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THE ROLE OF SULFUR IN SALT MARSH METABOLISM

by

Robert Warren Howarth

Submi tted to the Woods Hol e Oceanographi c Insti tuti on-Massachusetts

Institute of Technology Joint Program in Biological Oceanography on
January 9t 1979t in partial fulfillment of the requirements for
the degree of Doctor of Phi 1 osophy ò

ABSTRACT

The rate of sul fate reduction in stands of dwarf Spartina
alterniflora in the Great Sippewissett Salt Marsh is approximately
75 moles S04 m2 year-. This is the highest rate reported for
any natural ecosystem. Sulfate reduction is the most important
form of respiration in the marsh and results in the annual con-
sumption of 1800 g C m-2, approximately equivalent to net primary
production. Sulfate reduction rates in the peat are high for at
least three reasons: 1) the below-ground production of Spartina
alterniflora provides a large, annual input of organic substrates
over a depth of some 20 cm, 2) sulfate is rapidly resupplied to
the peat in infiltrating tidal waters, so low sulfate concentra-
tions never limit the rate of sulfate reduction, and 3) sulfide
concentrations remain below toxi c 1 evel s.

The stable mineral pyrite is a major end-product of sulfate
reduction in salt marsh peat while iron mono-sulfides are not.
This is unlike most anoxic marine sediments and apparently results
because iron mono-sul fi des are undersaturated. The iron mono-
sulfides are undersaturated in part because of the relatively low
concentration of total soluble sulfides and in part because of the
fairly low pH of the peat. Both of these conditions probably
result from the activity of the Spartinaroots. If the incorporation
of 35S into pyri te were not measured, the S3504 reducti on measure-
ments would greatly underestimate the true rate of sulfate reduction.

Pyrite acts largely as a temporary store of reduced. sulfur.
The pyri te concentrati on of the peat undergoes seasonal changes. On
an annual basis, the reduced sulfur which results from sulfate
reduction is either re-oxidized to sulfate within the peat or is
exportedt much of it as thiosulfate or a similar intermdiately re-
duced compound.
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Most of the energy which is originally in organic matters is
stored in reduced sulfur compounds when the organic matter is respired
by sulfate reducing bacteria. ConsequentlYt the export of reduced
sul fur compounds from the peat represents an energy export. The
export of energy as reduced inorganic sulfur compounds is probably
larger than the net above-ground production by Spartina. This is an
important vector for moving some of the energy trapped by the below-
ground production of Spartina to zones where it is available for
coastal food webs.

Thesis Supervisor: John M. Teal
Title: Senior Scientist
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CHAPTER 1

INTRODUCTION AND OVERVIEW
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Ecologists have long been interested in energy flows within salt

marsh ecosystems and in the export of energy from marshes to adjacent

estuaries. Previous studies (Teal, 1962; Day, et ale t 1973) measured

sediment oxygen uptake as an indication of total system activity.

Reduced inorganic compounds such as hydrogen sulfide are abundant in

the anoxic peat and muds Of salt marshest ahd so it was recognized that

anaerobic respiratory processes such as sulfate reduction must be

occurring (Teal and Kanwisher, 1961). Nonetheless, it was felt that

most all of the reduced inorganic compounds formed by anaerobic respira-

tion did not leave the marsh but rather were oxidized at the marsh

surface, consuming oxygen. ConsequentlYt workers assumed that oxygen

uptake measurements gave a good estimate of total energy flow (Teal

and Kanwi sher, 1961).

This assumption is not entirely justified. When aerobic hetero-

trophs oxidize 1 mole C carbohydratet 1 mole O2 is consumed. When

sulfate-reducing bacteria and associated microflora oxidize 1 mole C,

0.5 moles H2S are produced. Were this H2S to diffuse to an oxidized

environment and be oxidized, 1 mole O2 would be consumed. If the oxida-

tion were purely chemical, the net effect is the oxidation of 1 mole C

and the consumpti on of 1 mole O2, just as for the aerobi c heterotrophs.

But if the oxidation were chemoautotrophic, as much as 0.18 moles

organic C of new bacterial biomass could be produced for each mole of

O2 consumed. The net effect would be the consumption ofl mole O2 for

the net oxidation of 0.82 moles C.

Further, the bel ief that almost none of the reduced inorganic com-

pounds formed by anaerobic respiration leave the marsh is probably in-

correct. This belief was based on a comparison of oxygen and carbon
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dioxide exchanges across the surface of cores taken from marsh peat

(Teal and Kanwisher, 1961). The cores consistently had respiratory

quotients (the ratio of CO2 released to O2 consumed, or R.Q.) of

approximately 1 or less than 1, suggesting to Teal and Kanwisher (1961)

that organic carbon was not being degraded in excess of oxygen con-

sumption. Infiltrating tidal waters which flow down through the peat

and out into creeks carry out much more carbon dioxide than the amount

of oxygen which they carry into the peat. These exchanges were not

included in the core gas exchange measurements used to estimate the

respiratory quotients. Further, carbon dioxide in the peat may be re-

fixed by Spartina, producing organic carbon (Teal and Kan~/isher, 1966).

The R.Q.'s measured by Teal and Kanwisher (1961) probably reflect acti-

vi ties and reactions just near the very surface of the core and greatly

underestimate the true R.Q. IS of the entire peat. To the extent that

this is true, oxygen uptake measurements underestimate total system

acti vi ty.

Even if oxygen uptake measurements were a good estimator of sys-

tem activity, measurements of anaerobic activity would be desirable.

Wi thout an understandi ng of the speci fi c processes whereby organi c

matter is produced and degraded and without an appreciation of where

these processes occur, it would be impossible to understand the con-

trols on marsh metabolism.

Teal (1962) used the difference between marsh primary production

and the degradation of organic matter (as estimated from oxygen uptake

data) to estimate the export of energy as organic carbon from a salt

marsh. He estimated that 45% of the net primary production was exported.

Teal (1962) argued that the exported organic matter was of major import-

ance in supr Jrting coastal food chains. This argument has been instru-
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menta 1 in efforts to preserve and protect salt marshes. Day

(1973) using the same approach estimated that a little over 50% of

the net primary production in another marsh was exported as organic

carbon. Teal (1962) and Day, et~. (1973) used only the above-ground

production in their calculations and ignored below-ground production.

Their calculated export should have underestimated true export by an

amount equal to the below-ground production. Actual energy export may

be much larger than they estimated since below-ground producti on can

be very high (Valiela, et ~., 1976). Yet attempts to directly measure

the export of organic carbon compounds from salt marshes have found

rather small net exports or even net imports (Sottile, 1973; Woodwell,

et ~., in press; Mann, 1975; Heinle and Flemer, 1976; Valiela, et ~.,

1978). The discrepancy between the direct measurements of Qrganic car~

bon export and the calculated energy exports suggests that most of the

energy is not exported as organic carbon compounds but rather as reduced

i norgan i c compounds, the end- products of anaerobi c metabo 1 ism. The

evidence presented in this thesis suggests that this is indeed the case.

Most energy export in the Great Sippewissett Salt Marsh is as reduced

inorganic sulfur compounds. Such an energy export can still be used

to support coastal food chains. In fact, the energy of inorganic reduced

compounds may be more readily used than is the energy of organic detritus,

much of whi ch is rather refractory.

The major forms of anoxic respiration are denitrification, sul-

fate reduction, and methanogenesis. Our preliminary data suggested

that the export of methane from the Sippewissett marsh is quite small,

and Kaplan, et ,~~ (1978) have demonstrated that denitrification is

unimportant in the energy budget of the marsh. This thesis is a

collection of three papers which deal with sulfate reduction and the
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fate of reduced inorganic compounds in the Great Sippewissett Salt

Ma rs h .

Chapter 2 (Howarth, 1979) documents the rapid formation of pyrite

(FeS2) in salt marsh peat. In most anoxic marine sediments, pyrite

forms very slowly over a period of months to decades as amorphous iron

monosulfides (FeS) react with elemental sulfur. In salt marsh peat

pyrite forms directly from the solution without iron monosulfides as

intermediates. This apparently occurs because iron monosulfides are

undersaturated in the peat. The incorporation of S35 into pyrite must

be considered when measuring sulfate reduction rates with s350;.

Chapter 3 (Howarth and Teal, manuscript-a) deals with the spatial

and temporal patterns of sulfate reduction in marsh peat, shows the

importance of sulfate reduction to organic carbon degradation, discusses

the relationship between sulfate reduction and eutrophication, con-

siders some of the differences between organic carbon degradation and

energy flow, and exami nes the fate of the reduced sul fur compounds whi ch

results from sulfate reduction.

Chapter 4 (Howarth and Teal, manuscript-b) examines in more detail

the differences between organic carbon mineralization and energy flow

and constructs a preliminary model to illustrate the importance of re-

duced inorganic sulfur compounds in energy flow and export for a salt

marsh ecosystem. In that chapter, the marsh ecosystem is defined just

as the vegetated peat and does not incl ude adjacent embayments and mud-

flats. Thus. lIexportlI is used in the same manner as used by Teal

(1962) and by Day, et~. (1973). Other authors (Woodwe 11, et ~. ,

in press; Valiela, et ~., 1978) include mudflats and embayments when

they refer to marsh ecosystems, so their use of the phrase lIecosystem

exportll is different. We woul d expect 1 ess export from the marsh-embayment
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system than from the vegetated portion of the marsh alone. Chapter 4

concludes that perhaps 29% of the net primary production of the marsh

is exported from the peat, most of it as reduced inorganic sulfur com-

pounds.

Six appendices are included as part of this thesis. The first is

a method for meas uri ng su 1 fa te in pore waters (Howa rth, 1978). The

second appendix discusses ways in which Spartina alterniflora maintains

a re 1 ati ve ly oxi di zed rhi zosphere. Other appendi ces deal wi th the

relationship between sulfate reduction and methanogenesis, the possi-

bi 1 i ty that reduced phosphorus compounds such as iron phosphi des may

be biologically formed in anoxic sediments, the relationship between

the organi c content of marsh sediments and the rate of oxygen uptake,

and the interference of reduced sul fur compounds wi th the measurement

of oxygen by the Winkler technique.

