at high tide to 3.8 X 106 cells 
ml-' at low tide; whereas, in January abundance var- 
ied from 0.12 X 106 cells ml-' at high tide to 0.34 X 
106 cells ml-' at low tide. However, when graphs of In 
(bacterial abundance) v.. time are examined, the vari- 
ation over the tidal cycle is surprisingly similar 

Table 1. Particle-bound bacteria suspended in Great Sippew 

throughout the year (Fig. 3). Semi-log graphs allow us 
to examine the relative variation among tides during 
months when the absolute densities of bacteria were 
different. Thus, the relative tidal variation was as great 
in January as in September (Fig. 3). The actual rates of 
changes in abundance (and chlorinity) did vary sig- 
nificantly throughout the year (see Tables 4 and 5 
which are explained below). 

We also observed tidal fluctuations in the number of 
bacteria attached to particles (Table 1). Attached bac- 
teria were more abundant at low tide than at high tide. 
Nearly all the variation in this bacterial population 
was caused by the number of particles. The number of 
bacteria per particle did not vary significantly, but 
there were more particles at low tide than at high tide 
(Table 1). The proportion of total bacterial abundance 
attached to particles was approximately 1.8 %, which 
did not vary significantly over the tidal cycle. 

For the remainder of our discussion on Great Sippe- 
wissett we will use the term 'bacterial abundance' 
even though the data are based only on the number of 
unattached bacteria. The error in using this simplifica- 
tion is C 2 %. 

Conservative and non-conservative tidal fluctuation 
in bacterial abundance 

Bacterial abundance fluctuated with the tides appar- 
ently because abundance was high in marsh water 
which mixed with Buzzards Bay water that contained 
fewer bacteria than the marsh. In order to examine 
whether bacterial abundance changed conservatively 
or non-conservatively, we examined the correlation 
between bacterial abundance and the conservative 

,issett Salt Marsh during tidal cycles in June and August 

Month Time Tide Unattached Particles Bactena Attached % particle- 
bacteria Per bacteria bound 
(106 cells (104 particles particle (106 cells bacteria 

m1-l) ml-l) ml-l) 

Jun 0800 Low l .S 0.43 2.8 0.038 2.5 
1980 1000 1.4 0.43 4.3 0.019 1.3 

l200 0.86 0.25 3.9 0.0085 0.97 
High 1400 0.72 0.22 3.7 0.0083 1.2 

1600 0.98 0.16 3.2 0.0052 0.53 
1800 Low 1.0 0.38 3.0 0.012 - 1.2 

= 1.3 

Aug 0600 Low 2.6 1.1 7.4 0.081 3.9 
1979 1000 1.1 0.49 5.6 0.028 2.6 High 

1200 0.98 0.57 5.1 0.029 2.9 
1400 1.4 0.62 4.9 0.031 2.1 
1600 1.8 0.88 3.5 0.031 1.7 
1800 Low 2.4 0.85 6.7 0.052 - 2.2 

X = 2.6 
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tracer, chlorinity. With the exception of July, there was relation coefficients (r) ranged from -0.68 in June to 
a significant, negative linear correlation (p < 0.01) -0.92 in April (Table 2). This analysis indicates that, 
between abundance and chlorinity (Table 2). The cor- as a first approximation, the bacterial populations 

appeared to mix conservatively, and the tidal fluctua- 
Table 2. Correlation between bacterial abundance and chlo- 
rinity during consecutive tides in Great Sippewissett Salt tion in bacterial abundance was the result of physical 

Marsh processes that also changed chlorinity. 

Month r '  N" 

Jan 
Feb 
Mar 
A P ~  
May 
Jun 
Jul 
Au9 
S ~ P  
Oct 
Nov 

With the exception of July, all linear correlation coeffi- 
cients (r) are statistically significant (p < 0.01) 

' ' N = number of samples analyzed. The data from the 2 
tides were combined and analyzed together 

Fig. 4.  Relation between 
bacterial abundance and chlo- 
rinity during 2 consecutive t i -  
dal cycles in Great Sippewis- 
sett Salt Marsh during Jan, 
Aug and Oct. Correlation coef- 
ficients (r) were -0.90, -0.78, 
and -0.70 for Jan, Aug and 
Oct, respectively. These corre- 
lations are all statistically sig- 

nificant (p C 0.01) 

