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Abstract

In situ, paired light and dark benthic #ux chamber incubations were used to estimate the
exchange of nutrients, oxygen and inorganic carbon across the sediment } water interface of the
South Atlantic Bight (SAB) continental shelf. The results indicate that physically forced
non-di!usive pore water transport and benthic primary production (BPP) by sea #oor microal-
gae exert a major in#uence on benthic exchange rates on the mid- and outer-continental shelf
(depths of 14}40 m). Light #uxes to the sea #oor and sediment photosynthetic pigment
distributions determined on two, widely spaced cross-shelf transects suggest that BPP may
occur over 84% of the SAB continental shelf area. Microalgal gross BPP rates at all study sites
averaged 400$260 mg C m~2 d~1 between May and September 1996 while water column
primary productivity averaged 682$176 mg C m~2 d~1, implying a total primary productiv-
ity for this region of approximately 1100 mg C m~2 d~1 (1.6 times the water column productiv-
ity alone). The results are also consistent with the advective transport of pore waters. Benthic
#ux chambers appear to retard this exchange, a!ecting the accuracy of derived net #uxes. Given
our inability to relate pore water gradients to #uxes in non-di!usive regimes and to mimic
natural advective transport in intact core incubations, traditional techniques such as pore water
gradient di!usion calculations or shipboard core incubations also may not provide accurate
#ux estimates. Because of these limitations, fundamental questions remain concerning the
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processes that control nutrient inventories in pore waters and the magnitude of the net benthic
#ux of nutrients on the sandy SAB shelf. ( 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Numerous authors have suggested that the benthic #ux of nutrients is important
in maintaining high rates of primary productivity in continental shelf areas (e.g. Rowe
et al., 1975, 1977; Nixon et al., 1980). Commonly, the benthic #ux of nutrients is
thought to be controlled by the rate of organic matter remineralization in sediments,
molecular di!usive transport, pore water pumping through burrows where organisms
are su$ciently abundant, and, for nitrogen, the rate of denitri"cation. Previous
studies of benthic solute exchange on the South Atlantic Bight (SAB) continental shelf
have suggested that two other factors should be considered. First, several studies have
noted that photosynthetic primary production by benthic microalgae (benthic pri-
mary production } BPP) is occurring on the sandy shelf sea #oor (Cahoon and Cooke,
1992; Hopkinson et al., 1991). Thus, the sea #oor is an integral part of the photic zone,
additionally serving as a source of organic matter and sink for nutrients. Second, early
researchers suggested that physically forced, non-molecular pore water transport
driven by strong bottom currents might be a wide-spread and important solute
transport mechanism in SAB sediments (Riedl et al., 1972; Riedl and Machan, 1972).
Laboratory #ume studies, using experimental conditions similar to those found on the
SAB sea #oor, support these conclusions (Huettel et al., 1996). These factors would
suggest that the SAB sea #oor may interact with the overlying water column in ways
and at rates not previously predicted. In addition, BPP and advective pore water
transport may also a!ect the accuracy of benthic #ux estimates derived from widely
used techniques such as pore water gradient di!usion calculations, whole core
incubations and in situ benthic chamber incubations.

As part of our ongoing study of continental shelf sediment biogeochemistry, we
have studied the rates of and factors controlling BPP and pore water solute transport.
Pore water nutrient and sedimentary pigment distributions based on coring studies
have already been presented in Marinelli et al. (1998) and Nelson et al. (1999),
respectively. Our purpose here is to report the results of in situ, paired light/dark
benthic #ux chamber incubations. The results are used to estimate the gross BPP rate
and are interpreted in the context of shelf-wide measurements of light intensities at the
sea #oor, photosynthetic pigment concentrations in the water column and surface
sediments, and pore water nutrient concentrations. All of the results consistently
suggest that BPP is a signi"cant factor in controlling nutrient cycling on the SAB
shelf. Furthermore, we demonstrate that the benthic #ux chamber results are consis-
tent with the "ndings of Marinelli et al. (1998), who concluded that there is signi"cant
advective pore water transport in the upper 4}8 cm of these permeable sediments.
These authors based their conclusions on the interpretation of nutrient pro"les from
'100 individual sediment cores and numerical simulations of whole core incubations.
We conclude here that benthic chambers may retard this pore water #ow, adversely
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a!ecting the accuracy of estimated net benthic exchange rates. The accuracy of other
methods for estimating benthic #uxes such as pore water gradient di!usion calcu-
lations and intact core incubations are also questioned in this setting due to our
inability to relate pore water gradients to #uxes in non-di!usive regimes and to mimic
natural advective transport and sea #oor light levels in intact core incubations. Thus,
while the importance of advective exchange and BPP are demonstrated, more and
other types of measurements are required before accurate estimates of mean nutrient
benthic #uxes are achieved at the SAB sea #oor.

