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Abstract. This study was undertaken to determine the rates and controls of anaerobic respiration reac-
tions coupled to organic matter mineralization as a function of space and time along a transect from a
bioturbated creekbank to the midmarsh in Georgia saltmarsh sediments. Sulfate reduction rates (SRR)
were measured at 3 sites during 5 sampling periods throughout the growth season. The sites differed
according to hydrologic regime and the abundance of dominant plants and macrofauna. SRR and pore
water / solid phase geochemistry showed evidence of enhanced sediment oxidation at sites exposed to
intense bioturbation. Iron(IIl) reduction rates (FeRR) were directly determined in saltmarsh sediments
for the first time, and in agreement with measured SRR, higher rates were observed at the bioturbated,
unvegetated creekbank (BUC) and bioturbated, vegetated levee (BVL) sites in comparison to a veg-
etated mid-marsh (MM) site. An unexpected result was the fact that SRR varied nearly as much be-
tween sites (2-3 x) as it did with temperature or season (3—4 x). The BVL site, vegetated by the tall
form of Spartina alterniflora, always exhibited the highest SRR and carbon oxidation rates (> 4000
nmol cm~3 d~') with high activity levels extending deep (= 50 cm) into the sediment, while the MM
site, dominated by the short form of Spartina, always exhibited the lowest SRR which were localized to
the top 15 cm of sediment. SRR and FeRR at BUC were intermediate between those measured at the
BVL and MM. Acetate was the most abundant microbial fermentation product (concentrations up to > 1
mM) in marsh porewaters, and its distribution reflected respiration activity. Chemical exchange, caused
by bioturbation, appeared to be the primary control explaining trends in rates of sulfate and Fe(III) re-
duction with macrophytes and carbon source acting as secondary controls.

Introduction

Saltmarshes are among the most productive ecosystems on earth (Dame and Kenny
1986; Alongi 1998). These wetlands are vital components of coastal marine eco-
systems, as they provide nursery grounds for commercially important fish and
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Figure 1. Schematic of a cross section of saltmarsh on Sapelo Island, Georgia, illustrating sampling
sites and the relative biomass of smooth cordgrass, Spartina alterniflora, present at each site. Above-
ground biomass (measured as the height of Spartina) at the Institute Marsh was used to scale the sche-
matic. BUC = bioturbated, unvegetated creekbank; BVL = bioturbated, vegetated, levee; MM = mid-
marsh (see "sampling area” section of methods for complete description)

shellfish species, limit nutrient exchange at the land-sea boundary, and protect
coastal municipalities from catastrophic storms (Pomeroy and Wiegert 1981).

Along the east coast of the U.S., primary production in saltmarshes is domi-
nated by the macrophyte, smooth cordgrass or Spartina alterniflora (Pomeroy and
Wiegert 1981). Belowground production of this grass (as roots and rhizomes) usu-
ally exceeds aboveground production (as shoots and leaves; Gallagher and Plumley
(1979); Schubauer and Hopkinson (1984); Figure 1) by a factor of 2 to 4. The roots
and shoots of Spartina are an important conduit for chemical exchange between
the sediments and tidal waters or the atmosphere (Teal and Kanwisher 1961; Dacey
and Howes 1984; Morris and Whiting 1985; Howes and Teal 1994). For example,
studies have shown that the roots of Spartina may be a primary source of organic
matter (Dame and Kenny 1986; Schubauer and Hopkinson 1984) and a source or
sink of oxygen to the surrounding sediments (Dacey and Howes 1984; Howes and
Teal 1994).
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Saltmarsh sediments are rich in organic matter and relatively impermeable clay
minerals. Therefore, oxygen is utilized rapidly in surface sediments (in the top few
mm; King (1988); Luther et al. (1996)) and most organic matter remineralization
occurs under anoxic conditions (Howarth 1993; Alongi 1998). Because of the abun-
dance of sulfate in seawater, microbial respiration coupled to the terminal decom-
position of organic matter in saltmarsh sediments is thought to be dominated by
sulfate reduction (Howarth and Hobbie 1982; Howarth 1993; Alongi 1998). Micro-
bial respiration reactions represent a transfer of carbon and nutrients between the
organic and inorganic reservoirs (Jahnke and Craven 1995), and an understanding
of this transfer is vital to the modeling of biogeochemical dynamics in estuaries.

Sulfate reduction rates have been measured in saltmarshes on the east coast of
the U.S. since the late seventies (Howarth and Teal (1979); Howarth and Giblin
(1983); Howes et al. (1984); King (1988); Hines et al. (1989); see review by
Howarth (1993)). Few studies, however, have explored spatial variability within the
marsh (King 1988) and, to our knowledge, no studies have incorporated an exten-
sive comparison of vegetated vs. unvegetated sites within the marsh. Saltmarshes
are exposed to a large number of physical, biological, and chemical forcings, re-
sulting in complex biogeochemical cycles. This complexity has clouded interpreta-
tion of the mechanisms by which microorganisms interact with surrounding higher
organisms (plants, macrofauna) to control predominating diagenetic reactions. In-
terpretations regarding the response of microbial respiration to different growth
forms of Spartina, which exhibit large variability in aboveground production, re-
main equivocal, and few studies have experimentally determined the influence of
bioturbating macrofauna.

Previous biogeochemical studies have suggested that microbial Fe(IIl) reduction
may contribute to carbon cycling in saltmarsh sediments (Kostka 1993; Kostka and
Luther 1995) and Fe(Ill)-reducing bacteria have been detected in abundance in
these environments (King and Garey 1999; Lowe et al. 2000). However, rates of
Fe(III) reduction have not been measured in saltmarsh sediments and the consensus
of research has been that most Fe(IIl) reduction occurs via abiotic chemical reac-
tion with dissolved sulfide (Howarth 1993; Jacobson 1994; Kostka and Luther
1995; Alongi 1998).