However, when the graphs of bacterial abundance 
vs. chlorinity are examined, it becomes clear that the 
relation between bacterial abundance and chlorinity is 
more complex than indicated by the high linear corre- 
lation coefficients. We noticed 3 patterns in the graphs 
of bacterial abundance vs. chlorinity. First, in graphs of 
data from January and February, there is a negative 
linear relation between abundance and chlorinity (see 
Fig. 4 for data from January), which is consistent with 
the high correlation coefficients for these months 
(Table 2). However, a second pattern is evident in data 
from every other month but July. In graphs of data from 
these months, there is a curvilinear relation between 
bacterial abundance and chlorinity. The data from 
August and October are plotted in Fig. 4. Bacterial 
abundance was higher at  the intermediate chlorinities 
than predicted from a straight line connecting bacte- 
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rial abundance at the lowest and highest chlorinity. 
The third pattern was noted in July only. In July there 
was no clear relation between bacterial abundance 
and chlorinity. The correlation coefficient for data from 
July is not significant (r = -0.14; p > 0.05). 

The nonlinear plots of bacterial abundance vs. chlo- 
rinity cannot be taken as evidence for non-conserva- 
tive mixing because several water masses with differ- 
ent bacterial abundances and chlorinities seem to have 
been in the marsh during low tide, as discussed 
thoroughly below. Boyle et  al. (1974) demonstrated 
that the patchy distribution of a constituent in an estu- 
ary will result in nonlinear plots of concentration ver- 
sus chlorinity even if the constituent mixes conserva- 
tively. 

As an  alternative to plotting abundance vs. chlorin- 
ity, we determined how much variation in abundance 
and chlorinity could be explained by a simple expo- 
nential model. We reasoned that if conservative mix- 
ing was more important than biological factors in caus- 
ing tidal variation in abundance, then the exponential 
model should describe well the variation in both 
abundance and chlorinity. 

Each tide was divided into periods during which 
bacterial abundance either decreased or increased 
regularly. Only periods with a minimum of four sam- 
ples were tallied in Tables 3 (ebbing tides) and 4 
(flooding tides); most of the periods had greater than 
6 samples. We then calculated first-order rate con- 
stants for changes in bacterial abundance and chlorin- 
ity by calculating the slope of In (bacterial abundance 
or chlorinity) vs. time with a regression analysis. 

The simple first-order model explained > 85 % of 
the variation in both bacterial abundance and chlorin- 
ity, except for very slow (< 0.01 h-') changes or steady- 
state periods (Tables 3 and 4; Fig. 3). A large propor- 
tion (241 h out of a total sampling period of 286 h or 
85 %) of the tidal cycles fit the exponential model. A 
small number of time periods (15 % of total) could not 
be  examined because of an  inadequate number of 
samples. 

The excellent fit of the exponential model for both 
chlorinity and bacterial abundance suggests that most 
of the tidal variation in bacterial abundance was due to 
nonbiological factors that influenced the concentration 
of both chloride ions and bacteria. The one dimen- 
sional models that describe the distribution of material 
over time and space as water masses mix are exponen- 
tial functions (Officer, 1976). More complex models 
that include both biological and physical processes 
would predict that a simple exponential function 
would fit only poorly changes in bacterial abundance 
over a tidal cycle. Unfortunately, the rate constants for 
bacterial abundance and chlorinity cannot be com- 
pared directly because these constants reflect mixing 

rates and initial values of abundance and chlorinity in 
marsh water masses. A detailed study of the spatial 
distribution of these water masses would be necessary 
to interpret the rate constants unambiguously. 

We hypothesize that the nonlinear relation between 
bacterial abundance and chlorinity was caused by var- 
iation in the ratio of bacterial abundance to chlorinity 
in isolated patches of water in the marsh. According to 
Boyle et al. (1974), this patchiness would result in a 
nonlinear relation between abundance and chlorinity 
as the water masses mixed. The mixing itself appeared 
to have been conservative and probably occurred in 
the main channel where several creeks join upstream 
from our sampling station (Fig. 1). 

Patchy distribution of bacteria within the marsh 

In order to determine if the bacterial populations and 
water masses were patchy in the marsh, we measured 
bacterial abundance, temperature and salinity at sev- 
eral sites during slack low tide in July 1980. The 
locations of these sites are indicated on Fig. 1 and the 
salinity of each site is the data point for the graph of 
bacterial abundance vs. temperature (Fig. 5). 

