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Abstract

Study of the flux and fate of reactive organic material (OM) within Debidue Flat, an intertidal sandflat in the
North Inlet estuary, South Carolina, demonstrated that this coarse-grained deposit is a dynamic, open system that
experiences rapid OM decomposition and exchange of solutes in the top 30 cm of the sediment column. The fluxes
of reactive OM through Debidue Flat were high during al seasons (27—170 mmol C m? d-*) and were comparable
to fluxes in muddy portions of the North Inlet estuary. Porewater decomposition products were N- and P-rich, the
modeled reactivity of organic carbon undergoing decomposition was high (first-order rate constant, k = 0.02 d-3),
and abundant extractable chlorophyll a was measured year-round; all properties were consistent with marine algal-
derived substrates. Porewater solute profiles were controlled by advective flow that rapidly exchanged porewater
with overlying waters to ~25 cm depth on timescales of hours. Thus, these sandflats act like an unsteady ‘“trickling
bed filter,”” capturing or generating reactive organic particles, rapidly remineralizing OM, and recycling nutrients.
Macrobiological structures within the flat altered the amounts and reaction rates of OM on various spatial and
temporal scales. Relatively elevated OM decay rates were associated with the burrows of Callichirus major, a deep-
burrowing thalassinid shrimp. Large stingray feeding pits accumulated fine grained OM, locally clogging the ‘“ trick-
ling bed filter,” and inhibiting porewater advection. As illustrated by Debidue Flat, intertidal sands can be sites of

high OM flux and turnover and play an important role in biogeochemical cycling in estuarine systems.

Much of the work on benthic biogeochemical cycling has
centered on organic-rich muds. Organic matter remineraliza-
tion in low carbon sands, however, can have rates compa-
rable to those in organic rich muds (Rowe et al. 1988, Cam-
men 1991; Grant et al. 1991). Porewater advection resultsin
the rapid exchange of pore and overlying water and has been
implicated as the primary process responsible for enhancing
remineralization rates and carbon cycling in sands.

Physical and biological structures, tidal currents, and
waves create pressure gradients that can drive advective
porewater flow deep into permeable sandy sediments (Shum
and Sundby 1996; Huettel and Webster 2001). These flows
move along two- or three-dimensiona flowpaths and can
increase the effective diffusion coefficients of permeable
sediments 5-10 times (Vanderborght et a. 1977; Huettel and
Gust 1992). Intertidal systems can aso have gravitationa
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(e.g., McLachlan 1989) and convective exchange (e.g., Ro-
cha 1998, 2000) of pore and overlying waters during tidal
exposure and subsequent flooding. Advective porewater flow
is an effective mechanism for rapid exchange of oxygen
(Forster et al. 1996; Ziebis et al. 1996a), dissolved and par-
ticulate organic matter (OM; Huettel et al. 1996; Huettel and
Rusch 2000), and nutrients (McLachlan et al. 1985; Huettel
et al. 1998; Rocha 1998) in permeable sediments.

Recent work by Ziebis et al. (1996a,b) and Huettel et al.
(1996, 1998) has demonstrated that the presence of active
macrobiological structures, in particular crustacean burrows
and mounds, also has a significant impact on porewater sol-
ute gradients and fluxes across the sediment-water interface
of coarse-grained deposits. Macrobiological activities can
also strongly influence transport-reaction processes in shal-
low coastal systems by effectively increasing the oxygenated
surface area of the sediment-water interface, enhancing cou-
pling between redox reactions, stimulating microbial growth
rates, and promoting rapid exchange of porewater and over-
lying water solutes across the sediment-water interface (All-
er 1988, 2001; Kristensen 1988). Along the coast of South
Carolina, burrowing and feeding by the thalassinid shrimp
Callichirus major and the formation of stingray feeding pits
increase the flux of nutrients and organic matter on zonally
dependent spatial scales and alter sediment permeability by
the introduction of fine particles.

Although there have been a number of sophisticated mod-
eling and flume studies of transport and biogeochemical pro-
cesses in permeable sediments, field studies of carbon cy-
cling in estuarine sand bodies remain few. In this work, we
document the dynamics of reactive organic matter reminer-
alization processes on Debidue Flat, an intertidal sandflat in
the North Inlet estuary, S.C. OM remineralization rates, N/
P stoichiometries of decomposition, and OM reactivity were
quantified seasonally using a combination of anoxic incu-
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Table 1. Summary of sampled environments, time points, and depth intervals sampled for the
three seasonal whole-core incubations.

Sampled Time points Depth intervals
Incubation  environments (days) (cm)
Fall 1997 SE CM, RP 0,7 14,21 0-5, 5-10, 10-15, 15-20, 20-30
Winter 1998  SK CM 0,7 14,21 0-5, 5-10, 10-15, 15-20, 20-30, 30-40
Summer 1998 SKF CM 0, 3,7, 14, 21, 35, 62, 1350-5, 5-10, 10-15, 15-20, 20-30, 3040
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CM, C. major burrows; RR, ray pits;, SF, sandflat.

bations and chlorophyll a profiles. Experiments were also
designed to distinguish reaction rates and fluxes between the
general sandflat surface and regions locally affected by bur-
rows of the common thalassinid shrimp, C. major. In addi-
tion, field experiments were conducted to quantify in situ
hourly changes in reactive porewater constituents as tidal
flow varied from before slack low tide to subsequent flood.
This series of observations allowed the documentation of
porewater profiles in the vicinity of C. major burrows, ray
pits, and the sandflat and distinguished the effect of the dom-
inant passive advection due to tidally driven currents from
active, macrofauna-driven advection on Debidue Flat.

M ethods

Sudy site—Debidue Flat is located within the North Inlet
estuary near Georgetown, South Carolina (33°19'N,
79°08'W). This intertidal sand flat is within 0.5 km of the
inlet and is a remnant flood tidal delta associated with the
position of the mouth of North Inlet in 1878. Debidue Flat
has been a stable feature for >30 yr with annual periods of
erosion in early fall, deposition from March through May,
and stability during the summer; these patterns are directly
associated with depositional and erosional events of the
nearby beaches (Humphries 1977). The tidal channel that
drains Debidue Flat is dominated by ebb-tidal currents (Kjer-
ve and Proehl 1979), with minimal wave action due to its
location behind Debidue Island. Salinities are usualy high
(29-35), and freshwater runoff is negligible. The sediments
on this flat are well-sorted medium-fine sand (2.35 ¢) and
have a fairly uniform porosity (mean, 0.40 ¢) and low or-
ganic content (<0.04% dry wt) (Grant 1981; D’ Andrea un-
publ. data). The macrosurface topography is dominated by
ebb-oriented surface ripples (15-20 cm wavelength, 3-5 cm
amplitude), dasyatid ray pits, and C. major burrows.

Remineralization rates—Time series, whole-core anoxic
incubations (Aller and Mackin 1989) were used to estimate
rates of 2CO,, DOC, and NH; production rates in the vi-
cinity of C. major burrows and on Debidue Flat in fall (Sep-
tember) 1997, winter (January) 1998, and summer (June)
1998. This type of incubation has been shown to give esti-
mates of carbon remineralization rates consistent with alter-
native methods (Mackin and Swider 1989).

