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Abstract. Sulfur is an important element in the metabolism of salt marshes and subtidal, 
coastal marine sediments because of its role as an electron acceptor, carrier, and donor. 
Sulfate is the major electron acceptor for respiration in anoxic marine sediments. Anoxic 
respiration becomes increasingly important in sediments as total respiration increases, 
and so sulfate reduction accounts for a higher percentage of total sediment respiration 
in sediments where total respiration is greater. Thus, sulfate accounts for 25% of total 
sediment respiration in nearshore sediments (200 m water depth or less) where total 
respiration rates are 0.1 to 0.3 gCm-' day-' , for 50% to 70% in nearshore sediments 
with higher rates of total respiration (0.3 to 3 gC m-' day-'), and for 70% to 90% in salt 
marsh sediments where total sediment respiration rates are 2.5 t o  5.5 gC m-' day-' . 

During sulfate reduction, large amounts of energy from the respired organic matter 
are conserved in inorganic reduced sulfur compounds such as soluble sulfides, thiosulfate, 
elemental sulfur, iron monosulfides, and pyrite. Only a small percentage of the reduced 
sulfur formed during sulfate reduction is accreted in marine sediments and salt marshes. 
When these reduced sulfur compounds are oxidized, energy is released. Chemolithoauto- 
trophic bacteria which catalyze these oxidations can use the energy of oxidation with 
efficiencies (the ratio of energy fixed in organic biomass to energy released in sulfur 
oxidation) of up to 21-37% to fix CO, and produce new organic biomass. 

Chemolithoautotrophic bacterial production may represent a significant new 
formation of organic matter in some marine sediments. In some sediments, 
chemolithoautotrophic bacterial production may even equal or exceed organohetero- 
trophic bacterial production. The combined cycle of anaerobic decomposition through 
sulfate reduction, energy conservation as reduced sulfur compounds,'and chemolithoauto- 
trophic production of new organic carbon serves to take relatively lowquality organic 
matter from throughout the sediments and concentrate the energy as living biomass in 
a discrete zone near the sediment surface where it can be readily grazed by animals. 

Introduction 

Sulfur plays two key roles in biotic systems: it is an essential element in 
living tissues, and it is an important electron carrier in anoxic and partially 
anoxic ecosystems. Sulfur typically accounts for about 1% of the dry mass of 
living organisms and is a required component of proteins, sulfo-lipids, and 

*Contribution from a symposium on the role of sulfur in ecosystem processes held 
August 10, 1983, at the annual meeting of the A.I.B.S., Grand Forks, ND; Myron 
Mitchell, convenor. 



sulfate esters. As is discussed elsewhere in this volume, sulfur is scarce enough 
in some ecosystems to limit primary productivity (Tabatabai, 1984). This is 
never true in marine ecosystems, however, since sulfate is abundant in sea- 
water. In fact, sulfate is the second most abundant anion in seawater, and 
full-salinity seawater contains 28 mM sulfate. 

In coastal marine ecosystems, sulfur is of interest primarily because of its 
role as an electron carrier under anoxic or partially anoxic conditions. Sulfate 
is the major electron acceptor for anaerobic respiration in these systems. 
Much of the decomposition in near-shore marine sediments and in salt 
marshes is mediated by sulfate-reducing bacteria (Jdrgensen, 1977, 1982a; 
Howarth and Teal, 1979; Howarth and Giblin, 1983). During dissimilatory 
sulfate reduction, only a small percentage of the energy of the organic matter 
which is respired is available to the microbes for growth and maintenance. 
Most of the energy of the organic matter is transferred and stored as the 
reduced sulfur products of sulfate reduction (Howarth and Teal, 1980). 
Reduced sulfur compounds such as hydrogen sulfide then become important 
carriers of energy and can support bacterial autotrophic fixation of C02 
either through photosynthesis in the presence of light or through chemolitho- 
trophy in the presence of an oxidizer such as Oz or nitrate (Cohen et al., 
1975; Kuenen, 1975; Pfennig, 1967, 1975; Utkilen, 1976; Timmer-ten 
Hoor, 1981 ; Kelly, 1981, 1982; Kuenen and Beudeker, 1982; Nelson and 
Jannasch, in press). Although chemosynthetic production in deep-sea 
hydrothermal vents has recently attracted a great deal of interest and 
attention (Jannasch and Wirsen, 1979; Felbeck, 1981; Rau and Hedges, 
1979; Cavanaugh et al., 1981), the magnitude and importance of chemolitho- 
trophy on a global scale may well be much greater in coastal marine 
ecosystems, as a rough calculation later in this paper demonstrates. 

In this paper I review the importance of sulfate reduction in the metab- 
olism of near-shore, marine sediments and salt marshes and discuss the 
magnitude of energy flow through reduced sulfur compounds. I also speculate 
on the potential magnitude of chemolithoautotrophic production in these 
ecosystems by examining the fate of reduced sulfur and by using estimates 
for the efficiency of chemolithoautotrophy derived from pure-culture studies. 
I have relied heavily on the work with which I am most familiar: my own 
and that of colleagues studying the Great Sippewissett Salt Marsh (Falrnouth, 
Massachusetts, U.S.A.) and on the work of Bo Barker Jqkgensen and colleagues 
studying the nearshore coastal sediments of Denmark. 

The importance of sulfate reduction to decomposition 

Sulfate reduction combined with fermentative reactions which degrade 
polymeric organic matter and provide the substrates used in sulfate reduction 
account for a major portion of organic matter decomposition in shallow- 
water, coastal sediments and salt marshes (Jdrgensen, 1982a; Howarth and 



Teal, 1979; Howarth and Giblin, 1983; Martens and Klump, in press. Studies 
with O2 micro-electrodes have shown that coastal sediments become anoxic 
within a fewmm of the sediment-water interface (Revsbech et al., 1980a; b; 
Howarth and Jdrgensen, in press). Thus, all sediment metabolism below this 
depth must be anaerobic. Possible electron acceptors other than sulfate 
include nitrate, iron (111), and COz . Although nitrate is energetically preferred 
to sulfate as an electron acceptor in respiration, the limited rate of supply 
of nitrate to typical coastal sediments results in relatively minor amounts of 
nitrate-mediated respiration (denitrification or dissimilatory nitrate reduction 
to ammonium) relative to sulfate reduction (SQrensen et al., 1979). Iron (111) 
may serve as an electron acceptor for respiration in sediments (SQrensen, 
1982), but the magnitude of iron-based respiration in situ in natural sediments 
is not known. The arguments of Jgrgensen (1982a) suggest that iron-mediated 
respiration is of less importance than sulfate reduction in shallow-water, 
coastal sediments. In salt marshes, sulfate reduction is clearly the major 
form of respiration involved in decomposition processes (Howarth and Teal, 
1979; Howarth and Giblin, 1983; Howarth and Hobbie, 1982). Unlike 
freshwater sediments (Kelly et al., 1984), sulfate rarely becomes depleted in 
marine sediments since sulfate is such an abundant component of seawater. 
Thus, methanogenesis is a relatively minor process in most marine sediments 
and salt marshes (Howarth and Teal, 1979; Martens and Klump (in press). 