2. Study locations and methods

Study sites were positioned along two cross-shelf transects ranging in water depth
from 14 to 40 m o! of Wassaw Sound, Georgia and St. Augustine, Florida (Fig. 1). The
SAB shelf reaches a maximum width of 130 km o!Georgia with a frontal zone located
roughly between the 10 and 15 m isobaths. The front restricts exchange between the
mid- and outer-shelf and the near-shore waters (McClain et al., 1988; Nelson and
Guarda, 1995). The inner-shelf waters are quite turbid and the photic depth is
generally less than a few meters. Seaward of the coastal front, water clarity increases
dramatically and the photic zone extends to the sea #oor (Yoder, 1985; Cahoon and
Cooke, 1992; Nelson et al., 1999) except during and immediately after sediment
resuspension events. If, on average, the 10 m isobath marks the shallowest position of
the boundary between the turbid coastal and shelf waters, then light su$cient for BPP
reaches 84% of the SAB sea #oor, an area of approx. 76,000 km2.

The SAB sea #oor is comprised of non-accumulating sands with a median grain size
of 250}500 lm (Gorsline, 1963). Samples of these highly permeable sediments were
obtained using a corer that was designed to prevent pore water washout. Basically,
a small box corer was modi"ed by replacing the box with a single 7 cm ID plastic core
barrel which was "tted with a large acrylic ball check-valve at the top. During descent
to the bottom, the force of the water is su$cient to push the ball up and allow water
to #ow through the barrel; once on the bottom the ball settles onto an o-ring in the
center of the annulus, sealing the top. As the core is retrieved, the bottom of the core is
closed by the spade of the box corer and the top is sealed by the check valve. On board
ship, a sealing piston is placed in the bottom as the spade is retracted. Pore waters are
quickly removed by inserting needles through septa that are mounted in the barrel
wall, withdrawing the sample (usually 3 ml) and "ltering into storage vials. The
presence of water throughout the core and up to the check valve is a visual indicator
that signi"cant washout has not occurred. All the results reported are from cores that
had no visible air bubbles. All pore water manipulations were performed at near in
situ temperatures and were completed within 30 min of core recovery. Sediment
samples for organic carbon and pigment analyses were collected by sub-coring the
tube core and sectioning the subcore at 0.5 (0}2 cm) and 1.0 cm (2}3 cm) intervals to
a depth of 3 cm (Nelson et al., 1999).

Benthic #ux chambers were constructed from opaque PVC (dark chamber) and
optically clear acrylic (light chamber). Calibration tests demonstrated that the acrylic
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Fig. 1. Study locations on the South Atlantic Bight continental shelf. Station designations in the text refer
to the two transects (W * Wassaw and F * Florida) and the water depth of the station.

transmitted '95% of the photosynthetically active radiation (PAR). One light and
one dark chamber (each 30 cm dia.) were mounted on an aluminum frame along with
the battery case, electronics case, and sampling system. The chambers were positioned
within the frame to minimize shading of the light chamber. Stirring of the chamber
waters was provided by Sea Bird CTD pumps which eliminated the need for any
mechanical stirring device which might shade the sediment surface.

Deployments were usually begun between 0900 and 1000 h by slowly lowering the
benthic chamber instrument to the sea #oor on a line tethered to a small #oat. Once
the instrument was in place on the sea #oor and the surface #oat was released from the
ship, an hydraulic system closed the chamber lids, starting the incubation. At pre-set
time intervals (generally 19}25 min), an automated sampler (Jahnke and Christiansen,
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1989) successively removed nine, 50 ml samples of chamber waters for subsequent
shipboard analysis (four samples for O

2
analysis and "ve samples for nutrient

analysis). The samples for oxygen analyses were collected in 11 ml glass ampules
connected in-line with the 50 ml sampling syringes. The sample volume removed from
the chamber was replaced with ambient bottom water. The volume of bottom water
initially enclosed by the chamber (generally 7}10 l) was determined by the measured
dilution of a known amount of stable tracer (Br~) added at the start of each
deployment. Continued monitoring of the Br~ concentration throughout the incuba-
tion also provided an assessment of enhanced pore water exchange that may occa-
sionally occur due to biological irrigation by infauna or by physical processes. For all
results reported here, tracer analyses demonstrate that the chamber lid was properly
sealed, pore water exchange was limited, and chamber water residence times were
signi"cantly longer than the incubation periods. The sea #oor incubations were
generally 6}8 h in duration.

Once the incubation was complete, the benthic chamber instrument was recovered
and the samples were "ltered through 0.4 lm pore diameter polysulfone "lters (O

2
samples excepted) and stored under refrigeration for subsequent analysis. Chamber
water oxygen concentrations were determined by standard Winkler titration which
had been scaled to accommodate smaller sample volumes to a precision of $2%.
Titration alkalinity was determined by Gran titration to a precision of $0.5% and
pH was determined using a potentiometric glass electrode relative to NBS pH bu!ers.
Total inorganic carbon (TIC) was calculated from carbonate alkalinity (titration
alkalinity less borate) and pH using the dissociation constants of Mehrbach et al.
(1973). Br~ tracer concentrations were determined by the method of Morris and Riley
(1966). Inorganic nutrient concentrations (NO~

3
#NO~

2
, PO3~

4
, Si(OH)

4
, and NH`

4
)

for chamber and pore waters were determined via scaled-down methods of Strickland
and Parsons (1972).