This thesis deals only with the Great S;ppewissett Salt Marsh.

The results should be applicable to many other marshes but probably

not all. The peat of the Sippewissett marsh has an organic content

of approximately 50%, and most of the primary production is in the

below-ground production of roots and rhizomes (Valiela, et ~., 1976).

Some other marshes have a much lower organic content and probably

have a much higher percentage of their primary production in above-

ground production. For example, the organic content of the peat at

Sapelo Island, Georgia, is approximately 5% (Teal and Kanwisher, 1961).

Since sulfate reduction rates seem to be tightly coupled to the below-

ground production and seem to have little relation to the above-ground

production, marshes with a lower below-ground production and a higher

above-ground producti on probably have a lower rate of sul fate reducti on.
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The sulfate concentrations in the Sippewissett marsh are always

sufficiently high that sulfate is not limiting to sulfate reduction.

Sulfate is more likely to be limiting in a marsh which has a lower

salinity or in a marsh which has a lower infiltration rate. We

have some data which indicate an inverse relationship between the

organic content of peat and the percolation rate of that peat. Con-

sequently, the infiltration rate may be lower in a low-organic peat

such as that at Sapelo Island than in a high-organic peat such as we

find at Sippewissett. If so, low sulfate concentrations may limit

the rate of sulfate reduction at Sapelo Island.

The pH of the Great Sippewissett Marsh is usually 5.0-6.5. This

seems to be typical of other Cape Cod marshes, and similar pHIs are

found in New Jersey marshes (Meyerson and Luther, 1977; personal

communication from G. W. Luther). However, salt marshes along the

coast of Delaware often have much lower pHis (personal communication

from T. Church), and the Sapelo Island marshes can have much higher

pHis; 8.5-9.0, Qccasionally 10 (Pomeroy, 1959). A higher pH than that

found at Si ppewi ssett mi ght tend to make methane export much more

important, while a lower pH might make methane export even less important

than at Sippewissett (see Appendix 3). A higher pH would also make

pyrite formation less likely and the formation of iron monosulfides more

likely (see Chapter 2).
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ABSTRACT

Pyrite formation in salt-marsh peat occurs more rapidly than is

generally thought for any natural system. Pyrite is the major end

product of sulfate reduction, and sulfate reduction is the major form

of respi rati on in the salt-marsh ecosystem. When the rapi d formati on

of pyrite is ignored. the rates of sulfate reduction and ecosystem

respiration may be grossly underestimated.
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INTRODUCTION

The formation of pyrite (FeS2) in nature is generally thought to

be a very slow process, taking months, years, or decades as amorphous

iron monosulfides (FeS) react with elemental sulfur (SO)(l). In

.,
.'

,~

j

salt-marsh peat, pyrite can form in a day or less without iron mono-

sulfides as intermediates. Measurements of sulfate reduction deter-

mined from the turnover of tracer amounts of 35S042- (2) in the sur-

face peat of a Cape Cod salt marsh show that pyrite is a major end

product. Very little of the resulting35S label, at most 30 percent,

ends up in soluble (H2S, HS-) or acid-volatile (FeS) pools (3, 4).

If the 35S in the pyrite fraction were not measured, the rate of

sulfate reduction would be grossly underestimated. My measurements

indicate that the rates of sulfate reduction are very high in the

salt-marsh peat throughout much of the year and that the sulfate-

reducing bacteria annually respire approximately 1800 9 of carbon

m-~ an amount of organic carbon equivalent to the major fraction of

net primary production in the marsh (3). Other terminal electron

acceptors such as oxygen and nitrate are much less important in the

total respiration of the salt-marsh ecosystem (3).

Pyrite is normally detected by x-ray diffraction and is quanti-

fied on the basis of the amount of sulfur released by digestion with

aqua regia (1, 5, 6). Neither approach is sufficient to prove that the

35S is being reduced 
and incorporated into pyrite in marsh peat.

X-ray diffraction analysis of marsh peat has repeatedly demonstrated

pyrite as a major mineral phase, but x-ray diffraction cannot show

that the 35S is associated with pyrite. The 35S that remains in the

sediment after acid treatment to free acid-volatile sulfides is not
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extracted by refluxing with 6N HCl but is extracted by aqua regia

(boiling 1:1 HC1-HN03). That aqua regia but not refluxing HCL frees

35S strongly suggests that it is in pyrite and proves that the 35S

is not in sulfate esters, amino acids, or proteins (7). However,

35
refluxing with HCl may not extract S from elemental sulfur or from

humi c or fu 1 vi c ac i ds, and these poss i b 1 e sources mus t be exami ned

by other approaches. Organi c solvents such as CS2 extract 1 i ttl e or

no 35s, and thus no 35S is in elemental sulfur. But some 35S may be

in fulvic acids (8): successive extractions with O.lN NaOH release

small but significant quantities of 35S, approximately 5 percent of

that extracted by aqua regia. Yet none of the 35S is in humic acids

(8), for when the alkaline extracts are acidified and centrifuged,

all of the 35S remains in solution (8). Since it seems unlikely that

sulfur would be rapidly incorporated into fulvic acids but not humic

acids, the labeled sulfur is probably incorporated into pyrite, which

is then partially oxidized by the NaOH extraction procedure. Investi-

gations with pyrite standards have confirmed that pyrite can be oxi-

dized, although not quantitatively, by the extraction procedure (9).

Pyrite (specific gravity, 5.0) is considerably denser than most

sediment materials. Separation of radiolabeled sediments by density

in tetrabromomethane (specific gravity, 2.96) confirms that some pyrite

is bei ng formed rapi dly in the marsh sediments. The denser pyri te-

containing fraction (confirmed by x-ray diffraction) is virtually free

of organic matter as shown by carbon-hydrogen-nitrogen analysis and has

10 percent of the 35S. The lighter fraction, having 90 percent of the

35S is largely organic matter which probably has trapped some very fine-

grained pyrite. The 35S in this fraction is probably associated with
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such fi ne-grai ned pyri te, although a small percentage of it may be

in fulvic acids (10).

To obtain additional evidence that pyrite can form rapidly under

conditions such as those found in the marsh, I buried Teflon bags con-

taining approximately 200 ml of lmM FeS04 (the pH was adjusted to 5.0

with citrate buffers) in the marsh sediments. The Teflon bags are

permeab 1 e to gases but not to ions, and so the tota 1 su 1 fi de concen-

trations and activities of S2- were controlled by the external partial

pressure of H2S. No attempt was made to intially exclude air from

the bags, and some ferrous iron was undoubtedly oxidized. Within 48

hours, pyrite, confirmed by x-ray diffraction, had formed in these

bags. This pyrite was insoluble and stable in refluxing 6N HCl but

was significantly oxidized in O.lN NaOH.

A number of laboratory studies have demonstrated that pyrite can

be synthesized rapidly, in 1 day to a few days, from inorganic solution

under suitable conditions (see Table 1 and (11, 12). It is tempting

to conclude from these studies that pyrite will form rapidly under

suitable actdìc conditions whereas iron monosulfides such as mackin-

awite or 9reigite will form under more alkaline conditions. This

would explain the rapid formation of pyrite in the salt marsh where

the pH is usually between 5.0 and 6.5. However, it can be easily

demonstrated that pH itself is not the key variable. Roberts et~. (12)

mixed FeO . OH and H2S at pH 7 while vigorously excluding air and pro-

duced iron monosu 1 fi des but no pyri te. I repeated thei r experi ment

at pH 7.5 while maintaining the partial pressure of H2S at 1 atm and

achieved similar results. ' But, when the partial pressure of H2S was

maintained at 10-4 atm in another experiment, pyrite and not the iron

monosulf e was the product (Table 1). The formation of mackinawite
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(and other iron monosulfides) is kinetically favored over the forma-

tion of the thermodynamically more stable pyrite, and, once iron

monosulfides form, they are only gradually converted to pyrite. My

results support the hypothesis that, if the iron monosulfides are

undersaturated, pyrite (which is still likely to be supersaturated

because of its much lower solubility prOduct) can precipitate rapidly,

without competition from iron monosulfides (5). If this hypothesis

is true, then the effect of changing the partial pressure of H2S from

1 to 10-4 atm was to change the iron monosulfides from supersaturated

to undersaturated.

The observed trend for pyrite to form at lower pH and iron mono-

sulfides at higher pH may just reflect the effect of pH on S2- activity.

For a constant concentration of total soluble sulfides (H2S, HS-, S2-,)

decreasing the pH will decrease the concentration and activity of

2-S and thus ironmonosulfides are more likely to be undersaturated at

lower pH.

Measurements of Fe2+ and of the S2- activity in the pore waters

of marsh peat indicate that the ion product (Fe2+J(S2-J is almost al-

ways less than the solubility product of mackinawite, 2.75 x LO~18 (13)

(Table 2); that is, mackinawite is undersaturated. But the solubility

product of pyrite is approximately 2.4 x 10-28 (5, 14), and so it can

be assumed that pyrite is supersaturated. This finding is consistent

with the hypothesis that pyrite forms rapidly at low temperatures only

when iron monosulfides are undersaturated. Since mackinawite cannot

form under the undersaturated conditions found in the marsh, pyrite

forms quite rapidly, although not as rapidly as mackinawite or other

iron monosul fi des woul d form were the condi ti ons sui tab 1 e. Iron
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monosulfides were also undersaturated and pyrite supersaturated in

the Teflon bag experiment (Table 2).