JQrgensen (1977,1982a) estimated that for sediments in the coastal waters 
of Denmark, sulfate reduction accounted for approximately 50% of the 
respiration in sediments at water depths of 20 m or less with a total 
community respiration greater than 0.24-0.30gCm-2 day-'. In deeper 
water of up to 200 m depth where total community respiration ranged from 
0.1 to 0 . 3 6 g ~ m - '  day-', sulfate reduction accounted for approximately 
25% of respiration. This conclusion was reached by comparing O2 con- 
sumption and sulfate reduction rates in the sediments. Oxygen consumption 
was typically 4 to 7 times greater than sulfate reduction. The accretion rate 
of reduced sulfur minerals was only 5 to 20% of the rate of sulfate reduction. 
Assuming that the rest of the reduced sulfur compounds diffused or were 
advected to the surface of the sediments where they were oxidized at the 
expense of molecular 0 2 ,  JQrgensen (1977,1982a) calculated that 25 to 50% 
of the sediment O2 consumption was used in oxidizing sulfur compounds. 
Organoheterotrophic, 02-mediated respiration was estimated by difference. 

Martens and Klump (in press) in their study of Cape Lookout Bight, North 
Carolina, found that both the rate of sulfate reduction and the flux of COz 
from the sediments exceeded the rate of sediment Oz consumption. As in 
the sediments studied by JQrgensen (1982a), only a small percentage of the 
reduced sulfur formed in sulfate reduction was accumulating in their 
sediments. Therefore, Martens and Klump (in press) concluded that the 
sediment O2 consumption resulted mainly from the oxidation of reduced 
sulfur compounds. If so, virtually all of the sediment metabolism was mediated 



by anoxic processes. Cape Lookout Bight represents an extremely stagnant 
and organic-rich coastal marine environment where methanogenesis appears 
unusually important for carbon cycling. Yet of the annual mean rate of 
sediment respiration of 1.2 g ~ m - ~  day-', 68% is estimated to be mediated 
by sulfate reduction and only 32% by methanogenesis (Martens and Klump, 
in press). During summer when metabolism was most intense, the C02 flux 
from the sediments to the overlying water was 1.4 times larger than the O2 
flux to the sediments. 

Hargrave and Phillips (1981) measured fluxes of O2 and C02 in a sandy, 
subtidal sediment in Nova Scotia and found that the molar quantity of CO2 
released from the sediments was 2.7 times greater than the sediment Oz 
consumption. The annual mean total sediment metabolism as measured by 
the C02 flux was 0.65 g c m-2 day-' . Even if all of the 0 2  consumption 
were due to heterotrophic respiration, at least 65% of the respiration in this 
sediment was clearly anoxic and was probably mediated by sulfate reduction. 
As in the sediments studied by Jdrgensen (1977, 1982a) and Martens and 
Klump (in press), much of the O2 consumption was probably due to 
oxidation of reduced sulfur compounds. Also, it seems unlikely that the 
total sediment respiration was underestimated since chemolithoautotrophic 
fixation of C02 would have reduced the flux of C02 .  Thus, anoxic 
respiration, mostly via sulfate reduction, probably made up much more than 
65% of the total respiration. Since the C02 flux exceeded the O2 flux, 
large amounts of the reduced products of sulfate reduction were presumably 
stored in the sediments. 

Sulfate reduction is the major form of microbial respiration in salt marsh 
sediments as well as in many nearshore sediments. Measured rates of sulfate 
reduction are similar to estimates of carbon input to these systems (Howarth 
and Teal, 1979; Howarth and Hobbie, 1982; Howarth and Giblin, 1983). 
However, it is impossible to estimate with any precision what percentage 
of respiration is mediated by sulfate reduction since total respiration and 
aerobic respiration are both poorly known in salt marsh sediments. Our 
best estimates (derived from comparing sulfate reduction rates with estimates 
of carbon inputs) are that sulfate reduction accounts for perhaps 70% and 
90% of the total microbial respiration in stands of short Spartina alterniflora 
at Sapelo Island, Georgia, and in the Great Sippewissett Marsh, Massachusetts, 
respectively. That these estimates are higher percentages than those found 
for many subtidal, coastal sediments is logical since total sediment respiration 
in salt marshes is higher (Table 1). Since the rate of O2 supply to a sediment 
limits the percentage of respiration which is aerobic, more metabolically 
active sediments should be expected to have a higher percentage of anoxic 
respiration. Also, in salt marsh sediments, labile carbon is being produced 
directly in the anoxic sediments by marsh-grass roots and rhizomes. 

The estimates on the percentage of total microbial respiration which is 



Table 1. Total respiration rates, percents of respiration which are anoxic, and percents 
of respiration mediated by sulfate reduction for a variety of sediments. 

Total sediment Percent of Percent of 
microbial respiration microbial microbial 
(gC m-' day-' ) respiration respiration 

which is mediated 
anoxic by sulfate 

reduction 

Danish coastal waters, 
20-200 meters deptha 0.1-0.36 25% 25% 

Danish coastal waters, 
0-20 eters deptha 0.3-3 "'I, 5 0% 5 0% 

Limfjorden 0.43 5 3% 5 3% 
Nova Scotia coastal 

watersC 0.65 65% 65 (?) 
Cape Lookout ~ i g h t *  1.2 100% 68% 
Sapelo Island 

Salt ~ a r s h ~  2.4 8 0% 7 0% 
Sippewissett 

Salt ~ a r s h ~  5.5 90% 90% 

aJbrgensen (1982a); b~brgensen (1977); %ax rave and Phillips (1981); %artens and 5 Klump (in press); eHowarth and Giblin (1983); Howarth and Teal (1979). 

mediated by sulfate reduction are based on comparing measured rates of 
sulfate reduction with estimates of inputs and decomposition of organic 
matter in these marsh sediments (Howarth and Teal, 1979; Howarth and 
Hobbie, 1982; Howarth and Giblin, 1983). Unfortunately, the inputs of 
organic carbon to marsh sediments are not easily measured and are not well 
known. Much of the input occurs from production of grass roots and 
rhizomes, and despite much effort, this below ground growth and decom- 
position has proven very difficult to measure (Valiela et al., 1976; Gallagher 
and Plumley, 1979; Good et al., 1982). The excretion of dissolved organic 
carbon from living roots and rhizomes may also be a significant input to 
marsh sediments, but there are few measurements of this (Howarth and 
Hobbie, 1982). There are also no determinations of bacterial chemolithoauto- 
trophic production in salt marsh sediments. 

Fluxes of C 0 2  from the sediment are more difficult to use to estimate 
total microbial respiration in salt marshes since these fluxes include C 0 2  
produced by the respiration of roots and rhwomes and do not include COz 
fixed by the grasses, by algae, and by autotrophic bacteria. Also, C02 pro- 
duced in the sediments may leave dissolved in tidal waters as well as by 
diffusion as a gas across the sediment surface (Howarth and Teal, 1979; 
Howarth et al., 1983). In addition to problems of internal cycling, it has 
proven difficult even to get reliable estimates of net gas fluxes for marshes, 
and estimates for various marshes or even the same marsh vary by more 
than an order of magnitude (Howarth and Hobbie, 1982). 
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Figure 1. Comparisons of oxygen respiration with sulfate reduction. During sulfate 
reduction and associated fermentation reactions, there is a decoupling of energy flow 
from carbon cycling. See text. 

Significance and fate of reduced sulfur 

The above discussion indicates that in shallow (less than 20m of water) 
near-shore sediments and in salt marshes, respiration mediated by sulfate 
reduction probably accounts for 50% to perhaps 90% of total respiration. 
Even in sediments underlying deeper water (20-200m), sulfate reduction 
can account for 25% of total respiration (Jgrgensen, 1982a). This has very 
interesting ramifications for energy flow in these sediment systems since 
during sulfate reduction there is a decoupling of energy flow from carbon 
cycling (Fenchel and Jgrgensen, 1977; Howarth and Teal, 1980). During 
O2 -mediated respiration, all of the free energy of the respired organic matter 
is available to the respiring organisms or is dissipated to the environment as 
heat and increases in entropy (Figure 1). During dissimilatory sulfate 
reduction, on the other hand, only a fraction of the energy of the organic 
matter is dissipated to the environment or is available to the microbes which 
are metabolizing the organic matter. Most of the free energy (relative to 
complete oxidation) is conserved in reduced sulfur compounds. For sulfate- 
reducing bacteria and related fermentative microbes which metabolize 
'typical' polymeric organic matter in sediments, approximately 25% of the 
free energy of the organic matter is fixed by the microbes in new biomass or 
dissipated to the environment 75% is transferred and stored as hydrogen 



Table 2. Rates of sulfate reduction and rates of accretion of reduced sulfur in several 
sediments. 