Light intensity at the sediment surface was assessed in three ways. From the ship,
downwelling irradiance was measured with pro"ling radiometers (Biospherical
Instruments MER-1010 and PUV-500). Total PAR data from these instruments are
reported here. To interpret the benthic chamber results more accurately, a PAR
sensor (LI-COR) and data logger were attached to the benthic chamber frame for
continuous measurements during deployments for all but the "rst four incubations.
The integrated PAR #ux for the "rst four deployments was estimated from shipboard
optical pro"les (PAR #ux at 2}3 time points), daylength and a simple sinusoidal
model for surface irradiance over the day. Finally, to provide a longer record of sea
#oor light levels, a PAR sensor and data logger were also placed on a moored
instrument package deployed 1 m above the bottom at station W27. The moored
instrument provided continuous measurements over three periods totaling 80 days
between May and October, 1996 (6}27 May, 22 Aug. } 11 Sept. and 23 Sept. } 29 Oct.).
These time periods include spring, summer and late fall conditions (within two
months of winter solstice) and include storm events so that benthic light levels relative
to seasonal sun-angle variations and storm events can be assessed.

Water column primary production (WCPP) was determined by 14C-HCO
3

uptake
in dawn to dusk in situ incubations. Niskin bottle samples were collected before dawn
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from 4 depths at the shallower stations (14 and 20 m) and 4}6 depths from the deeper
stations (27}40 m) and screened through a 183 lm Nitex mesh to remove larger
grazers. Four 250 ml polycarbonate bottles were "lled for each sample depth and
4}5 lCi of tracer (100 lL of a primary stock in 0.1 N Na

2
CO

3
) was added to each

bottle. Sets of three bottles were deployed prior to sunrise in clear acrylic tubes "xed at
the sample depths on an anchored mooring line. The fourth bottle from each set was
"ltered to correct for initial particulate 14C activity. The mooring line was recovered
at sunset and the bottle contents were "ltered (GF/F) and stored frozen. Inorganic
carbon concentrations were estimated in most cases from salinity (CTD casts), and in
a few cases were calculated from pH and titration alkalinity measurements. In the
laboratory, samples were fumed with concentrated HCl to remove inorganic label.
Particulate 14C activity was determined by liquid scintillation counting, and carbon
uptake estimated following Strickland and Parsons (1972). Integrated water column
primary production for the daylight period was estimated by trapezoidal integration
based on the means of the triplicate in situ bottles.

Dark bottle corrections were not employed, since as noted by Laws et al. (1990),
non-photosynthetic uptake of the 14C label may not be the same in the light and in the
dark. Situations where dark uptake of 14C might be high relative to light bottles, such
as incubations at very low light levels or where there is very high heterotrophic
activity relative to phytoplankton production, were probably not encountered in the
mid-shelf region. Even the near-bottom bottles were exposed to at least several
percent of the surface irradiance, and larger zooplankters were removed by screening.
Dark uptake was checked on one occasion (18 June 1996) after an in situ deployment
was aborted due to adverse weather. Activities for replicate samples from 4 depths
incubated in darkness in a #owing seawater deck bath for the daylight hours were
within the range typically measured for time zero "lter blanks.

3. Results

Estimates of PAR at the shelf sea #oor based on shipboard optical pro"ling ranged
from (1 to 17% of surface irradiance, with average values for each study site ranging
from 2.5 to 9.8% of surface irradiance (Table 1). Maximum daily PAR at the mid-shelf
sea #oor routinely exceeded 100 lEin m~2 s~1 from the late spring through summer.
Continuous measurements provided by the moored instrument package showed that
an important source of variability in sea #oor PAR levels is turbidity generated during
major storm events. Due to the resuspension of "ne sediment particles, light reaching
the sediment surface could be reduced to (1% of surface irradiance during storms
and for periods of several days to more than a week following major disturbance
events. We presently do not have cotinuous records of sea #oor light levels to directly
estimate the in#uence of sediment resuspension on annual benthic light #ux. Nelson
et al. (1999) estimated that there were approximately 10 periods where wind speeds
were su$ciently high to resuspend bottom sediments for all of 1996 except December.
If, on average, particles remained in suspension for 4 days following each event and, as a
maximum estimate, no light reached the sea #oor during the month of December, this
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Table 1
Summary of sea #oor light levels and areal distributions of chlorophyll-a in surface sediments and the water
column. Values listed are means; ranges and number of determinations are indicated in parentheses. Station
designator indicates transect (W"Wassaw Sound, Georgia; F"Florida) and water depth in meters.
Values listed are compiled from sampling performed on 28 April } 5 May 1995, 20}22 June 1995, 10}11 July
1995, 11}17 August 1995, and 5}6 August 1996. Additional samples were recovered at station W27 on 14
March, 25 April, 8 May, 27 May, 18 June, 23 August, 11 September, and 25 September 1996 and at station
W14 on 27 August and 9 September 1996

