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ABSTRACT: Estuarine planktonic bacteria were incubated (bacterial bioassays) in water previously 
held in close contact with benthic sediments to assess the potential importance of benthic dissolved 
organic matter for planktonic bacterial production. The study was conducted using water and sedi- 
ments collected from along a fresh to salt water gradient in the Parker River and Plum Island Sound 
Estuary in northern Massachusetts, USA. Initial concentrations of dissolved inorganic nutrients were 
elevated relative to ambient estuarine water while initial concentrations of dissolved organic carbon 
were higher during a June bioassay and lower during a December bioassay relative to ambient water. 
Specific growth rates of planktonic bacteria were calculated from changes in cell numbers during the 
exponential growth phase. Growth rates were very high, ranging from about 3.6 to 6.5 d-'. Rates at 
individual sites were generally higher in June than in December and higher in low salinity waters than 
in high salinity waters. These rates are substantially higher than bacterial growth rates typically found 
in the water column of Plum Island Sound (1.5 to 65x, depending on method) but had the same spatial 
pattern as is commonly found in the estuary. Growth rates were comparable to those observed during 
experimental additions of marsh macrophyte leachate to incubations. Growth rates were linearly 
related to initial dissolved organic carbon (DOC) concentration in the bioassays, suggesting that sub- 
strate may limit bacterial growth. Stable isotopic compositions (6I3C and 6I5N) of microbes grown in the 
bioassay indicated utilization of benthic derived DOC even during times when the net f l u  of DOC was 
from overlying water into sediments. Further, the 6I5N of bioassay microbes suggested that microbes 
utilized benthic derived inorganic N to supplement an organic diet deficient in organic nitrogen. It 
appears that growth rates were elevated as a result of dissolved organic matter exchange with bottom 
sediments. These results suggest that there were gross fluxes of organic matter across the sediment- 
water interface that were not apparent from net changes in DOC concentration in the overlying water 
pool. This study indicates that benthic systems must be seen not only as sites of inorganic nutrient re- 
mineralization important in support of planktonic primary producers, but also as sltes of dissolved 
organic matter generation and nutrient remineralization important in support of bacterioplankton 
production. 
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INTRODUCTION 

Estuaries are among the most productive ecosystems 
in the biosphere; they support high rates of secondary 
production, including commercially important fisheries. 
Estuaries are also characterized as detrital systems 
where a large majority of organic matter is processed by 
microbial organisms. High microbial growth rates are 

attributed in part to the variety and magnitude of organic 
matter inputs including rivers, the ocean, marshes, ben- 
thic algae and phytoplankton. An additional possibly 
important source of organic matter to estuarine microbes 
that has received little investigation to date is dissolved 
organic matter (DOM) from sediments. While not a new 
source in the sense of allochthonous terrestrial inputs 
of C, sediments may be an important site of dissolved 
organic carbon (DOC) production from decomposing 
particulate organic matter of local or external origin. 
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The benthos is an  especially important component of 
generally shallow estuarine ecosystems because rela- 
tively large fractions of organic matter inputs settle to 
the bottom and are processed there. Sedimentation of 
particulate matter and flocculation of DOM insure that 
a great percentage of allochthonous organic matter 
inputs to estuaries is processed by the benthos (Smith 
& Hollibaugh 1993). In general, 25 to 50% of total 
organic matter decomposition in estuaries occurs in 
the benthos (Nixon 1981). 

Concentrations of dissolved organic carbon and 
nitrogen (DOC and DON) in surficial sediments are 
often an order of magnitude higher than those in the 
overlying water, leading to the conclusion that DOC 
and DON are produced in sediments during the de- 
composition of organic matter and exchanged between 
sediments and the overlying water (Burdige & Hom- 
stead 1994). Numerous authors have discussed the 
possible importance of benthic DOC fluxes in sedi- 
mentary and oceanic C cycling (Emerson & Dymond 
1984, Williams & Druffel 1987, Burdige & Homstead 
1994, Martin & McCorkle 1994). Burdige et al. (1992) 
estimated that the global benthic flux of DOC was 
comparable in magnitude to riverine inputs of organic 
C, benthic remineralization of C or organic C burial. 
However, the role of sediments as a source of DOC to 
the planktonic systems as well as the production of 
DOC in sediments is still poorly understood. 

In the few places where fl.uxes have been monitored 
directly via bell jar or core incubation techniques, the 
evidence for fluxes of the magnitude predicted by dif- 
fusional considerations has been equivocal (Hartwig 
1976, Boynton et al. 1980, Nixon et al. 1980, Burdige & 

Homstead 1994). Seasonal studies in coastal Georgia 
revealed that the flux of DOM is not unidirectional 
but varies over time (Hopkinson 1987). In Plum Island 
Sound (Massachusetts, USA), we observed periods of 
uptake or release of DOC and DON over an annual 
cycle throughout the estuary (Hopkinson et al. In 
press). 