This study was undertaken to elucidate the rates and controls of anaerobic mi-
crobial respiration coupled to organic matter mineralization as a function of space
and time in Georgia saltmarsh sediments. Since sulfate and Fe(IlI) minerals are the
most abundant electron acceptors available for microbial respiration in saltmarsh
sediments, we focused on sulfate reduction and Fe(III) reduction processes. A sam-
pling scheme was designed to include 3 sites in the marsh which vary according to
hydrological regime, macrofaunal abundance, and the growth form of Spartina. We
also sampled deep into the sediment column (0.5 m) and combined microbial rate
measurements with a characterization of sediment geochemistry.
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Methods
Sampling area

This study was conducted at the Institute Marsh adjacent to the University of Geor-
gia Marine Institute on Sapelo Island, Georgia, over 5 sampling periods from May,
1997 to November, 1998. The Institute Marsh is dominated by a nearly monospe-
cific stand of smooth cordgrass or Spartina alterniflora, and the mud fiddler crab,
Uca pugnax, has been observed in abundance throughout the marsh (Teal 1958;
Basan and Frey 1977). Uca irrigates the sediment by building burrows which may
extend to 25 cm depth, and these macroinvertebrates also continually rework the
surface 2 to 3 cm of sediment through deposit feeding activities (Bertness 1985).
Sediments were sampled at three sites, which differed according to their hydrology
and ecology, from nearby a large tidal creek to the mid-marsh (Figure 1). These
sites will henceforth be referred to as the bioturbated, unvegetated creekbank
(BUC); the bioturbated, vegetated levee (BVL), and the mid-marsh (MM) sites. The
BUC site was bioturbated by Uca but contained no visible higher plants. The BVL
was located within a few meters of the BUC, but was sampled at approximately 1
meter higher elevation relative to mean low water. The MM site was located a few
hundred meters inland from the large tidal creek (Figure 1). A gradient in above-
ground Spartina biomass is observed with increasing distance from the tidal creek
with the tall form of Spartina present at the BVL and the short form of Spartina at
MM (Figure 1; Gallagher et al. (1980)). In parallel, bioirrigating and bioturbating
macrofauna were very abundant at BUC and BVL, while their abundance decreased
with increasing distance from the creek toward the MM (Teal 1958, 1962; Basan
and Frey 1977).

Sediments sampled in the present study were clay-rich silts with occasional
sandy layers. Sediment porosity and wet density ranged from 0.78 to 0.99, and from
1.2 to 1.4 g em™, respectively. Organic carbon concentrations varied from 3 to 4
weight % (Roychoudhury 1999) gradually decreasing with depth. The range of or-
ganic carbon concentrations overlapped with those of previous studies in similar
marshes (Giblin and Howarth 1984; Morris and Whiting 1985).

Sediment sectioning and porewater extraction

Sediments were sampled using a stainless steel wedge corer which minimizes com-
paction (Inglett et al., in prep). Within 15 to 20 min. of sampling, cores were trans-
ferred to a nitrogen-filled glove bag, where the sediment was sectioned into 1 to 4
cm depth intervals. Sediments for solid phase analysis were frozen under nitrogen
for later use. Pore waters were sampled using diffusion equilibrators or peepers fit-
ted with a nylon membrane. Peepers were left to equilibrate in the marsh for at
least 1 month. Upon retrieval, each peeper was immediately placed into a glove
bag in the field and transported to the field laboratory. Pore waters were drawn di-
rectly from the peeper using N,-flushed syringes and filtered through 0.2 wm pore
size cellulose acetate syringe filters into gas-tight vials for manipulation.
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For determination of carbon mineralization rates, sediment from parallel cores
(0 to 5 cm and 10 to 15 cm depth intervals) was incubated as described by Aller et
al. (1996). Briefly, cores were sectioned, the sediment was homogenized, and par-
allel sections pooled under strict anoxia in a glove bag. After sectioning, sediment
from each of the depth intervals was loaded into 50 ml centrifuge tubes (with no
headspace) within a few hours of core retrieval. Tubes were then placed inside a
N,-filled glove bag as per Canfield et al. (1993b), and incubated in the dark at sedi-
ment temperature. The centrifuge tubes were then removed from the glove bag and
sampled at regular intervals, and the pore waters were extracted by centrifugation
(5000 x g for 15 min) plus filtration (through 0.2 um syringe filters).

For determination of sulfate reduction rates (SRR), sediment was subsampled
and transferred into 10 ml syringe microcores in a glove bag (according to Hines et
al. (1989)). SRR were determined in duplicate with *3SO3~ (Jgrgensen 1978) in
incubations at ambient sediment temperature. At termination, the sediment was
fixed in 20% Zn acetate and frozen. The reduced *°S was recovered by distillation
with boiling acidic Cr?* solution using the two-step method of Fossing and Jgr-
gensen (1989). SRR measurements were carried out in short-term incubations (2
hrs) to minimize the effects of sulfide oxidation (Fossing 1995). In time course ex-
periments, the accumulation of radioactive sulfides revealed that sulfate reduction
rates were highly linear from 20 min. to 12 hours (data not shown).

Pore water analyses

Dissolved Fe?* was determined on pore water immediately after filtration by colo-
rimetry with a ferrozine solution (det. limit 1 wM; SD 2%; Stookey (1970); Viol-
lier et al. (2000)). Sulfate concentrations were measured in acidified porewater us-
ing the turbidometric method of Tabatabi (1974). Dissolved sulfide was determined
on filtered pore water after precipitation with zinc using the methylene blue method
(det. limit 1 uM; SD 5%; Cline (1969)).

Pore water for the analysis of organic acids was mostly separated from the solid
phase of parallel cores by centrifugation. In order to check for potential artifacts of
sample retrieval on the organic acid determinations, we compared pore water ex-
tracted by centrifugation to pore water sampled nondestructively using a sipper de-
vice as described by Hines et al. (1994) during the November sampling trip. Or-
ganic acid analyses were carried out on filtered pore water using ion exclusion
HPLC with conductivity detection on a Dionex DX-500 ion chromatography sys-
tem. Standard calibration curves were obtained for the following organic acids: ox-
alate, pyruvate, citrate, malonate, malate, glycolate, formate, lactate, acetate, suc-
cinate, isobutyrate, and propionate (detection limits ranged from 1 to 10 uM). Filter
blanks using seawater taken from the site showed that less than a few micromolar
of any organic acid was produced and therefore no contamination occurred during
the filtration procedure.