Station Sea #oor light level
% surface irradiance

Sediment Chl a
(0}5 mm) mg m~2

Depth integrated water
col. Chl. mg m~2

Sediment:water
column Chl. ratio

W14 10.8 (7.2}14.4; n"2) 28.7 (23.6}33.8; n"2) 7.0 (7.0}7.0; n"2) 4.1 (3.4}4.8; n"2)
W20 3.7 (1.0}6.0; n"6) 16.4 (13.1}21.6; n"6) 9.3 (5.6}13.9; n"5) 1.6 (1.5}1.7; n"3)
W27 5.3 (0.8}14.8; n"13) 20.8 (12.3}37.7; n"13) 7.8 (3.7}14.3; n"10) 3.5 (1.2}8.3; n"10)
W30 3.2 (1.1}7.9; n"9) 21.6 (15.3}34.2; n"8) 16.2 (10.5}25.1; n"5) 1.4 (0.8}1.9; n"5)
W35 3.0 (1.1}4.3; n"7) 21.6 (14.1}31.1; n"5) 13.6 (9.9}20.0; n"5) 1.8 (0.7}3.1; n"5)
W40 2.9 (0.4}7.1; n"7) 11.2 (7.3}18.1; n"6) 13.4 (11.6}14.5; n"5) 0.8 (0.6}1.3; n"5)
F20 6.4 (3.8}11.3; n"3) 22.2 (12.8}27.6; n"3) 10.8 (6.1}14.6; n"3) 2.4 (1.1}4.5; n"3)
F30 9.8 (4.5}17.4; n"3) 15.9 (12.5}19.3; n"2) 9.9 (8.1}11.7; n"2) 1.7 (1.1}2.4; n"2)
F40 2.5 (1.7}3.2; n"2) 25.8 (10.6}40.9; n"2) 10.6 (9.5}11.7; n"2) 2.6 (0.9}4.3; n"2)

would imply that no light reached the sea #oor for a total 71 days (approximately
20% of the year). Because most of these resuspension events are in winter when the
light #ux is low, the actual impact on annual light #ux is much less. Thus, although
resuspension is important in determining the sea #oor light #ux on short temporal
scales, collectively, resuspension events may alter the sea #oor PAR #ux by only up to
20%. Thus this factor will not greatly alter annual estimates of BPP presented in a
later section.

Sediment chlorophyll-a distributions were measured from 148 intact sediment cores
collected between April, 1995 and September, 1996 (Nelson et al., 1999). The average
chlorophyll-a content in the upper 5 mm of sediments at our study sites ranged from
11.2 to 25.8 mg m~2 (Table 1). In contrast, total integrated water column chloro-
phyll-a ranged from 7.7 to 17.7 mg m~2. At all but the 40 m site o!Georgia (W40), the
chlorophyll-a contained in the upper 5 mm of the sediments exceeded that integrated
over the entire overlying water column. Light penetration into these clear, highly
scattering quartz sediments is expected to be limited to 2}3 mm (Kuhl and Jorgensen,
1994). Thus, while our sampling interval of 5 mm may include chlorophyll-a from
below the sedimentary photic zone, it is clear that a signi"cant proportion of the total
chlorophyll-a in the photic zone on the shelf resides within sur"cial sediments. These
"ndings are consistent with earlier reports of sediment chlorophyll in Onslow Bay,
North Carolina, based on homogenized, surface grab samples of the upper 3 cm of the
sediments (Cahoon et al., 1990). Analyses of accessory pigment composition by HPLC
and microscopy indicated that the sediment chlorophyll was predominantly asso-
ciated with benthic diatoms (Nelson et al., 1999). The benthic diatom assemblage from
the Georgia shelf was taxonomically diverse, with a variety of cell forms (attached,
non-attached, motile), consistent with previous observations in the northern SAB
(Cahoon and Laws, 1993).
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Fig. 2. Examples of pore water distributions of ammonium, silicate and phosphate at W27 on four
sampling dates in 1996. Di!erent symbols represent replicate cores recovered and processed while the ship
was at anchor. Note concentration scale di!erences among panels. In addition to signi"cant spatial
variability, nutrient concentrations are visibly depleted in the upper 4}8 cm.