If pyri te can form rapi dly whenever sol ub 1 e sul fi des are present

but iron monosulfides are undersaturated, then it may be forming more

rapidly than has been thought in some marine sediments other than salt

marshes. Observations made in the Santa Catalina Basin and some other

locations tend to support such a hypothesis. Sediments from these

locations have significant concentrations of pyrite but not of iron

monosulfides occurring in the surface sediments (6). This pattern is

a 1 so found in marsh sediments, and, 1 i ke the salt-marsh peat, these

sediments have no major increase in pyrite concentration with depth.

Such observations contrast wi th those made in sediments where pyrite

forms slowly by convers i on of iron monosu 1 fi des. There, the pyri te

content increases with depth and the content of iron monosulfides de-

creases with depth, as in most anoxic marine sediments (5). The

sediments from the Santa Catalina Basin are fairly oxidized, and

sulfide concentrations are usually undetectably low (6). If sulfides

were present only in very low concentrations, the iron monosulfides

could be undersaturated and pyrite supersaturated even at the high pH

found in these sediments. In 1 ight of the rapid formation of pyrite

in salt marshes and its importance to ecosystem respiration there, the

process should be more closely investigated in other likely systems.
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ABSTRACT

, ,:,

Sulfate reduction rates were measured for 2 years in the peat

of a salt marsh using a radio-tracer technique. Rates are high

throughout the peat from the surface to more than 20 em deep. The

integrated annual rate is approximately 75 moles SO; m-2 yr-l, the

highest rate yet reported for any natural ecosystem. Sulfate re-

duction accounts for the consumption of 1800 g organic carbon m-2

yr-l, which is approximately equal to net primary production in the

marsh. Respiration using other electron acceptors such as oxygen

or nitrate is much less important in the marsh. It is hypothesized

that sul fate reduction rates in the peat of the salt marsh are high

for at least three reasons: 1) the below-ground production of

Spartina alterniflora provides a large, annual input of organic sub-

strates over a depth of some 20 cm, 2) sulfate is rapidly resupplied

to the peat in infiltrating tidal waters, so sulfate depletion never

limits the rate of sulfate reduction and 3) sulfide concentrations

remain below toxic levels. The stable mineral pyrite (FeS2) is a

major end-product of sulfate reduction in the marsh peat while iron

monosulfide (FeS) is not. If the incorporation of 35S into pyrite

were not measured, our s350; reduction measurements would greatly

underestimate the true rate of sulfate reduction. Pyrite acts largely

as a temporary store of reduced sulfur; seasonal changes occur in the

pyrite concentration of the peat.
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INTRODUCTION

Using energy flow to analyze salt marsh ecosystemst Teal (1962)

and later workers (i.e. Day et ale 1973) measured sediment oxygen

uptake as an indication of total system activity. The possible

importance of anaerobic respiratory processes such as denitrification

and sulfate reduction was recognized, but it was felt that oxygen

measurements gave a good measure of total energy flow (Teal and Kan-

wisher 1961). This assumption was based largely on the finding of

"respiratory quotients" (ratio of CO2 released to 02 consumed or R.Q.)

of approximately one or less from measurements of gas exchange on cores,

suggesting a balance between reduction at depth and oxidation near

the surface (Tea land Kanwi sher 1961) . However, there are reasons to

suspect that the R.Q. measured on cores is not representative of the

actual R.Q. in nature. Carbon dioxide produced in the peat may not

leave the peat solely by diffusion across the surface. It may also be

exported in pore waters draining from the peat at low tide. We have

prel iminary evidence that the molar amount of CO2 exported from the

peat in this manner is much larger than the amount of O2 del ivered in

infiltrating water. Also, respiratory CO2 in the peat may be refixed

by Spartina (Teal and Kanwisher 1966) or by other organisms, producing

organic carbon. To the extent that such processes are occurring, the

R.Q. is underestimated, and measurement of oxygen uptake underestimates

total respiration.

Comparison of net primary production with oxygen uptake measure-

ments have been used to estimate the export of energy or organic carbon

from salt marshes (Teal 1962; Day et ale 1973). Although this

approach gi ves an i ndi cati on of energy export, the energy is not
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necessarily exported in the form of organic carbon. Rather, some of

the energy could be exported as the inorganic reduced end-products of

anaerobic respiration (H2S, CH4, etc.). The estimates of energy

export made by the difference between net above-ground primary pro-

duction and total-community oxygen uptake ignored the below-ground pro-

ducti on of Sparti na al terni flora and other marsh grasses. So the

recent finding that the below-ground production can be significantly

greater than the above-ground production suggests that energy export

may be much greater than the 15.4 MJ (3671 Kcal) m-2 yr-l estimated for

Georgia marshes (Teal 1962) or the 15.3 MJ (3667 Kcal) m-2 yr-l

estimated for Louisiana marshes (Day et ale 1973, recalculated assuming

20.1 KJ per gram organic matter). Yet most attempts to directly

measure the export of energy in the form of organic carbon have found

much sma 11 er net exports or even net imports (Sotti 1 e 1973; Woodwe 11

et ale in press; Mann 1975; Heinle and Flemer 1976). Valiela et ale

(1978) found a net export of particulate organic carbon from the Great

Si ppewi ssett Salt Marsh whi ch was 35% of above-ground producti on but

only 3 to 4 % of total net primary production of S. alterniflora (cal-

culated from data in Valiela et ale 1976). This discrepancy between

1) estimates of energy export based on differences between oxygen up-

take and primary production, and 2) direct measures of organic carbon

export, suggests that much energy is exported as reduced i norgan i c

compounds. A study of anoxic respiration is a first step in analyzing

this possibility. Also, studies of sulfate reduction and other forms

of anaerobic respiration lead to a better understanding of controls

on marsh metabolism than studies of oxygen uptake alone.

The major forms of anoxic respiration are denitrification, sul-

fate reducti0~, and methanogenesis. Denitrification in the Great
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Sippewissett Marsh oxidizes only 12 g C m-2 yr.-l (Kaplan et ale 1978).

And our prel iminary measurements suggest that the export of methane

from the marsh is small. A number of recent studies have documented

the importance of sulfate reduction to the metabolism of benthic

communities (Jorgensen and Fenchel 1974; Jorgensen 1977: Nedwell and

Abram 1978). We report here a detailed investigation of sulfate re-

duction in the peat of the Great Sippewissett Salt Marsh on Cape Cod,

Massachusetts.

We thank the late Arnold Gifford for the use of his marsh land and

J. Hobbiet B. Peterson, R. Gagosiant and C. Lee for critically review-

i ng thi s manuscri pt.
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METHODS AND MATERIALS

Cores were taken at intervals of one to two months from a single

homogeneous stand of dwarf Spartina alterniflora in the Great Sippe-

wissett Salt Marsh on Cape Cod. On a few occasions, cores were also

taken from a creekside stand of tall Spartina alterniflora or from a

mixed stand of tall Spartina àlterhiflora, Spartina patenst and Distichlis

spicata which had been heavily fertilized for 7 years. Sulfate reduction

rates and sulfate concentrations were determined at every sampling time.

Salinities, pyrite (FeS2) concentrations, and concentrations of acid-

volatile sulfides (presumed to be FeS) were determined only a few times

duri ng the year.

Determination of Sulfate Reduction:

Sulfate reduction rates were measured using a modification of

the technique of Jorgensen (Jorgensen and Fenchel 1974; Jorgensen in

press). Cores of approximately 40-cmlength were taken with 4.7 cm

diameter plastic tubes, plugged, and returned to the lab within 1

hour. Little change in Eh or pH was noticeable during this time period.

Working under an argon atmosphere in a glove box, subsamples of

approximately 10 cm volume were taken at 2-3 cm intervals over the

depth of each extruded core and were placed in 20-ml gl ass vi a 1 s. Each

subsample was injected with 20 ~l of carrier-free Na2s3504 solution

(activity = 1 to 5 ~Ci). The syringe needle was slowly pulled out as

the label was injected to minimize variation due to microscale hetero-

geneity. Tests using point-source injections gave similar results,

but with much more variation. The vials were sealed, and samples incu-

bated for 8-24 hours in the dark at temperatures approximating those

at lO-em depth under existing field conditions. Samples were then
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ei ther processed immedi ate ly or frozen for a few days before bei ng

processed. Results were comparable whether or not samples were

frozen.

Samples to be processed were first placed in a reaction vessel

similar to that described by Jorgensen and Fenchel (1974). This

transfer was performed under argon in the glove box. De-oxygenated

water was added, and soluble sulfides were stripped by an argon

stream into a zinc hydroxide trap for an hour (Jorgensen and Fenchel

1974). To insure that the argon contained no oxygen traces, it was

first passed through an oxygen-reducing catalyst (Jorgensen in press).

The zinc hydroxide traps were prepared by mixing 6 ml of 2.6% zinc

acetate with 1.5 ml of 6% NaOH. With two traps in series, only the

first trap collected any radioactivity. Following stripping, the

resul ti ng ZnS was reacted wi th aci di c N ,N-dimethyl-p-phenyl enedi ami ne

and ferric chloride (Gilboa-Garber 1971), thus stabilizing and solubili-

zi ng the sul fi des as methyl ene blue. Subsamp 1 es (0.5 ml) from the

traps were added to 20 ml of IIAquafluorll scintillation fluid (New

England Nuclear) and counted. Corrections for quenching were made

by use of the external-standard channels-ratio method (Wang, Willis,

and Loveland 1975). Quenching was in general minimal, and a quench-

correcti on curve was obta i ned by addi ng methyl ene blue to samples.

The standard deviation of the counts was + 0.2%.

After stripping the soluble sulfides for 1 hour, the trap was

replaced with another, enough 6 N HCl was added to the reaction

vessel to lower the pH below 1, and the acid-volatile sulfides were

stripped by the argon stream for another 2 hours (Jorgensen and

Fenchel 1974). The acid-volatile sulfide traps were then handled
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in the same manner as the soluble-sulfide traps.