Discrepancies between fluxes estimated from pore- 
water gradients and those measured directly are likely 
the result of a dynamic balance between DOM produc- 
tion and DOM consumption by an active microbial 
community at  the sediment-water interface. When 
microbial demand in surface sediments exceeds the 
supply of DOM, periods of benthic DOM consumption 
may result, i.e. DOM fluxes into the sediment. High 
rates of DOM utilization by the surface microbial com- 
munity suggest that the lability of the DOM produced 
in sediments is high. Hopkinson et al. (1997) observed 
rapid microbial decomposition of DOC collected from 
water overlying a core of sediment from the Middle 
Atlantic Bight. Important questions that arise then are: 
What effect does DOM from benthic sediments have 

on planktonic microbes? Does the 'benthic effect' vary 
over time and space in an estuary? Does sediment 
DOM augment the production of planktonic n~icrobes? 
What are the primary sources of organic matter to the 
sediments that are potentially stimulating growth of 
planktonic microbes? 

In this paper we report the results of a bacterial bio- 
assay study to investigate the potential effects of the 
benthos on productivity of planktonic bacteria. The 
study was conducted at  several locations along the 
length of an estuary during periods of benthic DOC 
influx and efflux. Rates of bacterial growth following 
exposure to the benthos are compared to rates for open 
water estuarine bacteria. Also reported are stable car- 
bon and nitrogen isotopic ratios of bacteria grown fol- 
lowing exposure to bottom sediments and their likely 
sources of organic matter and inorganic nitrogen. 

MATERIALS AND METHODS 

Study area. The study was conducted in Plum Island 
Sound Estuary and the Parker River in northeastern 
Massachusetts, USA. The 155 km2 Parker River water- 
shed is largely undisturbed, with extensive upland, 
bottomland hardwood and cedar swamp forests. 
Runoff from the watershed averages 2.7 m3 S-' and is 
markedly seasonal. Nutrient levels in the Parker River 
are low to moderate (Hopkinson & Finn unpubl.), with 
total dissolved nitrogen (TDN) annually averaging 
about 39 PM, with organic nitrogen comprising about 
53% of the total. Organic C inputs are dominated by 
the dissolved fraction (90 %), with concentrations 
annually averaging about 480 PM. 

The Plum Island Sound Estuary is a productive, 
riverine, macrotidal marsh system with vegetation typ- 
ical of New England marshes. The upper half of the 
estuary (0 to 15 km) is a tidal river with wetland area 
exceeding water area by about 5 : l .  The lower half (15 
to 25 km) is a broad shallow sound with roughly equal 
areas of wetland and water. Major wetland species are 
Spartina alterniflora and S. patens in brackish and 
saline regions and Typha, Scirpus and Carex in fresh 
water regions. 

Planktonic bacterial numbers and production exhibit 
regular temporal and spatial patterns (Wright & Coffin 
1983, 1984a). In winter, counts and activity are uni- 
formly low throughout the estuary, while during 
spring, summer and fall there are peaks of bacteria and 
activity in mid-estuarine waters. It has been suggested 
for this system that grazing largely controls bacterial 
numbers while substrate supply is the primary control 
on production (Wright et al. 1987). 

Benthic metabolism and nutrient fluxes vary widely 
along the length of the estuary (Hopkinson et al. in 
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Table 1. Range or average annual conditions of the benthos at 4 stations in the Plum Island Sound Estuary and Parker River (Hop- 
kinson et al. in press). Station letter designations refer to location either within the Parker River (PR) or the Estuary (E) while num- 

bers refer to distance from a dam at the head of the estuary (0 km) 

Stn Salinity Organic C Respiration DIN flux DOC flux 
(Xo) (% dry wt) (mmol C m-' d.') (mm01 N m-' d.') (mm01 C m-' d.') 

PRO 0 10.3 21 1.7 11.9 
E2 0-18 4.4 33 4.8 9.7 
E10 0.5-29 2.1 170 21.2 -11.4 
E18 20-33 0.2 24 0.1 0.2 

press). Average conditions over the course of a year are 
summarized in Table 1. At all stations, fluxes are low- 
est during winter and highest during summer. DOC 
fluxes vary over the course of a year from being posi- 
tive (to the overlying water) to negative. The pattern of 
DON flux does not closely parallel that of DOC. 

Primary production and chlorophyll and nutrient 
concentrations have distinct seasonal and spatial pat- 
terns in Plum Island Sound estuary. Nitrate is higher at 
the freshwater end (-15 pM) and lower at the marine 
end (< l  PM), while NH,' is highest in the middle of the 
estuary (c8 pM) (Vorosmarty & Loder 1994). Primary 
productivity is highest in the upper reaches of the tidal 
river and is fairly uniform throughout the remainder of 
the estuary. During summer, chl a concentrations often 
exceed 40 pg 1-' in the upper estuary and during 
winter they are as high as 20 pg 1-' in the sound. In 
the lower estuary, chl a standing stocks in sediments 
exceed those in the water column by a factor of 25 
averaged over the year (176 vs 7 mg chl a m-'). DOC 
concentrations are high (800 PM) at the freshwater end 
and low (100 FM) in the marine end of the estuary 
(Fry et al. 1991). 