During 1995 and 1996, pore water samples were collected at 1 cm intervals from 114
cores (to subsurface depths of up to 18 cm) and analyzed for ammonium, silicate,
phosphate and, for selected samples, nitrate concentrations (Marinelli et al., 1998).
Example distributions at station W27 for four sampling dates are provided in Fig. 2.
While considerable temporal and spatial variability was observed, ammonium, phos-
phate and silicate concentrations typically increase with depth in the sediment. Note
that the concentration scales increase signi"cantly from the spring to summer results.
Nitrate concentrations exceeded 2 lM in only a few cases (not shown) and were
generally less than 1 lM. Di!usive transport of porewater nutrients appears to be
augmented by advective #ows induced by boundary layer current } bottom topogra-
phy interactions (Huettel et al., 1996; Marinelli et al., 1998), thereby reducing concen-
trations in the surface 4}8 cm (Fig. 2). Because of the enhanced transport, however,
these depleted concentration levels do not necessarily correspond to reduced #uxes.
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Fig. 3. Examples of light (open symbols) and dark (closed symbols) benthic #ux chamber results for O
2
,

Si(OH)
4
, NH`

4
, and Br~ at station W27 for the indicated dates.

Example results for "ve of the in situ benthic #ux chamber deployments from
Station W27 are displayed in Fig. 3. The presence of light on the sea #oor has a
dramatic impact on the chamber water oxygen concentration. In the light, oxygen is
evolved and in the dark, oxygen is consumed. This is presumably due to oxygen
production by seabed photosynthesis in the light. Inorganic carbon exchange (Fig. 4)
mirrors the oxygen results; decreasing with time in the light chamber and increasing
in the dark chamber. These results are also consistent with the occurrence of seabed
photosynthesis in the light. The relative magnitude of the changes in oxygen and total
inorganic carbon suggests a photosynthetic quotient (molar ratio of oxygen evolved
per carbon "xed) of approximately 1 and is consistent with microalgal production
using NH`

4
as a N-source (Williams and Robertson, 1991). This ratio was used in all

subsequent oxygen-based estimates of BPP.
It is also important to recognize that the oxygen results are not exactly linear but

increase to a greater extent during the middle of the incubation, coincident with
higher light levels that occur at mid-day. This feature is discernible in all the results
but is most obvious in the 23 August data where the oxygen increase between the
second and third data points is clearly larger than the other intervals. It appears that
during an incubation, the BPP rate is in#uenced by the ambient PAR #ux. For
simplicity, the average daily BPP rate reported here is estimated from a linear
regression of the time-series O

2
chamber results.
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Fig. 4. Example of O
2

and CO
2

results from an in situ, light (open squares) and dark (closed circles) paired
benthic #ux chamber incubation at Station W27 (29 August 1996). The near 1 : 1 correspondence between
the calculated gross O

2
production and CO

2
consumption suggests a photosynthetic quotient of near 1.

Interestingly, chamber nutrient results do not follow the trends in oxygen and
inorganic carbon. Ammonium, nitrate (not shown) and phosphate (not shown) con-
centrations in the chamber water do not change signi"cantly during the chamber
incubations and are similar in both the light and dark chamber. Similar results are
obtained for silicate except on 29 August where silicate concentrations increase
signi"cantly in the dark. The decoupling of the oxygen and carbon results from the
nutrient results, on the times scales of the chamber incubations, may indicate that the
benthic primary producers are capable of storing nutrients or that other un-measured
nutrient pools are supporting primary production. However, such decoupling would
not explain the low pore water concentrations observed in the upper 4}8 cm of the
sediments. As discussed in a later section and as concluded by Marinelli et al. (1998),
we feel that pore water advection provides a more likely and complete explanation of
the results.

The bromide tracer results were used to calculate the chamber volume and demon-
strate that the chamber lid was well sealed. Some reduction in tracer concentration
is expected during each incubation due to dilution by bottom waters that enter the
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chamber as samples are withdrawn and due to di!usional transport into the sedi-
ments. In general, the decreases observed are consistent with these processes. Two
aspects of the bromide concentrations observed during the 29 August deployment
might help explain the nutrient results. First, the dark chamber enclosed a signi"-
cantly larger volume than the light chamber (concentrations were lower indicating
that the tracer was diluted into a signi"cantly larger volume). Second, approximately 1

2
of the tracer in the dark chamber is lost during the incubation. This suggests that pore
water advective exchange or irrigation through an organism burrow replaced a signif-
icant portion of the chamber waters and may account for the silicate increase
observed.

To estimate gross BPP rates, linear regressions of the O
2

results in the light and
dark chambers were determined. The di!erence in the slopes of the regressions was
taken as a measure of the gross BPP rate during the deployment and is extended
to a d~1 basis assuming that the measured rate applies to the period from 1 h after
sunrise to 1 h before sunset (i.e. 2 h less than the measured daylight length). Because
the chamber deployments covered the majority of the daylight period (6}8 h during
mid-day) this method of extrapolation to a d~1 basis is thought to yield a minimum
estimate. Additionally, losses of oxygen by non-di!usive transport into the sediment
and due to advective exchange of chamber waters such as observed on 29 August at
W27 (see Fig. 3) would also lead to underestimates of the gross BPP rate.

