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ABSTRACT: Benthic nutrient and oxygen fluxes were measured during summer in the nearshore zone
of the Georgia Bight, USA. Ammonium, nitrite, nitrate and phosphate were released by the sediments
to the overlying water, while dissolved organic nitrogen was taken up by sediments. Oxygen uptake
was equivalent to 1.1 g Cm-* d-'. Based on other data available for this area the benthos accounted for
the remineralization of approximately 55 % of net primary production and 25 % of total community
(benthic and pelagic) metabolism. To balance a simple carbon budget for the nearshore region during
summer an outside source of organic matter, most likely originating in adjacent estuaries, is required.
The benthos supplied 16 % of the N and 53 % of the P required by phytoplankton. Pore water nutrient
concentrations suggested substantial denitrification (estimated at 4 . 9 mg Nm-2 d by mass balance) in
sediments which may have caused the low N : P benthic release ratios we observed. The results support
the hypothesis that benthic processes in shallow marine areas control the availability of N and P for
water column production.

INTRODUCTION
The exchange of biogenic elements between bottom
sediments and overlying water has long been recognized as one of the principal factors regulating chemical and biological cycles in lakes (Mortimer, 1942).
However, it has only been in recent years that such
exchanges have been found to be important in some
coastal marine systems (Davies, 1975; Nixon et al.,
1976; Rowe et al., 1977; Smith et a l . , 1978). Much
remains to clarify the factors regulating benthic
exchange rates (Hargrave, 1973; Nixon, 1981), the
importance of benthic fluxes relative to other nutrient
sources (Haines, 1977; Woodwell et al., 1977; Kinsey,
1980, Nixon, 1980), recycling mechanisms (Pomeroy et
al., 1965; Johannes, 1969; Carpenter and McCarthy,
1978; Harrison, 1978) Caperon et al., 1979) a n d processes regulating the composition of materials released
from sediments (Seitzinger et al., 1980). In view of the
importance of benthic exchanges suggested by studies
completed thus far, it is important to continue to invesThis is a joint contribution from the University of Georgia
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tigate these processes so that our conception of nutrient exchanges in coastal systems is more fully
understood and that the benthic component can be
placed in proper perspective.
Studies of nutrient cycling on the southeastern continental shelf are few and have largely been inferred
from descriptions of nutrient concentrations and primary production. Emphasis in early studies was placed
on determining the sources of nutrients for the shelf
system. Using estimates of inputs from rivers, rainfall,
the Gulf Stream and nitrogen fixation, most available
evidence suggests that 'new' forms of nitrogen are of
minor importance in the nearshore region of the Georgia Bight. Up to 95 % of the inorganic nitrogen uptake
in the nearshore environment of the Georgia Bight has
been estimated to b e supported by local in situ recycling (Haines, 1975, 1976a, 1979; Haines a n d Dunstan,
1975; Dunstan a n d Atkinson, 1976). While this indirect
information on regeneration is significant, it is equally
important to measure recycling processes directly.
Organic material outwelled from adjacent estuaries
is a n undetermined but potentially important source of
nutrients to the nearshore environment. With the
exception of Haines' studies (1976b, 1977), most evidence for southeastern estuaries generally supports the
concept of outwelling (Turner et al., 1979; Kinsey,
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1980; Kjerfve and McKellar, 1980). The quantity of
nutrients released by remineralization of outwelled
organic matter may be substantial and may appreciably enhance offshore primary productivity.
We report here the first in situ measurements of
benthic metabolism a n d nutrient exchange across the
sediment/water interface in the southeastern nearshore environment. This area is adjacent to one of the
most productive and largest expanses of tidal marshes
along the eastern seaboard of North America. Also
reported are pore water nutrient profiles, potential
denitrification rates and data indicating the potential
importance to t h e nearshore continental shelf region of
organic matter outwelled from adjacent estuaries.