SO, reduction Net rate of sulfur % o f  SO, 
(molesm-2 year-' ) sulfur reduction which 

accretion is accreted 
(rn~lesrn-~  year-') 

Limfjordena 3.5 0.26 7.5% 
Solar ~ a k e ~  24 0.037 0.15% 
Sapelo Island 

Salt ~ a r s h ~  40  0.40 1.0% 
Sippewissett 

Salt ~ a r s h ~  75 0.40 0.5 3% 

=J$rgensen (1977); b~brgensen and Cohen (1977); %owarth and Giblin (1983) and 
unpublished; '~owarth and Teal (1979). 

sulfide (Figure 1; Howarth and Teal, 1980; Howarth et al., 1983). Thus, in 
a sediment where 90% of the total respiration is mediated by sulfate reduction, 
68% (75% of 90%) of the energy flow through the sediment will be stored as 
hydrogen sulfied. In sediments where 50% and 25% of total respiration is 
mediated by sulfate reduction, 38% and 19% respectively of the energy 
flows through the sediments are stored as hydrogen sulfide. 

What is the fate of hydrogen sulfide produced in sediments? Does it move 
to sediment surfaces where the presence of O2 or light allows microbes to 
use its potential energy? In both subtidal sediments and salt marshes, much of 
the hydrogen sulfide produced during sulfate reduction is very quickly 
precipitated in iron minerals such as iron monsulfides and pyrite (Jdrgensen 
and Fenchel, 1974; Jdrgensen, 1977; Howarth 1979; Howarth and Teal, 
1979; Howarth and Giblin, 1983; Howarth and Jqkgensen, in press; Howarth 
and Merkel, 1984). However, the rate of accretion of these sulfide minerals 
is small compared with the rate of sulfate reduction in all nearshore sediments 
and marshes studied (Table 2). From 80% to over 99% of the sulfide formed 
during sulfate reduction in a variety of sediments is reoxidized or otherwise 
lost from the sediments (Jdrgensen and Cohen, 1977; Jdrgensen, 1977, 
1982a; Howarth and Teal, 1979; Howarth and Giblin, 1983). 

For nearshore, subtidal sediments, the reduced sulfur must diffuse or be 
mixed to the surface layers where O2 or nitrate are present before it can be 
oxidized. An enrichment in sulfate relative to the conservative tracer chloride 
is often observed at or near the surface of near-shore sediments, confirming 
that an oxidation of reduced sulfur is occurring there (Vosjan, 1974). In 
highly reducing sediments, O2 and hydrogen sulfide coexist over a short 
depth due to diffusion of O2 into the sediments and diffusion of sulfides up 
from deeper sediments (Figure 2, and Jdrgensen 1982b). In these systems, 
the diffusion of sulfides upward and oxidation near the sediment surface may 
be sufficient to account for the loss of reduced sulfur compounds from the 
sediments. However, more typically in nearshore sediments, O2 and sulfide 
are separated by a depth of at least a few centimeters (Jbrgensen, 1982b). 
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Figure 2. Distribution of oxygen and hydrogen sulfide in a Beggiatoa mat growing on a 
mud surface (after Jbrgensen, 1982b). 

The mechanism whereby reduced sulfur is lost from these sediments is 
unknown but is almost certainly oxidation near the sediment surface. This 
oxidative mechanism may involve a carrier such as iron or manganese which 
is reduced by sulfide and diffuses upward and is oxidized by Oz (Jdrgensen, 
1982b). Bioturbation and resultant mixing of pyrite and elemental sulfur to 
the oxygenated surface layers may also be important. Elemental sulfur 
has been shown to be a dynamic chemical species in the surface layers of 
nearshore sediments (Troelsen and J$rgensen, 1982). Pyrite is the major form 
of reduced sulfur present in nearshore marine sediments, including the very 
surface layers (Kaplan et al., 1963; Berner, 1970; Goldhaber et al., 1977; 
Howarth and Jdrgensen, in press). The recent finding that pyrite can form 
quickly in at least some nearshore sediments suggests that as with elemental 
sulfur, pyrite may be a dynamic species (Howarth and Jdrgensen, in press). 
Figure 3 presents a hypothetical mechanism wherby pyrite acts as an inter- 
mediate in sulfide oxidation in sediments. Hydrogen sulfide diffuses upward 
and reacts with iron (111) oxides or hydroxides. The sulfides are partially 
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Figure 3. A hypothetical mechanism for pyrite as an intermediate in the oxidation of 
hydrogen sulfide in sediments where there is no overlap between hydrogen sulfide and 
oxygen. See text. 

oxidized, and pyrite precipitates. Due to sediment mixing through biotur- 
bation, pyrite is mixed to the surface where O2 is present. The pyrite is 
oxidized, forming oxidized iron compounds which are mixed downward to 
the hydrogen-sulfide zone, completing the cycle. 

Using the calculations given above, for a sediment where 25% of the total 
respiration is mediated by sulfate reduction and only 20% of the reduced 
sulfur is permanently accreted, the energy released by sulfur oxidation near 
the sediment surface is equivalent to 15% of the energy flow from organic 
matter decomposition in the benthos. For a sediment where 50% of the total 
respiration is mediated by sulfate reduction and only 7.5% of the reduced 
sulfur is permanently accreted, the energy released by sulfur oxidation is 
equivalent to 35% of the energy flow from organic matter decomposition 
in the benthos. Thus, for the Limfjorden sediments with a total respiration 
of 18 KJ m-2 day-' (0.43 g C mT2 day-' ), the energy released during the 
oxidation of reduced sulfur compounds if 6.3 KJ m-2 day-' . 

Forms and fate of reduced sulfur in salt marshes 

In salt marsh sediments, much of the sulfide formed in sulfate reduction is 
very quickly precipitated as pyrite at all depths where sulfate reduction 