Stn PRO is located in a pond immediately upstream of 
a waterfall leading into the estuary. Sediments are soft, 
with large percentages of silt, clay and organic matter. 
Stns E2 and E10 are within the tidal river portion of the 
estuary, approximately 1.8 and 9.6 km downstream of 
the falls. Sediments are primarily silts and clays and 
sandier at the mid-salinity site than at the low salinity 
site. Stn E18 is located midway along Plum Island 
Sound (18.4 km downstream) and is a very dynamic 
region with sediments almost exclusively sand. Tidal 
currents extensively rework the easily eroded sands. 

Experimental procedures. We used a bacterial 
bioassay procedure to evaluate the potential effect of 
water being in contact with the benthos on the growth 
of planktonic bacteria. Bioassay approaches have been 
used previously to assess bacterial growth and DOC 
dynamics (e.g. Amrnerman et al. 1984, Kirchman et al. 
1991, Zweifel et al. 1993). In brief, following a 1 to 2 d 
incubation of sediment cores (part of a benthic flux 
study-see Hopkinson et al. in press), the water over- 

lying the sediments was removed, filter sterilized, and 
inoculated with estuarine microbes and the time course 
of changes in bacterial numbers and sizes was moni- 
tored over about a 1 wk period. Bioassays were per- 
formed twice during the year: in June-when benthic 
metabolism and nutrient flux were high and DOM flux 
was positive, and again in December-when benthic 
metabolism and nutrient flux were low and DOM flux 
was negative. To assess the effect of sediment contact, 
rates were compared to similar bioassays (0.2 pm filtra- 
tion, 0.6 pm inoculum, and room temperature incuba- 
tion) run on different dates using estuarine water not 
having prior intimate contact with bottom sedirnents. 

Sediment core collection and incubation procedures 
for measuring benthic metabolism and nutrient flux 
were described previously (Hopkinson et al. in press). 
In short, 16 cm diameter cores were taken directly from 
sediments in the field, avoiding disruption of the sur- 
face floc layer. Cores were held at in situ temperature 
until commencing flux measurements within 24 h. 
Cores were incubated at in situ temperature, following 
replacement of overlying water (-20 cm), until O2 lev- 
els dropped to 40-50 % of saturation levels (-1 to 2 d) .  
The source of overlying water was from the water 
column at each benthic sampling station. At the time 
of collection, it was filtered through a 1.0 pm cartridge 
filter and held at in situ temperature until use. Follow- 
ing the benthic incubation, the overlying water from 
replicate cores was pooled for each station, siphoned 
into separate containers and refrigerated overnight 
until further processing for the bioassay. 

Overlying water samples were pressure filtered (very 
low pressure, c20 kPa) in 2 stages: (1) with a 95 mm 
stainless steel filtration apparatus (acid washed and 
rinsed with deionised water [DI]) using precombusted 
and rinsed Whatman GF/F glass fiber filters and 
(2) with thoroughly prerinsed Whatman 0.2 pm car- 
tridge filters. Water was collected in a single, well 
leached, acid washed and D1 rinsed polyethylene con- 
tainer. This entire procedure was developed and tested 
over a period of years; DOC contamination was not de- 
tectable. The filtered water was then inoculated with 
estuarine microbes (20:l dilution). Estuarine microbes 
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were from separate water samples from the study sites 
that had been filtered through 0.6 pm Nuclepore filters 
(acid soaked and D1 rinsed). Inoculated water was then 
incubated in triplicate in 20 1 polyethylene containers 
(leached, acid washed and D1 rinsed). HgC12 was added 
to 1 of the 3 replicates to serve as a killed control. 

Bioassays were incubated in the dark at room tem- 
perature (-20°C) and stirred prior to sampling. As this 
was a first attempt at assessing the potential impor- 
tance of benthic DOM, we were not concerned with 
running bioassays at in situ temperatures. Bacterial 
numbers and sizes were analyzed at several time 
points over about a 1 wk period. Bacterial abundance 
was determined following the procedure of Porter and 
Feig (1980). We used color, image-analyzed fluores- 
cence microscopy (Verity & Sieracki 1993) with Axio- 
phot instrumentation. Universal Imaging Corporation 
Image 1 image processing software included routines 
for background subtraction, image a.veraging, and 
contrast enhancement. Bacteria growth rates during 
the exponential growth phase were determined from 
the slope of the relation between natural logarithm (In) 
transformed numbers and time. 

At the final sampling time in December, microbial 
particles (live and dead bacteria and heterotrophic 
nanoflagellates) were collected and their stable iso- 
topic composition measured to indicate the ultimate 
plant source of DOM supporting microbial growth in 
the bioassays. Particles were sampled on a 25 mm 
Whatman GF/F glass fiber filter (preashed and rinsed). 
Stable isotopic ratios (6'3C and 615N) of the particles 
were determined after drying and acid fuming on a 
Finnegan delta S isotope ratio mass spectrometer. 
There was insufficient material in the killed control 
containers to perform stable isotopic analysis, even 
upon filtering the entire container. 