STUDY SITE

The nearshore coastal system studied was the shallow (average depth less than 10 m), landward portion
of t h e continental shelf in the Georgia Bight, USA. T h e
zone extends from the extensive wetlands and barrier
islands to the turbidity fronts about 10 to 15 k m offshore. Nearshore waters are directly influenced by the
many barrier island tidal inlets which a r e spaced about
15 k m apart along the coast (Blanton a n d Atkinson,
1978). The sea immediately adjacent to the coast is
highly turbid from water ejected tidally from the salt
marshes. Seaward of the turbidity plumes there is
evidence that salinity and/or turbidity fronts stranded
from preceding tidal cycles run roughly parallel to
shore. Horizontal a n d vertical gradients such as these
inhibit t h e exchange of material ejected from inlets in
the offshore direction unless tidal or wind-induced
currents override the gradient (Blanton and Atkinson,
1978). Due to the geometrical configuration of the
Georgia Bight, wave energy is very low and tidal
energy is high i n this nearshore environment.
At the site chosen for the July study, mean water
depth is 3.7 m and the mean tidal fluctuation is 2.1 m.
Sediments a r e 96 % fine sand, 1.5 % silt, 1.5 % clay (by
weight) and contain a modest amount of shell fragments. Fauna1 assemblages were not investigated in
this study but have been described for the area
by Smith (1973) a n d Leiper (1973). The water
column is rarely stratified (Haines, 1979). Our study
site was 3 km offshore Sapelo Island, Georgia
(30°26'49"N: 81'1 1'59"W).

METHODS

In situ measurements of benthic oxygen uptake and
net fluxes of dissolved organic and inorganic nitrogen
and phosphorus between the sediment and overlying

water were made using 4 opaque, acrylic hemispheres
(volume = 32 1; area = 0.2 m2).Experiments were conducted during morning hours on flooding tides. Salinity was 33 ppt, temperature 28 "C. Light profiles (Licor
Model 185 Quanta Meter) taken at solar noon indicated that the euphotic zone (1 % light level) did not
reach the bottom. SCUBA divers gently placed the
domes by hand to minimize sediment disturbance and
assure that a 6 cm vertical flange was fully inserted
into the sediments. Initial water samples from inside
and outside the domes were similar in composition and
indicated no disturbance during placement. Dark bottles (300 ml) were incubated in situ and contemporaneously to provide a correction for oxygen and nutrient
changes due to the water-column plankton community. Dissolved oxygen (DO) was measured continuously
with air-calibrated polarographic oxygen electrodes
(Orbisphere). Measurements in dark bottles were
taken at the beginning and end of the experiment.
Stirrers incorporated in the oxygen probe bodies
ensured that water contained in the domes was
thoroughly and continuously mixed. Water samples (60
ml) for nutrient analysis were withdrawn by syringe
hourly for 4 h. Outside water was admitted through a
small port during sample withdrawal to avoid interstitial water exchange. Analytical methods for nutrient
analyses followed those described by Grasshoff (1976)
for NH, ,NO,- ,NO,- ,PO,', dissolved organic nitrogen (DON) and dissolved organic phosphorus (DOP).
NH,+ was determined immediately in the field. Water
for other nutrients was filtered (prerinsed Gelman A/E
1.0 pm glass fiber) and frozen in the field and analyzed
within a week in the laboratory. Benthic community
respiration and net nutrient fluxes were calculated
from changes in concentration over time after corrections were made for planktonic contributions (Pamatmat, 1971; Smith, 1973; Nixon et al., 1976; Smith et al.,
1978; Rowe et al., 1977; Hopkinson et al., 1978). The
method can be summarized as follows: (a) calculate for
domes the rate of change of compound concentration,
mgl-'h-'; (b) subtract similar rate of change measured in dark bottles; (c) correct for water volume and
bottom surface area of domes, mg m-2h-'; (d) extrapolate to 24 h. mg mP2d-l.
Sediment and pore water nutrient profiles were
analyzed from undisturbed cores collected with a
Reineck box corer. Box cores (12 X 25 X 25 cm) were
subcored twice with 3 cm diameter chrome tubing and
quickly frozen (-80°C). Subsections (2.5cm intervals)
from 1 core were analyzed for percent water, bulk
density, organic carbon a n d total nitrogen. Organic
carbon and nitrogen were determined on dried subsamples using Coleman C a n d N analyzers. The second frozen subcore was sectioned at I cm intervals.
Alternate sections were placed in centrifuge tubes and
+
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Fig. 1. Vertical profiles of measured concentrations of nitritenitrate, ammonium, phosphate, organic carbon and total nitrogen in nearshore sediments. Lines are means of 2 replicate
analyses