Following stripping, the contents of the reaction vessel were

rapidly fi 1 tered using Whatman i s no. 4 paper in a Buchner funnel.

The filtrate was neutralized with NaOH, its volume measured, and a

0.5 ml subsample taken and counted using Aquafluor. A quench-

correction curve was prepared by adding FeC13 to solutions. The

radioactivity in this fraction was assumed to be associated with

S350;. Occasionally, a subsample of the filtrate was run on paper

electrophoresis to determine if some of the radioactivity of the

filtrate may have been associated with other sulfur compounds. A

O. 1 N NaOH buffer was used wi th an app 1 i ed voltage of 100 V cm - 1 .

Good separation of sulfate, sulfite, thiosulfate, and elemental sulfur

should have been achieved (Roy and Trudinger 1970).

The sediment remaining on the filter was repeatedly washed with

distilled water, then digested in boiling aqua regia (1:1 HC1:HN03)

with a few drops of bromine solution added to free 35S from pyrite

(Howarth 1979). (This must be done with care in a fume hood since

N02 and bromine vapors are given off). Digestion takes 2 to 3 hours.

Samples were then evaporated to near dryness and were made up to 25 ml

with distilled water. Subsamples were counted as before. Blanks were

run to insure that S350; was not adsorbed to the fi 1 ters.

After correcting for the full volume of each fraction, the total

radioactivities in the soluble-~ulfide pool, the acid-volatile sulfide

pool, and the pyrite pool were summed and divided by the radioactivity

in the sulfate pool. This yielded a turnover time for sulfate. This

was corrected to a 24-hour incubation time and multiplied by the total

amount of sulfate present in 1 cm3 of sediment (sulfate concentration
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multiplied by water content) to yield the sulfate reduction rate in

moles SO~ cm-3 day-l.

Pore-water Chemical Determinations:

Pore waters were squeezed using a Reeburgh (1967) press from

cores which were dupl icates of those used for the s350~ reduction

measurements. Sulfate was determined by an indirect titration

(Howarth 1978). Salinities were measured with a refractometer.

Iron-monosulfide and Pyrite Determinations:

Sulfides from acid-volatile sulfides (presumed to be FeS) were

distilled off acidified sediments in an argon stream, trapped as zinc

sulfide, and converted to methylene blue (Gilboa-Garber 1971), as in

the s350~ reduction technique (above). The methylene blue was assayed

on a Beckman D. U. spectrophotometer.

The remaining sediment was then washed repeatedly with distilled

water and was digested to oxidize pyrite to sulfate as for the S350¡

reduction method. After neutralizing, sulfate was measured as above

(Howarth 1978). It was assumed that all sulfur freed in this digestion

represented pyri te (Go 1 dhaber and Kaplan 1974; Berner 1970).
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RESULTS AND DISCUSSION

nppth Profil~~ fnr SlJlfatp RpdlJction Ratp.s and thp.ir Relationship to

Below-Ground Spartina Production:

Sulfate reduction rates per unit volume obtained for the top

20 cm of peat in the Great Sippewissett Marsh are higher than those

that have been reported for other natural systems (see Table 1).

. ~!

Because of the greater depth over which rates of sul fate reducti on

occur in the marsh peat relative to other sediment systems, sulfate

reducti on per uni t area is proporti ona lly even hi gher than other

published values. In addition to our S350; measurements, we inde-

pendently assessed the sulfate reduction rate by sealing unhomo-

geni zed peat cores in jars for 1 week at room temperature and observ-

ing the depletion of sulfate. This method indicated a sulfate re-

= -3 - 1
ducti on of approximately 1. 4 ~moles S04 cm day ,in the range of

values determined from the S350; method and approximately twice the

rate determined by Martens and Berner (1977) when they sealed homo-

genized pan sediments from a Long Island Sound salt marsh in jars

for several days (Table 1).

All of the sulfate reduction measurements made at the short

Spartina alterniflora site during this study are shown in Figure 1

in order to ill us tra te the unusual depth profi 1 e. On any gi ven day,

variation over depth was great. Nonetheless, the collective data

indicate a peak in sulfate reduction at depths between 4 and 18 cm.

Sulfate reduction rates tended to be sl ightly lower in the top few

centimeters than between 4 and 18 cm, and rates fell off sharply at

depths below 22 cm. Such patterns are related to the distribution

of roots, rhizomes, and "dead matter" in the peat. (See, for example,

data on the irby low-marsh control site of Valiela et ale 1976).
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The growth and decomposition of the below-ground grass biomass pro-

vides a large annual input of organic carbon throughout the top

20 cm of the peat, and it is for this reason that sulfate reduction

rates are so high over such a great depth. The pattern of sulfate

reduction in most sub-tidal sediments is very different: sulfate

reduction is low or absent in the relatively oxidized surface sedi-

ments containing oxygen or nitrate, peaks at a depth where oxygen and

nitrate are lacking, and then falls off rapidly with depth. Such

a pattern is a reflection of the supply of organic substrates from

above the sediments. The pattern in the marsh peat is different be-

cause the organic substrates are being produced directly in the peat.

Nedwell and Abram (1978) in a study of a British salt marsh found

j.
1

maximum sulfate reduction rates at the sediment surface with rates

falling very rapidly with depth. However, they investigated only

creek bottoms and pans covered with Oscillatoria mats, not peat

containing grass roots as we have done.

Seasonal Trends in Sulfate Reduction:

ing plot is a distinctly non-linear trajectory with autumn rates

higher and spring rates lower than would be expected on the basis of

temperature alone. The high autumn rates are probably caused by the

pulse of readily available substrate as the grass plants mature and
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senesce starting in August. Sediment oxygen uptake, on the other hand,

shows no such trend and is more strictly controlled by temperature

(Figure 3B). Oxygen uptake data collected at the Sippewissett marsh

in 1971-1972 by K. Smith and J. Teal is plotted vs. estimated sediment

temperature. Temperatures were estimated to be the same as those

measured during the sulfate reduction experiments, for the same time

of year. The plot is linear with similar rates for spring and fall.

Apparently oxygen uptake is largely a measure of metabolism just for

the surface layer of the marsh peat whereas sulfate reduction is a

measure of metabo 1 ism in the root zone. These zones appear to be

poorly coupled; their micro-flora probably rely on different sources of

organic matter. The surface aerobic microbial community receives a

steady input of organic matter from the death of grass blades and

surface algae and from the sedimentation .of phytoplankton. The anoxic

community in the peat receives its organic substrates from the death

of roots and rhizomes and from the excretion of dissolved organics

from living roots and rhizomes, processes which are related to the

seasonal activities of the grass. Some of the oxygen uptake at the

peat surface undoubtedly reflects the chemical or biological oxidation

of reduced sulfur compounds which are diffusing up from deeper in the

peat. Although it might be expected that this portion of the oxygen

uptake would be tightly coupled to the rate of sulfate reduction, such

is not necessari ly the case. As di scussed 1 ater, much of the reduced

sulfur resulting from sulfate reduction is stored in the peat as pyrite

duri ng the fa 11, wi nter, and s pri ng and is released duri ng the summer.

Thus, the oxidation of reduced sulfur compounds at the surface of the

peat may not show the same seasonal ity as does sulfate reduction.

Further, muc'f the reduced sulfur is laterally transported from the
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peat to creeks as soluble components in pore water and does not diffuse

to the surface of the peat.

Sulfate Concentrations Within the Peat:

Since the salt marsh is intertidal, sulfate is rapidly and regularly

resupplied to the peat by infiltration at high tide. Consequently,

although sulfate in the peat is almost always depleted relative to

chloride, sulfate concentrations remain high (usually 10-25 mM).

Since the water infiltrating the peat is of highly variable salinity

and of variable sulfate to chloride ratios, profiles of sulfate con-

centrations or sulfate:chloride ratios over depth yield little quanti-

tative information. However, the extent of sulfate depletion at

various depths can be calculated if it is assumed that at the time a

water parcel entered the peat it had a sulfate to chloride ratio equivalent

to that at the surface at the time the core was taken. The sulfate

depletion is plotted vs. depth for three dates in Figure 4. We cannot

calculate the sulfate depletion for other times of the year because

adequate salinity and chlorinity data are lacking.

We can use the sulfate depletion data combined with the average

sulfate reduction rate in the top 20 cm as determined from the radio-

tracer results to calculate the average infiltration rate (Howarth and

Teal in prep.). For the three dates shown in Figure 4, infiltration

was 2.9 to 3.3 cm per ti de. Such rates are very reasonable in 1 i ght

of directly measured rates in the Sippewissett Marsh (R. Burke, personal

communication). Further, during low tide at the same site the "water

tablell in the peat (as measured by digging a small well) is usually

2 to 4 cm below the surface of the peat, again suggesting an infiltra-

tion rate of approximately 3 cm per tide. The internal agreement
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combined with the reasonableness of the calculated rates gives us con-

fidence in our sulfate reduction data.

Our data also indicate that sulfate is not limiting to sulfate

reduction in the active root zone of the peat, for the sulfate depletion

curves are relatively smooth while the sulfate concentration varies

greatly with depth. If the sulfate reduction rates were controlled by

sulfate at the concentrations found in the peat, we would expect larger

irregularities in the sulfate depletion curves corresponding to varia-

tions in the sulfate concentration. Furthert the sulfate depletion

curves for September and December start to level off at the same depth

(around 20 cm), but the sulfate concentration at that depth was approxi-

mately 12.5 mM in September and approximately 17.7 mM in December.

Thus, sulfate reduction in the peat seems to be controlled not by the

SO~ concentration but rather by substrate availability (energy) arid

temperature. Laboratory studies have indicated that sulfate reduction

is independent of sulfate at concentrations greater than 2 to 10 mM

(Goldhaber and Kaplan 1974). The rapid replacement of sulfate at depth

in the peat via infiltration of tidal waters is one major prerequisite

for the extraordinarily high sulfate reduction rates found there. Such

rates could not occur in most sub-tidal sediments without the sulfate

concentration quickly becoming limiting. In marshes with a slower rate

of infiltration, sulfate depletion is more likely to limit sulfate

reduction.