The spatial distribution of water temperature and 
salinity demonstrates that the water in the marsh was 
not homogeneous. Water temperature and salinity var- 
ied greatly from site to site (Fig. 5). Warm water 
(> 25°C) was generally saltier (Fig. 5) than the cool 
water sampled furthest from the channel (Fig. 1). If the 
marsh were simply a source of bacteria, we expected to 
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Fig. 5. Bacterial abundance, temperature and salinity along a 
transect at low tide in July 1980 in Great Sippewissett Salt 
Marsh. Numerals on graph are salinities (%) at the corres- 
ponding abundance and temperature. See Fig. 1 for location 

of each sample as  indicated by salinity 
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Table 3. First-order rate constants (h-') for the increase in bacterial abundance and decrease of chlorinity in Great Sippewissett 
Salt Marsh during ebbing tides 

Time Increase in bacteria Decrease in chlorinity 
Month period Rate Error r2 Rate Error r2 N" 

Jan 1800-21 00 0.14 0.023 0.95 -0.0010 0.00055 0.63 4 
2200-0300 0.13 0.0080 0.99 -0.018 0 0019 0.96 6 
0800-1500 0.072 0.0073 0.94 -0.011 0.0016 0.89 8 

Feb 21004100 0.34 0.077 0.87 -0.064 0.0081 0.95 5 
0900-1400 0.20 0.028 0.93 -0.043 0.0075 0.99 6 

Mar 2400-0600 0.014 0.012 0.21 -0.016 0.0024 0.90 7 
1100-1900 0.058 0.013 0.75 -0.016 0.0025 0.86 9 

APT 19004400 0.14 0.0056 0.99 -0.013 0.0013 0.92 10 
0700-1300 0.14 0.035 0.76 -0.0083 0.0020 0.77 7 

May 18004500 0.067 0.0077 0.89 -0.012 0.0019 0.80 11 
0900-1600 0.087 0.014 0.87 -0.0091 0.0010 0.92 8 

Jun 1400-2200 0.11 0.027 0.72 -0.012 0.00083 0.97 9 
2300-0700 0.085 0.019 0.77 -0.084 0.0025 0.66 8 

J u ~  0600-1000 0.15 0.029 0.89 -0.027 0.0039 0.94 5 

Aug 01004500 0.069 0.023 0.75 -0.01 1 0.00026 0.99 5 
0900-1300 0.10 0.025 0.89 -0.00074 0.00055 0.47 4 
1300-1700 0.084 0.018 0.88 -0.013 0.0019 0.93 5 

S ~ P  2300-0300 0.14 0.042 0.80 -0.015 0.001 1 0.98 5 
0900-1500 0.12 0.011 0.96 -0.01 1 0.0017 0.90 7 

Oct 18004300 0.077 0.0082 0.92 -0.0085 0.00085 0.93 10 
0800-1500 0.090 0.0298 0.60 -0.0010 0.0014 0.90 8 

Nov 1800-0100 0.034 0.0065 0.82 -0.012 0.0016 0.91 8 
0800-1400 0.054 0.020 0.59 -0.015 0.0015 0.96 7 

First-order rates were calculated from the graphs of In (bacterial abundance or chlorinity) vs. time. Data from Jan, Apr and 
Sep are graphed in Fig. 3 

" N = number of samples taken hourly during indicated time period. Total amount of time covered by the model can be 
calculated by summing all time periods indicated in this table with the periods during flooding tide given in Table 3. Time 
examined during consecutive tides was 26 h. Usually. the model covers > 80 % of the 26 h examined 

Table 4. First-order rate constants (h-') for the decrease in bacterial abundance and increase in chlorinity in Great Sippewissett 
Salt Marsh during flooding tides 

Time Decrease in bacteria Increase in chlorinity 
Month period Rate Error r2 Rate Error r2 N" 

Jan 1400-1700 4 . 5 2  0.11 0.92 0.047 0.019 0.76 4 

Feb 0200-0500 -0.46 0.089 0.93 0.11 0.026 0.90 4 

Mar 0700-1000 -0.23 0.021 0.98 0.043 0.0096 0.91 4 

A P ~  1622-1900 -0.42 0.068 0.95 0.047 0.014 0.85 4 

May 05004800 -0.31 0.075 0.89 0.037 0.021 0.60 4 

Jul 0200-0600 -0.18 0.014 0.98 0.0019 0.0031 0.11 5 

Aug 1800-2400 4 . 0 9 6  0.0663 0.98 0.001 1 0.00065 0.38 7 
0500-0900 -0.24 0.043 0.91 0.016 0.0062 0.69 5 

S ~ P  1400-1700 4 . 0 9 1  0.022 0.90 0.026 0.0079 0.84 4 
0300-0800 -0.22 0.031 0.93 0.015 0.0050 0.68 6 

NOV 1400-1700 -0.13 0.033 0.88 0.024 0.0013 0.64 4 
0100-0700 -0.05 0.015 0.69 0.017 0.0056 0.65 7 

First-order rates were calculated from graphs of In (bacterial abundance or chlorinity) vs. time. Data from Jan, Apr and Sep 
are graphed in Fig. 3 

m N = number of samples taken hourly during indicated time period. Total amount of time covered by the model can be 
calculated by summing all time periods indicated in this table with the periods during ebbing tide given in Table 2. Time 
examined during consecutive tides was 26 h. Usually, the model covers > 80 % of the 26 h examined 