Analysis methods for DOC, DON, and inorganic N 
and P have been described previously (Giblin et al. 
1997, Hopkinson et al. in press). Briefly, DOC was 
measured using a custom, high temperature catalytic 
C analyzer designed and built by Edward Peltzer at the 
Woods Hole Oceanographic Institution, Woods Hole, 
MA, USA. It emp1.oys a 2-zoned furnace (800°C top, 
600°C bottom) with Pt on alurnina catalyst, CuO and 
Sulfix in the combustion zone, a dehumidification sys- 
tem, dual particle filters, a solid-state NDIR detector 
and a PC-based integration system. Accuracy is deter- 
mined using a known, low C blank water and sucrose 
standards. The precision of analysis in our lab is gener- 
ally in the 2 to 5 % range. DON was determined as the 
difference between TDN and inorganic nitrogen. TDN 
was determined either by UV oxidation followed by 
NO3- analysis by Ted Walsh (University of Hawaii- 
precision 3 to S%), or with an Antek TN analyzer 
(1100°C furnace and chemiluminescent detection of 

resultant NO,-precision 5 to 10%). Inorganic nutri- 
ents were determined hmth standard techniques (Grass- 
hoff et al. 1983): NH,+-phenovhypochlonte; NO3-- 
cadmium reduction and sulphanilamide; Pod3-- 
ascorbic acid and heptamolybdate. 

RESULTS AND DISCUSSION 

Initial conditions 

Relative to ambient concentrations in the water col- 
umn of the Parker River and Plum Island Sound Estu- 
ary, initial concentrations in the bioassay water were 
slightly different for DOC and substantially higher for 
inorganic nitrogen. Deviations from ambient condi- 
tions reflect the dissolved material fluxes across the 
sediment-water interface that occurred during benthic 
flux measurements prior to conducting the bioassay 
experiments. Over the course of the year we have 
observed periods of DOM flux into and out of the sedi- 
ments. In June, concentrations were uniformly higher 
following incubation (avg: + 16 %), while in December, 
concentrations were uniformly lower (avg: -6%). As 
the precision of our DOC analysis is about 2 to 4 %, 
only differences 2 4  % were significant. These patterns 
indicate that the benthos was a net source of DOC to 
the planktonic community in the water column in June 
but a net sink in December. 

Overall concentrations and spatial patterns of DOC 
at the outset of the bacterial bioassays were typical for 
this marsh and river-dominated estuary even following 
the benthic incubation (Peterson et al. 1994). Concen- 
trations at each station were uniformly higher in 
December than during June (Table 2) .  During both 
times of the year, concentrations were highest in the 
low salinity region of the estuary (Stn E2) and lowest in 
the high salinity region (Stn E18). The C/N ratios of 
DOM at the outset of the bioassays ranged from about 
13:l to 60:1, being lowest in the high salinity region 
and highest in the mid-estuary, either Stn E2 or E10. 
High ratios most likely reflect the importance of terres- 
trial and marsh organic matter inputs to the Parker 
River and the upper regions of the estuary and prefer- 
ential remineralization of N relative to C (Hopkinson 
et al. 1997). The low ratios in the high salinity portion 
of the estuary likely reflect the input of phytoplankton 
or benthic algae to sediments. 

There were large differences in initial inorganic 
nutrient concentrations, with dissolved inorganic nitro- 
gen ranging between 2 and 135 pM and inorganic P 
ranging between 0.1 and 10.7 pM (Table 2). These 
concentrations are not typical for the estuarine water 
column and reflect the high magnitude of inorganic 
nutrient fluxes from sediments to the overlying water 
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Table 2. Nutr~ent and dissolved organlc matter concentrations and C/N ratio of the estuarine water column bioassays, 
DOM at the outset of bactenal growth bioassays Pre-contact DOC concentra- planktonic bacterial production was 
tions were measured prior to core incubations w h ~ l e  post-contact concentrations enhanced 1.5- to 3.4-fold following ex- 
were measured following core incubations just before bactenal growth incuba- 
tions. Differences in DOC concentration less than -4 % of pre-contact concentra- POSure to benthi' The 
tion (i  e -10 to 30 pm) should not be considered slgniflcaht. C/N ratios of DOM previous reports of growth rates this 

In the estuary typically range from about 10 1 to 14:l (unpubl. data) high in Plum Island Sound were for ex- 

Stn Date DOC (PM) DOC (pM) C/N DIN DIP 
pre-contact post-contact of DOM (pM) (PM) 

PRO June 611 695 25 31.5 1.1 
December 718 709 3 1 11.9 0.1 

E2 June 677 734 4 7 54.6 1.6 
December 792 758 5 8 28.2 0.2 

E10 June 490 542 60 135.3 7.1 
December 663 574 33 56.4 1.4 

E18 June 25 1 324 13 15.1 10.7 
December 409 403 25 2.5 0.3 

periments in which filtered water had 
received a substantial organic mat- 
ter amendment made from leachates 
of live, green marsh macrophytes 
(Table 3,  column 2, bottom entry; 
Hullar et  al. 1996). 