The End-Products of Sul fate Reducti on:

In most marine sediments soluble sulfides (H2S, HS-) and iron

monosulfide (FeS) are the only major short-term end-products of

sulfate reduction. On the other hand, in the peat of local marshes,
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pyrite (FeS2) is a major end-product (Howarth 1979). In our radio-

tracer measurements of sulfate reductiont 70% or more of the reduced

S35 was usually recovered in the pyrite pool. Hydrogen sulfide and

FeS tended to be minor end-products. Al though we know that most of

the reduced S35 in the II pyri te pool II was actually contained in pyrite,

we cannot be certain that some of the label (perhaps 5%) was not in

fulvic acids or other such refractory organic compounds (Howarth 1979).

Such label would still represent sulfate reduction, however, since

sulfur is almost certainly introduced into such refractory organic

matter as the sulfide (Nissenbaum and Kaplan 1972; Howarth 1979).

That is, s350; must fi rst be reduced to H2S35 wi th the S35 then bei ng

incorporated into the refractory organics. For our routine measure-

ment, therefore, we did not distinguish between pyritic sulfur and

sulfur in fulvic acids or other refractory organic compounds. Periodic

checks for other end-products from our s350; incubations revealed none.

Pyri te or refractory organi c sul fur is abundant throughout the

marsh peat and makes up from 1.8 to 9% of the peat by weight (0.3 to

1.5 mMoles FeS2-S per g dry weight of sediment. In Figure 5, the

pyrite concentration at various depths is plotted for 3 different dates.

The pyrite concentration varies seasonally, increasing over the fall,

winter, and spring and then decreasing over the summer. We tested the

statistical significance of the increase from 19 January to 31 May using

a two-way analysis of variance and found that the increase was signifi-

cant at the 96% level (Fcal.' 1, 10 = 6.91). Since we had sampled

different depths and had no rep 1 i ca tes for the 26 September data, we

did not test the significance of the increase from September to

January, but the increase is clearly real. By integrating the curves

in Figu: ~ 5, we can calculate that the top 25 cm of peat contains



41- -2 2
approximately 23 moles FeS2 S m on September 26, 33 moles FeS2 - S m-

- -2
on January 19, and 43 moles FeS2 S m on May 31. From September to

d . 1 -2January the marsh peat accumulate approximate y 10 moles Sm. Our

S350; reduction measurements indicate that approximately 31 moles S m-2

was reduced during that period. From January to May, the peat accumulated

approximately 10 moles S m-2, while the S350; reduction measurements

showed that approximately 12 moles S m-2 were reduced. And from May

to September, the peat lost approximately 20 moles S m-2 while the

5350; measurements showed that approximately 32 moles S m-2 were reduced.

We interpret these results as showing that in the summer although much

pyrite is being formed in the peat, even more is being oxidized by the

roots of the Spartina grass or by bacteria associated with the roots.

Autotrophi c iron and sul fur bacteri a such as Ferrobaci llus ferrooxi dans

and Thiobacillus ferrooxidans are known to be able to catalyze the

oxidation of pyrite, gaining energy from the reaction (Stumm-Zoll inger

1972). Such bacteria may well be associated with the Spartina roots,

the roots provi di ng oxygen or other oxi dants such as peroxi des (see

Appendix 2).

As discussed earlier, our profiles of sulfate depletion with

depth for three times during the year (Figure 4) combined with our

radio-tracer measurements of sulfate reduction strongly indicate that

most of the reduced sulfur, including pyritic sulfur, is not being re-

oxidized to sulfate within the peat. It seems likely that pyrite is

instead being oxidized to an intermediately reduced, soluble sulfur

compound such as thiosulfate. The thiosulfate (or other such compound)

is then probably exported from the peat in pore water as it drains

laterally from the peat into the creeks at low tide.



The oxidation of pyrite and other reduced sulfur compounds in

the peat appears to be tied to the metabolism of the grasses (see

Appendix 2). We hypothesize that during the summer, pyrite forms

around older roots and is oxidized in other micro-zones associated

with the metabolically more active tips of new roots. During the

fall as ~e grasses senesce, the oxidation of pyrite in the peat

greatly slows. Although some pyrite is still oxidized~ a net accumu-

lation occurs. In the winter and spring, essentially no oxidation

of pyri te occurs, because the grasses are totally inactive, and

pyrite continue to accumulate. However, the net accumulation is no

greater in the spring than it was in the fall because the rate of

sulfate reduction is so much less.

In most anoxic marine sediments where pyrite forms slowly from

the gradual convers i on of iron monosu 1 fi des, iron monosu 1 fi des are

present in high concentrations which decrease with increasing depth.

The pyrite concentrations increases proportionally as the iron mono-

sulfide concentration decreases. In the peat at the Sippewissett

marsh, pyri te does tend to increase wi th depth (Fi gure 5), and thi s

increase is statistically significant at the 95% level (Fcal.' 4,

10 = 3.52 for two-way analysis of variance). However, pyrite is

abundant even at the surface, and the increase wi th depth is small

relative to seasonal changes in pyrite concentrations. Moreover,

iron monosulfides are absent or present in only very small concentra-

tions in the peat, usually much less than 5 x 10-7 moles FeS-S per g

dry weight sediment. The very low FeS concentrations combined with

the relatively small change in FeS2 concentration with depth indicates

that the FeS2 is being formed rapidly and directly from ferrous ions

and polysulfides rather than from a gradual conversion of FeS (Howarth 1979).
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Nedwell and Abram (1978) in their studies of pan sediments in a British

sal t marsh found much higher concentrations of FeS than occur in

Sippewissett. In their sediments, the FeS concentration decreased and

the FeS2 concentration increased with depth. Such findings are remini-

scent of typical anoxic sediments and suggest that the FeS2 was forming

relatively slowly in that pan from the gradual conversion of FeS, and

not rapidly as is the case in our marsh peat. Thus, Nedwell and Abram

(1978) may have correctly estimated sulfate reduction even though they

ignored FeS2 as a possible end-product in their s350; measurements.

Sulfides are toxic to many microorganisms and plants. We have

preliminary evidence suggesting that sulfides at relatively low con-

centrations, 0.20 mM, can kill Spartina alterniflora plants growing

hydroponically. Although sulfate reducing bacteria have been shown to

be relatively insensitive to sulfides (Miller 1950), the fermentative

bacteria and other bacteria which provide substrates for the sulfate

reducing bacteria may be more easily poisoned.

Thus, if sulfides accumulated, the Spartina grasses could be

killed or their growth inhibited or the sulfate-mediated respiration

system of the peat (sulfate-reducing bacteria and associated fermenta-

tive bacteria) could be inhibited. The sulfate-mediated respiration

system is essential in providing nutrients, particularly nitrogen, to

the grass plants through remineralization. So any inhibition of this

system would slow plant growth through nutrient limitation.

But sulfide concentrations in marsh peat tend to remain relatively

low, generally less than 30 pM f and most of the reduced sulfur formed

during sulfate reduction is stored for the short term in the marsh

peat as non-toxic, relatively inert pyrite. Iron-monosulfides are a

much less suitable storage product because 1) only half as much sulfur
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can be stored per unit available iron and a lack of iron may limit the

amount of sulfur which can be stored, and 2) iron monosulfides are much

more soluble than pyrite and hence will act to "buffer" soluble sulfide

concentrations at a much higher concentration. Somewhat paradoxically,

pyrite forms much more rapidly when iron-monosulfides are undersaturated,

and it is for this reaSOh that pyrite förms so rapidly in salt-marsh

peat (Howarth 1979). The undersaturation of iron-monosulfides in marsh

peat results both from the low pH, generally 5.0-6.5, and from the

relatively low concentration of total soluble sulfides. The Spartina

grasses probably act to create both of these conditions, the low pH

resulting from the excretion of organic acids by the plant roots and

the relatively low concentration of total soluble sulfides resulting

from the grasses partially oxidizing some of the sulfides. Thust it

seems 1 i kely that the grasses structure the peat environment so as to

create favorable conditions for the formation of pyrite, and this in

turn allows higher rates of plant production and sulfate reduction than

if HS- and FeS were the major end products of sulfate reduction.

The Role of Sulfate Reduction in RemineralizingOrganicCarbon:

Integrating the sulfate reduction rates over time yields an

= -2 - 1annual rate of approximately 75 moles S04 myr. Since on average

two moles of organic carbon are oxidized for every mole of sulfate

reduced (Jorgensen 1977),the sulfate reducing bacteria and associated

microorganisms in the marsh peat annually respire 1,800 g C m-2 yr. -1.

The assumption of two moles carbon respired per mole of sulfate reduced

is not strictly true for some substrates which the sulfate reducing

bacteria can use if these bacteria are considered alone in isolation

from the rcosystem. For example, sulfate reducing bacteria can oxidize
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methane according to the fOllowing equation:

= +
CH4 + S04 +.2H = CO2 + H2S + 2H20,

where only one mole carbon is respired for each mole of sulfate re-

duced. However, in a natural sediment, other bacteria must be form-

ing the methane which the sulfate reducers are respiring. These

methanogenic bacteria are forming methane according to an equation

such as:

CH3COOH = CH4 + CO2

Thus, considering the methanogenic bacteria and sulfate reducers

together in the ecosystem, the net affect is:

= +
CH3COOH + 504 + 2H = 2C02 + H25 + 2H20,

where two moles of carbon are oxidized for every mole of sulfate re-

duced.

Similarly, although sulfate reducing bacteria are known to use

only a few specific low-molecular weight substrates, other fermentative

heterotrophic bacteria can provide these substrates through degradation

of other organic compounds. Tezuka (1966) has demonstrated such a

commensalism between sulfate reducing bacteria and other heterotrophic

bacteria in mixed cultures. In such a relationship, the fermentative

bacteria provide substrate for the sulfate reducerst and the sulfate

reducers consume the organi c end-products produced by the fermenters.