254 Mar. Ecol. Prog. Ser. 

observe a negative correlation between salinity and 
bacteria as suggested by the negative correlation 
between chlorinity and abundance observed in the 
channel (Fig. 4 ) .  In contrast, bacterial abundance was 
positively correlated with salinity (r = 0.88; p < 0.01) 
as well as with temperature (r = 0.85; p < 0.01) 
(Fig. 5). The abundance of bacteria was highest (2.0 X 

106 cells ml-l) in an isolated pan filled with warm salty 
water (29.5"C; 30 460). Bacterial abundance was lowest 
(0.81 X 106 cells ml-l) in cooler, brackish water 
(21.3"C; 1.5 %). Ground water sampled from the 
aquifer below the marsh had 0.14 X 106 cells ml-' in 
July 1982. 

The spatial distribution of bacterial abundance and 
water masses in the marsh suggests that the high 
numbers of bacteria observed at low tide were not 
originating directly from the creek-bottom sediments, 
since bacterial abundance was relatively low in cool, 
low salinity water which was mostly ground water 
from the sediments. Furthermore, if sediments were 
the main source of bacteria in marsh water, there 
would be no reason to expect bacterial abundance in 
the water to covary from site to site with salinity and 
temperature as found in Great Sippewissett. Salinity 
and temperature may cause bacterial abundance to 
vary in marsh sediments, but it is not obvious why the 
release of bacteria from sediments to the water column, 
if in fact this release occurs, should correlate positively 
with salinity and temperature. 

We hypothesize the following cycle for bacteria and 
water in the marsh. Low salinity water 'forms' in the 
marsh streams during the ebbing tide from the mixing 
of bay and ground water. The new marsh water is 
nutrient-rich but bacteria-poor initially. The bacteria 
grow at least to the levels observed at low tide until the 
now bacteria-rich water mixes conservatively with 
bacteria-poor water as the tide ebbs from the marsh. 
Thus, we sampled at least 3 different water masses 
during our transect and at our channel station: 
(1) 'new' low saline (< 5 Yw) water with relatively few 
bacteria because of the recent addition of bacteria- 
poor ground water; (2) 'old' intermediate saline (5 to 
25 Yw) water with relatively high bacterial abundance 
because of the growth resulting from initially high 
nutrients; (3) water directly from the bay with low 
bacterial abundance, low nutrients and high salinity 
(- 30 Yw). It becomes obvious that we need estimates of 
bacterial growth rates to test our hypothesis. 

Growth of bacteria in marsh water 

We measured bacterial giowth rates in water sam- 
ples from Great Sippewissett to determine if bacteria 
could grow fast enough to account for the difference in 

Table 5. Growth rates (h-') of bacteria in Great Sippewissett 
Salt Marsh and Buzzards Bay in August 1979 and 1980 

Source of water' 
Source of bacteria Bay Marsh I 

Bay 1979 0.01 k0.02' ' 0.18k0.03 
1980"' 0.17k 0.02 

Marsh 1979 0.05f 0.02 0.19k0.02 
1980 0.16f 0.02 

Water from either Buzzards Bay or Great Sippewissett 
Marsh was filter-sterilized and an unfiltered in- 
oculum was added from either bay or marsh (source 
of bacteria) 
Growth rates (p) were determined by fitting the data 
to N(t) = N,(0)ept + D as described in detail by 
Kirchrnan et al. (1982). N,(O) = initial number of 
dividing cells; D = number of non-dividing cells. 
Estimates of p f standard error are based on 4 (1979) 
or 10 (1980) samples taken every 2 h. Data from 
experimenis examining growih of bay and marsh 
bacteria in marsh water are plotted in Fig. 6. 

' ' ' Data from 1980 are averages of 2 independent experi- 
ments reported in detail by Kirchman et al. (1982) 

bacterial abundance between low and high tide sam- 
ples. We also examined if bacteria from the marsh at 
low tide ('marsh bacteria') could grow in bay water and 
if bacteria from the bay ('bay bacteria') could grow in 
marsh water. Unfiltered inocula were added to filtered 
water from the bay and marsh so that the particles were 
diluted ten-fold. The marsh samples were taken at low 
tide from low saline water in an attempt to mimic the 
'new' water formed in the marsh. 