The cores used in these experiments were 7.65 cm (inside
diameter) by either 30 cm (September) or 45 cm (January
and June) in length. Holes drilled on opposite sides along
the length of core tubes at 1-cm intervals were threaded to
accommodate ports for porewater sasmpling and were sealed

with electrical tape to prevent loss of porewater before sam-
pling. Cores for each experiment were collected within 3 d
of each other to minimize temporal variability and were col-
lected while the sandflat was submerged, to ensure porewater
at al depths. Immediately after collection, both ends were
sealed with plastic-wrapped rubber caps and the cores were
transported to the laboratory. After 24 h, macrofauna would
come to the surface of the core and were removed to reduce
any biasin the results from their decay. Each core was sealed
after excluding air by adding neoprene spacers that fit inside
the core. They were incubated within buckets (fall) or trash
cans (winter and summer) filled with mud to ensure anoxic
conditions. The buckets or trash cans were nested in storage
tanks with ambient flowing seawater to maintain field tem-
peratures during the incubation.

Decomposition rates in the vicinity of C. major burrows
were distinguished from ambient rates for Debidue Flat by
defining the regions within 10 cm of C. major burrows as
directly impacted (CM). Cores collected ~50 cm away from
burrows were assumed to represent reactive carbon decom-
position processes typical of the generally rippled sandflat
surface (SF). The four—five cores collected per sampled en-
vironment and time point within each seasonal incubation
were sampled only once. The sampled environments, time
points sampled, numbers of cores, and depth intervals col-
lected for the incubations are summarized in Table 1.

Porewaters from three—four cores per treatment were sam-
pled at each time point by pushing screw-in ports through
the electrical tape and tightening them until they were flush
with the core. Initially 1 ml of porewater collected by sy-
ringe was discarded before the sample for each depth inter-
val (3—4 ml) was collected. Samples were taken successively
from the top to the bottom of vertically oriented cores to
prevent subduction of porewater from intervals above the
sampled depth. Sediments were sufficiently permeable to
permit direct sampling of porewater with negligible clog-
ging. Preliminary experiments conducted with layered dyes
confirmed that the samples collected (4-5 ml) were suffi-
ciently small so that sampling did not cause percolation from
portions of the core outside the 5- or 10-cm zone of sam-
pling. Immediately after collection, porewater was filtered
(0.4 um) into acid-washed vials. Porewater was evenly di-
vided between vials for NH; and dissolved carbon analyses.
Samples were stored in coolers until transported to the an-
alytical laboratory. No NH; samples were taken in the Sep-
tember 1997 incubation.

Samples for NH; analysis were frozen until analyzed
(usually within a week). Samples were defrosted within
coolers, diluted as appropriate, and analyzed for dissolved
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NH; by use of a Technicon Autoanalyzer or by manual col-
orimetric techniques modified from Solorzano (1969). To
quantify adsorbed NH; and the reversible adsorption coef-
ficient for sandflat sediments, individual cores from five time
points in June 1998 were sectioned into intervals corre-
sponding to porewater sampling (Table 1). Each sediment
sample was homogenized by hand, and ~1-2 g wet weight
was placed in preweighed 15-ml centrifuge tubes, 2N KCI
was added to the tubesin a ~10:1 ratio of KCl (ml) to wet
weight sediment (g). Tubes were shaken for ~1 h at ~22°C,
centrifuged at 550 X g for 5 min, and the supernatants were
filtered (0.4 wum) into acid-washed vias. KCl extractions
were analyzed for NH; on a Technicon Autoanalyzer. Sed-
iment remaining in centrifuge tubes was rinsed two-three
times with deionized-distilled water to remove salts and
dried for 36 h at 60°C. Exchangeable NH; concentrations
(KCI extraction corrected for porewater contribution) were
plotted against the corresponding porewater concentrations,
and the dimensionless adsorption coefficient, K, was calcu-
lated from the slope (Rosenfeld 1979). Net production of
porewater NH; during incubations were converted to gross
NH; production by multiplication of the observed rates by
the factor (1 + K). The adsorption coefficient, K, for this
system was estimated to be 0.65 on the basis of the linear
relationship between measured porewater ammonium and
exchangeable ammonium in both of the seasons in which
ammonium was measured.

Samples for dissolved carbon analysis were typically an-
alyzed immediately or refrigerated until analyzed (within 1—
2 d). Porewater samples were analyzed for 2CO, (Septem-
ber) or 2CO, and dissolved organic carbon (DOC) (January
and June) by use of a Shimadzu TOC-500 carbon analyzer.
Each sample was analyzed in triplicate and rerun if the co-
efficient of variation between replicates was >5%. Samples
analyzed for DOC were initially analyzed for %CQO,, then
two-three drops of 10% HCI were added, and each was
sparged with N, to remove inorganic carbon. Samples were
then analyzed for DOC.

Reaction rates and fluxes from whole-core incubations—The
reaction rates and fluxes in the whole-core experiments were
estimated from changes in 2CO,, DOC, and NH; profiles over
the course of the experiment by use of two methods: linear
regression and an analytical model to correct for diffusion. The
change in concentration for a given depth interval over the
course of 21 or 35 d was modeled by use of linear regressions.
These estimates, however, do not account for interna diffusion
in the cores during the experiments. To account for internal
diffusion, the changes in solute profiles between sampling
times were also modeled by use of an analytica transent-state
diffusion-reaction model corrected to the incubation tempera-
ture, as described in appendix 1 of Aller et a. (1996). This
model corrects for internd diffusion within the whole core in-
cubations over the 21 or 35 d in which reaction rates were
estimated. Carbon to nitrogen reaction stoichiometry was quan-
tified by calculating Ryco,Run,*ak fOr each depth in both the
sandflat and C. major burrow incubations. Here Ry, 1.+« rep-
resents the gross ammonium production rate. The volumeric
reaction rates measured in the incubations were used to esti-
mate the ared fluxes of reactive organic carbon (OC) under
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the assumption of a1:1 molar ratio between OC remineralized
and dissolved carbon produced in the porewaters. These values
are estimates of in situ carbon fluxes for the system at the time
of core collection (Aller and Mackin 1989; Mackin and Swider
1989).

Carbon and nitrogen reactivity, summer 1998—The re-
activity of the organic material (OM) undergoing decom-
position in the whole-core incubations was investigated by
extending incubations over 135 d in the June 1998 incuba-
tion to follow the concentration and production rate patterns
of 2CO,, DOC, and NH; (see Table 1). Conceptually, the
decomposition rate of a single reactive pool within a core
can be described by an exponential relationship with the con-
centration of the products with time and depth governed by
changes in the reaction rate:

R(zt) = Re e = + ReX

where R(zt) is the reaction rate at a given depth and time;
(R, isthereactionrateat t = 0 and z = 0, kis the reactivity
constant (d-1%), t is the time (d), « is the attenuation factor,
and z is the depth in the sediment (cm). The average con-
centration over the entire core (40 cm), C,,,, is related to the
core-averaged reaction rate, Ravg, at a given time:

-
Cay(t*) = J R0 dt + C, and
0

z

R(t) dz

0
Ru® = ———
where t* is the sampling time point, z* is the sampling depth,
and C, is the original concentration. After substituting our
assumed relationship for reaction rate into the above rela-
tionship, the expected pattern can be described as

Ct)=(C.—C)L—-e+C,

where C,, is the asymptotic concentration. The weighted av-
erage concentrations in cores at each of the time points in
the June 1998 incubation were modeled based on the ex-
pected relationship above to estimate the reactivity constant
(K) and the initial and asymptotic dissolved carbon concen-
trations (total reactive pool size). The two sampled environ-
ments (SF and CM) and the different dissolved carbon
(2CO,, DOC) components were modeled separately.