Thi s increases the free energy ava i 1 ab 1 e to the fermenters in further

fermentations. The net effect is a microbial community including sul-

fate reducers which can degrade a wide variety of organic compounds

using sulfate as the final electron acceptor. This community oxidizes

to CO2 two moles of organic carbon for every mole of sulfate reduced.
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We do not yet have enough data to construct a complete carbon

budget for the marsh peat. Some reduced sulfur compounds are pro-

bably oxidi zed by chemosynthetic bacteria within the peat and at the

surface of the peat with a concomitant production of new organic car-

bon. The extent of carbon production by such pathways in the peat is

unknown. Nonetheless, w.e can compare sulfate reduction in the peat

with respiration using other terminal electron acceptors and with net

primary production. (Production of carbon through chemosynthesis in

a salt marsh is not primary production since it is based on energy

originally fixed in plant photosynthesis).

Net primary production for a nearby, similar stand of Spattina

a 1 ternifl ora in the same marsh has been estimated as 1 ,880 g C m -2 yr.-l

(Valiela et ale 1976). Most of this production, 1680 g C, is the

below-ground production of roots and rhizomes. Only 200 g C m-2 yr.-l

are produced above ground. Valiela et al~ (1976) state that their

estimate for below-ground production is an underestimate since it does

not correct for loss of dead underground plant parts due to decomposi-

tion between the time of minimum dead standing crop in June and the

maximum in October. They may also have underestimated production be-

cause they did not include root exudates in their productivity estimates;

Spartina may excrete significant quantities of root exudates. Never-

theless, it is clear that sulfate-reducing respiration is of the same

order of magnitude as net primary production.

Oxygen uptake by marsh muds represents both oxygen respi ratory

activity and the oxidation of reduced inorganic compounds, whether

purely chemical or chemo-synthetic (biological). In a salt marsh,

oxygen respiration is certainly less than oxygen uptaket perhaps much

less. Me1surements of Smith and Teal (Figure 6) indicate an annual
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oxygen uptake of 6.5 moles O2 m-2 at the Great Sippewissett marsh.

These measurements were made in situ at high tide. Consequently,

they may underes t i ma te yea r 1 y oxygen upta ke if oxygen upta ke is

higher at low tide when the marsh surface is exposed to air. However,

Teal and Kanwisher (1961) found no significant differences in oxygen

uptake by cores from a Georgia marsh whether measured in air or in

water. The measurements at Sippewissett showed a summertime uptake of

0.018 to 0.03 moles O2 m-2 day-l. Summertime uptake in Georgia marshes

is approximately 0.056 moles O2 m-2 day-l (Teal and Kanwisher 1961) and

in Louisiana marshes is approximately 0.058 to 0.12 moles O2 m-2 day-l

(Day et ale 1973). We would expect oxygen uptake to be higher in

those southern marshes, so we have confi dence that the measured uptake

of 6.5 moles O2 m-2 yr.-l for Sippewissett is reasonable. Oxygen also

enters the peat due to the infiltration of oxygen-rich water at high

tide. Assuming an infiltration rate of 2.9 cm tide -1 (calculated

earlier in this paper) with water containing 6 ml O2 liter-l, infiltra-

tion supplies an additional 5.7 moles O2 m-2 yr.-l to the peat. There-

fore, we estimate total oxygen consumption by the marsh peat as approxi-

-2 -1
mately 12.2 moles O2 m yr. If all of this consumption represented

oxygen respiration (which it does not since some of the oxygen is con-

sumed in oxidizing reduced inorganic compounds), it would account for

the oxidation of approximately 150 g C m-2 yr. -1. Thus, sulfate-

mediated respiration in the peat oxidizes perhaps some 12 times more

organic matter than does oxygen-mediated respiration. We have not in-

cluded Spartinarespiration in the estimate of oxygen respiration (Teal

and Kanwi sher 1961) since our estimate for primary producti on is net,

not gross plant production.

Forms of anaerobic respiration other than sulfate reduction are
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much less important in carbon turnover in the peat. Dissimilatory

nitrate reduction (denitrification) has been measured as 0.8 to 1.5

(average for the whole marsh of 0.95) moles NO; m -2 yr. -1 in the

Spartina peat at Sippewissett (Kaplan et al. 1978). indicating that

only 12 g C m-2 yr. -1 are oxidized through denitrification. Rates of

methanogenesis have not been measured at Sippewissett$ but we have

data indicating a methane export from the peat of 0.7 moles CH4 m-2 yr. -1,

or 8 9 C m-2 yr. -1. Iron (III) compounds can potentially act as electron

acceptors in bacterial respiration (Woolfolk and Whiteley 1968 as

ci ted in Blackburn and Fenchel in press). However, ma~y sediments in

which sulfate has been depleted still contain iron (III) compounds, so

it seems likely that sulfate ,is reduced before iron (III) (Bostrom 1967).

As sulfate is always abundant in the pore waters of the upper 20 em of

the peat at Sippewissettt it is unlikely that iron reduction is important

in the marsh carbon cycle. Iron reduction in the marsh ecosystem is

probably chemical and not biological.

Eutrophication and Sulfate Reduction:

A number of authors have suggested that cultural eutrophication

of coastal ecosystems might tend to increase sulfate reduction rates

and thereby mi ght increase II na tura 1'1 fl uxes of reduced sul fur compounds

to the atmosphere (Deevey 1974; Hitchcock and Wechsler 1972). We

were able to test the first part of this hypothesis--that eutrophica-

tion increases rates of sulfate reduction--as it applies to a salt

marsh by comparing rates from our regular short Spartina alterniflora

site wi th ra tes from a site wh i ch had been treated wi th commerc i a 1

10-6-4 fertilizer at a rate of 25 g m-2 week-l for 7 years. We also

compared the rates from the regular site with rates from a creekside
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site. All three sites are in close proximity. The fertilized site

was originally characterized by a homogeneous stand of short Spartina

alterniflora and appeared to be very similar to our regular sampling

site. The fertilization had caused the grass composition to change

to a mixed stand of Spartina alterniflorat Spartina patens, and

Distichlis spicata by the tint of ou~ sulfate reduction measurements

in 1977. Primary production was greater as a result of the fertil i-

zation, and we believe that the fertilization treatment is a good

mimic of severe nutrient loading. The creekside site was a stand of'

tall Spartina alterniflora, a stand which was naturally more 
productive

than our regular site. Sulfate reduction measurements were made in

the fertilized site in July and September of 1977 at the same time as

the regular site was sampled. Measurements in the creekside sites

were made in August and October of 1977 ,again at the same time as the

sampl ing for the regular site.

No significant differences in sulfate reduction per unit surface

area of marsh could be detected between the creekside site and the

regular site. However, sulfate reduction per unit volume of peat was

slightly less in the creekside site that in the regular site. Signifi-

cant rates of reduction occurred at greater depths (25-30 cm) in the

creekside peat than at the regular site (20-25 cm). The variation in

rates with depth was also considerably greater at the creekside site.

perhaps reflecting the patchy distribution of fiddler crab burrows a'nd

less even root distribution at that site. Fiddler crab burrows were

absent from the regular sampl ing site, and roots were more closely

packed and evenly spaced.

Sulfate reduction rates in the fertilized site appeared to be

sl ightly ler- 'chan at the regular sampling site whether the rates were, '
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expressed per unit surface area of marsh or per unit volume of peat.

Howevert such apparent differences were not statistically significant.

Nonetheless, it is clear that fertilization and eutrophication did not

increase sulfate reduction in the marsh. Such a result is not as

paradoxical as it might at first seem since the sulfate reducing bacteria

and associated anaerobic microbiota are limited by the availability of

energy (substrate) and not nutrjents (Blackburn and Fenchel 1978).

Although fertilization increases total plant production, it has no

major effect on the below-ground production. At high levels, fertili-

zation may actually decrease below-ground production (Valiela et ale

1976). Sediment o~gen consumption is significantly increased by ferti-

lization (Figure 6). Again, these findings demonstrate the importance

of the above-ground production for the metabol ism of the sediment-

surface microbiota and the decoupling of this surface community meta-

bolism from that of the anoxic community below.

Although increased levels of sulfate reduction are not linked with

fertilization and cultural eutrophication in salt marsh peat, sulfate

reduction rates are clearly linked with organic matter supply. Thus,

it seems likely that cultural eutrophication of planktonic coastal eco-

systems would cause higher rates of sulfate reduction in the bottom

sediments.

Energy Flow in the SaltMarsh Ecosystem:

In an oxidizing environment in which all metabolism is aerobic,

energy flow is proportional to and is largely mediated by organic

carbon cycling. That is, once energy is fixed as plant biomass in

primary production, all subsequent energy flows in a totally oxic

ecosystem are flows of organic carbon. Consequently, energy flow

is often?xpressed either in true energy units (i .e., KJoules or



51

Kcal m-2 day-l) or by weight of organic matter or organic carbon

(gC m-2 day-l), and it is usually assumed that 42 KJ (10 Kcal) are

approximately equivalent to 1 g carbon. This assumption is based on

the energy released and potentially available to an organism when

average organic matter is respired. For example, when glucose is

respired, the energy released is approximately the standard free

energy of the reaction:

'r,

1.

G1ucose(aqueous) + 602 = 6C02(aqueous) + 6H20

which is -2.83 MJ (mole glucose)-l or -39.3 KJ (g carbon) -1 (We

should actually calculate the free energy rather than the standard

free energy, but to calculate the free energy, the concentrations

of products and reactants must be known. For most conditions under

whi ch organi sms aerobi ca lly respi re gl ucose, the free energy is pro-

bably not greatly different from the standard free energy).