In sediment incubations, porewater for the determination of %CO, was filtered
into 1.8 ml glass vials that were capped with Teflon-coated butyl rubber septa,
leaving no gas phase and maintaining anoxia. The samples were stored at 4°C and
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analyzed within a few days of sampling by flow injection with conductivity detec-
tion (Hall and Aller (1992); S.D. 2% for XCO,) as modified by Lustwerk and Bur-
dige (1995) to eliminate hydrogen sulfide interference.

Solid phase analyses

Wet chemical extractions were used to determine the poorly crystalline Fe oxide
pool (Canfield 1989; Thamdrup et al. 1994; Kostka and Luther 1994). Iron was
extracted in ascorbate (pH 8) or 0.5 M HCI for one hour (Kostka and Luther 1994).
The concentration of Fe in the extract was determined by the ferrozine colorimetric
method. Ascorbate-extractable Fe was operationally defined as the amorphous Fe(I-
II) oxyhydroxide fraction and was highly correlated with that extracted by 0.5 M
HCI in previous studies of saltmarsh sediment (Kostka and Luther 1994). Calibra-
tion experiments with pure Fe mineral phases have confirmed the selectivity of
these extractions towards poorly crystalline Fe phases (Kostka and Luther 1994).

Acid-volatile sulfide (AVS = FeS + H,S) and chromium-reducible sulfur (CRS
= S° + FeS,) were determined after a two-step distillation with cold 2 M HCI and
boiling 0.5 M Cr?* solution (Fossing and Jgrgensen 1989). Sediment fixed with Zn
acetate from the SO?~ reduction measurements was used for solid sulfide determi-
nations.

Results
Pore water chemistry

During the summer (August, 1997, 30 °C sediment temp.), sulfate concentrations
decreased markedly with depth at all sites. However, depletion was most pro-
nounced at the mid-marsh (MM) site. Porewater sulfate concentrations at 20 cm
depth were approximately 20 mM, 8 mM, and 4 mM at the BUC, BVL, and MM
sites, respectively (Figure 2). Subsurface maxima in dissolved Fe were observed at
20 to 30 cm depth at the BUC and BVL sites, whereas little or no pore water Fe
was observed at the MM site. Dissolved sulfide only accumulated in the mid-marsh
where it increased to a maximum concentration of 10 mM at 10 cm depth after
which it showed little down-core variation (Figure 2).

During the winter (January, 1998, 11°C sediment temp.), the general trends de-
scribed were again observed but on a reduced scale. Little or no sulfate depletion
was observed at the BUC or BVL, while substantial depletion was observed in the
mid-marsh (Figure 3). Pore water Fe concentrations were approximately half those
found in the summer. Dissolved sulfide levels were generally lower at MM during
the winter but millimolar concentrations were still observed (Figure 3).

Depth distributions of organic acids were determined in July and November of
1998 (Figure 4). Only two compounds (of the 12 for which calibration curves were
obtained- see methods), acetate and malonate, were regularly detected. The distri-
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Figure 2. Reactants and products of microbial respiration are indicated by vertical profiles of pore wa-
ter constituents at the BUC, BVL, and MM sites during the summer (August, 1997)

bution of pore water acetate concentrations with depth in July differed according to
sample site. Higher acetate concentrations were observed, especially close to the
sediment surface, in sediments vegetated by Spartina (BVL and MM sites) as com-
pared to the unvegetated site (BUC; Figure 4a). The subsurface maximum in ac-
etate observed at MM was 15 cm closer to the sediment surface as compared to the
BVL site. Malonate concentrations in July were also higher at vegetated sites as
compared to the unvegetated site, where malonate was only detected in the top 5
cm (Figure 4b). In November, only the MM site was sampled. In comparison to
July, the malonate distribution appeared unchanged in November (Figure 4b and
4d). Acetate concentrations, however, were 2 to 9 times lower in the top 10 cm in
November relative to July (Figure 4a and 4c).

In order to check for potential artifacts of sample retrieval on the organic acid
determinations, we compared pore water extracted by centrifugation to pore water
sampled nondestructively using a sipper device during the November sampling trip
(see methods section). In the MM which had the highest root biomass close to the
sediment surface, organic acid concentrations were measured on duplicate pore
water samples extracted by the two methods at 2 sediment depths. Acetate and ma-
lonate concentrations were nearly identical using the two independent sampling
methods (Figure 4c and 4d).
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Figure 3. Reactants and products of microbial respiration are indicated by the pore water geochemistry
of the 3 sites compared for samples collected during the winter (January, 1998)

Solid phase distributions

Reactive Fe concentrations were generally high in the upper 10 to 15 cm and de-
creased with sediment depth at all sites and seasons (Figure 5a). A subsurface
maximum in reactive Fe, indicative of active precipitation of Fe(Ill) oxyhydrox-
ides, was observed at BVL during all seasons. The MM showed the steepest gra-
dient in reactive Fe with depth, and the gradient was more pronounced in summer.
BUC and BVL sites contained higher reactive Fe concentrations relative to the MM.
At BUC and BVL, there was little change in reactive Fe between seasons and a
smaller depth gradient was observed.

Reactive Fe was speciated in the solid phase using HCI during the July, 1998,
sampling trip in order to contrast the amount of oxidized Fe(IIl) present between
sites, and to measure the turnover of Fe(IIl) in sediment incubations (see Rate
Measurements section below). The total inventory of reactive Fe(Ill) measured in
HCI extractions was similar at the BUC (1615 mmol m~2; Figure 6a) and BVL
sites (1480 mmol m~2; Figure 6b), while the MM displayed much lower solid
Fe(Ill) concentrations (146.6 mmol m~2; Figure 6¢). The concentration of solid
Fe(Il) and total Fe (Fell + Felll) present in depth profiles (Figure 6) showed a
similar pattern: BUC ~ BVL > MM.