4. Discussion

To reconcile the seemingly disparate nutrient and oxygen and inorganic carbon #ux
estimates, it is useful to represent the total benthic #ux (F

505!-
) as the sum of the #uxes

attributable to molecular di!usion (F
$*&

), bio-irrigation (F
*33

) and pore water advection
(F

!$7
). The accuracy of chamber-derived benthic #uxes of di!erent solutes can then be

assessed by determining the relative contributions of these di!erent transport pro-
cesses to the total sea #oor exchange rate and the extent to which the presence of the
chamber may alter each process. Mathematically.

F
505!-

"F
$*&

#F
*33
#F

!$7
, (1)

where F
505!-

is the total benthic #ux and F
$*&

, F
*33

, and F
!$7

are the #uxes attributable to
molecular di!usion, irrigation and advection, respectively. Because the contribution
by infaunal irrigators to the total #ux generally appears to be small (our observations,
29 August results excepted), we exclude it from the following discussion. Inclusion
would not alter our conclusion.

The mean-square distance of solute transport via di!usion in relation to time for
one dimension is provided by the Einstein}Smoluchowski equation:

X
.4

"(2Dt)1@2, (2)

where X
.4

is the mean-square distance traveled, D is the e!ective molecular di!usion
coe$cient and t is time. At bottom water temperatures on the SAB shelf, the
molecular di!usion coe$cient for O

2
is 2.3]10~5 cm2 s~1 (Himmelblau, 1964). The
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porosity at our sites is approximately 50% suggesting that the e!ective sedimentary
di!usion coe$cient of O

2
is 1.15]10~5 cm2 s~1 (Ullman and Aller, 1982). Using this

value, pore water oxygen within the upper 0.5 mm of the sediment column exchanges
with the overlying water by molecular di!usion on time scales of approximately
2 min. Exchange times will decrease with increasing depth in the sediment in propor-
tion to the depth squared. Thus, assuming molecular transport only, more than 12 h
are required for the mean-square distance to equal 1 cm and 109 h are required at a
depth of 3 cm.

The vertical e!ectiveness of advective transport is more di$cult to determine and
generalize and may depend on such factors as size and distance between bottom
topographic features, such as mounds and ripple marks, and sediment permeability.
Huettel et al. (1996) have examined pore water advection beneath small sediment
mounds in #ume studies where grain size and, presumably, permeability of the
sediments used were similar to that found on the SAB shelf. Flow velocities in the
#ume were set at 10 cm s~1, well within the range of velocities experienced on the SAB
shelf. Measurements within the pore waters demonstrated that advective #ows could
be detected to a sediment depth of 7 cm. More importantly, the decrease of advective
velocities with sediment depth within the 0}7 cm surface layer is much less than for
di!usive exchange. For example, velocities decreased by only a factor of 2}3 between
sediment depths of 0.5 and 5 cm. Over this same distance, the e!ectiveness of
molecular di!usive exchange would decrease by a factor of 100.

In the context of the above scaling arguments, we believe that the di!erence
between O

2
and total inorganic carbon and nutrient benthic chamber results can be

explained in terms of the depth scales of the dominant production and consumption
processes. The benthic #ux of nutrients on the SAB shelf is supported by the release of
nutrients to pore waters from decomposing organic matter throughout, at least, the
upper 10 cm of the sediment column. This has been directly demonstrated by whole
core incubations reported in Marinelli et al. (1998). Over this depth-scale, advective
transport contributes signi"cantly to the overall benthic exchange, keeping the con-
centrations relatively low in the upper 4}8 cm. Because the concentrations and
consequently the gradients are low, di!usive transport is relatively minor (i.e.
F
$*&

(F
!$7

). Benthic chamber incubations that retard pore water advection would
diminish the advective #uxes and therefore total #ux. Under these conditions and in
response to continued nutrient release by remineralization, pore water concentrations
and di!usive gradients beneath a chamber would slowly increase until eventually the
di!usive #ux balanced the regeneration rate. However, because weeks to months
would be required to establish these gradients by molecular di!usion over these depth
scales, short-term benthic #ux chamber results would be inaccurate.

On the other hand, photosynthesis is restricted to the upper 1}2 mm of the
sediments where light penetrates. While advective transport must still occur across
this surface layer, di!usive exchange over this small distance is much more e$cient
and the #uxes of O

2
and TIC will be dominated by the resulting near-surface

gradients and molecular di!usion (i.e. F
$*&

'F
!$7

). Thus, changes in the advective #ux
(F

!$7
) of oxygen and total inorganic carbon due to the physical presence of the

chamber will not dramatically alter the total #ux. Presently, therefore, we feel that the
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oxygen and total inorganic carbon results provide a reasonable measure of the gross
BPP rate (with the standard caveats including uncertainties in the photo-respiration
rate, oxygen consumption below the photic zone, and respiration by heterotrophs; see
review by Bott et al., 1997) while the benthic nutrient #uxes estimated from these data
are suspect. Subsequent discussion of the chamber results is therefore limited to the
gross BPP rates estimated from the O