occurs (Howarth, 1979a; Howarth and Giblin, 1983; Luther et al., 1982; 
Howarth and Marino, 1984; Howarth and Merkel, 1984). As discussed in 
more details below, pyrite is the major form of sulfur in marsh sediments. 
However, pyrite does not just accumulate; rather it is a very dynamic con- 
stituent. Most of the pyrite in marsh sediments is present as very small 
micro-crystals with diameters of 0.2 to 2 p - 1  (Luther et al., 1982). Con- 
sequently, the crystals have a high suface to volume ration, and thus the 
pyrite is probably more reactive and easily oxidized than larger crystals. 
Pyrite forms throughout the year, but during the summer when the marsh 
grasses are most active and capable of oxidizing the sediments, there is a net 
loss of pyrite (Howarth and Teal, 1979). During the fall, winter, and spring 
when the grasses are less able to oxidize the sediments, there is a net 
accumulation of pyrite, although the net rate of accumulation may still be 
less than the gross rate of formation. The mechanism of oxidation is not yet 
clear but may involve O2 transport through the internal gas spaces of the 
marsh grasses or O2 diffusion or advection through the sediments as they 
drain. Enzymatic oxidations without direct consumption of molecular 
O2 as suggested by Armstrong (1975) for rice plants may also be important. 
Presumably an organic compound synthesized in the leaves and transported 
to the rhizosphere could serve as an oxidant. Peracids (Vimos and Koves, 
1972) or even glycolate (Howarth, 1979b) are possible oxidizing compounds. 
Most of the pyrite which is oxidized is transformed all the way to sulfate 
(Howarth et al., 1983; Giblin and Howarth, 1984; Peterson and Howarth, 
unpublished data). In this process, tremendous quantities of energy are 
released. The combined oxidation of reduced sulfur compounds within the 
sediments of the Great Sippewissett Marsh releases an average of some 151 KJ 
m2 day-' (calculated using the sulfate reduction rates reported in Howarth 
and Teal (1979) and sulfur export estimates reported in Howarth et al., 
1983), an amount of energy roughly equivalent to the average rate of pro- 
duction of roots and rhizomes by the marsh grasses belowground (Howarth 
and Teal, 1979; Valiela et al., 1976). Most if not all of this oxidation may 
be biologically catalyzed, as Jdrgensen (1982b) reports for subtidal sediments. 
However, this has not been proven and requires further research. The recent 
finding by McClung et al. (1983) of symbiotic bacteria within the roots of 
salt marsh grasses suggests that these may be important in oxidizing reduced 
sulfur compounds, as Cavanaugh et al. (1981) and Cavanaugh (1982) have 
suggested for the symbiotic bacteria they found in animal tissues. It would 
be surprising if the marsh grasses or microflora of the grass rhizosphere 
received no energy benefit from the oxidation of reduced sulfur. 

Some of the reduced sulfur compounds formed during sulfate reduction in 
marsh sediments are exported to creeks or to the surface of the marsh rather 
than reoxidized to sulfate within the sediments at the grass rhizosphere. Once 
in creeks or at the marsh surface, the oxidation of these compounds 
can support chemolithoautotrophic bacterial production or anoxygenic 
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photosynthetic production, and the resulting bacterial production is readily 
available to be grazed by animals of the coastal food webs. Reduced sulfur 
compounds can be exported from the sediments to the creeks and surface of 
the marsh either by bioturbation or other mixing of pyrite and solid-phase 
sulfur species or by diffusion or advection of dissolved sulfur species in pore 
waters. In the Great Sippewissett Salt Marsh, bioturbation is absent in much 
of the marsh because fiddler crabs do not burrow through the thick peat. 
Thus, export there is through diffusion or advection of dissolved substances. 

In a year-long study of pore-water chemistry of the Great Sippewissett 
Marsh, Howarth et al. (1983) found that the only soluble reduced sulfur 
compounds present in abundance were sulfides and thiosulfate. Assuming 
a net advective exchange of pore water with tidal waters of 13 1 me2 day-’ , 
about 2.4 molesmT2 day-’ sulfide and 1.5 moles thiosulfate-Sm-2 day-’ are 
exported from the sediment (Howarth et al., 1983). This is only 5% of the 
rate of sulfate reduction but represents an average energy export of approxi- 
mately 6.6 KJ rnT2 day-’ , roughly one third of the average rate of above- 
ground production in the marsh (Howarth et al., 1983). Although there is 
much uncertainty in these estimates because of uncertainties in the measure- 
ment of pore-water exchange, recent experiments with microcosms where 
energy export was quantified under carefully controlled hydrologic con- 
ditions support these field estimates (Peterson and Howarth, unpublished 
data). 

I speculate that since pyrite precipitates rapidly, it helps keep the con- 
centration of soluble below that which would tend to kill the marsh grasses. 
Yet the small pyrite crystals are probably easily oxidized, releasing energy 
and recycling iron from precipitation of pyrite again (Howarth, 1979a; 
Howarth and Teal, 1979; Luther et al., 1982; Giblin and Howarth, 1984). 
Thus, pyrite acts both to buffer sulfides at low concentrations and to store 
energy, analogous to a battery. Pyrite makes up most of the sulfur in salt 
marsh sediments and accounts for 80% or more of the reduced sulfur com- 
pounds (Table 3, and references therein). The data reported for the 
Sippewissett Marsh are for samples taken in August, when pyrite concen- 
trations tend to be lowest, and winter and spring samples could be 2-3 times 
higher or more (Howarth and Teal 1979, and unpublished data). 

Several scientists working in mangrove sediments, the ecological equivalent 
of salt marshes for tropical and semi-tropical areas, have concluded that 
organic sulfur compounds are much more abundant than pyrite (Casagrande 
et al., 1977; Altschuler et al., 1983). These workers concluded that both 
sulfate esters and C-S bonded sulfur are more abundant in mangrove sediments 
than is pyrite. This is in marked contrast to salt marsh sediments (Table 3 and 
Kaplan et al., 1963; Howarth and Teal, 1979; Luther et al., 1982), brackish 
swamp sediments in Denmark (Postma, 1982), and mangrove sediments in 
Malaysia (Diemont and Wijngaarden, 1974; Pons et al., 1982). Perhaps a low 
iron availability limits the amount of pyrite which can form in the mangrove 



16 

Table 3. Concentrations of sulfur in various fractions in mangroves and salt marsh 
sediments. 

mmoles S per g dry weight Percent total 
non-SO:- 

FeS FeS, SO:- Organic S Total S sulfur which 
is Fe& 

Florida 
mangrove peat, undetectable 0.01 0.11 0.19 0.31 5% 
O-5 cma 

Florida 
Mangrove Eeat, undetectable 0.11 0.29 0.28 0.68 28% 
30-35 cm 

Florida 
Mangroie peat, undetectable 0.23 0.11 1.14 1.61 15% 
O-4 cm 

California salt 
marsh peat, 0.007 0.29 0.032 0.003 0.34 94% 
O-5 cm’ 

Massachusetts 
salt marsh peat 0.0005 0.32 0.102 0.080 0.50 80% 
in August 
10-15 crnd 

‘Altschuler et al., 1983; bCasagrande et a!., 1977; ‘Xaplan et ‘al., 1973; dHowarth and 
Teal, 1979; Luther et al., 1982, and unpubhshed data. 

sediments studied by Casagrande et al. (1977) and Altschuler et al. (1983), 
both of which are in Florida. This explanation has been suggested for a 
cyanobacterial mat in Solar Lake, Sinai (Aizenshtat et al., 1981). In the 
cyanobacterial mat, rather little pyrite forms and concentrations of soluble 
polysulfides build up to high concentrations (approximately 1 mM; Cohen, 
personal communication). The polysulfides react with organic matter to 
create high concentrations of C-S bonded sulfur (Aizenshat et al., 1981). 

A real difference in the abundance of pyrite vs. organic sulfur in the 
Florida mangrove swamps (Casagrande et al., 1977; Altschulder et al., 1983) 
as compared with other swamps and marshes (Kaplan et al., 1963; Howarth 
and Teal, 1979; Luther et al., 1982; Begheijn et al., 1978; Pons et al., 1982; 
Postma, 1983) would have major ecological implications. The C-S bonded 
sulfur formed by nucleophillic attach of polysulfides (e.g., forming com- 
pounds such as humic and fulvic acids) may be more difficult to oxidize than 
is pyrite. That is, once formed, this C-S bonded sulfur is more likely to 
remain permanently accreted rather than by recycled as for most pyrite. 
However, different investigators have used different analytical methods for 
measuring pyrite and organic sulfur, and the difference between the systems 
may not be real but merely reflect these different methods. Altschuler et al. 
(1983) measured pyrite by the amount of iron which was extracted by 2 N 
HNOs after prior extracter with 5 NHCl. This is a fairly mild treatment, so 
they may well have underestimated pyrite. If so, they would have over- 
estimated organic sulfur since organic sulfur was determined by difference. 
Casagrande et al. (1977) measured pyrite by reduction with elemental zinc 
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Figure 4. The relation between total sulfur and iron extracted by Aqua Regia oxidation 
after pre-extraction with HCl for sediments in a brackish swmp in Denmark. The solid 
line indicates the theoretical ratio for pyrite of 1 mole iron for every 2 moles of sulfur 
(after Postma, 1982). 

in hot acid, a procedure that we have found to yield low and variable 
recoveries (unpublished data). In contrast, Postma (1982) used an Aqua Regia 
oxidation to measure pyrite in brackish swamp sediments. He found an 
excellent correlation between total sulfur and Aqua Regia soluble iron which 
agreed well with the theoretical ratio of Fe to S in pyrite (Figure 4). 