Seasonal Chl a profiles—Vertical depth profiles of Chl a
were collected seasonally in conjunction with whole-core in-
cubations, particle-mixing experiments (D’ Andrea et al. un-
publ. data), and porewater sipper experiments (see below).
Replicate cores (2-9) were collected in June and September
1997 and January and June 1998. Cores were extruded in
0.5-cm intervals for the first 1 cm, 1-cm intervals to 5 cm,
2.5-cm intervals to 10 cm, and 10-cm intervals to the base
of the core (typically 40 cm). Subsamples of each depth
interval were stored in 20-ml scintillation vials at —80°C
until analysis. Chl a was extracted from ~1g of sediment
(wet wt) for 24 h in the dark at 4°C by use of 10 ml of
100% acetone and analyzed by use of a Sequoia-Turner
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Model 450-003 fluorometer. Chl a concentrations are re-
ported here in units of ug g=* dry weight sediment. Addi-
tional deep samples were collected in April 1999 to quantify
the depth and concentration of background Chl a values for
this sandflat. Four cores were collected covering depths from
35 cm to 1 min ~10-cm depth intervals. Samples were
analyzed immediately for Chl a as described above.

Porewater sippers—Changes in porewater concentrations
were measured by use of multiple porewater sippers (mod-
ified after Huettel 1990). The sampler consisted of a hollow
2.5-cm diameter PV C pipe with 6-mm diameter holes drilled
on both sides of the pipe at 2-, 5-, 10-, 15-, 20-, and 25-cm
depths. Each of these paired holes was fitted with a porous
(60 um) polyethylene diffuser tube (6 mm outer diameter
and 3 mm inner diameter; Labpor Porous Products, Porex
Technologies, Fairburn, GA). Paired diffuser tubes were con-
nected to 60-ml syringes by Tygon tubing with 1-mm inner
diameter. Samples were collected by drawing sequentialy
deeper samples by use of the syringes. An overlying water
sample was collected at the same time as porewater samples,
for comparison.

The susceptibility of the porewater sippers to mixing with
overlying water was tested in the laboratory by use of a
bucket of seawater-saturated sand placed in a 30 gallon
trashcan and slowly covering the bucket with ~10 cm of
freshwater. The sipper was then pushed into the sand, and
three sets of 20-ml samples were collected and analyzed for
Cl - by use of a potentiometric titrator (Radiometer CMT 10
titrator). There was no noticeabl e difference between the ini-
tial chloride profiles and the three collected profiles after the
introduction of essentially chloride-free overlying water.

Porewater samples were collected 1820 August and 1
and 3-5 November 1998. Two sippers were deployed on
each day. One sipper was placed either within a ray pit (19
August and 4-5 November) or within 5 cm of a C. major
burrow (18 and 20 August and 1 and 3 November). The
second sipper each day was placed at the same tidal height
as the first sipper but was 50 cm away from both ray pits
and C. major burrows. The second sipper was considered
the sandflat treatment in the absence of macrobiological
structure effects. Sippers were alowed to equilibrate for at
least 1 h before sample collection. Concurrent samples were
collected from each depth interval approximately hourly
from both sippers starting 2 h before low tide and ending 4
h later.

Thefirst 2 ml was discarded before 20 ml was drawn from
each depth interval. A PVC disc placed on the sediment
surface prevented sampling overlying water. Ten milliliters
of each sample was immediately transferred to a 10-ml sy-
ringe for dissolved oxygen analysis (described below). The
remaining sample from each syringe was filtered through a
0.4-um syringe filter into an acid-washed glass vial that was
placed on ice in the dark until transported to the laboratory.

Porewater was analyzed for NH;, NO,-NO,, and PO,
within 18 h of collection by use of two separate Technicon
autoanalyzers, one for NH;and a second for both PO, and
NO,-NO,. This permitted rapid nutrient analysis that mini-
mized contamination or storage effects. Samples for dis-
solved carbon analysis were typically analyzed immediately
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or refrigerated until analyzed (within 3 d). Samples were
analyzed for % CO, and DOC by use of a Shimadzu TOC-
500 carbon analyzer.

Oxygen in porewater samples was determined on unfil-
tered samples by use of a modified microwinkler technique
(Strickland and Parsons 1972). The lower operational limit
of this technique was determined by collecting a bucket of
sand from Debidue Flat, allowing the sand to go anoxic for
~30 d, and measuring the dissolved oxygen profiles from
porewater samples collected by use of the sipper. The lower
limit was 20 uM O.,.

The stoichiometries of the net reactions producing or re-
moving the porewater constituents were evaluated. Geomet-
ric mean regressions were used to compare XCO,: total dis-
solved inorganic nitrogen (DIN), total DIN:PO,, and O,:
total DIN stoichiometries. Slopes were used as estimates of
C:N, N:B and O,: N reaction ratios.

Results

Reaction rates, stoichiometry, and fluxes—The rates of
change of 2CO, and NH; within individual depth intervals
with time were used to estimate reaction rates for the incu-
bations assuming no transport between intervals. The trans-
port-reaction model, which accounted for solute diffusion
within the incubated core, was aso fitted to entire whole
core profiles with time to obtain best fit reaction functions.
The two types of estimates are compared for net 2CO, re-
action rates in Fig. 1A. The highest reaction rates occurred
in the top 5 cm and decreased exponentialy with depth.
Reaction rates associated with C. major burrowsin fall 1997
were greater at all depth intervals relative to the sandflat.
Reaction rates at the base of these cores were ~60% of the
rate estimated in the top 5 cm. Carbon production rates in
the winter 1998 incubation followed a similar pattern with
2.CO, reaction rates associated with C. major burrows al-
ways higher than the sandflat cores. This is particularly ev-
ident in the deep portion of the cores (20—40 cm), where
reaction rates associated with shrimp burrows were ~2 times
higher. The 3CO, production rates in summer 1998 were
similar between the sandflat and C. major burrow environ-
ments (Fig. 1A). The estimated and transport modeled re-
action rates were slightly higher at all depths in the sandflat
treatment, and there was not a noticeable effect of C. major
burrows on X CQO, production at depth.

Ammonium production rates were measured only in the
winter and summer 1998 incubations (Fig. 1B). The pattern
observed in winter 1998 NH; production rates was similar
to that observed for 2CO, production, with reaction rates in
the deeper portion of C. major burrow cores 3—4 times high-
er than sandflat cores (Fig. 1B). In contrast, NH; production
rates in the June 1998 incubation showed deviations from
the patterns in carbon production. This is most noticeable
below 15 cm, where C. major burrows showed production
rates 2—3 times higher than those found in the sandflat treat-
ment. Sandflat cores were characterized by a gradual expo-
nential decrease to low reaction rates at depth. Ammonium
production rates in the vicinity of C. major burrows had a
rapid exponential decrease in the top 10 cm, leveling off to
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Fig. 1. (A) 2CO, and (B) adsorption-corrected ammonium pro-
duction rates in seasonal whole-core incubation experiments. Re-
action rates are presented as least-squares estimates and modeled
diffusion-corrected rates.

a constant value to the base of the core. Modeled reaction
rates associated with shrimp burrows were always higher
than the sandflat in the deeper portions of the cores (>15
cm).