2
and TIC results and not net benthic nutrient

#uxes.
The BPP rates for all in situ benthic chamber and water column 14C!HCO~

3
incubations are listed in Table 2. Uncertainties listed for the in situ #ux chamber
values are one standard error of the slope of the linear regression of the time-series
results. Estimated BPP rates range from 57 mg C m~2 d~1, following a sediment resus-
pension event attributed to a strong storm in mid-September, to 824 mg C m~2 d~1

at 14 m in late August. These results verify the occurrence of BPP at all of our
study locations, which span water depths from the 14 to the 40 m isobaths. The
average BPP rate for all measurements is 400 mg C m~2 d~1. These results verify
the initial observations of Cahoon and Cooke (1992) and Hopkinson et al. (1991)
and when taken together provide convincing evidence that BPP is occurring at
ecologically signi"cant rates on the mid- and outer-shelf of the SAB.

Estimates of integrated WCPP based on the dawn-to-dusk in situ incubations
ranged from 450 to 1053 mg C m~2 d~1 (Table 2). Uncertainties are based on Monte
Carlo simulation using measured variance at each sample depth. The mean of all
water column measurements is 682 mg C m~2 d~1 which is indistinguishable from
the average daily water column production of 670 mg C m~2 d~1 previously reported
for the mid-shelf region of the SAB (Menzel et al., 1993).

To facilitate comparison, the ratio of the BPP to WCPP rates is also listed in
Table 2. Values range from a low of 0.08 in September following several major storm
events to a value of 1.37 in August where BPP exceeded water column productivity.
The average ratio for all comparisons is 0.56. Thus it is clear that for the majority of
comparisons, BPP comprised a signi"cant proportion of the total productivity at each
site.

The majority of our results, within the May to September study period, are from the
W27 site. Because 27 m is the area-weighted mean depth of the SAB shelf, the averages
of results from the W27 site are also presented separately in Table 2. The gross BPP,
WCPP and resulting ratio are 397 mg C m~2 d~1, 655 mg C m~2 d~1 and 0.69,
respectively. While additional measurements are needed to more fully resolve tem-
poral variations in BPP at this site, the estimated total daily primary production at
Sta. W27 during the spring to fall study period is 1052 mg C m~2 d~1, with
655 mg C m~2 d~1 (62%) contributed by phytoplankton in the water column and
397 mg C m~2 d~1 (38%) contributed by benthic microalgae. Thus, total primary
production at this site is 1.6 times greater than reported previously based solely on
water column measurements.

It is particularly important to recognize that BPP appears to signi"cantly contrib-
ute to the total shelf productivity despite relatively low sea #oor light levels. While sea
#oor PAR #ux at this site averaged only 5.3% of surface irradiance, the sea
#oor supplied on average 38% of the total primary production. Thus, although
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approximately 95% of the incident light was absorbed within the water column, water
column primary production did not proportionally contribute to the total primary
productivity but rather contributed only 62% of the total. While fewer measurements
are available at the other study sites, all results are consistent with these observations.

Several factors may contribute to the relatively high benthic primary production at
relatively low light levels. Benthic microalgal biomass is greatly concentrated at the
sediment surface, with chlorophyll concentrations per unit volume being some
103}104 times those in the overlying water column. Due to the optical properties of
quartz sands, notably the high scatter relative to absorption by the sand grains (Kuhl
and Jorgensen, 1994), absorption of photons by microalgae within the surface sands
may also be relatively e$cient.

Based on attenuation coe$cients for quartz sands (Kuhl and Jorgensen, 1994), we
estimate that the euphotic zone may extend to 2}2.5 mm into the shelf sediments. The
chlorophyll content in the sediment euphotic zone is therefore estimated as approxim-
ately half of that measured for the upper 5 mm of the sediments at each station (i.e. 1

2
of

the value presented in Table 2). The chlorophyll-normalized rate of gross BPP is
observed to reach a maximum value of about 5 mg C mg Chl~1 h~1 at PAR #uxes
greater than about 0.3 } 0.4 Ein m~2 h~1 (Fig. 5A). This is in general agreement with
the results of photosynthesis-irradiance experiments conducted in the laboratory
using cores collected at the 27 m station (J. Nelson, unpublished data).

Because of uncertainties in estimating the chlorophyll content of the sedimentary
photic zone, a simple correlation between gross BPP and light #ux was also evaluated
(Fig. 5B). While the results are consistent with a light-saturating model, the low PAR
#ux interval (0 } 0.3 Ein m~2 h~1) is the focus of the subsequent discussions. There-
fore, a simple linear regression of PAR vs. BPP was calculated excluding the highest
light-#ux data point. Numerically, the regression line would be similar to that
obtained with a light saturation model below a light #ux of 0.2 Ein m2~ hr~1. Since
the latter would be dominated by the single high PAR-#ux point, this simple
interpretation is preferred until more results are obtained.