In the Sippewissett Marsh, pyrite has been measured by several different 
methods with comparable results. Howarth and Teal (1979) measured sulfur 
oxidized by Aqua Regia oxidation of sediments after first extracting with 
HCl. As Postma (1982) also found, this approach compared well with 
estimating pyritic sulfur by measuring the iron released by Aqua Regia 
oxidation after extraction with hot 6 NHCI (Luther et al., 1982). Scanning 
electron-microscopy energy dispersive X-ray analysis of the sediments also 
has demonstrated the abundance of pyrite in a semiquantitative fashion 
(Luther et al., 1982). More recently, chromium (11) reduction (Zhabina and 
Volkov, 1978; Westrich, 1983) has been used as a specific analysis for pyrite 
in the Sippewissett Marsh sediments, yielding results similar to the earlier 
assays (Howarth and Merkel, 1974, and unpublished data). 

Extent and significance of chemosynthesis 

The production of chemolithoautotrophic, sulfur-oxidizing bacteria in deep- 
sea hydrothermal vents has recently attracted a great deal of interest (Jannasch 



and Wirsen, 1979; Felbeck, 1981; Rau and Hedges, 1979; Cavanaugh et al., 
1981). Although these bacteria are probably physiologically similar to those 
found in coastal sediments and marshes, the hydrothermal vents are ecologi- 
cally different from the near-shore systems. The energy in the reduced sulfur 
compounds in coastal environments comes from the organic matter dissimilated 
by sulfate-reducing bacteria, and so chemolithoautotrophic production is 
secondary production. In the hydrothermal vents, the energy in the reduced 
sulfur compounds comes from geothermal heat which chemically reduces 
sulfate. In the vents, therefore, chemolithoautotrophic production is primary 
production. 

The vents are of major interest because chernolithoautotrophic bacterial 
production is probably the major input of organic matter supporting these 
ecosystems (Jannasch and Wirsen, 1979; Rau and Hedges, 1979) and because 
of the presence of chemolithoautotrophic bacteria living symbiotically in 
animals (Felbeck, 1981; Cavanaugh et al., 1981; Cavanaugh, 1982). However, 
on a global scale the magnitude of chemolithoautotrophic production is 
probably much greater in coastal marine ecosystems. An upper limit on the 
world-wide flux of sulfide from hydrothermal vents can be calculated from 
the flux estimates of Edmond et al. (1979) and the concentration of sulfide 
in the hottest vent solutions, those at 3 5 0 ' ~  from the East Pacific Rise 
(approximately 6.5 mM; Edmond et al., 1982). The upper limit calculated 
from these data is approximately 1012 moles Mottl (1983 and per- 
sonal communication) has since suggested that this estimate is at least 6-fold 
too high. The maximum likely sulfide flux from hydrothermal vents is 
therefore probably 0.1 7 x 1012 moles . Let us assume that the data 
from the Sippewissett and Sapelo Island salt marshes (Tables 1 and 2) are 
typical of salt marshes worldwide, that the Limfjorden data (Tables 1 and 2) 
are representative for estuaries worldwide, and that the data collected by 
Jdrgensen (1982a) for sediments at 200-m depth in the North Sea (Table 1) 
are typical of continental shelf sediments. Then, we can calculate that the 
world-wide fluxes of reduced sulfur from sediments in marshes, estuaries, 
and the continental shelf are 19 x 1012 moles , 4.5 x 1012 moles 

, and 11 x 1012 moles respectively (using areas estimated by 
Woodwell et al., 1973 and Whittaker and Likens, 1973). These numbers are 
obviously very rough estimates which will be refined by further research, but 
it appears that the potential for chemolithoautotrophic production in coastal 
ecosystems in some 200-fold greater than in hydrothermal vents. 

Reduced sulfur compounds can be oxidized either chemically or biologi- 
cally, and biologically catalyzed oxidations of reduced sulfur compounds may 
or may not result in conservation of energy through chemolithoautotrophic 
fixation of C02. Most studies of hydrogen sulfide oxidation and chemolitho- 
autotrophy in natural systems have been performed at the oxiclanoxic 
interface in stratified water bodies. The oxidation of hydrogen sulfide in 
some of these systems appears to be purely chemical (Sorokin, 1972), while 



Table 4. Comparison of three oxygen-hydrogen sulfide interfaces (after Jbrgensen, 
1982b). 

Black Sea Solar lake Beggiatoa mat 

Residence time 
of hydrogen 
sulfide 5 days 10-20min 0.6 s 

Oxidation rate 
of hydrogen 
sulfide per volume 
(pmol 1-' d-I ) 0.8 25 0 250 000 

Oxidation rate 
of hydrogen 
sulfide per area 
(mmol m-' d-I) 10 20-30 12 

Percent of hydrogen 
sulfide oxidation 
which is microbially 
catalyzed 0% 30-50% 100% 

in others up to 30-50% of the oxidation appears to be microbially catalyzed 
(Jdrgensen et al., 1979). 

The oxidation of hydrogen sulfide in Beggiatoa mats in sediments has 
recently been studied by Jdrgensen and Revsbech (1983). Unlike the stratified 
water bodies, the oxidation in these sediments is 100% microbially catalyzed, 
as indicated by a residence time of hydrogen sulfide (0.6 s), that is much less 
than probable from chemical oxidation (Table 4; Jqhgensen, 1982b). The 
thckness of the interface of O2 and hydrogen sulfide in the sediment 
Beggiatoa mats is orders of magnitude less than in the stratified water bodies, 
and this apparently allows the bacteria to compete favorably with the purely 
chemical oxidation. There are as yet no measurements of chemolithoauto- 
trophic C02 fixation in Beggiatoa mats, and so the efficiency of energy con- 
servation is unknown. Until recently, Beggiatoa species were thought to be 
primarily organoheterotrophic in metabolism, oxidizing sulfide for protection 
against hydrogen peroxide and other such reactive O2 compounds rather than 
for energy (Nelson and Castenholz, 1981 a, 1981 b; Kuenen and Beudeker, 
1982). However, Nelson and Jannasch (in press) have recently isolated a 
marine, chemolithoautotrophc strain of Beggiatoa. The energetic efficiency 
of this strain appears comparable to that found in pure cultures of obligately 
chemoautotrophic Thiobacilli species (Nelson and Jannasch, in press). 

Pure-culture studies of a variety of strains of Thiobacilli have found growth 
yields of 0.21 to 0.53 moles organic C per mole of hydrogen sulfide or 
thiosulfate oxidized when either O2 or nitrate is the electron acceptor 
(reviewed by Kelly 1982). These correspond to energetic efficiencies of 
approximately 21 to 37% (Table 5; calculated from the free energies of 
reaction for each of the studies reviewed by Kelly, 1982). These efficiencies 
are 3 to 6 times higher than estimated above for the chemocline of Solar 
Lake, probably because the pure-culture conditions are more favorable for 



Table 5. Calculated efficiencies of chemouthoaut~trophic production by pure-cultures 
of Thiobacilli strains. Production values are calculated from the data reviewed by Kelly 
(1982). 