Bay and marsh bacteria grew rapidly at approxi- 
mately the same rate when added to filtered marsh 
water (Fig. 6;  Table 5). In August the growth rate aver- 

MARSH 

0 2 4 6 8 10 

TIME OF INCUBATION (hour s )  

Fig. 6. Growth of marsh and bay bacteria added to filter- 
sterilized marsh water from Great Sippewissett, Aug 1979 
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aged 0.17 h-' and was virtually identical in 1979 and 
1980 (Table 5). Growth of bay bacteria in filtered bay 
water was slow (0.01 h-') but marsh bacteria in the 
same water grew relatively rapidly with a specific 
growth rate of 0.05 h-' (Table 5). Marsh bacteria grew 
faster in Buzzards Bay water than we expected, 
perhaps because of DOC in the marsh water added 
with the marsh bacteria. The sernilog plots of abund- 
ance vs. time were concave in 1979 (Fig. 6) but less so 
in 1980 (see Kirchman et al., 1982 for graphs of data 
from 1980). Kirchrnan et al. (1982) suggested that the 
concave plots were due to the presence of non-dividing 
cells. 

The specific growth rate of bacteria in marsh water 
was fast enough to account for the average difference 
(approximately a factor of 4; Fig. 3) in bacterial abun- 
dance between low and high tides in August. Given a 
specific growth rate of 0.17 h-' water must remain in 
the marsh for approximately 8 h (In4 + 0.17 h-') undi- 
luted by bay water in order to explain the 4-fold differ- 
ence in abundance. Eight hours is close to the time 
required for water to ebb from the marsh. Only a very 
small portion of the flooding tide need remain in the 
marsh for 8 h in order for our hypothesis to be correct. 
In fact, the water volume remaining in the marsh at 
slack low tide is < 10 % of the flooding tide. Thus, the 
difference in bacterial abundance between low and 
high tide can be accounted for by bacterial growth in a 
water mass that remains in the marsh at least as long as 
the ebbing tide. 

Contribution of bacteria to total particulate carbon 

We estimated how much of total particulate organic 
carbon (POC) suspended in the channel could be attri- 
buted to bacteria. Bacteria contributed significantly 
(15 %) to total POC in summer but not in winter 
(< 2 %). The concentration of POC fluctuated during 
the year between 200 and 1,000 ~g C 1-I in the marsh 
(Fig. 7a). We estimate that bacterial biomass was at 
most 3 pg C 1-' in winter when the number of bacteria 
was low (Fig. 7b). Bacterial biomass was as much as 
15 % of POC levels in August when the number of 
bacteria was high and bacterial biomass was about 
60 kg C 1-l. In August, there was no significant differ- 
ence in bacterial cell size in samples from high tide 
(0.18 + 0.05 and low tide (0.14 f 0.03 

We noticed an interesting pattern in the ratio of 
bacterial abundance to POC concentrations (Fig. ?c). 
This ratio is significantly higher at low tide, which is 
predominately marsh water, than at high tide which is 
predominately bay water (p < 0.025; Wilcoxon's 
signed-ranks test). There could not have been a direct, 
causal relation between POC and bacteria, since the 
proportion of attached bacteria was small (Table 1). 
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Fig. 7. Particulate organic carbon (POC) concentrations (A), 
bacterial abundance (B), and ratio of abundance to POC 
concentrations (C) at consecutive low and high tides during 

1980 in Great Sippewissett Marsh 

However, POC levels may covary with DOC, which is 
utilized by unattached bacteria. The high ratio of bac- 
teria to POC in marsh water may indicate that organic 
compounds in the marsh are less refractory and thus 
support greater bacterial growth compared with bay 
water. 

Seasonal variation in bacterial abundance 

In the channel of Great Sippewissett, bacterial 
abundance varied seasonally by a factor of approxi- 
mately 9.5 at low tide and 7.5 at high tide (Fig. 7b). 
Minimum bacterial abundance occurred in January for 
both high and low tides. It is important to note that the 
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maximum at low tide was in September when abun- 
dance was 3.8 X 106 cells ml-'. The seasonal max- 
imum in bacterial abundance coincided with the sea- 
sonal maximum in sulfate reduction (Howarth and 
Teal, 1979) and in the export of reduced sulfur com- 
pounds out of the marsh (Peterson et al., 1982). In 
contrast, water temperature and aerobic respiration in 
surface sediments were highest in August (Howarth 
and Teal, 1979). Maximum bacterial abundance occur- 
red in September, probably because marsh plants 
began to senesce in late August, releasing organic 
compounds that supported bacterial growth (Howarth 
and Teal, 1979). Energy and nutrients from marsh 
plants appear to drive, indirectly or directly, sulfate 
reduction in marsh sediments and bacterial abundance 
in marsh streams. Unlike low tides, during high tide 
bacteria were as abundant in July as in September 
(Fig. 7b). Since high tide samples were almost entirely 
bay water, these data suggest that bacterial abundance 
in the bay did not depend on the organic compounds 
released by marsh plants. 