There is a signi"cant correlation between integrated light #ux to the bottom and
BPP (P"0.002; r"0.81; PAR(0.3). Signi"cant rates of BPP were measured when-
ever the PAR #ux exceeded approximately 0.05 Ein m~2 h~1. It is important to
emphasize that the light and BPP values used in Fig. 5B were measured in situ and
therefore considerable scatter may be expected due to natural variability in benthic
microalgal populations and sediment characteristics. Despite these sources of varia-
bility, a relationship is evident.

A preliminary estimate of the importance of BPP on the SAB shelf on an annual
basis can be obtained by combining the information in Table 1 and Fig. 5B. Solar
irradiance measured daily from 1994 to the present on the Georgia coast was
averaged to obtain an annual average daily irradiance in the SAB region of
33 Ein m~2 d~1 (T. Pfei!er, Lousiana State Univ., personal comm.). From the results
listed in Table 1 and the hypsometry of the SAB shelf, we estimate that the area-
weighted annual average light #ux to the sea#oor is 5.4% of the surface irradiance or
1.8 Ein m~2 d~1. From the correlation displayed in Fig. 5B, this light #ux implies a
BPP rate of 320 mg C m~2 d~1 (126 g C m~2 y~1). Excluding depths shallower than
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Fig. 5. (A) Chlorophyll-normalized in situ, chamber-derived BPP rate vs. benthic PAR #ux averaged over
the chamber deployment period. (B) In situ, chamber-derived BPP rate vs. benthic PAR #ux averaged over
the chamber deployment period.

10 m that are most probably within the turbid coastal zone, this rate suggests that the
sea #oor contributes 9]1012 g C y~1 to the total shelf-wide primary production.
Total annual water column production for the SAB, including the turbid coastal
zone, is estimated to be 35]1012 g C y~1 (Menzel et al., 1993). Thus, including the sea
#oor, total primary production on the SAB continental shelf is increased to
44]1012 g C y~1 with 20.3% of this supplied by sea #oor microalgae. This calcu-
lation must be viewed with caution. Clearly, more measurements are necessary before
the shelf-wide gross BPP is accurately known. Nevertheless, this calculation demon-
strates that with the data presently available, BPP has the potential to be a signi"cant
contributor of organic matter to the shelf ecosystem and by inference, an important
component in the nutrient cycle.
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The total daily respiration rate at our sites has also been estimated (Table 2). As
discussed earlier, because advective exchange is thought to be inhibited by the
chambers, this #ux is thought to be dominated by respiratory consumption in the
upper few mm and may not re#ect total oxygen consumption in these sediments.
Furthermore, in estimating total daily respiration, the oxygen consumption rate
estimated during daylight hours in the dark chamber was used. We have made two
measurements of nighttime oxygen #uxes at the 27 m site. These data imply a #ux that
is more than a factor of 2 less than the mean of the daytime dark chamber #uxes.
These results suggest that our dark chamber rates may overestimate total daily
respiration which would, of course, lead to an underestimation of daily net BPP.

With the above caveats in mind, the net BPP rate was estimated (Table 2). On
average, the net BPP is near zero. In this setting, the majority of the daily benthic
oxygen consumption is balanced by the gross BPP. While actual dynamics of organic
carbon may be a complex mix of sediment deposition and resuspension events, the sea
#oor respiration can be balanced by BPP. It should also be remembered that the
daytime dark chamber respiration rates were used to estimate total daily respiration.
If these rates signi"cantly overestimate nighttime rates, then net BPP has been
underestimated.

BPP of this magnitude has important implications for the understanding of the
cycling of nutrients and oxygen on the SAB shelf. BPP is an additional source of
organic matter that has not been included in previous carbon budgets and bio-
geochemical models of the SAB continental shelf. For example, in a recent compila-
tion (Smith and Hollibaugh, 1993), it was concluded that the Georgia coastal zone was
generally net heterotrophic and therefore a source of CO

2
for the atmosphere. This

analysis is based on estimates of water column primary production and water column
and benthic respiration; benthic productivity was not included. If BPP is included, the
system appears to be approximately balanced.

BPP may also have ecological signi"cance because, as has been recognized for
shallow, nearshore and intertidal systems, its reponse to external factors is most
likely di!erent than water column productivity. For example, a pulse of nutrients to
the mid-shelf would be expected to stimulate water column productivity which is
generally thought to be limited by nutrient availability. However, this increase in
production would presumably lead to increased water column biomass and turbidity,
decreasing benthic light levels and diminishing BPP. Conversely, during periods of
nutrient depletion in the water column, light levels on the sea#oor will rise and BPP
will increase. This potential inverse variation between water column and benthic
primary production may have important ecological implications and should be
included in future predictions of the response of shelf systems to anthropogenic
nutrient inputs.

Finally, it must be emphasized that while the results reported here demonstrate the
potential importance of pore water advective exchange and BPP, major uncertainties
remain. The results suggest that traditional methods for estimating net benthic #uxes
may not yield accurate values on the SAB shelf. Because of these limitations, funda-
mental questions remain concerning the processes that control nutrient inventories in
pore waters and the magnitude of the net benthic #ux of nutrients.
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