Carbon to nitrogen production stoichiometry with depth
in the cores was determined in winter and summer 1998.
The magnitude of the C:N ratio differed between the two
time points, but the relative patterns associated with the two
sampled environments were consistent and strikingly differ-
ent. The surface C: N ratio of decomposition was lower in
January (~6-8) relative to the June incubations (~10-15).
In both incubations, sandflat cores had low C:N ratios in
surface sediments with a steady increase with depth in the
core (Fig. 2). In contrast, the C:N ratio associated with
shrimp burrows showed an initial slight increase with depth
followed by a steady ratio beginning at 10—15 cm depth.

Carbon and ammonium fluxes had a strong seasonal com-
ponent and were impacted by the presence of C. major bur-
rows. Estimated reactive carbon fluxes were highest in sum-
mer 1998, intermediate in fall 1997, and lowest in winter
1998 (Fig. 3). Carbon fluxes associated with C. major bur-
rows in the fall incubation were 30% greater than the sand-
flat. Carbon fluxes in the winter incubation decreased

are shown next to the figures.

~40%-50% in both the sandflat and C. major environments
relative to the fall incubation experiments. The carbon fluxes
in the vicinity of C. major burrows were comparable to the
fluxes estimated for the sandflat in the fall incubation. Es-
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Fig. 3. Estimated fluxes across the sediment-water interface of
(A) reactive OC and (B) nitrogen from whole-core anoxic incuba-
tions for sandflat and C. major burrows.
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Fig. 4. Comparison among modeled and measured %.CO,, DOC,
and total carbon concentrations for the sand flat whole-core incu-
bation in summer 1998. The reactivity constant (k) for each com-
ponent is indicated on the figure. The horizontal dashed lines in-
dicate the predicted asymptotic concentration, C..

timated carbon fluxes were greatest in summer, with values
three to four times greater than any other time point. Sum-
mer 1998 was also the only incubation with comparable car-
bon fluxes for both the sandflat and shrimp burrows. The
proportion of the reactive carbon production flux attributed
to DOC was comparable between sandflat and C. major bur-
rows, ranging from ~8% in the winter to ~15% of the total
flux in the summer (data not presented). Ammonium fluxes
consistently showed an effect of C. major burrows, with
fluxes 30%—80% greater than the sandflat (Fig. 3). Ammo-
nium flux from the winter to summer incubations approxi-
mately doubled.

Carbon reactivity—Figure 4 compares the modeled pro-
duction of the various carbon components to the depth av-
eraged concentrations from the cores in the whole-core in-
cubations. The exponential model effectively describes the
production of carbon in the porewaters with time. There is
no apparent difference between the modeled reactivities be-
tween the sandflat and shrimp burrows, with a first-order
reactivity constant (k) of 0.02 d—* for the OC being decom-
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Fig. 5. Vertica Chl a depth profiles in fall 1997, winter 1998,
and summer 1998. Points are plotted as means. The vertical dashed
line represents background Chl a value for this system as based on
deep Chl a samples.

posed. DOC production is characterized by adistinctly great-
er reactivity, which suggests release from a particularly la-
bile subpool (cell lysis?); however, overal C production
pattern is dominated by >CO.,.

Chl a profiles—The surface concentrations (top 1 cm) of
Chl a on Debidue Flat were high and varied with season,
ranging from a low of 2.2 ug g* in winter 1998 to a high
of 7.1 ug g* in summer 1998 (Fig. 5). Concentrations of
Chl a on the sandflat generally decreased exponentially with
depth. The background concentration of Chl a, determined
by use of the deep core samples (50—100 cm), was 0.14 ug
g * and never occurred shallower than 45 cm. The depth
penetration of Chl a also varied with season with shallower
penetration in the fall relative to the winter and summer
samples.

Porewater sipper experiments—The purpose of the pore-
water sipper experiments was to tease apart the porewater
solute patterns associated with macrobiological structures
and the general sandflat surface. Ideally, the deployment of
the sippers was at atidal height, leaving a couple centimeters
of overlying seawater above the sediment surface at low tide.
This did not always occur, was further complicated by the
prevailing winds on the day of sampling, and was particu-
larly evident during sipper deployment in 3-5 November
1998. The remnants of hurricane Mitch maintained steady
winds (9-13 knots) and tidal currents over the study area
and prevented the isolation of porewater solute profiles in
the absence of porewater advection for these dates; those
datawill not be presented here. Thisresulted in 3 d of usable
data in which the absence of porewater advection was main-
tained at low tide—18 and 20 August 1998, with sippers
deployed at C. major burrows and the sandflat and 19 Au-
gust 1998, with deployment within aray pit and the sandflat.

Solute profiles near Calichirus major burrows—The
porewater profiles of inorganic nutrients were impacted by
the presence of C. major burrows. Profiles of NH; 1 h be-
fore low tide are approximately vertical in both the sandflat
and in the vicinity of C. major burrow (Fig. 6A). At slack
low tide but with water still over their burrows, the actively
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Fig. 6. Porewater profiles of (A) adsorption-corrected ammonium
and (B) total NO, + NO, for the sandflat and an active C. major
burrow on 20 August 1998.

irrigating shrimp maintained a relatively vertical ammonium
profile. This was not maintained in the sandflat, which
showed higher ammonium concentrations at al depths. After
the onset of flood tide, ammonium was rapidly flushed out
of the sandflat to a depth of 25 cm, reestablishing concen-
trations noted before low tide. Ammonium values associated
with shrimp burrows were of similar magnitude to profiles
measured at the other two time points. Figure 6B shows total
nitrate and nitrite concentrations at the same depths and
times as the ammonium figure. Profiles of NO,-NO, for the
sandflat were essentially vertical, with some depression at
low tide. Concentrations were 50%—200% higher in the vi-
cinity of active C. major burrows. This pattern was only
evident at slack low tide, when porewater advection was
minimized. These patterns were only observed on 20 August
1998; ammonium and nitrate-nitrite profiles in the vicinity
of shrimp burrows were comparable to sandflat profiles on
18 August.

Solute profiles within ray pits—The presence of ray pits
had a distinct impact on porewater nutrient profiles that ap-
parently was related to reduced flushing in the vicinity of
these structures. The concentration profiles of dissolved ox-
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Fig. 7. Porewater profiles of (A) dissolved oxygen and (B) DOC
for the sand flat and within aray pit on 19 August 1998. The solid
vertical bar in panel A represents the lower detection limit of dis-
solved oxygen when the microwinkler technique is used. Any sam-
ple equal to or less than this value was assumed to be anoxic.

ygen associated with ray pits were lower than the sandflat
(Fig. 7A). In addition, there were low oxygen spikes asso-
ciated with the accumulation of fine sediments in the ray pit
(2 cm). There was a drop in dissolved oxygen in both sam-
pled environments at low tide, with almost the entire ray pit
profile going anoxic. In contrast, only the two deepest in-
tervals in the sandflat are low in oxygen. After 1 h into the
flood tide, the entire profile in the sandflat was reoxygenated
to overlying water concentrations. Flushing of dissolved ox-
ygen into the sediments beneath the ray pit was also evident,
but the concentrations are much lower than those measured
in the sandflat and overlying water.