Seasonal and spatial trends in acid-volatile sulfide (AVS) and chromium reduc-
ible S (CRS) fractions were in general inversely correlated to those of reactive Fe.
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Figure 4. Small molecular weight organic acids measured in pore water during July and November
sampling periods. Symbols are the averages of duplicate samples. The asterisk denotes samples col-
lected by a nondestructive sipper device
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Figure 5. Distribution of solid phase reactive Fe and sulfides sampled from the same sediments rep-
resented in Figures 2 and 3

Solid S concentrations (AVS, CRS) increased from the BUC to the MM (Figure 5b
and 5c¢). Similar to pore water sulfide, the depth of this subsurface maximum in
AVS was shallower in summer and became shallower from the BUC to the MM
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Figure 6. Speciation of solid phase Fe from sediments collected during the July, 1998, sampling period.
Oxidized Fe(IIl) is represented by the squares and reduced Fe(Il) is represented by the circles. The total
inventory of oxidized Fe(IIl) integrated to 50 cm depth for each site is given in the inset box

(Figure 5b). CRS concentrations increased with sediment depth, and below the sur-
face 10 cm, were 2 to 3 times higher at MM relative to the other sites.
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Rate measurements

In order to constrain the spatial and temporal variability of microbial respiration
coupled to C oxidation in saltmarsh sediment, we have measured rates of sulfate
reduction, Fe(IIl) reduction, and C oxidation.

Sulfate reduction rates (SRR) measured by the radiotracer technique showed
large variations according to sediment depth, the site sampled, and sediment tem-
perature or season sampled (Figure 7). During most seasons, the highest SRR were
observed at the sediment surface of all sites. In contrast, during the winter, a pro-
nounced subsurface maximum in SRR was observed at around 5 cm depth at all
sites. Sulfate reduction rates decreased rapidly with depth in the MM, often de-
creasing to less than 100 nmol cm~ d~! below 10 cm depth. The sharp gradients in
SRR coincide with the large depletions of pore water sulfate and the accumulation
of pore water (and solid) sulfides observed at the MM site. In contrast, substantial
SRR (100 to 500 nmol cm~3 d=') persisted to between 20 and 50 cm depth at the
BVL and throughout the entire sediment column of the BUC site (Figure 7).

Variability of SRR was assessed at the levee site during November, 1998. Du-
plicate rate measurements were made on duplicate cores taken approximately 1 m
apart (Figure 7e). The mean of 1 standard deviation for all rate measurements was
23%. Thus at each site, we estimate intramarsh variability at around 20%.

Spatial and temporal trends are also evident when SRR is integrated over the
entire sediment column to 50 cm depth (Figure 8). At every time period sampled,
depth-integrated SRR was highest at BVL and lowest at MM. Integrated SRR
showed a direct and strong correlation with sediment temperature with, of course,
the highest rates observed in the summer followed by the spring/fall and then win-
ter. A more surprising result was the fact that SRR varied nearly as much between
sites as it did with temperature or season. At any one site, integrated SRR varied by
a factor of up to 3 or 4 over the season sampled, while during each sampling pe-
riod, integrated SRR was generally 2 to 3 times higher at BVL as compared to MM
(Figure 8). When integrated SRR is plotted as a function of sediment temperature
(Figure 8; inset), it is apparent that site-specific factors control sulfate reduction as
each site shows a separate linear relationship with temperature.

A comparison of C oxidation rates (measured by the accumulation of %CO,) at
the various sample sites was made in sediment incubations during the July, 1998,
sampling period. Accumulation rates were rapid and highly linear over the first 48
hrs at the depths sampled (Figure 9). From 48 to 72 hours, the rates decreased.
Rates reported here were calculated from the initial 48 hr incubation period. Simi-
lar to SRR, C oxidation rates were highest at the BVL and lowest at the MM
(Table 1). C oxidation rates were also 2 to 3 times more rapid in the surface 0 to 5
cm depth interval as compared to the 10 to 15 cm depth interval.

In the same incubations where total C oxidation was determined, Fe(III) reduc-
tion was directly measured as the accumulation of HCl-extractable Fe(Il) (Fig-
ure 10). In the O to 5 cm depth interval, the turnover or reduction of solid Fe(II)
(Figure 10) followed the same pattern observed between sites for the amount of
reactive Fe present in the bulk phase (Figures 5 and 6). Similar to the trend ob-
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Figure 7. Depth profiles of sulfate reduction rates (SRRs) measured for the 3 sites over 5 sampling
periods from May, 1997 (a.), to November, 1998 (e.). Symbols represent duplicate samples at each depth;

solid lines represent the average rate measured
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served for SRR, Fe(Ill) reduction rates (FeRR) were most rapid at the BVL, fol-
lowed by the BUC, and little or no Fe(IIl) reduction was detected at the MM site
(Figure 10; Table 1). In the 10 to 15 cm depth interval, no Fe(Ill) reduction was

detectable at any of the 3 sites (Table 1).

Discussion

Sulfate reduction and sediment geochemistry over spatial gradients in the

saltmarsh

Most previous studies of anaerobic respiration in saltmarshes have focused on sul-
fate reduction in the zones inhabited by short Spartina which are drained at low
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Figure 9. Examples of the accumulation of XCO, over time in sediment incubations carried out in July,
1998, at the BVL site inhabited by tall stands of Spartina. Symbols represent duplicate incubations.
Regression coefficients are given for the first 48 hours of incubation (see results section for explanation)

tide (similar to our MM site), and no studies other than ours have incorporated rate
measurements at an unvegetated creek bank environment adjacent to vegetated sites
within the marsh. Based on previous studies, we hypothesized that the highest sul-
fate reduction rates (SRR) should occur in the MM. Conversely, we hypothesized
that SRR should be lower and microbial FeRR higher at the BUC and BVL sites
where a combination of factors (root activity, pore water flushing, bioturbation) lead
to more oxidizing conditions. Though microbial respiration processes had not been
studied in detail on the unvegetated creekbank of the marsh, we assumed that res-
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Table 1. Partitioning of carbon oxidation pathways in sediments collected during July, 1998. Rates are
integrated over the appropriate depth interval and expressed in units of mmol m~2 d~!. Carbon oxida-
tion and Fe reduction rates were measured in the same incubations by regression of concentration vs.
time (see Figures 9 and 10). Sulfate reduction rates were measured using the radiotracer technique in
parallel cores processed at the same time as for sediment incubations.