diluted with 35ml I N NaCl or 10 m1 P-free artificial
seawater. Exchangeable NH,+ was determined on
NaCl treated sections after 5 min vortexing and 15 min
centrifugation at 3000rpm (Black, 1965). Reactive
phosphate (PO,') and NO2- + NO,- were determined
on the sections diluted with artificial seawater. Analysis was within 8 wk using techniques as described
previously.

decreased continually to 6 cm below which it was undetectable.
Benthic oxygen consumption averaged 121
(f10 S.D.) mg02m-2h-'. The oxygen decrease was
linear over time with the final concentration approaching 55 % of the initial value. The variability between 4
replicate measurements was low (standard deviation
< 10 %X).
The basic patterns of nutrient exchange were regeneration of ammonium, nitrite, nitrate, and phosphate,
uptake of DON and no net exchange of DOP (Table 1).
All exchanges were highly significant (p < .01) with
the exception of DON exchange rates. The time course
of concentration change for NH,' and, to a lesser
extent NO,-, was not linear but decreased during the
initial hour or two, before increasing (Fig. 2). he
initial decrease may have been caused by a bow wave
advanced in front of the domes during placement.
Quite possibly, overlying water was pushed into the
sediment displacing interstitial water downward. If
this hypothesis is correct, then the true nutrient
exchange rate is calculated from the change in concentration measured during the last 3 h only. For
ammonium, the exchange rate based on the final 3 h
was 48 % greater than the rate based on the entire 4 h
observation (3960 vs 2680 kg-atNm-2d-').
Table 1. Nutrient exchange (kg-atom m-' d-') across the
sediment/water interface and initial nutrient concentrations
(kg-atom 1-') in the overlying water of the nearshore environment. Values given a s release ( + ) or uptake ( - ) of the
nutrient by the sediment
Constituent

RESULTS

Dissolved nutrients, organic carbon and total nitrogen are plotted against depth in Fig. 1. Dissolved
nutrient concentrations in the top 25 cm of the cores
were always greater than concentrations in bottom
waters. For example, ammonium values are about
110 FM in the top 25 cm of sediment compared with
1.1FM in the overlying water. NO,- plus NO,- values
ranged from 20 to 0 pM in pore waters and were less
than 1pM in bottom waters; PO4' was 25 pM in pore
waters and 1.4 pM in overlying water. The percent
organic carbon and total nitrogen were low (comparable to deep sea sediments) and averaged about 0.3 %
and 0.03 % of dry sediment wt, respectively.
The concentrations of the various compounds in the
sediments exhibited several patterns of concentration
with respect to depth. Organic carbon and total nitrogen slowly increased with depth; NH,+ was variable
but lowest near the surface; PO," had a maximum at
6cm and below that remained constant at a slightly
lower level; nitrate was maximum at the surface and
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Fig. 2. Time course of change for the concentration of NH,+ in
water enclosed in hemispherical chambers. Points on each
line represent means of 2 replicates

DISCUSSION

Benthic respiration was 2.9 g 02m-2d-' and is comparable to the highest previously reported values for
estuarine and marine environments during summer
(Kanwisher, 1962; Carey, 1967; Pamatmat, 197 1; Hargrave, 1973; Smith and Teal, 1973; Rowe et al., 1975;
Hartwig, 1976b; Nixon et al., 1976; Hopkinson et al.,
1978; Smith, 1978; Boynton et al., 1980). Since water
velocities in the domes were probably less than
ambient, observed respiration rates were most likely
conservative (Boynton et al., in press). This uptake rate
of oxygen was very similar to that measured during
summer by Smith (1973) in an organically richer zone
of the nearshore Georgia Bight and by Hartwig (1976b)
in a comparably carbon-impoverished nearshore region in southern California. Organic carbon and total
nitrogen concentration in the sediments at the sampling site are low but typical of the Georgia nearshore
region as a whole (Pinet and Frey, 1980). The possibility of tidal or diurnal metabolic rhythms was not examined.
Insights into the autotrophic heterotrophic state of
the nearshore system are gained by comparing total
community (benthic and pelagic) respiration with net
primary production. For comparative purposes, the carbon equivalent of sediment oxygen uptake is useful