Growth rates of planktonic bacteria 
in Plum Island Sound (Wright et al. 
1987) determined at field tempera- 
tures (Table 3, column 3) are generally 
much lower than we observed for the 

in association with organic matter decomposition and 
nutrient remineralization in sediments. This was espe- 
cially true for nitrogen that was comprised almost 
exclusively of anlnlonium. 

Bacterial growth 

Numbers of bacteria increased exponentially for up 
to about 2 d from <104 m- '  to 2-10 X 106 ml-' (Fig. 1). 
Following an initial period of exponential growth, 
numbers either continued to increase slowly for the 
next several days or they oscillated at elevated levels. 
Presumably bacterial numbers did not continue to in- 
crease exponentially due to substrate limitation and 
the growth and activity of grazers that were added at 
low densities along with the bacterial inoculum. When 
counting bacteria, heterotrophic nanoflagellates be- 
gan to be observed in low numbers after the first cou- 
ple of days. Bioassays to which HgC12 was added expe- 
rienced no increase in bacterial numbers during the 
entire period. 

Growth rates during the exponential phase were 
high, ranging from about 3.6 to almost 6.5 d-l (Fig. 2). 
In general, growth rates were higher at each station in 
June than in December. Growth rates were also gener- 
ally higher at the head of the estuary than they were 
closer to the ocean. For instance, in June growth rates 
decreased from about 6.5 to about 4.7 d-' between PRO 
and E18 and in December they decreased from about 
5 to about 3.7 d-' between PRO and E18. These growth 
rates are substantially higher than those measured in 
bioassays using estuarine water not exposed to sedi- 
ments (Table 3: column 2 shows room temperature 
bioassays w h l e  column 3 shows bioassays at field 
temperatures ranging from 5 to 28°C). In comparison to 

benthic bioassay bacteria and ranged 
from about 0.1 to 2.2 d-l. Even in more 

productive and warmer southern salt marsh estuaries, 
planktonic bacterial growth rates are generally much 
lower (Newel1 et  al. 1987, Riemann et  al. 1987). Com- 
parison with other studies is difficult, however, be- 
cause different techniques have been employed and 
they were conducted under a range of temperatures. 

z 
1 

8 ' 
0 2 4 6 8 10 

Days 

December 

Fig. 1. Time course of number of bacteria (natural log trans- 
formed) in water previously held in close contact with estuar- 
ine and riverine sediments. Water had been filter sterilized 
and then inoculated with a 0.6 pm filtrate of estuarine water 
containing a suite of microbial organisms, primarily bacteria. 
Results show average numbers calculated from 2 replicate 
bottles incubated under identical conditions. There was no 

growth in HgC1, kllled controls 
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7 - 1  T E3 June W December 
explanation for these patterns is that substrate inputs 
from marshes adjacent to the tidal creeks are highest 
in the headwater portions of the estuary (ratio of marsh 
area to water area is highest) and during summer 
(Wright et al. 1987). We extend this explanation and 
suggest that stimulatory effects of sediments are also 
highest in estuarine headwaters. 

We suggest that the high specific growth rates of 
bacteria observed in this study are attributable to close 
contact of the incubation water with benthic sedi- 
ments; presumably some substance(s) originating in 
the benthos stimulated bacterial growth. As mentioned 

PRO E2 E1 0 E1 8 above, estuarine bacterioplankton production in Plum 
Station Island Sound was enhanced substantially following 

addition of macrophyte leachates (Hullar et al. 1996). 
Fig. 2. Specific growth rates of bacteria in bioassays during 
their exponential growth phase. Error bars represent the Previous attempts to determine controls of bacterial 

standard error of the mean growth rates have focused on a combination of tem- 
perature, inorganic nutrients and organic matter sup- 
ply or availability. For example, in a freshwater system, 

For instance, in the above-mentioned studies, bacterial Toolan et al. (1991) showed that bacterial growth rate 
growth was based on an initially average standing was enhanced by inorganic P additions. Shiah & Duck- 
stock of bacterioplankton, and measured by either low (1994) and Carlson & Ducklow (1996) found that 
increase in cell numbers after grazers were reduced controls differed regionally. In Chesapeake Bay, tem- 
(Wright & Coffin 1983-0.7 pm filtration) or by radio- perature appeared to be the major factor controlling 
isotope uptake (Newell et al. 1987, Riemann et al. bacterial growth rate. On the other hand, in the oligo- 
1987). trophic Sargasso Sea, enrichment experiments demon- 