Sulfate reduction rate

BUC BVL MM
0-5 cm 136.2 (0.93%) 224.1 (1.06) 155.7 (1.02)
10-15 cm 9.9 (0.15) 8.5 (0.12) 0.0 (0.00)

C oxidation rate

0-5 cm 294.3 423.6 305.7
10-15 cm 1314 145.4 454

Fe(III) reduction rate

0-5 cm 568.1 783.2 ND**
10-15 cm ND ND ND

* Ratio determined as the integrated C equivalents oxidized via sulfate reduction divided by the inte-
grated C oxidation rate. Integrated C equivalents oxidized via sulfate reduction was calculated using a
2:1 stoichiometry of C oxidized to sulfate reduced (Thamdrup and Canfield 1996; Kostka et al. 1999);
*#%* ND = none detected.

piration and C oxidation rates would be low relative to vegetated marsh sediments
due to the lack of belowground C input from Spartina roots. As has been shown
for the majority of marine sediments, it was also hypothesized that most microbial
activity occurred within the surface sediment layers (0—10 cm depth) of saltmarshes.

A comparison of our depth integrated sulfate reduction rates (SRR) to other
studies which have measured SRR in saltmarshes of the U.S. inhabited by Spartina
alterniflora is shown in Table 2. When rates (Figure 7) were integrated over the
entire growth season, annual SRR rates were 64, 84, and 42 mol SO, > m™2 yr™',
for the BUC, BVL, and MM sites, respectively. At the BVL, in the presence of the
tall form of Spartina, we observed the highest integrated annual rate yet reported
for any natural ecosystem studied, about 10 times higher than the range reported by
King (1988) for a South Carolina marsh, and slightly higher than that reported for
a New England marsh (Howarth and Teal 1979).

Site characteristics exhibited at least as much effect on the range of SRR as did
temperature or season (Figures 7 and 8). Rate measurements contrasted with the
abovementioned hypotheses to show that both sulfate reduction and C oxidation
rates were higher at the BVL as compared to the MM, while rates at the unveg-
etated creekbank were intermediate in comparison to those at the vegetated sites.
One previous study observed higher SRR in a levee environment as compared to
the mid-marsh in the Georgia saltmarsh (Skyring et al. 1979). However, this study
was called into question due to methodological problems associated with quantifi-
cation of sulfate reduction (Howarth and Giblin 1983). Another study measured
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Figure 10. Iron(IIl) reduction rates measured as the accumulation of extractable Fe(Il) in sediment
incubations carried out in July, 1998 (same incubations as those represented in Table 1 and Figure 9)

SRR in stands of tall vs. short Spartina alterniflora and concluded, in contrast to
the results of this study, that SRR were higher in short Spartina stands of a South
Carolina marsh (King 1988) (Table 2). The discrepancy between our study and that
of King (1988) may be due to incomplete sampling of the sediment column or to
variability in sediment characteristics between marshes. Because the maximum in
sulfate reduction activity is located closer to the sediment surface (top 10 cm depth)
in the MM (Figure 7), and King (1988) only integrated over the surface 10 to 15
cm of sediment, much sulfate reduction activity, such as that observed in this study
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Table 2. Sulfate reduction rates measured in saltmarsh sediments inhabited by saltmarsh cordgrass,
Spartina alterniflora

Integrated sulfate reduction rate mmol m=2 d~'

Study site BUC BVL MM
Howarth and Teal (1979)* Cape Cod, MA ND ND 20400
Howarth and Giblin (1983)*  Sapelo Isl., GA ND ND 80-120
Howes et al. (1984)** Cape Cod, MA ND ND 69
King (1988)** Georgetown, SC ~ ND 5-45 5-100
Hines et al. (1989)*** Great Bay, NH ND 2-200 ND
This study™*#** Sapelo Isl., GA 106-238 148-312 56-200

ND = not determined; * integrated to between 30 and 40 cm sediment depth; ** integrated to 10 cm
sediment depth; *** estimated from rates averaged over the 0 to 20 cm depth interval; **** integrated
to 50 cm sediment depth.

in the BVL (Figure 7), may have been missed. The only other studies which incor-
porated SRR measurements deeper than 10-15 cm into saltmarsh sediment were
those of Howarth and Teal (1979) and Hines et al. (1989) which incorporated mea-
surements down to 30 or 40 cm depth in the sediment column (Table 2). As we
would predict, the range of integrated SRR reported here overlaps with the range
reported by Hines et al. or Howarth.

Vertical spatial gradients in sulfate reduction activity were observed to be large
and reproducible between sites. At the two sites closer to the large tidal creek
(within 20 m), this study showed SRR of 200 to 500 nmol cm~ d~! at greater than
40 cm depth in the sediment column (Figure 7). Farthest from the tidal creek (>
100 m) in the MM, SRR decreased to below 100 nmol cm™ d~! at less than 20 cm
depth at all seasons (Figure 7). Subsurface rates measured near the tidal creek cor-
respond to the high end of the range observed in the top 10 cm of shallow, subtidal
marine sediments (Jgrgensen 1977; Canfield et al. 1993a, 1993b; Thamdrup et al.
1994). While higher rates are to be expected in organic carbon-rich marsh sedi-
ments, our results indicate significant organic matter is being oxidized deeper down
in the sediment column than was thought previously.