and is calculated assuming an R. Q. = 1.0 (Pamatmat,
1971; Nixon et al., 1980). Phytoplankton I4C primary
productivity in the Georgia nearshore zone in summer
was measured to be 2.0 g C m-2 d-' (Thomas, 1966).
Benthic respiration would account for the oxidation of
1.1 g C mP2 d-I based on our dome data. This would
indicate that an equivalent of 55 % of water column net
primary production was remineralized by the benthic
community. Kinsey (1980) estimated total community
respiration of 5.6 g C m-2 d-' in a similar region of the
nearshore zone off Sapelo Island, Georgia, using a
free-water diurnal oxygen technique which suggests
that the benthos accounts for less than a quarter of total
community metabolism.
Considering the metabolism of the benthos and the
water column, our results indicate that a significant
source of carbon in addition to in situ production is
required to balance a simple carbon budget of the
nearshore region for the summer season. The most
likely organic matter input is material outwelled from
the adjacent estuary. This indirect evidence supporting the outwelling hypothesis is partially supported by
other studies (Kinsey, 1980; Kjerfve and McKellar,
1980).The observation is important because the belief
that salt marshes export or outwell substantial amounts
of organic matter has been recently questioned for
several reasons that have been reviewed by Haines
(1977) and Nixon (1980).
The flux of nutrients across the sediment water interface was overwhelmingly dominated by NH,+. A substantial flux of phosphate was also noted but was only
a fifth of the NH,+ flux. NO,- and NO2- were evolved
from the sediments but fluxes were over an order of
magnitude lower. The directions of the fluxes were as
predicted from the concentration gradients across the
sediment-water interface. The total flux of inorganic
nitrogen was 4200 wg-at N m-= d-' while the flux of
phosphorus was 880 pg-at P m-2 d-l. The total net flux
of nitrogen, including the uptake of DON but excluding gases, was 4120 big-at N m-? d-' to the overlying
waters. The flux rates of N are similar in magnitude
and direction to those found by others while those for P
are among the highest previously reported for marine
systems (Rowe et al., 1975, 1976; Hartwig, 1976a;
Nixon et al., 1976; Aller, 1977; Boynton et al., 1980).
The importance of benthic nutrient regeneration for
meeting uptake requirements of autotrophs can be
approximated using published rates of primary production and a 106:16:1 C:N:P uptake stoichiometry
(Redfield et al., 1963). For the nearshore region of the
Georgia Bight, phytoplankton would require 26 and
1.7 mg-at N and P-2 d-l, respectively. Using our daily
benthic exchange rates of 4.2 and 0.9 mg-at N and P,
the benthos supplied 16 and 53 % of the daily phytoplankton requirement of N and P respectively. Thus
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the benthic regeneration of N and P provides a significant fraction of the daily phytoplankton requirement. This result is in agreement with the conclusion
of and Davies (1975),Rowe et al. (1975, 1977),Hartwig
(1976a) and Nixon et al. (1976).
An anomalously low ratio of nitrogen to phosphorus
was released to the overlying water when compared to
the basic Redfield nutrient model for the sea. Redfield
et al. (1963) showed that the 0-C-N-P ratio for the
decomposition of organic matter in seawater averages
276 : 106 : 16 : 1; in the nearshore region of the Georgia
Bight the C/N ratio was 22: 1 (versus 6.6:1), the O/N
ratio 40:l (versus 17 : l),and the C/P ratio 101 : 1 (versus 106: 1). Consequently, while phosphorus was
released at an expected rate, nitrogen was not. This
indicates why benthic nutrient regeneration supplied a
much greater percentage of the autotrophic phosphorus requirement.
The C-N ratio in the sediment was the same as in the
particulate organic matter of the overlying water
(Haines and Dunstan, 1975).The similarity of the ratios
indicates that, unless organisms selectively assimilate
material with different proportions of C and N, the food
source of the benthic community also has a C-N ratio of
1 0 : 1.