For an ecosystem such as a salt marsh which is partially anoxic

and in which a significant percent of the metabolism is anaerobict

carbon cycling is no longer proportional to energy flow and a carbon

budget is not an adequate representation of energy flow. When bacteria

respire glucose using sulfate rather than oxygen as the terminal electron

acceptor, the reacti~n can be wri tten thus:

Glucose(aqueous) + 3S0; + 6H+ = 6C02(aqueous) + 3H2S + 6H20

( )-1 'which has a standard free energy of -688 KJ mole. Under the

condi ti ons found in the Si ppewi ssett salt marsh, the actual free energy

is approximately -607 KJ (mole glucose)-l or -8 KJ (g carbon)-l (calcu-

lated assuming (C02) = 1.4 x 10-4 M, (H2S) = 3 x 10-5 M, pH = 6.0,

(SO;) = 2.1 x 10-2 M, and (glucose) = 10-10 M; the calculation is

relatively insensitive to the assumed glucose concentration). Clearly,
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the energy available per unit of organic carbon respired is much less

under these anoxic conditions than under the oxic conditionst and

an energy flow involving the respiration of 1 g C is approximately 8 KJ

(2 Kcal) rather than 42 KJ (10 Kcal). However, the reduced end-products

Energy flow involving inorganic reduced substances in the salt

marsh ecosystem may be very large, involving perhaps 54.4 MJ m -2 yr.-l

as reduced sulfur compounds alone (Howarth and Teal in prep.). Such

a flow is equi va 1 ent to 70% of net primary producti on and seems 1 i ke ly
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to have profound effects on the structure and function of the ecosystem.

Perhaps as much as 18 MJ m-2 yr. -1 in energy is exported from the marsh

peat to the creeks as reduced inorganic sulfur compounds (Howarth and

Teal in prep. ). Such export is an important mechanism for taking the

energy of the extremely high below-ground production and moving it to

an area where it can enter food chains òf potential significance to

man. The export of energy from the peat as inorganic chemical compounds

may be more than twi ce as 1 arge as the above-ground producti on.

Conclusions

marsh peat as pyrite. Pyrite must be considered when measuring

35s0; reduction in a salt marsh. On an annual basis, however, most of

this pyrite appears to be oxidized. Although some of the pyrite is

oxidized to sulfate, most probably is only partially oxidized to thio-

sulfate or some similar intermediate. Water which is partially depleted

in sulfate and enriched in reduced sulfur compounds moves laterally
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from the peat to creeks and is replaced with water from above at high

tides. Such exchanges are important in marsh functioning and should

be considered in addition to gas exchange across the surface in studies

of energy flow in ma rs h ecosys terns.
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FIGURE 1.

All sul fate reducti on measurements made at the short

Spartina alterniflora site plotted vs. depth to

ill us tra te the unus ua 1 depth profi 1 e.
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FIGURE 2.

Rates of sulfate reduction at the short Spartina altérniflora

site integrated over depth and plotted vs. the time of year.

Measurements were made duri ng 1976, 1977, and 1978. The

plotted numbers indicate in which year a particular set of

measurements were made.
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FIGURE 3.

In part A (top) rates of sul fate reduction at the short

Spartina alterniflora site integrated over depth are

plotted vs. the sediment temperature. In part B (bottom)

rates of sediment oxygen uptake (K. Smith and J. Teal,

unpublished) are plotted vs. temperature. Measurements

were made in stands of grass similar to the site in

which sulfate reduction was monitored. For both parts,

A and B, the months are plotted to illustrate the

seasona 1 i ty of the measurements. See text.
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FIGURE 4.

Extent of sulfate depletion plotted vs. depth in peat.

Sulfate depletion is calculated relative to the amount

of sulfate estimated to be in a water parcel at the time

it entered the peat. See text. Data are plotted for

3 dates: 26 September, 1977 (x), 6 December 1977 (0),

and 19 January, 1978 (6).
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FIGURE 5.

Pyrite concentrations plotted vs. depth in peat for

3 dates: 26 September 1977 (0), 19 January, 1978

(x), and 31 May, 1978 (8). Standard errors are

plotted for the 31 May and 19 January data except

when the standard error is less than the size of the

data point. No repl icates were run for the 26

September data.
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FIGURE 6.

Rates of sediment oxygen uptake plotted vs. time of

year for two sites of Spartina alterniflora, one

ferti 1 i zed and one not (K. Smi th and J. Teal, unpub-

lished). The fertilized site received 50.4 g m-2

of fertilizer made from secondary treated sludge from

Chicago. It contained 10% N, 6% P205t and 4% K20.

Measurements were made at high tide in situ while the

marsh peat was covered with water. Stirred respiro-

meters were used. The grass was cut before making

measurements. Measurements took 0.5 to 2 hours.

./
Data are from 1971 and 1972.
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CHAPTER 4

ENERGY FLOW IN A SALT MARSH ECOSYSTEM: THE ROLE OF REDUCED

INORGANIC SULFUR COMPOUNDS
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ABSTRACT

Model calculations show the importance of reduced inorganic

sulfur compounds in the energy flow of a New England salt marsh. The

export of energy from the peat as reduced i norgani c sul fur compounds is

perhaps twi ce the net above-ground production by Sparti na a 1 terni flora.
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In an oxidizing environment where all metabolism is aerobic,

energy flow is proportional to and is largely mediated by organic

carbon cycling. That is, once energy is fixed as plant biomass in

primary production, nearly all subsequent energy flows in a totally

oxi c ecosystem are flows of organic carbon. Under such condi ti ons the

respiration of 1 9 organic carboh-C will yield approximately 42 KJ

( 10 Kca 1) . 1

Recent studi es have documented the importance of anaerobi c

processes in a variety of aquatic ecosystems (Jorgensen and Fenchel 1974,

Jorgensen 1977, Rich and Wetzel 1978t Howarth and Teal in prep.). Sul-

1 We use KJoules (KJ) rather than Kcal as the predominate energy unit

in this paper, but for clarity we present some comparisons with which
ecologists are familiar in both Kcal and KJ. One Kcal :: 4.184 KJ.
Energy flow is best presented in units of power (watts) rather than
energy (KJ). One watt; 1 Joule second-l, so 1 wattm-2 (annual mean) =
31.5 MJ m-2 yr.-l.
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Energy flows involving such reduced inorganic compounds can be quite

1 arge and must be incl uded in the energy budget of any ecosystem whi ch

contains anoxic portions. The importance of such energy flows in a

New England salt marsh, the Great Sippewissett Marsh, is examined in

thi s paper.

Methods

,¡

g

,~

Our study is confined to areas of short Spartina alterniflora

in the Sippewissett marsh. Such areas make up over 9 hectares, approxi-

mately 40% of the vegetated area of the enti re marsh. We di d most of

our sampling in an area where the hydrology of the peat is well defined

(Figure 1). The peat is flooded from above on almost every tide and

drains very slowly from the "bottom" into a creek approximately 10-15

meters away. Fresh water wells up and also moves out to the creekt but

little or no mixing of this fresh water up into the most biologically

active portions of the peat (the upper 30 cm or so) occurs. The water

flow in the peat is simply modeled as a series of water parcels, one

added on each tide, which slowly move down to the zone of fresh water

mixing and then move laterally to the creek. From data presented in

Table 2 for 19 January, we have calculated an infiltration rate of

5 . 8 cm pe r day 0 r 2. 9 cm pe r tide.

Data are avai 1 ab le on rates of primary producti on by Sparti na

alterniflora and by the surface micro-algae and photosynthetic bacteriat

on total oxygen consumption and animal respirationt on rates of sulfate

reduction, and on concentrations of sulfate and sulfides in the peat.

Using these data and our hydrologic model described above, we have con-

structed a simple model of energy flow in the marsh ecosystem to demon-
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strate the role of reduced inorganic compounds. The model is limited to

energy flow involving reduced sulfur and carbon compounds. We recognize

that other elements are also involved in energy flow, but their impor-

tance in the marsh is dwarfed by carbon and sulfur. For example, res-

piration through denitrification is less than 3 mW m-2 (calculated from

data in Kaplan et al. in press) and export of energy from the peat as

ammonium is less than 13 mW m-2. We have ignored many' other transfers

which we feel to be relatively unimportant. For instance, direct feed-

ing on Spartina by insects is ignored because it involves less than 10%

of the above-ground production. 2

Energy flows are calculated using reaction free energies (Table 1)

and are calculated relative to a completely oxidi,zed state. Reduced

carbon compounds (organics) and reduced sulfur compounds "carry" energy

while CO2 and SO; do not. We have defined three standard conditions

under which reactions may occur corresponding to 1) the anoxic portion

of the peat, 2) the rhizosphere surrounding the Sparttna roots t and

3) the oxi c zones of the peat surface and creeks. The actual free ener-

gies for these conditions are calculated and used rather than the stand-

ard free energies of reactions. The use of standard free energies is

conceptually incorrect (Martens and Berne.r 1977) and can lead to signi-

ficant errors under some circumstances.

We defi ne the marsh ecosystem as the associatiQn of Spartina and

the biologically active zone of the peat (the top 30 em), specifically

excluding creeks, embayments and mudflats. This defi,nition is consistent

wi,th that of Teal (1962) and Day et al. (1973) but is more narrow in scope

2personal comnunication from S. Vince, School of Natural Sciences,

University of Michigan, September, 1978.
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than that used by some other workers (Valiela et ale 1978, Woodwell

et al. in press). We i ncl ude the microflora of the Sparti na rhi zo-

sphere as part of the Spartina. The completed energy flow model is

shown in Fi gure 2.

Many estimates in the energy flow model are subject to error, and

we and others are working to improve many of the measurements and esti-

mates. Nonethel ess, the concl usion that reduced inorganic sul fur com-

pounds are a critical component Î'n the marsh energy flow is inescapable.