While the magnitude of bacterial production we ob- strated that bacterial growth was primarily limited by 
served is higher than in most reports for similar sys- available carbon. Research in high latitude systems 
tems, the spatial and temporal patterns of production has demonstrated that temperature and substrate sup- 
are similar. In the Plum Island Sound estuary, activity is ply affect bacteria interactively (Pomeroy et al. 1991, 
highest in the summer and activity increases with dis- Wiebe et al. 1992, Kirchman et al. 1993). 
tance up the estuary (Wright & Coffin 1983, Wnght Of the potential factors contributing to elevated 
et al. 1987). Similarly, Newel1 et al. (1987) reported growth rates and differences in rates between stations 
higher levels of bacterial production in the upper and dates, temperature was not important in our study. 
Duplin River estuary than in the lower estuary. The All experiments were conducted at room temperature, 

well below temperatures observed in 

Table 3. Representative ranges of planktonic bacterial growth rates (d-'1 in the 
Plum Island Sound estuary compared to growth rates following contact with the 
benthos or following the addition of macrophyte leachates. One of 2 methods 
was used to measure production. (1) increase in numbers following a 0.6 pm 
inoculum addition to 0.2 pm filtered water at room temperature and (2) increase 
in numbers following 0.7 pm filtration alone and incubation at field tempera- 
tures ranging from 5 to 28OC. The former method was used in this study. Results 
from the latter method have been reported previously (Wright et al. 1987). Effect 
of marsh macrophyte leachate amendments on planktonic bacterial production 

was measured at room temperature (Hullar et al. 1996) 

the field during summer. Inorganic 
nitrogen concentrations were sub- 
stantially higher in 7 out of 8 bioassays 
than in the field and presumably could 
have stimulated specific growth rates 
of bacteria (Toolan et al. 1991). How- 
ever, the spatial pattern of inorganic 
nitrogen elevation was different from 
that of growth rate. For example, the 

I I E10 bioassay had the most elevated ' ~ t n  Planktonic growth rate (d-') This study 
0.2 pm bioassaya 0.7 pm bioassayb 0.2 pm bioassaya 

Upper estuary (E2) 1.9-2.1 0.1-0.7 3.6-6.5 
Mid estuary (E10) 1.9 0.2-2.1 4.3-5.4 
Sound (E18) 2.2-2.5 0.2-2.2 3.7-4.7 
Macrophyte leachate 3.9-8.1 Not applicable Not applicable 

dIncubated with inoculum at room temperature 
blncubated at in situ temperature without inoculum 

NH4+ concentration (on an absolute 
and relative basis), while highest 
growth rates were observed further up 
the estuary and river, at PRO and E2. 
Inorganic phosphorus was probably 
unimportant as well. In June P043- 

I concentrations in the bioassays were 
lower than in ambient water at Stns 
PRO and E2 and higher than at E10 
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and E18. Thus, temperature and inorganic nutrients 
were not likely to have been major factors contributing 
to the high specific growth rates of bacteria observed 
in the bioassays. 

The most likely explanation for enhanced bacterial 
growth rates is that organic substrate supply was 
elevated in the bioassays as a result of prior sediment 
contact. However, an enhancement of supply is not 
readily demonstrated. On the basis of the direction of 
net fluxes of DOC between the sediments and water, 
we would expect different growth rate patterns than 
we observed. DOC concentrations in the June bioassay 
were all elevated relative to ambient estuarine water 
while in December concentrations were lower. While 
specific growth rates were higher in June than in 
December, rates in December were still quite high rel- 
ative to those observed in the benthic-free bioassays 
(Table 3). Thus even though organic substrate levels 
were lower in the benthic bioassay than in the field, 
growth rates were higher. 

In benthic flux determinations, only net fluxes of 
bulk constituents are measured, when in reality there 
may be substantially higher gross fluxes in both direc- 
tions. There may be large fluxes of porewater con- 
stituents into the water column that are nearly bal- 
anced by fluxes of overlying water constituents in the 
opposite direction. There may be substantial differ- 
ences in the chemical composition of DOC fluxing in 
the 2 directions. In anaerobic sediments, microbial N 
demands are low relative to C needs due to the ther- 
modynamic inefficiency of terminal electron acceptors 
utilized at low redox potentials (Thauer et al. 1977). 
Thus DOC/DON ratios of material fluxing from sedi- 
ments may be higher than for material aerobically 
degraded in the water column. Indeed, DOC/DON 
ratios in water overlying cores invariably changed and 
usually were elevated following benthic incubations 
(see Table 2). 

If bacterial growth rate is organic substrate limited 
and stimulated by sediment-derived DOC, we would 
expect to find a relation between growth rate and DOC 
concentration. We found a strong linear relation be- 
tween DOC concentration at the beginning of the bac- 
terial growth bioassays and the specific growth rates 
of bacteria during their exponential growth phase 
(Fig. 3) .  The higher the concentration, the higher the 
growth rate. Interestingly the relation between con- 
centration and growth rate was different in June and 
December. For approximately the same DOC concen- 
tration, growth rates were about 1.5 d-' higher in June 
than in December. 