Tidal exchange of bacteria 
between Great Sippewissett and Buzzards Bay 

The influence of salt marshes on adjacent coastal 
waters has been evaluated by examining the net flux of 
materials flowing into or out of a marsh. This analysis 
was applied to the transport of bacteria in the Great 
Sippewissett Marsh. Clearly, each day the marsh 
imported and exported a large number of particles. 
However, it was difficult to determine if in fact there 
was net export significantly different from zero. 
Although the export of bacteria out of the marsh was 
greater than the import of bacteria into the marsh in 16 
out of 22 tidal cycles, only for 7 of these tides was the 
difference greater than 10 %, which is the approximate 
uncertainty in counting bacteria (Table 6). 

The lack of a large net export of bacteria seems to 
contradict the large differences observed in bacterial 
abundance between high and low tides. However, the 
volume of water containing the high abundance was 
relatively small, and thus the export term was not as 
large as one might expect (see Fig. 8 for data from 
August on water and bacteria fluxes). In fact, changes 
in the hourly flux of bacteria were almost totally deter- 
mined by hydrology as the water flux varied by over an 
order of magnitude; bacterial abundance varied only 
2-fold in August (Fig. 8). Furthermore, bacterial 
abundance did not decrease instantaneously to the low 
value indicative of bay water when water stopped 
ebbing and started flooding the marsh; the flooding 
tide during its first hours pushed back ('imported') into 
the marsh water masses with relatively high bacterial 
abundance and chlorinity (Fig. 2; Fig. 8). 

Hohrly flux of bacief io 

Fig. 8. Flux of water and bacteria into and from Great Sip- 
pewissett Marsh during Aug 1980. Samples taken every hour, 
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The negligible net export is not due to errors in the 
tidal water balance. The transport of water and bac- 
teria reported here is not corrected for the slight differ- 
ence in flooding and ebbing volumes due to fresh 
groundwater flow through the marsh. Our calculations 
assume that the flooding and ebbing total volume 
required to achieve an identical low tide height are 
equal. The fresh water flows have been calculated, but 
adjustment for fresh water throughout would change 
the tidal water balance by less than 1 %, and thus 
would have no measurable effect on the bacteria 
budget (Peterson et al., unpubl.). 
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The yearly variation in bacterial abundance in Great 
Sippewissett was probably determined by the supply 
of organic compounds from marsh grasses, the major 
primary producers in the marsh (Pomeroy et al., 1981). 
The large, absolute tidal variation in bacterial abun- 
dance observed in summer but not in winter follows 
the seasonal differences in the absolute magnitude of 
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bacterial abundance. Large tidal variation occurred 
when bacterial abundance was high. However, on a 
logarithmic scale the tidal variation in bacterial 
abundance was roughly constant during the year. Dur- 
ing all seasons abundance was relatively high at low 
tide and low at high tide. We hypothesize that the high 
bacterial abundance at low tide is the result of bacte- 
rial growth in nutrient-rich water masses isolated in 
the marsh. The nutrients probably originate from the 
Spartina rhizosphere or leakage from above-ground 
production. After growth in the nutrient-rich water, the 
now bacteria-rich water mixes rapidly and conserva- 
tively with Buzzards Bay water that contains relatively 
few bacteria. Conservative mixing appears to explain 
the logarithmic change in abundance that we observed 
in the main channel of the marsh. 

Our explanation for the tidal variation in bacterial 
abundance emphasizes the importance of bacterial 
growth. This explanation is most applicable in Great 
Sippewissett to tidal cycles in summer, since data on 
bacterial growth rates and the spatial distribution of 
bacteria within the marsh are available from this sea- 

son. In winter, particularly January and February, pro- 
cesses other than growth are possibly important in 
contributing to the spatial and temporal variation in 
bacterial abundance observed in Great Sippewissett. 
January and February were exceptional, since there 
was no curvilinear relation between abundance and 
chlorinity, which was observed in every other month 
but July. One likely process contributing to the varia- 
tion in bacterial abundance in the marsh water column 
is the release of bacteria from sediments. In fact, since 
the density of bacteria in sediments is approximately 
1,000-fold higher than the bacterial density in the 
water column (Hobbie, 1979), the release of even a 
small proportion of the sediment bacterial population 
would have an impact on the water-column popula- 
tion. 