Figure 7B shows the results for DOC profiles on the same
porewater samples used for dissolved oxygen analyses (Fig.
7A). DOC concentrations showed elevated concentrationsin
ray pits. There was little change in sandflat DOC profiles,
but ray pits showed a distinct ingrowth of DOC concentra-
tions in the top 20 cm at low tide. The 2-cm depth interval
at low tide showed the greatest effect of the ray pit, with
DOC concentrations ~10 times the measured concentration



Sandflat biogeochemistry

3000
2800 -
2600
2400 A
2200 -
2000 -
1800 T T T

0 10 20 30 40 50

£CO, (M)

=
3
z
(S
a
E
]
=
300
C
250 -
S 2001
S 150 162
S e
100 - .
. 0,:N
5.5
0
0 50

Total DIN (uM)
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sions were 0.25, 0.51, and 0.29 for C:N, N:P and O,: N, respec-
tively.

in the sandflat. This general pattern was maintained 1 h into
the flood tide, although the concentrations had decreased.

Porewater sippers stoichiometry—Figure 8 shows the ap-
parent C:N, N:B and O,: N stoichiometries from the pore-
water sipper samples. Because transport is dominated by ad-
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vection, it is assumed that solute fractionation during
transport is minimal. However, differential adsorption be-
havior may compromise this simple assumption. The C:N
ratio is approximately twice the Redfield ratio (6.6), athough
most of the values are clustered at one end of the figure
because of the low DIN and relatively constant %CO, values
measured. Correction for nonsteady effects of NH; adsorp-
tion would lower the apparent ratio to ~8.1. This estimate
is a maximum because of a lack of correction for denitrifi-
cation. The N:P ratio for this system is ~9, ~60% of the
prediction based on the Redfield ratio (~16). This ratio is
also potentially affected by adsorption, P more so than N
(e.g., Krom and Berner 1980), which implies that it is likely
a maximum and reenforces conclusions of either P-rich sub-
strate or differential loss of N (denitrification). The data in-
dicate an O,: N ratio lower (N-rich) than the Redfield pre-
diction (8.6). The deviation from the predicted regression at
low dissolved oxygen concentrations occurs when ammo-
nium dominates total DIN concentrations.

Discussion

Seasonal flux and fate of organic matter on Debidue
Flat—Organic matter (OM) remineralization and tidaly
driven exchange in the permeable sands of Debidue Flat re-
sulted in the dynamic, rapid release of products of early dia-
genesis into porewater and overlying water on timescales of
hours and over depth scales of =30 cm. Our measurements
showed that the magnitudes of reactive carbon fluxes
through Debidue Flat were high, had a strong seasonal com-
ponent, and were spatially heterogenous depending on the
local interplay among physical and biological structure, ac-
tivity, and water flow. Despite low organic C contents
(~0.04%), the magnitude of the carbon remineralization
fluxes measured on Debidue Flat (~20-170 mmol m=2d-?%)
were similar to those measured in other intertidal, salt marsh,
subtidal, and deltaic sediments and orders of magnitude
greater than carbon fluxes measured on the continental mar-
gin (Table 2).

The seasonal pattern and magnitude of reactive carbon
fluxes in the sandflat were comparable to or greater than
rates of sulfate reduction measured in adjacent surficial de-
posits within salt marsh areas of the North Inlet estuary
(King 1988). Although fall and winter sandflat remineraliza-
tion rates were similar to nearby salt marsh rates (Table 3),
June 1998 incubations predicted fluxes up to five times

Table 2. Comparison of carbon fluxes from this study to measured X CO, fluxes from other coastal systems. Fluxes for North Inlet, Flax
Pond, Westerschelde estuary, and Long Island Sound were based on values measured in the fall for direct comparison. S, converted from

sulfate reduction rates.

Description Location J. (mmol C m=2d?) Reference
Intertidal sandflat N. Inlet, SC 44-58 This study
Intertidal flats, saline end members Westerschelde, Netherlands ~50-90 Middelburg et a. (1996)
Salt marsh N. Inlet, SC 36-100 (S) King (1988)
Salt marsh Flax Pond, NY 25-160 Mackin and Swider (1989)
Deltaic sediments Amazon Shelf 10-70 Aller et al. (1996)
Subtidal muddy LIS, NY 17-33 Mackin and Swider (1989)
Continental slope/rise Central CA 0.9-38 Reimers et al. (1992)
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Table 3. Comparison of seasonal carbon fluxes on Debidue Shoal to North Inlet salt marsh carbon fluxes in the vicinity of S alterniflora

computed from sulfate reduction rates (after King 1988).

Dates C flux Dates C flux
(this study) T (°C) (mmol m-2d-?) (king 1988) T (°C) (mmol m~2d-?)
Fall 1997 (Sep) 28 44-58 Fall (Oct 1984) ~22 ~36-100
Winter 1998 (Jan) 16 22-39 Winter (Jan 1985, Feb 1986) ~4-17 ~10-40
Summer 1998 (Jun) 30 155-170 Summer (Jun 1986, Jul 1984) ~26 ~30-110

3,CO, fluxes estimated from sulfate reduction (King 1988).
The June incubation corresponds to the beginning of the an-
nual summer chlorophyll maximum in North Inlet (Lewitus
et a. 1998), which may have had an impact on reactive
carbon supply to the sandflat. This is reflected in Chl a pro-
files measured during this time period. Surface Chl a values
(8 nmol g~*) in June 1998 were double that measured at any
other time point (Fig. 5).

The data on remineralization rates discussed above come
from cores held under closed conditions. In permeable sandy
systems, the rapid supply of oxidants and reactive substrates,
and the rapid removal of end products likely control decom-
position processes (e.g., Huettel and Webster 2001). Thus it
is likely that the in situ reaction rates are higher than those
measured in the core incubations where Debidue Flat sedi-
ments are forced into a diffusional transport regime. The
closed system approach used in these experiments to mea-
sure remineralization does have some limitations but illus-
trate the relative patterns and magnitude of organic matter
remineralization on Debidue Flat.

The measured OC fluxes quantify seasonal carbon supply
for Debidue Flat but do not by themselves indicate the qual-
ity or nature of the OM driving decomposition. The pene-
tration of high Chl a concentrations to depths of ~25 cm
(Fig. 5), and concentrations above background to depths of
40 cm implicate algal debris as a labile carbon source for
this system. A simple calculation was done to demonstrate
the potential of algal-derived carbon as the primary source
of reactive OC in this system. The surface Chl a concentra-
tion in surface sediments was 7.2 ug g-* (Fig. 5). When an
OC: Chl aratio of ~60 was used, a quantity of algal-derived
OC of ~430 ug g * or 0.04% dry weight resulted. This is
comparable to the measured OC (0.04%) in the surface sed-
iments of Debidue Flat and could account for al of the mea-
sured OC. Even if the lower values from fall 1997 and winter
1998 were used (2 and 4 nmol Chl a g%, algal derived

Table 4. Comparison of estimates of 3CO, flux during the sea-
sona incubations, measured microalgal production on intertidal
sandflats (Pinckney and Zingmark 1993a,b) and gross primary pro-
duction (Sellner et a. 1976) for North Inlet estuary.