These results suggest that growth rates of planktonic 
bacteria in this system may be organic substrate 
limited at all times. Wright & Coffin (198413) previously 
concluded that planktonic bacterial production in this 

3.5 
300 400 500 600 700 800 

DOC Concentration 

- -  I June 
-- x December 

I 

Fig. 3.  Relationship between bacterial growth rates during 
exponent~al growth phase and imitial concentrations of DOC 
(pM) in bioassays Line of best fit is plotted for June and 
December Incubations (excluding Stn E2 from June). Inter- 
cepts of both lines are within 3 PM of 0. Slopes (significant 
at p < 0 05) are 0.0028 and 0.0091 for December and June, 

respectively 

system was primarily controlled by substrate supply. 
Our results further suggest that sediments are a source 
of labile organic matter that enhances bacterial growth 
rates above those normally found in the estuarine 
water column. Wainright (1987) reached slmilar con- 
clusions. In sediment resuspension experiments in the 
laboratory, Wainright was able to demonstrate a 2 . 6 ~  
stimulation of bacterial production in seawater cul- 
tures containing resuspended organic matter. As a 
word of caution we note that our results cannot be 
extrapolated to field conditions. Our experiments 
were designed to assess the potential bioavailability of 
benthic-derived DOM, not to determine the relative 
importance of various limiting conditions on bacterial 
growth at specific times in the estuary. During winter, 
temperature could be a more important control of 
bacterial production than substrate supply. 

Sources of organic matter fueling bacterial production 

Stable isotopic compositions (613C and 615N) of 
microbes that grew and accumulated in the bioassay 
containers during the week long incubations ranged 
from -25.6 to -10.2%0 for C and from -0.8 to 4.8% for N 
(Table 4).  C isotopic ratios were similar in the Parker 
River and 2 upper estuary sites, ranging from only 
-25.6 to -24%0. In contrast microbes that grew in the 
high salinity bioassay were quite heavy (-10.2%0). With 
N, the 3 estuarine stations were similar (6l5N from -0.8 
to 1.0 %o) while the river station was substantially heav- 
ier (615N: 4.8%0). 

Stable isotopes may provide clues as to the source of 
organic matter fueling the microbial growth in the 



116 Aquat Microb Ecol 16: 109-1 18, 1998 

Table 4. 613C and 6I5N values of major organic matter sources in estuarine to phaeophytin always exceed 1, indi- 
ecosystems and of microbial-sized particles grown in water previously in close cating an actively growing population 
contact w t h  riverine and estuarine sed~ments Microbial-sized particles were 
sampled nonquantitatively from bioassay containers with a 0.7 pm GF/F filter 

of benthic microalgae. Chl a standing 
stocks in sediments exceed those in 

Terrestrial Cq plants -26 to -30 -8 to 3 a ,  b I chl a m-'). These observations indicate 
CJ freshwater marsh plants -23 to -26 3.5 to 5.5 a, d that the planktonic microbes that qrew 

Source 6I3C range 6% range Source 
the water column by a factor of 25 
averaged over the year (176 vs 7 mg 

C4 saltwater marsh plants -12to-14 3 t o 7  a ,  c 
Benthic unicellular algae -10 to -20 0 to 5 a ,  C 

M a m e  phytoplankton -18to-24 6 t o 9  a ,  C 

River-estuarine phytoplankton -24 to -30 5 to 8 a ,  e 
Oliqohaline POM - Plum Island Sound -27.9 6 to 7 f 

- 
in the bioassays derived their organic 
substrate almost exclusively from ben- 
thic algae. The algae-derived DOC 
could have been produced directly 

~ a > n e  POM - Plum Island Sound -21.9 6 to 7 f 
Benthic bacteria - freshwater (PRO) -25.6 4.8 This study 
Benthic bacteria - low salinity (E2) -24 -0.8 This study 
Benthic bacteria - mid salinity (E10) -24.3 1.0 This study 
Benthlc bacteria - high salinity (E18) -10.2 0.6  hi^ study 

a ,  Fry & Sherr (1984); b, Peterson & Fry (1987); c, Currin et al. (1995); d, Sulli- 
van & Montcreiff (1990); e.  Sigleo & Macko (1985); f ,  Deegan & Garritt (1997) 

from live or senescing algae or it could 
have been produced during the re- 
mineralization of algal detritus; our 
results do not differentiate these 2 
routes, only that the DOC came from 
the sediments. These indicate 
that there can be important gross 
fluxes of DOC from sediments to the 

bioassays (Peterson & Fry 1987). The organic matter at  overlying water that are not indicated by net flux 
estuarine stations (E2, E10, E18) potentially comes measures as are made during benthic flux studies. The 
from at least 6 major primary sources: fresh and marine relatively low inorganic N concentrations in the sedi- 
phytoplankton, fresh and salt marsh vegetation, terres- ments and bioassay water for this very sandy site sug- 
trial plants and benthic unicellular algae (Table 4). The gest that inorganic N uptake by bacteria probably 
organic matter at Stn PRO comes potentially from does not influence the isotopic composition of bioassay 
freshwater plankton, fresh marsh and submerged microbes at this site. 
aquatic vegetation, terrestrial plants and unicellular Stable isotopic compositions of the bioassay mi- 
benthic algae. As the number of potential sources crobes from Stns E2 and E10 (Table 4) are relatively 
exceeds the number of isotopes available for discrimi- light with respect to N (6I5N: -0.8 to 1 . 0 % ~ )  and in the 
nating sources, it is impossible to unequivocally spec- mid-range for C (6I3C: -24.3 to -24%). On first ex- 
ify the mix of organic matter sources for any particular amination it would appear that a mixture of benthic 
sample. However in conjunction with other informa- microalgae and terrestrial organic matter are the pri- 
tion it is often possible to identify the most likely mary organic matter sources of the bioassay microbes 
organic matter sources. (only sources with similar S15N). However, the pre- 