However, several aspects of the spatial and temporal 
variation in bacterial abundance cannot be explained 
by the hypothesis that the release of bacteria from 
sediments to the water column is a significant process. 
In particular, low salinity water sampled farthest from 
the mouth of the channel had relatively low bacterial 

Table 6. Transport of bacteria in Great Sippewissett Marsh 

Time Tidal 
Month period volumea 1mportb ExportC Net transport (%)d 

Jan 1400-0300 24 3.0 4.2 + 1.2 (33) 
0400-1600 32 4.8 4.7 -0,l (2.1) 

Feb 1300-0200 6.8 0.67 0.77 +0.1 (14) 
0300-1500 15 1.7 1.6 -0.1 (6.1) 

Mar 1800-0700 15 5.9 7.1 +l.2 (18) 
0800-1900 28 12.1 12.3 +0.2 (1.6) 

A P ~  1600-0400 18 7.5 9.2 + 1 .7 (20) 
0500-1600 14 6.0 7.8 +1.8 (26) 

May 1500-0500 15 19 24 +5.0 (23) 
0600-1600 8.8 6.5 7.2 + .7 (10) 

Jun 0800-2100 15 12 13 + 1.0 (8.0) 
2200-1000 14 10 12 +2.0 (18) 

Jul 1200-0200 14 16 15 - l .O (6.4) 
0300-1 300 9.8 5.8 6.3 +0.5 (8.3) 

*U9 1700-0600 28 53 4 5 -8.0 (16) 
0700-1800 26 36 37 + 1.0 (2.7) 

Sept 1400-0300 24 36.4 36.6 +0.2 (0.55) 
0400-1500 29 41 36 -5.0 (11) 

Oct 14001)300 20 11 14 +3.0 (23) 
0400-1600 25 16.2 16.1 - 0.1 (0.62) 

NOV 1400-0100 20 13 14 +l.O (7.4) 
0200-1500 20 12 13 + 1.0 (8.0) 

Net export + 7.3 X 1016 cells yr-' 

10000 m3 
Import of bacteria into marsh during flooding tides. Units are 1016 cells per flooding tide 

C Export of bacteria out of marsh during ebbing tides. Units are 1016 cells per ebbing tide 
In parentheses, % net transport into or out of the marsh was estimated by subtracting the export from the import and 

dividing by the average of the 2 parameters. For example, + 33 % indicates that over the entire tidal cycle bacteria were 
transported out of the marsh (net export) at a rate 33 % of the mean of the import and export rate 
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abundance (Fig. 5). This suggests that ground water 
percolating through the sediments does not contribute 
significantly to the variation in the planktonic bacte- 
rial population. In addition, Rublee et  al. (1983) found 
that high salinity water did not remove bacteria from 
marsh sediments. Most of the low salinity/bacteria- 
poor water sampled during the survey at low tide never 
reached our channel sampling station and must have 
mixed with relatively high-salinity water. Neverthe- 
less, several samples taken at the channel station each 
month had relatively low bacterial abundance and low 
chlorinity. In fact, the sample with the lowest chlorinity 
had fewer bacteria than samples with intermediate 
chlorinity in every month but January, February and 
July (Fig. 4). We suspect that the release by sediments 
of bacteria to the water column is random and is not the 
dominant process in determining the spatial and tem- 
poral variation in abundance that was observed i~ 

Great Sippewissett. 
We evaluated the contribution of bacteria to the 

carbon cycle of the Great Sippewissett Marsh. Our data 
suggest that bacteria may be a large component of total 
POC in August when bacterial abundance is relatively 
high. However, bacteria do not appear to degrade a 
significant fraction of primary production in the marsh, 
nor do bacteria contribute substantially to the carbon 
required by the large mussel population in Great Sip- 
pewissett. These conclusions are based on our esti- 
mates of total bacterial production in the marsh. Data 
from August were chosen for these calculations 
because bacterial growth rates were measured in this 
month. 

Bacterial production in the water column in August 
was estimated by multiplying the specific growth rate 
(h-') by the total bacterial biomass in the marsh (g C 
marsh-'). The specific growth rate in each of the 
hourly samples was estimated by regressing the 
growth rates presented in Table 5 against chlorinity 
(p = -0.103 [chlorinity] - 1.86; n = 4; r2 = 0.93). The 
total number of bacteria in the marsh was estimated 
from the flux of cells into or out of the marsh (Fig. 8). 
The number of bacteria left in the residual water that 
does not leave the marsh after slack low tide was 
added to the bacterial numbers in the flooding tide. 
The volume of this residual water is approximately 
3.4 X 104 m3. Total bacterial production in the water 
column of the entire marsh over a tidal cycle was then 
calculated by summing the estimates for each hourly 
sample. 