- - 

Observed range 
of production 
(moles organic C Approximate 

Sulfur Electron per mol HS- or energetic 
source acceptor S,O:- oxidized) efficiency 

S,O:- 0, 0.31-0.53 21-35% 
S,O:- NO; 0.21-0.37 21-36% 
HS- NO; 0.24-0.38 24-37% 

growth of these microbes than the conditions found in the chemocline of 
Solar Lake. The conditions for growth of chemolithoautotrophs in sedi- 
ments are much better than in the chemoclines of stratified water bodies 
(Jdrgensen, 1982b), and so the energetic efficiencies may well approach 
21 to 37%. 

If it is assumed that chemolithoautotrophic bacteria found in the surface 
of marine sediments do indeed have energetic efficiencies of 21 to 37%, then 
we can estimate the magnitude of chemolithoautotrophic production. In 
Table 6 I have estimated chemolithoautotrophic production for three sedi- 
ment types: a sediment lying under 20-200m of water with a respiration 
rate of 0.2 g c m-2 day-' (Jgrgensen 1982), Limfjorden sediments with an 
annual mean respiration of 0.43 g ~ m - ~  day-' (Jgrgensen, 1977), and Cape 
Lookout Bight sediments with an annual mean respiration of 1.2 g C m-2 
day-' (Martens and Klump, in press). As discussed earlier, the energy released 
during the oxidation of reduced sulfur compounds in these three sediment 
types would release respectively 1.3, 6.3 and 2 4 . 3 ~ . J m - ~  day-'. If the 
chemolithoautotrophs use this energy with an efficiency of 21 to 37%, rates 
of production would be 0.0065 to 0.01 1 ~ m - ~  day-' in the deeper water 
sediment with a respiration rate of 0.2 g c m-2 day-' ,0.032 to 0.056 g c mm2 
day-' in Limfjorden, and 0.12 to 0.21 g ~ m - ~  day-' in Cape Lookout Bight. 
Thus, chemolithoautotrophic production might vary from only 3-6% of the 
respiration rate in the low-metabolism sediment to perhaps 10-18% of the 
respiration rate in a system with reasonably high rates of respiration (Table 6).  
Chemolithoautotrophic production represents an input of new organic carbon 
to these sediments from C02 fixation, but the production is secondary pro- 
duction and not primary production since the energy came orginally from the 
decomposition of organic matter through sulfate reduction. 

The ecological significance of chemolithoautotrophic production in coastal 
sediments is probably greater than these carbon input estimates might suggest. 
Most of the chemolithoautotrophic production probably occurs at the oxic- 
anoxic interface within the top few millimeters of sediment or near the edge 
of animal burrows. Consequently, this provides a rich and concentrated source 
of food for the benthic animals. The combined cycle of anaerobic decom- 
position through sulfate reduction and associated fermentation, energy 
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Figure 5. Schematic diagram illustrating the ecological importance of the sulfur cycle in 
concentrating high-quality food near the sediment-water interface. 

conservation as reduced sulfur compounds, and chemolithoautotrophic pro- 
duction of new organic carbon serves to take relatively low-quality organic 
matter (material which is only slowly decomposed and which is distributed 
throughout the sediments) and concentrate the energy as living biomass 
(high quality food for animals) in a discrete zone near the sediment surface 
and around oxygenated dwelling tubes of bioturbating animals in the sedi- 
ment (Figure 5). 

In at least some sediments, chemolithoautotrophic bacterial production 
may exceed organoheterotrophic bacterial production. For example, in Cape 
Lookout Bight where I estimate chemolithoautorophic production might be 
as much as 0.12 to 0.21 g C mm2 day-r , total respiration is 1.2 g C mm2 day-’ . 
Almost all of this respiration is probably anaerobic, mediated either through 
sulfate reduction or methanogenesis (Martens and Klump, in press). This 
represents an energy flow through the organoheterotrophic bacterial 
community of approximately 12 KJ m -2 day-’ (calculated using the assump 
tions of Howarth and Teal (1980) for sulfate reduction and analagous 
calculations for methanogenesis). Assuming a maximum energetic efficiency 
for these organoheterotrophic bacteria of 50% (Payne, 1970; Howarth and 
Teal, 1980), heterotrophic bacterial production is probably no greater than 
0.14gCmb2 day-‘, approximately the same magnitude as my estimate for 
chemolithoautotrophic bacterial production. 



For the sediments of the Sippewissett Salt Marsh, the amount of energy 
released during the oxidation of reduced sulfur compounds within the sedi- 
ments at the grass rhizosphere is approximately 1 50 KJ m-2 year-' day-' 
(as calculated earlier in this paper). If this is catalyzed by chemolithoauto- 
trophic bacteria with energetic efficiencies of 21-37%, than chemolitho- 
autotrophic production would average 0.75 to 1 . 4 g ~ m - ~  day-'. Such an 
input of carbon would help explain an apparent discrepancy between the 
rate of production of grass roots and rhizomes and the rate of sulfate 
reduction (Howarth and Hobbie, 1982). Since the energy export to marsh 
creeks as reduced sulfur compounds is smaller, chernolithoautotrophic pro- 
duction within the creeks is also presumably smaller. If the export of energy 
as reduced sulfur compounds is 6.6 KJ m-2 day-' (as calculated above) and 
chernolithoautotrophic production is 21-37% efficient, then chemolitho- 
autotrophic production in creeks and on the marsh surface would average 
0.03-0.06 c mT2 day-' (averaged over the entire marsh surface). This is 
equivalent to perhaps 10% of the aboveground production by marsh grasses. 
But as with the nearshore, subtidal sediments, this chernolithoautotrophic 
production may be important as a source of high-quality food for animals 
which is concentrated in discrete parts of the marsh, the creeks and surface. 

The efficiency of chernolithoautotrophic production in natural sediments 
may be much lower than in pure-culture studies, although one might well 
argue that the predictable and steep gradients of sulfides and O2 in sediments 
offer ideal conditions for these bacteria. Also it should be noted that the 
efficiency of chernolithoautotrophic production by bacteria in pure-culture 
studies is different for different species; for example, it is very much lower 
for Thiomicrospira denitrificans than for Thiobacillus denitrificans (Timmer- 
ten Hoor, 1981). There is clearly a need to measure the coupling of sulfide 
oxidation to chernolithoautotrophic production and production by photo- 
synthetic bacteria in natural sediments. There is also a need to  study the 
efficiency of chemolithoautotrophic production when substances other than 
hydrogen sulfide and thiosulfate are the substrates since other compounds 
such as pyrite may be more important substrates in natural sediments. 

In this review, I have speculated on the potential ecological significance 
of chernolithoautotrophic production. Where light is present at the surface 
of anoxic sediments, production by photosynthetic bacteria using sulfide 
as an electron donor may be of greater significance (Pfennig, 1975). Production 
by mixotrophic bacteria which obtain energy from organic matter as well 
as from sulfur oxidation or by chemolitho-heterotrophs which use the energy 
from sulfur oxidations to assimilate organic growth substrates from the 
environment (Kelly, 1981) may also be greater than production by strict 
chemolithoautotrophs. However, there are no data on the productivity of 
any of these in salt marshes or coastal sediments, and to estimate the potential 
productivity for photosynthetic bacteria, mixotrophs, and chemolitho- 
heterotrophs is even more difficult than for chemolithoautotrophs. I hope 



that the calculations in this manuscript will encourage work on the pro- 
duction of sulfur-oxidizing bacteria in coastal ecosystems. 