Microalgal
production Primary
(Pinckney and production
2.CO, flux Zingmark 1993a,b) (Sellner et al. 1976)

Month (mmol C m=2d-%) (mmol C m2d-t) (mmol C m=2d?)
Sep 44 27 260
Jan 22 23 16
Jun 155 35 230

carbon could account for 25%-100% of the measured OC
in sandflat sediments.

The most likely sources of phytopigments to Debidue Flat
were benthic microalgal production and benthic filtration of
water column phytoplankton (Huettel and Rusch 2000). The
presence of benthic microalgal communities throughout the
year could provide a constant source of labile OC to Debidue
Flat. Table 4 compares the lower estimates of 2CO, flux
during the seasonal incubations to measured benthic microal-
gal production on intertidal sandflats (Pinckney and Zing-
mark 1993a,b) and gross primary production (Sellner et al.
1976) for North Inlet estuary. Estimated reactive carbon
fluxes indicated that 99%-100% of the microalgal produc-
tion and 15%-59% of the total primary production (water
column plus microalgal production) in the system could be
remineralized in the sandflat sediments. The rapid reminer-
alization of microalgal carbon clearly creates a feedback
mechanism whereby inorganic nutrients released by decom-
position are rapidly available to the surface microalgal com-
munity and stimulate its growth.

Advective flushing of sandy sediments due to overlying
water currents has been shown to contribute viable algal par-
ticles to significant depths given high permeability (e.g.,
Huettel et al. 1996; Huettel and Rusch 2000). This is a po-
tentially important mechanism for reactive carbon supply to
Debidue Flat sediments. General likely limits on benthic fil-
tration of overlying water phytoplankton can be evaluated
by use of Chl a. For example, under the assumption of the
June 1998 sediment inventory of Chl a (top 5 cm, 31.9 nmol
cm~2, Fig. 5) and an average decomposition rate coefficient
of ~ 0.13 d* (30°C, Sun et a. 1993), then the flux of Chl
a required to support the sediment inventory at steady state
is ~4.1 nmol cm~2 d-*. Given an average overlying water
Chl a concentration of ~13.4 nmol L-* (10-yr June average,
Lewitus et a. 1998), then ~310 cm® cm~2 d—* of overlying
water would have to be filtered through the upper sandflat
surface to produce the entire Chl a inventory (100% efficient
extraction). This flow rate would correspond to a porewater
turnover time of ~9 min (which assumes a porosity of 0.4,
2 cm® porewater). In contrast, if a pore water turnover rate
of ~ 2 d is used (derived from %CO, production Table 5),
then ~0.3% of the sedimentary Chl a pool could be ac-
counted for by water column filtration. These calculations
clearly demonstrate that contributions of benthic and pelagic
production to sedimentary remineralization could vary wide-
ly depending on local conditions. They show that there are
multiple ways of supplying substrate, all of which are ca-
pable of accounting for the observed magnitudes within rea-
sonable uncertainties. If we accept factors of two uncertainty
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Table 5. Summary of values used for porewater exchange time calculations. Data used included the initial measured X.CO, and NH,*
profiles, C(2), and the production rate, R(2), estimated from the winter and summer 1998 whole-core incubations. Porewater exchange time
(t) can be calculated by the relationship: 7 = (C[Z])/(R[Z]) where t is the exchange time in days; C(2) is the initial concentration at depth
z(mM 3CO, or uM NH,*), and R(2) is the reaction rate at depth z estimated from the incubations (mM 3CO, d-* or uM NH,* d-%). The
data used represent the two possible extremes for porewater exchange time in these experiments.

Winter  Winter Winter Winter Summer  Summer Summer  Summer
z C(2 R.(2 Winter C(2 Rv(2 Winter C(2 R.(2 Summer C(2 Rv(2 Summer
(cm (MM C) (MMd?Y) r(d @WMN) (@MdY) 7(d @MMC) (MMd?) () @MN) (uMd?) 7(d)
25 26 0.27 10 33 39.8 0.1 33 14 2 7.3 73.6 0.1
75 29 0.18 16 16.16 326 05 32 0.80 4 16.4 59.9 0.3
125 28 0.13 22 43.6 214 2 31 0.79 4 26.2 431 0.6
175 2.6 0.11 24 50.4 16.9 3 3.0 0.78 4 20.9 31.8 0.7
25 22 0.10 22 22.2 6.7 3 29 0.78 4 20.7 14.0 15
35 21 0.09 23 119 85 1 30 0.78 4 135 11.9 11

in any of several parameters, one can readily bracket obser-  substrate at depth and/or immobilization of nitrogen into mi-
vations. crobial biomass. In contrast, the presence of C. major bur-
Model calculations of decomposition rates are consistent  rows stabilizes the net C:N ratio of decomposition with
with an algal source as a primary component of the reactive  depth (discussed in more detail in the Macrobiological 1m-
carbon pool. The estimated first-order reactivities (k = 0.022  pacts section below).
d-%, 0.023 d-*) and corresponding half-lives (t,, = 31.5 d, During microbial decomposition of OM, part of the or-
30 d) (Fig. 4) are similar to values calculated for sedimented  ganic nitrogen decomposed is converted to microbia bio-
phytoplankton (Middelburg 1989; Sun et al. 1991) and mac-  mass and part is remineralized to inorganic nitrogen (e.g.,
rophyte detritus (Bianchi and Findlay 1991). These results,  Broadbent and Nakashima 1970; Mundra et al. 1973; Jans-
combined with evidence from seasonal Chl a profiles and  sen 1996). If an organic substrate is low in nitrogen, mi-
inventories, imply that OC remineralization processeson De-  crobes can take up inorganic nitrogen from solution, result-
bidue Flat are dominated by a labile OC source, most likely ing in a lower net release of inorganic nitrogen during
algal in origin, that is rapidly mineralized. remineralization than is stoichiometrically present in the de-
In a case where labile algal cells are the sole source of  graded sources. The most common refractory OM in North
OC, we would expect low net C: N stoichiometry at depths  |nlet is Spartina alterniflora detritus. This material has a
where Chl a is measured. In both the winter and summer  high C: N ratio (90-100), and its decomposition is charac-
incubations, Chl a concentrations showed little change from  terjzed by a net decrease in OC and a rapid increase in or-
the 15-30 cm depth (Fig. 5). In contrast, the net C: N stoi- ganic nitrogen associated with microbial biomass (eg.,
chiometry of decomposition in the sandflat cores increased  oqum and de la Cruz 1967; Benner et al. 1991; White and
2-3 times over these same depths (Fig. 2). The rapid atten-  oyes 1994). Growth of bacteria on Spartina detritus in the

uation of NH; production rates relative to XCO, in the  geqiments of Debidue Flat could provide a sink for inorganic
yvholt.,lcore incubations (Fig. 1) and resultant steady incréase i ogen released during the rapid remineralization of marine
in C:N ratio with depth implied either a more refractory g material. This uptake would result in lower net inor-

ganic nitrogen production in the incubations and could ac-
Permeable sands Debidue Flat count for the high net C:N ratios at depth in these experi-
(top 25 cm) ments where algal sources are depleted and more refractory
substrates dominate. On the basis of the C: N ratios of algae
(7, Hillebrand and Sommer 1999) and Spartina detritus
(~100), 20%—-85% of the total OC remineralized at depth
(>30 cm) would have to be Spartina detritus to produce the
maximum measured net C: N ratios (25-90).