Total bacterial production in the marsh is about 
8.6 kg C d-' in August, according to the calculations 
outlined above. Net primary production in the marsh is 
about 500 kg C d-' during August, based on the rate 
(4.0 g m-2 d-') taken from Valiela et al. (1976), the 
area of marsh covered by marsh grasses (3.03 X 

lo5 m2), and assuming that these plants are 40 % car- 
bon. If bacteria respire 50 % of the carbon taken up 
(Payne and Wiebe, 1978), then the calculated rates of 
bacterial production suggest that < 5 % of primary 
production is processed by bacteria in marsh streams. 
Bacterial growth in marsh streams could have a large 
impact (turnover of 50 % d-') on DOC leached from 
marsh grasses (Gallager et al., 1976; Turner, 1978) only 
if the proportion of primary production leached is 
< 5 %. The bacteria may process a significant fraction 
of phytoplankton production, although this primary 
production is relatively small compared with root- 
plant production (Pomeroy et al., 1981). 

Wright et al. (1982) demonstrated that the mussel 
Geukensia demissa can filter bacteria in marsh water 
with an efficiency of 30 %. Jordan and Valiela (1982) 
found that this mussel in Great Sippewissett Marsh is 
capable cf filtering a voluine of water in excess of the 
tidal volume during each tidal cycle in summer. How- 
ever, the estimated bacterial production is not large 
enough to supply a significant portion of the carbon 
needed for mussel production as estimated by Jordan 
and Valiela (1982). In Great Sippewissett, mussels 
utilize 570 kg N yr-' for growth, gametes and byssal 
threads. This is 2,900 kg C yr-' if we assume a C : N 
ratio of 5 : 1 (Jordon and Valiela, 1982). If mussels 
utilize that 2,900 kg C mostly during 3 mo in summer, 
the daily consumption of carbon is 32 kg C d-l. The 
total bacterial production of 8.6 kg C d- '  could supply 
< 10 % of mussel carbon production, assuming mus- 
sels filter out bacteria with 30 % efficiency (Wright et 
al., 1982). 

Based on the work of Jordon and Valiela (1982) and 
Wright et al. (1982), it seems likely that mussels as well 
as other filter-feeders in the marsh have a large impact 
on the bacterial population in marsh streams. If graz- 
ing by mussels were important, one could argue that 
the bacteria would have to grow even faster than the 
rates we have measured in order to account for the 
difference in bacterial abundance between low and 
high tide. However, the mussels are not uniformly 
distributed with depth or horizontally, and are only 
submerged for half a day (Jordon and Valiela, 1982). 
Thus, bacteria may escape predation by mussels when 
the tide ebbs and water levels drop. 

In summary, on the ecosystem level the impact of 
the bacterial population in the marsh streams appears 
to be minimal with the possible exception of the 
impact of bacteria on DOC released by the marsh. 
Bacterial production appears to be small compared to 
total primary production of the marsh. Although bac- 
teria may contribute significantly to total POC levels 
in summer, bacterial production alone does not 
appear to be great enough to support the large mussel 
population found in Great Sippewissett. Finally, the 
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export of bacteria f rom the entire marsh to Buzzards 

Bay w a s  negligible. 
T h e  da ta  reported i n  this paper  a re  more interesting 

a n d  have  more implications for examin ing  the  control 

of bacterial a b u n d a n c e  than  for illuminating directly 

the  role of bacteria in  estuaries. The spat ial  a n d  tem- 

poral variation i n  bacterial a b u n d a n c e  w e  observed in 

Grea t  Sippewissett w a s  la rge  compared with t h e  small  
variation usually observed i n  coastal wate rs  (e.g. 

Ducklow a n d  Kirchman, 1983). Grazing is  thought  to 
ba lance  bacterial production, which  m a y  expla in  w h y  

bacterial a b u n d a n c e  is relatively constant i n  coastal 

waters  (Azam e t  al., 1983). In contrast, physical mixing 

i n  estuaries  m a y  increase bacterial a b u n d a n c e  a n d  

bacterial growth rates, a n d  thus  the  bacter ial  popula-  

tion m a y  c h a n g e  faster t h a n  t h e  planktonic bacterio- 

vores can respond. Therefore, i n  estuaries  bacterial 

production may become uncoupled from grazing,  
which  results i n  l a rge  variations in  bacterial a b u n -  

dance ,  such a s  observed i n  Grea t  Sippewissett.  
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