Acknowledgements 

I thank Colleen Cavanaugh, Bo Barker Jdrgensen, Anne Giblin, Carol Kelley, 
Cindy Lee, Myron Mitchell, Mike Mottl, Bruce Peterson and two anonymous 
reviewers for comments on earlier drafts of this paper. Financial support 
was provided by NSF grants DEB81 -04701 and OCE82-14641. 

References 

Aizenshtat, Z., A. Stoler, Y. Cohen, and H. Nielsen. 1981. The Geochemical Sulfur 
Envirchment of Recent Organic Matter by Polysulfides in the Solar Lake (Sinai). 
Proceedings of the 5th International Organic Geochemistry Congress, Bergen, 
Norway. 

Altschuler, Z. S., M. M. Schnepfe, C. C. Silber, and F. 0. Simon. 1983. Sulfur diagenesis 
in Everglades peat and origin of pyrite in coal. Science 221: 221-227. 

Armstrong, W. 1975. Waterlogged soils. Pages 181-219 in J. R. Etherington, editor, 
Environment and Plant Ecology. John Wiley and Sons, London. 

Begheijn, L. Th., N. van Breeman, and E. J. Velthorst. 1978. Analysis of sulfur com- 
pounds in acid sulfate soils and other recent marine soils. Communications in Soil 
Science and Plant Analysis 9: 873-882. 

Berner, R. A. 1970. Sedimentary pyrite formation. American Journal of Science 268: 
1-23. 

Casagrande, D. J., K. Siefert, C. Berschinski, and N. Sutton. 1977. Sulfur in peat-forming 
systems of the Okefenokee Swamp and Florida Everglades: origins of sulfur in coal. 
Geochimica et Cosmochimica Acta 41: 161-167. 

Cavanaugh, C. M. 1983. Symbiotic chemoautotrophic bacteria in marine invertebrates 
from sulphide-rich habitats. Nautre 302: 58-6 1. 

Cavanaugh, C. M., S. L. Gardiner, M. L. Jones, H. W. Jannasch, and J. B. Waterbury. 
1981. Prokaryotic cells in the hydrothermal vent tube worm Riftia pachyptila 
Jones: possible chemoautorophic symbionts. Science 213: 340-342. 

Cohen, Y., B. B. YQrgensen, E. Padan, and M. Shilo. 1975. Sulphidedependent anoxy- 
genic photosynthesis in the cyanobacterium Oscillatoria limnetica. Nature 256: 
489-491. 

Diemont, W. H. and W. Van Wijngaarden. 1974. Sedimentation patterns, soils mangrove 
vegetation and land use in tidal areas of West Malaysia. In: Walsh G. e t  al., (eds.) 
Proceedings of the international Symposium on Biology and Management of Man- 
groves, pp. 5 13-528. East-West Center, Hawaii. 

Edmond, J. M.,C.Measures, R. E. McDuff, L. H. Chan, R. Collier, B. Grant, L. I. Gordon, 
and J. B. Corliss. 1979. Ridge crest hydrothermal activity and the balance of the 
major elements in the ocean: The Galapagos data. Earth and Planetary Science 
Letters 46: 1-18. 

Edmond, J. M., K. L. von Damm, R. E. McDuff, and C. I. Measures. 1982. Chemistry 
of hot springs on the East Pacific Rise and their effluent dispersal. Nature 297: 
187-191. 

Felbeck, H. 1981. Chemoautotrophic potential of the hydrothermal vent tube worm, 
Riftia pachyptila Jones (Vestimentifera). Science 213: 336-338. 

Fenchel, T. and B. B. JQrgensen. 1977. Detritus food chains of aquatic ecosystems: 
the role of bacteria. Advances in Microbial Ecology 1: 1-57. 

Gallagher, J. L. and F. G. Plumley. 1979. Underground biomass profiles and productivity 
in Atlantic coastal marshes. American Journal of Botany 66: 151-161. 

Giblin, A. E. and R. W. Howarth. 1984. Pore water evidence for a dynamic sedimentary 
iron cycle in salt marshes. Limnology and Oceanography 29: 47-63. 



Goldhaber, M. B., R. C. Aller, J. K. Cochran, J. K. Rosenfeld, C. S. Martens, and R. A. 
Berner. 1977. Sulfate reduction, diffusion, and bioturbation in Long Island Sound 
sediments: Report of the FOAM group. American Journal of Science 277: 193-237. 

Good, R. E., N. F. Good, and B. R. Frasco. 1982. A review of primary production and 
decomposition dynamics of the belowground marsh component. In: Kennedy, V. S. 
(ed.), Estuarine Comparisons, pp. 139-157. (Academic Press, N. Y. 

Hargrave, B. T., and G. A. Phillips. 1981. Annual in situ carbon dioxide and oxygen 
flux across a subtidal marine sediment. Estuarine and Coastal Shelf Science 12: 
725-737. 

Howarth, R. W. 1979-a. Pyrite: Its rapid formation in a salt marsh and its importance 
in ecosystem metabolism. Science 203: 49-41. 

Howarth, R. W. 1979-b. The role of sulfur in salt marsh metabolism. Doctoral dissertation, 
Woods Hole Oceanographic Institution/Massachusetts Institute of Technology Joint 
Program in Oceanography, Woods Hole, MA. 

Howarth, R. W., and A. Giblin. 1983. Sulfate reduction in the salt marshes at Sapelo 
Island, Georgia. Limnology and Ocenaography 28: 70-82. 

Howarth, R. W., A. Giblin, J. Gale, B. J. Peterson, and G. W. Luther. 1983. Reduced 
sulfur compounds in the pore waters of a New England salt marsh. In: Hallberg, 
R. 0 .  (ed)., Environmental Biogeochemistry, Ecological Bulletin (Stockholm) 35: 
135-152. 

Howarth, R. W. and J. E. Hobbie. 1982. The regulation of deomposition and hetero- 
trophic microbial activity in salt masrsh soils: A review. In Kennedy, V. S. (ed), 
Estuarine Comparisons, pp. 103- 127. Academic Press. 

Howarth, R. W. and B. B. JQrgensen. In Press. Formation of pyrite and elemental sulfur 
in coastal marine sediments (Limfjorden and Kysing Fjord, Denmark) during short- 
term 3SSO:- reduction measurements. Geochimica et Cosmochimica Acta. 

Howarth, R. W. and R. Marino. 1984. Sulfate reduction in salt marshes, with some com- 
parisons to sulfate reduction in microbial mats. In: Cohen, Y. R. Castenholtz, and 
H. 0. Halvorson (eds.), Microbial Mats Stromatolites, pp. 246-263. Alan Liss, Inc., 
New York. 

Howarth, R. W. and S. Merkel. 1984. Pyrite formation and the measurement of sulfate 
reduction in salt marsh sediments. Limnology and Oceanography 29: 598-608. 

Howarth, R. W., and J. M. Teal. 1979. Sulfate reduction in a New England salt marsh. 
Limnology and Oceanography 24: 999-1013. 

Howarth, R. W., and J. M. Teal. 1980. Energy flow in a salt marsh ecosystem: the role of 
reduced inorganic sulfur compounds. American Naturalist 116: 862-872. 

Jannasch, H. W. and C. 0. Wirsen. 1979. Chemosynthetic primary production at East 
Pacific sea floor spreading centre. BioScience 29: 592-598. 

JQrgensen, B. B. 1977. The sulfur cycle of a coastal marine sediment (Limfjorden, 
Denmark). Limnology and Oceanography 22: 814-832. 

Jbgensen, B. B. 1982a. Mineralization of organic matter in the sea bed: the role of 
sulfate reduction. Nature 296: 643-645. 

Jbgensen, B. B. 1982b. Ecology of the bacteria of the sulphur cycle with special 
reference to anoxic-oxic interface environments. Philosophical Transactions of 
the Royal Society of London B. 298: 543-561. 