Based on our measured oxygen consumption rate, an
RQ of 1 and the measured food source C : N ratio of
10: 1, the expected exchange rate of nitrogen was
9.1 mg-at m2 d-l. This value is twice as high as the
measured inorganic nitrogen regeneration of
4.2 mg-at m - 2 d-l.
Two processes can lead to the anomalously low ratio
of nitrogen to phosphorus release from sediments: preferential accumulation of N in sediments and denitrification. Pore water profiles of NO3- and NH,' and
diagenetic models indicate the latter process to be
responsible. The shape of the nitrate profile in the
interstitial water (Fig. 1) is similar to that found by
Vanderborght and Billen (1975) for sandy sediments of
con~parableorganic matter content. Nitrification in the
top layers of sediment would account for the high
nitrate concentrations (Grundmanis and Murray,
1977). The decrease in nitrate concentration below the
top few centimeters is accompanied by an increase in
ammonium concentration with a maximum reached at
approximately the same depth that NO,- becomes
undetectable. These profiles indicate that nitrates are
produced near the sediment surface and that denitrification occurs at deeper depths (Vanderborght and Billen, 1975; Grundmanis and Murray, 1977; McCaffrey
et al., 1980). The constancy of the organic C to total N
ratio (10: 1) with depth in the sediment, implies that
carbon and nitrogen are being remineralized at similar
rates. Neither C nor N is being preferentially buried
with depth.
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Solution of simple C-N-P mass balance c!quations for
N indicates that denitrification may amount to 4.9
mg-at ~ m - 'd-' or 1.8 g Nm-2 yr-l. This flux exceeds
the benthic release of NH,+ and although it may
appear quite large, it is of comparable magnitude to
estimates reported for coastal bays and marshes (Valiela and Teal, 1979; Delaune and Patrick, 1980; Seitzinger et al., 1980). A flux of this magnitude is needed
to account for the anomalously low ratio of nitrogen to
phosphorus being released to overlying waters from
the benthos. The denitrification sink for N must be
balanced by 'new' inputs from adjacent rivers and/or
estuaries, as nitrogen fixation is reported to b e very
low (Dunstan and Atkinson, 1976). Seitzinger et al.
(1980) reported that denitrification represented a large
sink for fixed nitrogen in Naragansett Bay also, being
equivalent to almost half of the total input of N from
sewage and rivers.
Nixon (1981) has shown that coastal systems in general appear to act as sinks for nitrogen. He
hypothesized that denitrification in sediments leads to
the characteristically low inorganic N/P ratios in the
water column (1:1 in the nearshore region) and may be
responsible for nitrogen being the major nutrient limiting primary production in coastal waters. These results
support his hypothesis.
A logical progression of this study is to investigate
on a n annual basis the relative importance of benthic
and pelagic processes in the overall carbon-nutrient
dynamics of the nearshore environment. There is a
great need to balance the carbon budget of coastal
areas. The evidence for outwelling is conflicting at
present and old paradigms still form the backbone of
many arguments raised in favor of wetland conservation and preservation. A current major effort is the
assessment of the importance of organic matter outwelled from the estuaries, not only as a source of
carbon, but also as a potential source of nutrients for
enhancing offshore primary production. A combination
of measurements on internal recycling, including
isotope ratio determinations of NH,' regeneration in
the water column, and inputs from rivers should provide information regarding the role of the nearhore
system as a component of the larger coastal marine
ecosystem. Examination of the outwelling hypothesis
from the receiving end rather than the source (mass
budget in estuary) or conduit (Eulerian measurements
in passes) is likely to b e the most successful approach
because the importance of catastrophic events such as
storms or hurricanes on transport will b e integrated.
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