Rapid exchange of pore
and overlying waters

Permeable sandflats as dynamic open systems—OM de-
composition in permeable sands is influenced by the rapid
exchange of pore and overlying waters produced by advec-
tive flow within an “open” region and an underlying
“closed” diffusion-dominated region (Fig. 9). The factors
that primarily control the depth and importance of this open
region include particulate organic carbon (POC) supply, sed-

: iment permeability, bottom currents, and OM lability (see
Fig. 9. Conceptual figure of the open and closed regions of per- ~ Huettel et al. 1998; Huettel and Rusch 2000; Huettel and
meable sandy sediments and the characteristics of the open region ~ Webster 2001). The significance of the open region in per-
of the permeable sands in Debidue Flat. meable sands is that these regions are thought to be efficient

Closed region
(diffusion dominated)
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particulate organic matter filters and to accelerate OM re-
mineralization and nutrient cycling (Huettel and Rusch
2000).

The closest engineering parallel to these functions are mu-
nicipal slow sand filters. These filters typically consist of a
0.5-1.2 m filter bed of fine sand through which water per-
colates, which results in a decrease of OM and turbidity by
a combination of biological (microbial degradation and algal
assimilation) and physical (filter skin or schmutzdecke and
adsorption) processes (Huisman and Wood 1974; Visscher
1990). The mgjor drawback to slow sand filters is clogging
during high turbidity. In a municipal filter, clogging is cor-
rected by scraping off the filter skin and restarting the filter.
In marine systems, the efficiency of permeable sands as biof-
ilters will depend on physical (physical mixing and resus-
pension of sediments) and biological (e.g., bioturbation) pro-
cesses that prevent or minimize clogging. There must be a
close coupling between permeability, which alows rapid
flux and turnover, and mineralization, which removes OC.

The rapidly exchanged ‘‘open” region in Debidue Flat
extends to a depth of at least 25 cm and is characterized by
low POC content, high Chl a inventories, high OM lability
and remineralization rates, and low porewater nutrient con-
centrations. Tidally driven porewater advection and biogenic
irrigation maintain essentially vertical profiles of reactive
porewater constituents despite high reaction rates. Rough es-
timates of porewater turnover time can be made by simply
dividing the average porewater concentrations by production
rates (Fig. 1). In the case of NH;, calculated turnover times
of ~0.1-0.5d result and are presumably dominated by trans-
port-driven exchange. The maintenance of the surficial open
region on Debidue Flat requires high permeability and high
tidal current speeds. High permeability on Debidue Flat is
maintained by a combination of sediment supply, physical
mixing, high mineralization rates, and bioturbation to at |east
30 cm. Humphries (1977) demonstrated that sediment ero-
sion and deposition on Debidue Flat exchanges well-sorted
medium-fine sand between the sand flat and nearby beaches.
Near-bed tidal current velocities on Debidue Flat are typi-
cally 27-33 cm st (Grant 1981), but tidal velocities in the
portion of North Inlet over Debidue Flat have been measured
up to 90 cm st (Kjerfve and Proehl 1979). These high ve-
locities effectively mix the top 2-5 cm of the sandflat during
ripple migration (Grant 1983; D’ Andrea et a. unpubl. data),
maintaining the high permeability in the surface sediments.
The top 30 cm of Debidue Flat are inhabited by haustoriid
amphipods (Acanthohaustorius millsi and Pseudohaustorius
caroliniensis) in densities of 10° m~2, which have been im-
plicated in the high biodiffusive mixing measured on the
sandflat (D’Andrea et al. unpubl. data). Thus, bioturbation
by these amphipods may also play an important role in main-
taining the high permeability to 25 cm necessary for the
open region to persist.

The role of porewater advection in flushing the sediments
of Debidue Flat can be evaluated by comparing changes in
porewater solutes on the basis of independent measures of
reaction rates in this system. Table 5 shows the porewater
exchange time on Debidue Flat based on measured winter
and summer reaction rates. These exchange times range from
0.1 to 24 d, depending on season and whether C or N resi-
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dence time calculations are used. The porewater sipper ex-
periments demonstrated that the exchange times for the top
25 cm of Debidue Flat are actually on the order of 1-2 h
(Figs. 6, 7). These results indicated that advective porewater
flow is primarily responsible for the porewater solute profiles
measured on Debidue Flat, and only at slack low tide can
in situ remineralization processes be separated from the
dominant advective effects.

Analyzing the stoichiometry of changes in oxygen, car-
bon, nitrogen, and phosphorus provides information on the
nature of the substrate undergoing decomposition, which can
be compared to Redfield ratios (Redfield 1958). The r2 val-
ues are generally low (0.25-0.5) but show the general rela-
tionships between the carbon, nitrogen, and phosphate com-
ponents of Debidue Flat (Fig. 8). The O,:N and N: P ratios
indicate that a nitrogen-rich substrate, probably algal in or-
igin, is undergoing decomposition on Debidue Flat. The N :
P ratio is ~60% of the prediction based on Redfield ratios,
which implies high denitrification rates. The actual ratio is
even lower because the phosphate values have not been cor-
rected for adsorption. Although there is substantial uncer-
tainty, the net stoichiometries indicated that a relatively ni-
trogen and phosphate rich substrate undergoing
denitrification was being remineralized in this system. These
properties are indicative of the early stages of decomposition
of a fresh, reactive substrate, in this case most likely algal
in origin. These results support a ‘‘biofilter’” analogy for
intertidal sandflats, where dissolved and particulate OM is
rapidly supplied and remineralized with the products rapidly
flushed out of the system (Huettel and Rusch 2000).

Macrobiological impacts on OM flux and remineraliza-
tion—The depth attenuations of carbon and ammonium re-
action rates were directly impacted by the presence of C.
major burrows. Carbon reaction rates associated with shrimp
burrows were greater at all depths relative to sandflat cores
in the fall and winter incubations. Ammonium reaction rates
in the vicinity of C. major burrows showed the greatest de-
parture from depth-dependent patterns predicted from sur-
rounding sandflat sediments. At depths of 10-15 cm, the
reaction rates associated with shrimp burrows leveled off.
The ammonium production rates at 40 cm near C. major
burrow walls were comparable to reaction rates at 10—15 cm
in the surrounding sandflat. These patterns result in a rela-
tively constant C: N ratio of decomposition rather than the
consistent increase with depth noted in the sandflat cores
(Fig. 2).