JBrgensen, B. B. and Y. Cohen. 1977. Solar Lake (Sinai). 5. The sulfur cycle of the 
benthic cyanobacterial mats. Limnology & Oceanography 22: 657-666. 

JQrgensen, B. B. and T. Fenchel. 1974. The sulfur cycle of a marine sediment model 
system. Marine Biology 24: 189-201. 

JQrgensen, B. B. and N. P. Revsbech. 1983. Colorless sulfur bacteria, Beggiatoa sp. and 
Thiovulum sp., in 0, and H,S microgradients. Applied and Environmental Micro- 
biology 45: 1261-1270. 

Kaplan, I. R., K. 0. Emery, and S. C. Rittenberg. 1963. The distribution and isotopic 
abundance of sulfur in recent marine sediments off southern California. Geochimica 
et Cosmochimica Acta 27: 297-331. 

Kelly, C., and D. W. Schindler. 1984. Sulfate reduction in freshwater sediments. 
Biogeochemistry 1: 

Kelly, D. P. 1981. Introduction to chemolithotrophic bacteria. In: Stolp, M. P., H. G. 



Triiper, A. Balows, and H. G. Schlegel (eds.), The Prokaryotes, pp. 997-1004. 
Srpinger-Verlag, Berlin. 

Kelly, D. P. 1982. Biochemistry of chemolithotrophic oxidation of inorganic sulphur. 
Philosophical Trasactions of the Royal Society of London B. 298: 499-528. 

Kuenen, J. G. 1975. Colourless sulfur bacteria and their role in the sulfur cycle. Plant 
and Soil Science 43: 49-76. 

Kuenen, J. G. and R. F. Beudeker. 1982. Microbiology of thiobacilli and other sulphur- 
oxidiaing autotrophs, mixotrophs, and heterotrophs. Philosophical Transactions of 
the Royal Society of London B. 298: 473-497. 

Luther, G. W., A. Giblin, R. W. Howarth, and R. A. Ryans. 1982. Pyrite and oxidized 
iron mineral phases formed from pyrite oxidation in salt marsh and estuarine sedi- 
ments. Geochimica et Cosmochimica Acta 46: 2665-2669. 

Martens, C. S. and J. V. Klump. In press. Biogeochemical cycling in an organic-rich 
coastal marine basin. 4. An organic carbon budget for sediments dominated by 
sulfate reducton and methanogenesis. Geochemica et  Cosmochimica Acta. 

McClung, C. R., P. van Berkum, R. E. Davis, and C. Sloger. 1983. Enumeration and 
localization of N,-fixing bacteria associated with roots of Spartina alterniflora 
Loisel. Applied and Environmental Microbiology 45: 1914-1920. 

Mottl, M. 1983. Metabasalts, axial hot springs, and the structure of hydrothermal systems 
at mid-ocean ridges. Geological Society of America Bulletin 94: 161-180. 

Nelson, D. C. and R. W. Castenholz. 1981a. Use of reduced sulfur compounds by 
Beggiatoa sp. Journal of Bacteriology 147: 140-157. 

Nelson, D. C. and R. W. Castenholz. 1981b. Organic nutrition of Beggiatoa sp. Journal 
of Bacteriology 147: 236-247. 

Nelson, D. C. and H. W. Jannasch. In press. Chemoautotrophic growth of a marine 
Beggiatoa in sulfidegradient cultures. Archives of Microbiology. 

Peterson, B. J. and R. W. Howarth. Submitted manuscript. Hydrologic control of Spartina 
growth and energy flow in a New England salt marsh. 

Pfennig, N. 1967. Photosynthetic bacteria. Annual Reviews of Microbiology 21: 
285-324. 

Pfennig, N. 1975. The phototrophic bacteria and their role in the sulfur cycle. Plant 
and Soil 43: 1-16. 

Pons,L. J., N. van Breeman, and P. M. Driessen. 1982. Physiography of coastal sediments 
and development of potential soil acidity. In: Acid Sulfate Weathering, pp. 1-10. 
Soil Science Society of America, Madison, Wisc. 

Postma, D. 1982. Pyrite and siderite formation in brackish and freshwater swamp sedi- 
ments. American Journal of Science 282: 1151-1183. 

Rau, G. H. and J. I. Hedges. 1979. Carbon-1 3 depletion in a hydrothermal vent mussel: 
suggestion of a chemosynthetic food source. Science 203: 648-649. 

Revsbeck, N. P., B. B. JQgensen, and T. H. Blackburn. 1980-a. Oxygen in the seabottom 
measured with a micro-electrode. Science 207: 1355-1356. 

Revsbech N. P., J. Sorensen, T. H. Blackburn, and J. P. Lomholt. Distribution of oxygen 
in marine sediments measured with a micro-electrode. Limnology and Oceanography 
25: 403-411. 

Sorokin, Y. I. 1972. The bacterial population and process of hydrogen sulphide oxidation 
in the Balck Sea. Journal du Conseil International pour 1'Exploration de la Mer 
34: 423-455. 

Sbrensen, J. 1982. Reduction of ferric iron in anerobic, marine sediment and interaction 
with reduction of nitrate and sulfate. Applied and Environmental Microbiology 
43: 319-324. 

Sdrensen, J., B. B. Jorgensen, and N. P. Revsbech. 1979. A comparison of oxygen, 
nitrate, and sulfate respiration in coastal marine sediments. Microbial Ecology. 5: 
105-115. 

Tabatabai, M. A. 1984. Importance of sulfur in agriculture. Biogeochemistry 1: 
Timmer-ten Hoor, A. 1981. Cell yield and bioenergetics of Thiomicrospira denitridicans 

compared with l2iobacillus denitrificans. Antonie van Leeuwenhoek 47: 231-243. 
Troelsen, H. and B. B. Jbrgensen. 1982. Seasonal dynamics of elemental sulfur in two 

coastal sediments. Estuarine and Coastal Shelf Science 15: 255-266. 



Utkilen, H. C. 1976. Thiosulfate as electron donor in the blue-green algal Anacystis 
nidulans. Journal of General Microbilogy 95: 177- 180. 

Valiela, I., J.  M. Teal, and N. Y. Persson. 1976. Production and dynamics of experimen- 
tally enriched salt marsh vegetation: Belowground biomass. Limnology and 
Oceanography 21: 245-252. 

V h o s ,  R. and E. Kiives. 1972. Role of light in the prevention of the poisoning action 
of hydrogen sulphide in the rice plant. Journal of Applied Ecology 9: 519-525. 

Vosjan, J. H. 1974. Sulphate in water and sediment of the Dutch Wadden Sea. 
Netherlands Journal of Sea Research 8: 208-213. 

Westrich, J. T. 1983. The consequences and controls of bacterial sulfate reduction in 
marine sediments. Doctoral Dissertation, Yale University, New Haven, Conn 

Whittakker, R. H. and G. E. Likens. 1973. Carbon in the biota In: Woodwell, G. M and 
E. V. Pecan (eds.), Carbon and the Biosphere, pp. 281-302. U. S. Atomic Energy 
Commission. 

Woodwell, G. M., P. H. Rich, and C. A. S. Hall. 1973. Carbon in the estuaries. In: 
Woodwell, G. M. and E. V. Pecan, (eds.), Carbon and the Biosphere, pp. 221-240. 

Zhabina, N. N., and I. I. Volkov. 1978. A method of determination of various sulfur 
compounds in sea sediments and rocks. In: W. E. Krumbein, (ed.), Environmental 
Biogeochemistry and Geomicrobiology, Vol. 3, Methods, Metals, and Assessment, 
pp. 735-746. Ann Arbor Science Publ., Ann Arbor, Mich. 