The data in Table 4 illustrates that with the exception sumed relative importance of terrestrial inputs does 
of the E18 bacteria, all the bioassay bacteria fall be- not seem warranted. Terrestrial organic matter inputs 
tween the 613C and S15N values for at  least 2 potential are equivalent to only about 9 %  of total potential 
organic matter sources for the sites. The bacteria that inputs, including that from phytoplankton, marsh 
accumulated in the Stn E18 bioassay (lower estuary) macrophytes and epibenthic algae (Deegan & Garritt 
were enriched in I3C (S13C: -10.2%~) and depleted in 1997). It is likely that bioassay microbes immobilized 
15N (615N: 0.6%0). These ratios are distinctly different considerable inorganic N while growing on the very C 
from particulate organic matter in the water column rich and N poor organic substrate (C/N ratio of DOM 
(613C: -21.9%o, 615N: 6 to ?%D), which resembles oceanic between 33 and 60:1, Table 2; see Goldman & Dennett 
phytoplankton (613C: 2 2 % 0 ,  61SN: 6 to 9%0), and all 1991, Vallino et al. 1996). Ammonium concentrations 
other potential sources other than benthic algae. The were very high, in the bioassays as a result of prior 
combination of 6I3C and 6I5N ratios strongly suggests efflux from sediment porewaters (Tables 1 & 2). 615N of 
that the major source of organic matter fueling bac- NH4+ was not measured, but it is presumably relatively 
terial production at Stn E18 was benthic unicellular heavy as a result of sediment nitrification and denitrifi- 
algae (S1%: 1 0  to -20%, 6I5N: 0 to 5%). cation (Cline & Kaplan 1975). As isotopic fractionation 

Ancillary information from the site supports this con- is typically large when substrate is abundant, bacteria 
clusion (Hopkinson et al. in press). Chl a concentra- are apt to be 5 to 15%) lighter than the substrate (Peter- 
tions are high in the sandy sediments in the lower estu- son & Fry 1987). Thus the relatively light 6I5N of 
ary with standing crops in the surface centimeter of the bioassay microbes probably reflects uptake of in- 
sediment ranging from 25 to 253 mg m-'. Ratios of chl a organic N as opposed to organic N. consequently the 
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value of 615N in tracing organic matter sources is lost. 
Unfortunately, 613C alone provides little help in identi- 
fying the several potential organic matter sources 
because the 6I3C of the microbes is in the mid-range of 
a variety of possible source mixtures. 

Bioassay microbes for the freshwater station (PRO) 
had a 613C and 61SN signature overlapping that for 
freshwater phytoplankton and fresh marsh macro- 
phytes. This distribution indicates that the microbes 
derive most of their organic matter from a mixture of 
these 2 sources. However, due to the central location of 
the microbes on both 613C and 61sN axes, it is also pos- 
sible that terrestrial and benthic microalgae comprise 
an important source of organic matter. Other informa- 
tion supports this conclusion. Chl a levels at the station 
are typically high in both sediments (19 to 44 mg m-*) 
and the water column (10 to 60 mg m-2). Sediment 
organic content is higher at this station than at any of 
the estuarine sites (Table 1). Much of the organic mat- 
ter undoubtedly represents particulate organic matter 
carried in from the watershed and deposited in the 
quiet waters of the reservoir behind the dam. 

CONCLUSIONS 

Planktonic bacteria grew very rapidly in water previ- 
ously in close contact with estuarine sediments. Spe- 
cific bacterial growth rates were several-fold greater 
than rates determined in water column bioassays or in 
this estuary under field conditions as well as estuaries 
in general. It appears that growth rates were elevated 
as a result of dissolved organic matter exchange with 
bottom sediments. While net exchanges of DOC across 
the sediment-water interface were low or even into the 
sediments, planktonic microbes incorporated an  iso- 
topic signature of organic matter produced within 
sediments. These results suggest that there were gross 
fluxes of organic matter across the sediment-water 
interface that were not apparent from net changes in 
DOC concentration in the overlying water pool. There 
was also indication that planktonic bacteria were sup- 
plementing their organic matter diet, which is deficient 
in N as indicated by C/N ratios up to 60:1, with in- 
organic N remineralized in the sediments and ex- 
changed with the overlying water. This study indicates 
that benthic systenls must not only be seen as sites of 
inorganic nutrient remineralization important in sup- 
port of planktonic primary producers, but also as sites 
of dissolved organic matter generation important in 
support of bacterioplankton production. 
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