The greatest impact of shrimp burrows can be seen at
depths >15 cm and is consistent with C. major burrow
structure. The vertical portion of their burrows consist of
three sections: a narrow (5-8 mm diameter) shaft 520 cm
long, a middle section 10-15 cm long gradually widening,
and the main portion of the burrow, which has a uniform
diameter depending on animal size (1.5-2.5 cm diameter)
(Pohl 1946; Weimer and Hoyt 1964; Frey et al. 1978). The
middle and main sections of the burrow are the more per-
manent portions of the burrow and are lined with sandy mud
bound with gelatinous mucus in the form of round pellets
(Frey et a. 1978). Burrow linings of other callianassid
shrimps have 4.5-15 times more OC than ambient sediments
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Fine sediments
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after formation
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e

Fig. 10. Positive scanned image of an x-ray of aray pit structure. The scale on the left side of
the image is in centimeters. Note the fine sediments collected within the ray pit after formation, the
depth of the disturbance (here ~15 cm), and the infill of sand and fine sediments along the edges

of the disturbance.

and are the focal points of subsurface biomass of aerobic
and anaerobic microbes (Dobbs and Guckert 1988; De Vau-
gelas and Buscail 1990). Burrow walls are a geochemically
important sink for OC and play an important role in reaction
rates and fluxes at depth in the sandflat.

The main impact of irrigation and feeding activity of C.
major was seen at low tide, when lack of physical forcing
allows the isolation of biogenic irrigation from impressed
advection. At slack low tide but with water still over the
burrows, the actively burrowing shrimp maintain arelatively
vertical ammonium profile in the sediments. The NH; con-
centrations associated with C. major burrows were higher
than those measured in the sandflat, particularly at depths
>15 cm where ammonium production rates are two—four
times greater than the sand flat (Fig. 1). The higher reaction
rates associated with C. major burrows and the ingrowth of
ammonium profiles associated within the ambient sandflat
indicated an increased flux of ammonium out of shrimp bur-
rows or local consumption during reaction. There was aso

high nitrification associated with C. major burrows that was
only evident at low tide when porewater advection was min-
imized.

These porewater inorganic nitrogen patterns were only ob-
served on one of the two days that sipper data was collected
around C. major burrows but were consistent with studies
that have investigated nutrient fluxes associated with irri-
gating infauna. Benthic communities increase the NH; flux
out of sediments (Henrikson et al. 1980, Ziebis et al. 1996b)
and enhance the rates of nitrification and denitrification (see
reviews by Aller 1988, 2001; Kristensen 1988). Burrows, in
particular, can play an important role in regulating the in-
organic nitrogen flux at the sediment-water interface. Am-
monium fluxes across burrow walls at depth in the sediment
are similar in magnitude to nearshore surface sediment flux-
es (e.g., Aller and Yingst 1978; Kristensen 1984), effectively
increasing the surface area across which inorganic nitrogen
can be exchanged with the overlying water. The increased
flux of ammonium and increased nitrification and denitrifi-
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cation inferred for C. major burrows based on the porewater
profiles in these experiments imply that burrowing shrimp
play an important role in nitrogen cycling on Debidue Flat.

Porewater solute patterns in the vicinity of ray pits showed
evidence for rapid remineralization of organic matter in the
sediments below these structures and slowed flushing in the
vicinity of these structures. Ray pits are large (30-80 cm
diameter) biogenic disturbances that occurred from April
through November on Debidue Flat, covered ~1-3% of the
surface area of the sand flat, and persisted for 1-4 days
(D’Andrea et a. unpubl. data). They alter the structure of
sediments to at least 15 cm (Fig. 10). Thus, these structures
can be considered localized, seasonal, short-term deposition-
al centers for reactive OM. The initial infilling of the dis-
turbance results in the burial of both sand and fine sediments.
During the short residence time (1-4 days) of these struc-
tures, fine sediments settle out of the water into the pit. The
aspect ratio (depth to diameter) associated with these fea
tures can permit separation of overlying flow from flow
within the pits, resulting in increased particulate flux to the
base of the pit (Yager et al. 1993). Their role in the localized
supply of reactive OM is particularly important in sands
where high current speed typically prevent settlement of fin-
er sediments.

The rapid loss of dissolved oxygen and production of
DOC in the porewaters beneath the ray pit relative to the
sandflat can be explained by either increased remineraliza-
tion rates associated with these structures and/or an increase
in reactive carbon supply. The XCO, reaction rates within
ray pits were generally lower or comparable to those mea-
sured for the sandflat (unpubl. data) and implicate the mass
input of reactive carbon in ray pits for the rapid response of
solute profiles in the absence of porewater advection. These
results are consistent with the increased flux of fine particles
and associated OM predicted for ray pits (Yager et al. 1993)
and the high C. major fecal pellet densities measured within
ray pits on Debidue Flat (D’ Andrea unpubl. data).

In addition to supplying reactive OM, the presence of ray
pits decreased the impact of tidally driven advective pore-
water flux. In contrast to solute patterns associated with the
sand flat and C. major burrows, solutes building up in the
porewaters beneath ray pits were not rapidly flushed out of
the sediment. This implied that the fine particles within ray
pits limited the ability of tidally driven porewater advection
to flush products of decomposition out of the sediment. The
increase in fine particles would locally decrease the perme-
ahility of the surface sediments of the sandflat. Interstitial
solute transport is strongly dependent on sediment perme-
ability (Huettel and Gust 1992; Forster et a. 1996; Ziebis et
a. 1996a), so the magnitude of advective solute transport
should be less beneath ray pits relative to the rest of the
sandflat.

This ““clogging”” mechanism observed on Debidue Flat on
short temporal scales (<4 d) may be more significant both
in scale and duration in other permeable sand environments.
For example, if a permeable shelf system is dominated by
physical mixing during a portion of the year (e.g., winter
storms) followed by periods of overlying water productivity
and decreased physical forcing, it is not unreasonable to hy-
pothesize that the efficiency and depth of the ““open’ region

D’Andrea et al.

could decrease over this period. Quantifying the dynamics
of changing permeability and subsegquent changes in carbon
cycling through permeable sediments is an important step in
understanding the role of permeable sedimentsin global car-
bon biogeochemical cycles.

Despite low OC concentrations (~0.04%), the magnitudes
of reactive carbon fluxes through Debidue Flat were high
(44—-170 mmol C m~2d-*), had a strong seasonal component,
and were comparable to fluxes measured in many organic-
rich deposits. The substrate being remineralized on Debidue
Flat has a high reactivity (first-order rate constant: k ~ 0.02
d-Y), is primarily oxidized to %CO, (~90%; ~10% to DOC),
and an N-, P-rich character (N: P ~ 9). These results, com-
bined with the deep penetration of Chl a, imply a marine
algal or bacterial source for OM in this system.

Porewater solute profiles were controlled by advective
flow that rapidly exchanged porewaters over ~30 cm on an
hourly or daily basis. The dynamic porewater reservoir in
Debidue Flat is the result of a close coupling between per-
meability, permitting rapid flux and turnover, and minerali-
zation, which removes OC. This coupling permits the sand-
flat to act like an unsteady ““trickling bed filter” efficiently
burning off organic material and resulting in low residual
OC (~0.04% by weight sediment) despite high year-round
fluxes. As illustrated by Debidue Flat, intertidal sands can
be sites of high OM flux and turnover and play an important
role in biogeochemical cycling in estuarine systems.
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