In parallel with the spatial gradients of SRR, pore water and solid phase
geochemistry indicated enhanced sediment oxidation at sites located within a few
meters of a large tidal creek (Figures 2, 3, 5 and 6). Results are supported by pre-
vious studies which observed a higher redox potential (E,) in stands of tall Spar-
tina (Mendelssohn et al. 1981; Howes et al. 1981, 1986). Several hypotheses for
more oxidized sediment near tidal creeks have been proposed, including aeration
due to drainage of interstitial water from creekbanks at low tide (Gardner 1980;
King and Wiebe 1980; Nuttle and Hemond 1988), transport of O, into sediment by
plant roots (Teal and Kanwisher 1961; Morris and Whiting 1985), an enhanced
supply of Fe oxides which reacts with (and removes) dissolved sulfide via precipi-
tation (King et al. 1982), and an increased abundance of bioturbating macrofauna
(Montague 1982; Basan and Frey 1977; Sharma et al. 1987; Gardner 1980).
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In this study, the porosity and density of the sediment did not change from the
creek inland to the mid-marsh, and the permeability of the clay-rich Sapelo marsh
sediment was previously shown to be low relative to other marsh sediments (Giblin
and Howarth 1984), indicating that pore water advection through sandy sediments
was probably not important. In contrast to a study carried out in a Delaware marsh
(Kostka and Luther 1995), we observed that vegetated and unvegetated sediments
near a large tidal creek (at BUC and BVL sites) displayed similar geochemistries,
indicating that plant roots were not the primary factor affecting their redox state.
Thus, it appears that bioturbation is overriding other factors in controlling sediment
biogeochemistry at the Institute Marsh on Sapelo (see below discussion). Our in-
terpretations are supported by ecological data which were collected from the same
Sapelo marsh that was the subject of this study. As has been shown for other salt-
marshes (Montague 1982; Bertness 1985), sites located close to a large tidal creek
(BUC, BVL) were more heavily bioturbated as compared to those sites located in
the midmarsh (MM). Uca was shown to be 2 to 3 times more abundant at the BUC
or BVL sites (61 to 65 m™2) as compared to the MM (27 m~2; Teal (1962, 1958)).
In addition, Uca burrows extended to greater depths at the BUC and BVL (Basan
and Frey 1977). Thus, intense and deep macrofaunal activity at these sites would
mix oxidants (O,, Felll, SO, *7) and reactive organic matter over appreciable
depths. Further, in a nearby Spartina marsh in South Carolina, bioturbation by Uca
was indeed shown to be more intense at creekbank sites (to 30 cm depth) as com-
pared to mid-marsh sites (to 6 cm depth) through profiling of particle-reactive ra-
dionuclides (Sharma et al. 1987).

Microbial respiration pathways in the saltmarsh

To date, the partitioning of anaerobic respiration pathways coupled to C oxidation
in saltmarsh sediments has been based solely on information from the mid-marsh
or environments vegetated by short stands of Spartina. In the few studies which
have been carried out, 50 to 70% of C oxidation was attributed to sulfate respira-
tion and the remainder to aerobic respiration (Howes et al. 1984, 1985; Howarth
1993).

Considering the 3 different sites during the summer for which C oxidation rates
were obtained in this study, we concur with previous studies that sulfate reduction
is the most important anaerobic microbial respiration pathway in saltmarsh sedi-
ments overall. Using the average ratios of C equivalents oxidized (0-5 + 10-15 cm
depth intervals; Table 1), sulfate reduction measured by the radiotracer technique
comprised approximately 69 to 87% of total C oxidation and no difference in the
ratio was observed between sites. Though SRR was also determined from the
depletion of sulfate in sediment incubations (data not shown), we have used the
radiotracer SRR to partition the carbon oxidation pathways since the accuracy of
our sulfate concentration determinations was called into question.

At 0 to 5 cm depth, it is clear that sulfate reduction in the predominant respira-
tion pathway, comprising close to 100% of carbon oxidation (Table 1). However at
10 to 15 cm depth, where less carbon oxidation occurs (13 to 31% of 0 to 5 cm
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depth interval; see Table 1), the partitioning of respiration pathways is less clear. At
this depth, oxygen and nitrate have been most likely used up by sediment microbes
with Fe(IIl), sulfate, and bicarbonate remaining as potential oxidants. No Fe(II)
reduction was detected in sediment incubations at 10 to 15 cm depth and no ex-
tractable solid Fe(Ill) was present (Figure 6, Table 1). Methanogenesis could play
an important role for carbon oxidation at this sediment depth, especially in the
mid-marsh where solid Fe(Ill) and sulfate concentrations were relatively low. Also,
though parallel cores were sampled in July within a few meters distance for all of
the measurements used to partition the carbon oxidation pathways, considerable
spatial heterogeniety (> 20%) was observed in parallel cores (Figure 7). Therefore,
we cannot rule out the importance of sulfate and Fe(IIl) reduction as carbon oxi-
dation pathways deeper in the sediment column at this time.

In surface sediments (0 to 5 cm depth), extremely rapid FeRR (568 to 783
mmol m~2 d~") were observed at the more heavily bioturbated sites (BUC and BVL;
Table 1), which were 5 to 10 times higher than measured SRR (Table 1). To our
knowledge, only one other study in a marine environment observed such rapid
Fe(II) turnover rates (300 to 600 mmol m~2 d~') in the Amazon delta, where sedi-
ments are exposed to extreme physical mixing by bottom currents and reactive
Fe(III) concentrations are similarly high (Aller et al. 1996). In contrast, at the less
bioturbated MM site of our study, where the Fe(Ill) inventory was 10 times lower
(Figure 6), no detectable Fe(IIl) reduction was observed (Figure 10, Table 1). Us-
ing our measured FeRR (Figure 10, Table 1) and the inventory of reactive Fe(III)
minerals (Figure 6) present in the sediment, we calculate a residence time of 2 to 3
days for reactive Fe(IIl) at the heavily bioturbated sites. These residence times are
among the shortest reported in marine sediments (Aller et al. 1996; Canfield et al.
1993b; Hines et al. 1997) and indicate an extremely rapid turnover of reactive Fe
in bioturbated saltmarsh sediments.

Our measured FeRR should incorporate both abiotic and biotic (microbial) re-
duction of Fe(IIl) minerals. Calculation of the carbon equivalents oxidized from
the SRR data (radiotracer methods) indicate that microbial Fe(III) reduction is not
substantially coupled to carbon oxidation in these surface sediments (Table 1).
Thus, we conclude that most of this rapid Fe(IIl) reduction is catalyzed by abiotic,
chemical reaction with dissolved sulfide or organic ligands. Though a few past
studies have suggested that microbial Fe(IIl) reduction may be coupled to carbon
oxidation in saltmarsh sediments (Luther et al. 1992; Kostka and Luther 1995),
most Fe(IIl) reduction was believed to be catalyzed abiotically though reaction of
Fe(IIl) oxyhydroxides with dissolved sulfides produced by sulfate reduction (Pyzik
and Sommer 1981; Giblin and Howarth 1984; Jacobson 1994). In addition, Luther
et al. (1992) suggested that Fe(IIl) minerals may be solubilized and reduced by or-
ganic ligands (i.e. catecholates, humic acids) containing oxygen as the ligating
atom. The potential role of organic ligands in Fe(IIl) reduction was further sup-
ported by the detection of Fe(Il) organic complexes in saltmarsh pore waters using
spectroscopic and microelectrode methods (Luther et al. 1996). We propose that
the high Fe reduction rates we observe in the Sapelo marsh are supported by a
combination of these abiotic mechanisms.
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Hines and co-workers have observed that Spartina species enhance sulfate re-
duction activity by transporting primarily dissolved oxidants and organic matter into
saltmarsh sediments (Hines et al. 1989; Hines 1991). Hines (1991) also observed
that though the mechanisms may differ, both macrofauna and macrophyte plant ac-
tivities result in the stimulation of subsurface Fe and S cycling, decreased dissolved
sulfide and increased dissolved iron concentrations. Our results corroborate this
previous work and further demonstrate the stimulation of the Fe cycle by providing
direct measurements of solid Fe turnover. We conclude that the rapid Fe cycling
we have observed in bioturbated sediments is stimulating higher rates of anaerobic
respiration, mainly sulfate reduction, by decreasing sulfide concentrations through
reoxidation and thereby increasing sulfate levels.

Alternatively, based on the high Fe(Ill) reduction rates we have measured, one
could conclude that microbial Fe(IIl) reduction is driving a substantial portion of
carbon oxidation in the Sapelo marsh. However, we believe that SRR determined
via radiotracer methods is the most robust measurement of microbial activity, and
therefore we have attributed this rapid Fe reduction to abiotic mechanisms. The
discrepancies observed in the partitioning of anaerobic respiration pathways at 10
to 15 cm depth (Tables 1 and 2; above discussion) suggest that more data is needed
to completely and accurately partition the microbial respiration pathways coupled
to C oxidation.

Aerobic respiration may be operative at depth in the presence of macrofaunal
burrows and Spartina roots. The latter may inject O, into subsurface sediment via
evapotranspiration (Dacey and Howes 1984; Morris and Whiting 1985) or passive
diffusion (Teal and Kanwisher 1961). Since our incubations were carried out an-
oxically, we may have underestimated the importance of aerobic respiration. How-
ever, King (1988) showed that oxygen was not present below the first 2 to 4 mm in
sediments from a nearby South Carolina marsh during the summer, and a similar
O, distribution was observed in Sapelo marsh sediments (W.J. Cai, unpublished
data). Further, assuming that aerobic respiration is half the rate of oxygen uptake,
and using the entire range of O, consumption rates measured in saltmarsh sedi-
ments (Howarth 1993), we obtain a maximum contribution of 26% of C oxidation,
which is in the range of our estimates of C oxidation by respiration pathways other
than sulfate respiration measured using the radiotracer technique (13 to 31%).

Controls of microbial respiration in saltmarsh sediment

In this study, gradients in sediment geochemistry between sites closely followed
with those of microbial activity. During the summer sampling period when exten-
sive sediment incubations were carried out, all rate measurements indicate that mi-
crobial activity was highest at the BVL, intermediate at the BUC, and lowest at the
MM (Figures 7, 8, 9 and 10, Tables 1 and 2). Therefore, anaerobic microbial res-
piration, mainly sulfate reduction, appears to be stimulated in more heavily biotur-
bated saltmarsh sediments. The influence of bioturbation is specifically indicated
by the following observations at more heavily bioturbated sites in the saltmarsh:
higher solid phase reactive Fe concentrations, more oxidized Fe(IIl), more rapid
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turnover rates of Fe(IIl), a lack of sulfate depletion, and less accumulation of solid
phase sulfides (AVS + CRS) (Figures 2, 3, 5, 6 and 10). Microbial respiration pro-
cesses have been shown to be limited by reoxidation reactions which replenish
electron acceptors of respiration, and these reoxidation reactions are driven by
physical and biological mixing (bioturbation) (Jgrgensen 1977, 1978; Canfield et
al. 1993a, 1993b; Thamdrup and Canfield 1996; Kostka et al. 1999). Thus, the most
important factors which we hypothesize are limiting microbial respiration in Geor-
gia saltmarsh sediments include: tidal flushing, bioturbation by Uca, and processes
mediated by the roots of Spartina. Since sediment geochemistry was similar at both
heavily bioturbated sites, only 1 of which was vegetated by macrophytes, we sug-
gest that bioturbation by Uca is the most important factor controlling anaerobic mi-
crobial respiration at the sites we studied.

Through irrigation of burrows, radial diffusion, and reworking of surface sedi-
ments, macrofauna like Uca increase the intrusion of oxidants into sediments, pro-
ducing 3 dimensional redox gradients which enhance the recycling of redox sensi-
tive elements like Fe and S (Aller 1980; Hines and Jones 1985; Hines et al. 1997).
In our study, rapid Fe(IIl) turnover appeared to be supported by intense bioturba-
tion near tidal creeks. Rapid reoxidation of anaerobic respiration products (Fell,
sulfide) would maintain the increased supply of oxidants (Felll, sulfate) needed to
support high Fe(IIl) and sulfate reduction rates. Further, sulfate reduction is actu-
ally more thermodynamically favorable when dissolved sulfide concentrations are
kept low from reoxidation (Howarth and Giblin 1983). We concur with previous
studies (King et al. 1982) that the abundance of Fe oxide limits anaerobic respira-
tion pathways in saltmarsh sediments. However, we further suggest that it is not
the external input of Fe oxide that controls Fe oxide abundance, but rather an en-
hanced turnover of sedimentary Fe supported by a greater rate and depth of biotur-
bation at the creekbank sites where Uca burrows are more abundant.

In the less bioturbated MM, sulfate limitation was evidenced as dissolved sul-
fate was depleted throughout a majority of the season (Figures 2 and 3) (Roy-
choudhury 1999)). Sulfate limitation may be exacerbated by oxygen depletion
which forces the plant roots into anaerobic respiration making belowground plant
production less efficient and thereby reducing organic matter turnover, including
the supply of labile carbon substrates for respiration (Mendelssohn et al. 1981). The
higher accumulation of dissolved sulfide we observed in the MM at Sapelo (Fig-
ures 2 and 3) has also been shown to inhibit root respiration completely leading to
reduced growth and carbon turnover (Koch et al. 1990).

All measured rates of microbial activity were intermediate at the BUC site,
though no roots were present to inject C into the sediment. The intermediate rates
observed at BUC can be explained by the input of labile C from benthic microal-
gae which is mixed down into the sediment by Uca. Diatom mats were observed to
cover the surface of the creekbank during much of the year in the Sapelo marsh,
and benthic microalgal production has been shown to be equivalent to 43% of
Spartina production in a nearby South Carolina marsh (Pinckney and Zingmark
1993).
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Carbon substrates for anaerobic respiration

Acetate is an important electron donor for sulfate-reducing bacteria (SRB) (Widdel
and Bak 1992) and the use of molecular probes has shown that acetate-utilizing
SRB dominate over other SRB groups in saltmarsh sediments (Rooney-Varga et al.
1998; Hines et al. 1999; King et al. 2000). In this study, acetate concentrations in
vegetated sediments were positively correlated to the SRR measured in the same
sediment, with higher concentrations observed closer to the sediment surface at the
MM and a deeper subsurface maximum observed at the BVL (Figure 4). Though
only 2 sampling periods were available, we did observe lower acetate concentra-
tions in the fall when root activity should be less relative to the summer (Figure 4).

Previous work observed that acetate oxidation rates were small in comparison to
sulfate reduction rates in marsh sediment, and it was therefore concluded that sul-
fate-reducing bacteria were utilizing C substrates other than acetate (Hines et al.
1994). To determine if other C substrates were available for sulfate reduction, we
chose a versatile HPLC method which detects organic acids in the C, to Cy size
range. Though present at much lower concentrations, we have identified another
potential C source, malonate, available to bacteria in the Georgia marsh (Figure 4).
To our knowledge, this compound has not been detected in marine sediments pre-
viously, although it was detected in association with plant roots in agricultural soils
(Szmigielska et al. 1997). Further, malonate was shown to be produced from the
oxidation of malate, an important constituent of root exudates, coupled to the re-
duction of Fe or Mn oxides (Jauregui and Reisenauer 1982). Malate has been mea-
sured in Louisiana marsh sediments vegetated by Spartina (Mendelssohn et al.
1981). We suggest that the accumulation of malonate results from rapid chemical
or biological Fe reduction coupled to the oxidation of malate released from roots.

Hines et al. (1994) carried out an extensive study of the effects of coring and
root disturbance on the measurement of acetate concentrations in saltmarsh sedi-
ment pore waters. Substantial artifacts were observed during coring and pore water
removal in rooted sediments, and the effect was largest during the summer growing
season because the acetate was thought to come from inside living roots. Through
a comparison of destructive and nondestructive pore water sampling methods simi-
lar to the Hines et al. study, we observed no such artifacts during the November
sampling period at MM. Such artifacts cannot be ruled out for our vegetated sites
and further study is needed to determine whether acetate is released during coring/
centrifugation when sampling in the summer growing season. However, we con-
clude that the organic acid concentrations we reported are not dominated by coring
artifacts for the following reasons. The BUC site contained no living roots, inter-
mediate SRR, and yet the acetate concentrations were still high (> 100 uM). We
also observed high acetate (ave = 80 wM) and malonate (ave. = 20 uM) concen-
trations, equimolar in concentration to surface sediment pore waters, in duplicate
seawater samples from small tidal creeks (where coring artifacts are not possible)
within the MM site at slack tide. These observations were made in November when
roots are thought to be less active.
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Conclusions

Our study provides new insight into the spatial and temporal variability of anaero-
bic respiration rates, and we show that rapid Fe cycling, stimulated by higher or-
ganisms, enhances sulfate respiration activity in saltmarsh sediments. Solid phase
and pore water geochemistry indicated enhanced sediment oxidation at more
heavily bioturbated sites (BUC and BVL) relative to less bioturbated (MM). Iro-
n(IIT) reduction rates were directly determined in saltmarsh sediments for the first
time and this reduction was determined to be primarily driven by abiotic mecha-
nisms. Solid phase reactive Fe and Fe(IIl) concentrations were higher and the turn-
over of Fe(Ill) was extremely rapid at the more heavily bioturbated BUC and BVL
sites. An unexpected result was the fact that SRR varied nearly as much between
sites as it did with temperature or season. Integrated sulfate reduction rates were
higher throughout the growth season and by up to a factor of 3 at the BVL site
inhabited by tall Spartina as compared to the MM site vegetated by short Spartina.
Carbon oxidation rates paralleled those of sulfate reduction and Fe(III) reduction to
show that organic matter remineralization follows a similar spatial variability. High
sulfate reduction rates persisted deeper into the sediment column at BUC and BVL
sites than in any other marine sediment studied to date. High SRR deep in the sedi-
ment column at the BUC site cannot be explained by the release of dissolved or-
ganic carbon from roots but must be due to downward mixing of organic matter by
bioturbation. Acetate was the most abundant fermentation product observed in
marsh porewaters but another organic acid, malonate, was detected at significant
concentrations. Finally, results from sediment geochemistry and microbial rate mea-
surements are combined to indicate that bioturbation is probably more important
than roots in driving chemical reoxidation/ recycling which limits microbial respi-
ration in Georgia saltmarsh sediments.
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