Primary Production

Valiela et ale (1976) estimated the net primary production of

Sparti na al terni flora in areas of short Spartina in the Great Si ppewi s-

sett Marsh as approximately 3.9 kg (dry weight) organic matter m-2 yr. -1;

almost 90% of this is in below-ground production of roots and rhizomes.

Thi s may be an underestimate because it does not correct for loss of

dead underground pl ant parts due to decomposition between the times of

minimum and maximum dead standing crops (Valiela et ale 1976) and because

it does not i ncl ude root exudates. The grass is 48% carbon by wei ght, and

assuming that the energy content of this organic matter is 502 KJ per mole

C (Table 1), we calculate that the net primary production of the grasses

is 2.5 watts (annual mean) m-2. Using the data of Van Raal te et al. (1976),

we estimate that net production by' micro-algae and photosynthetic bacteria

on the marsh surface under the gras's canopy is approximately 350 g C m-2

yr. -1, or an annual mean of 46 mW m-2.

Sul fate Reduction

Sulfate in the marsh peat is reduced at a rate of 75 moles m-2 yr.-l



79

(Howarth 1979, Howarth and Teal in prep.). Sulfate-reducing bacteria

themsel ves can oxidi ze only a 1 imi ted range of organic substrates t but

fermenti ng bacteria can degrade a much wi der range of substrates. Thei r

metabolic products provide sulfate reducers with substrates. By oxidiz..

i ng these fermentati on end products, the sul fa te reducers allow the

fermentations to continue at optimum rates. Tetuka (1966) has demon-

strated such a commensaHsm between sulfate-reducing bacteria and other

heterotrophic bacteria in laboratory cultures. The net effect is a

bacterial community, the sulfate-reductng microbial comunity, which

oxidizes 2 moles of organic carbon for every mole of sulfate reduced

(Howarth and Teal in prep.). This communidy in our marsh oxidi,zes, 150

moles organic C m-2 yr. -1. This repres'ents an energy flow of 2.39 watts

m-2 since the energy content of 15Q moles of organic carbon (relative to

complete oxidation) is: 75.3 MJ (Table 1). The amount of energy poten-

ti ally avai 1 abl e to the organi sms of the sul fate-reduci n9 mi crobi al com-

munity each year is only 132 KJ per mole of organic C, or a total of

19.8 MJ m-2 (Table 1). Assumi'ng that these anaerobic bacteria can con-

vert 50% of this energy flow to biomass3., their productivity' i,s 310 mW

m-2. The other 310 mW is dissipated as heat, the metabolic cost. The

bacteria production i tsel f becomes a part of the organi c detritus. The

difference in the amount of energy potentially' available from sulfate-

mediated respiration and that potentially available from oxygen-mediated

respiration is stored as reduced sulfur compounds. Thus energy' is trans-

ferred to inorganic sulfur compounds at a rate of 1.77 watts m-2.

3Approximately' 0.118 g Cdrr. weight) of bacteria. are produced for

every Kca 1 of energy II removed i by them from the cul ture media whether
the bacteria are growing aeroblcally or anaerobically (Payne, 1970).
Thi s represents an energy' conversi,on efficiency of approximately 50%

(Table ì .
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Oxygen Consumption

Total oxygen consumption by the peat in the Great Sippewissett Marsh

has been measured as 6.5 moles m-2 y'r. -1 (Smith and Teal as reported in

Howarth and Teal in prep.). These measurements probably underestimate

total oxygen consumption by the amount of oxygen del ivered in infiltrat-

ing water on flood tides, approximately 5.7 moles 02 m",2 yr.-l.4. We

therefore estimate total oxygen consumption as 12.2 moles O2 m-2 yr.-l.

Smith and Teal (unpubl ished) al so measured animal respiration by observ-

ing oxygen uptake after poisoning the water in their bell jars with

50 mg 1 iter-l of streptomyci n-peni'cill Tn and subtracti ng the residual oxy,.

gen uptake which continued after formalin poisoning. Their estimate of

3.8 moles 02 m-2 yr.-l includes fungal respiration and some bacterial

respiration in addition to animal respiration. Nevertheless, the esti-

mate is about half of that found 1'n a Georgia marsh (Teal and Kanwisher

1961) which seems reasonable for our colder climate. We used this uncor-

rected measure for animal respiration, and we assumed that fecal produc-

ti on is approximately 15% greater than respi ration, which is consi stent

with estimates for energy flow i,n snails, mussels, and crabs in a Louisiana

marsh (Day et al .1973) .

For our model we have assumed that oxygen-respiring heterotrophic

microbes at the marsh surface process approximately 60% of the above-ground

producti on, or 160 mW m-2. Thi s assumpti on is 1 ittl e more than a guess,

4The infiltrating water was assumed to have an oxygen content of

2.7 x 10-4 M. An infiltration rate of 5.8 cm day"l was calculated

from the 19 January data i'n Taole 2. We have evidence that the surface
of the peat becOTes somewhat more oxidized as oxyge.n,.rtch waters p'erco-
1 ate down at hi gh ti:de, idndi,cating th.at Tnfil trating waters, in additton
to di ffusi on across the surface of the peat are an' importantmechani,sm

for del iveri n9 oxy'gen.
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but in any case does not, affect our conclusion concerning the role

of inorganic reduced sulfur compounds in marsh energy flow. If true,

and assuming a 50% energy conversion efficiency (see footnote 3), the

production of these heterotrophs is 80 mW m-2 and their respiratory

energy dissipation another 80 mW m-2. Their respiration would con-

sume 5.1 moles 02 m-2 yr. ~ 1. We estimate oxygen consumption by chemo-

autotrophs at the peat surface as 3.3 moles 02 m-2 yr.-l by subtract-

ing animal respiration and aerobic micro-heterotrophic respiration

from total community oxygen uptake. Uslng this oxygen consumption

estimate and Table 1, we calculate that chemoautotrophs at the marsh

surface process 40 mW m-2 of reduced i'norganic compounds. Assuming

a 25% energy conversi on efficiency, they produce 10 mW m-2 as organi c

bi omass. Thi s assumed effi ciency is typi ca 1 of "young" cultures of

chemoautotrophs (Kuznetsov 1970) and therefore seems' reas'onabl e for

chemoautotrophs in a marsh where they are probably heavily grazed.

These microbial activities at the marsh surface are rough estimates,

and future work should try to reftne them. However, they are of the

correct order of magni tude. Por example, if there were no chemoauto-

trophy and a 11 mi,crobìa 1 oxygen consumption was by heterotrophs,

hetrotrophs would process a maximum of 260 mW m-2 organic detritus or

about 60% more than our estimate. If there were no heterotrophic

activity at the marsh surface and all mi'crobial oxygen consumption was

by chemoautrotrophs, they woul d process a maximum of ioa mW m-2 of

reduced inorganic compounds. Thts is 2.5 tlmes 1 arger than our esti-

mate above, but is still a very small proportion of the total energy

flow involving reduced i'norgani,c sulfur compounds. The dark. CO2 fixa-

tÏdon data reported by Van Raalte et ale C1974) can be used to give the
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same maximum estimate for chemoautotrophic production (assuming the

same seasonal i ty as for oxygen consumpti on and assumi ng no alga 1 or

heterotrophic activity).

.i

,~

Fate of Reduced Sul fur

Over the short term most of the reduced sul fur formed by sul fate

reduction ends up as pyrite (PeS2) with lesser amounts of H2S being

formed (Howarth 1979, Howarth and Teal in prep.). However, little of

the pyrite is permanently buried in the peat. Assuming a sedimentation

rate of 2 mm yr. -1, only 0.47 moles FeS2-S m-2 yr. -1 are permanently

buried. This represents a rate of energy burial of approximately 10 mW

m-2. The rest of the pyrite is oxidized (Howarth and Teal in prep.).

There is a net oxidation of pyrite during the Summer whel1Spartina is

most active and a net build-up duri'ng the rest of the .yar (Howarth and

Teal in prep.). We hypothesize that pyri'e is oxidized by new, extend-

ing Spartina roots (Howarth and Teal in prepqAppendix2). OX,ygen in

i nfil trati ng water is probably consumed near the surface of the peat

and cannot oxidize pyrite at depth.

When pyrite is oxidized, the products are probably thiosulfate

(S203) (or a polythionate of similar energy content) and sulfate. We

have not been able to detect sulfite CSO~) tn marsh pore waters, ancl we

woul d not expect that sul fite would eyer be abundant there because it woul d

quickly react with elemental sulfur (which is always present) a,nd be chemi-

ca lly reduced to thiosulfa,te (Vol kov and Qstroumov 1957, Roy' and Trudinger

1970). We can estimate the rate at which pyrite and other reduced organic

compounds are oxidized to sulfate by comparing the actual extent of

sulfate depletion (Howarth and Teal in prep.) with the predicted deple-

tion based on rates of sulfate rediicti'on assuming no reoxidation
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(Table 2). By January the peat was frozen and the Spartina completely

inactive, so we are reasonably certain that no reoxidation was occuring

in the root zone. If we assume that the September rate of reoxidation

represents the, annual mean rate, the reoxidation rate is 24 moles S04

m-2 yr. -1. Thi s probably overestimates reoxidation to sul fate since

little or no reoxidation occurs in the winter and spring (Howarth and

Teal in prep.).

The average H2S concentration in the peat at 25-30 cm depth is

approximately 3 x 10-5 M. Using our hydrologic model, we calculate an

H2S export of 0.64 moles m-2 yr. -1, representing an energy export of

15 mW m-2. Our prel iminary data suggest that export to the atmosphere

is much smaller and we are not including such export in the model.

Sulfur which is reduced in sulfate reduction is, on an annual

basis, 1) sedimented as pyri'e" 2) exported as H2S, 3) oxidized at the

surface of the peat, 4) reoxidized to sul fate in the grass rhizosphere,

or 5) oxidized to thiosulfate Cor other intermediately reduced sulfur

compound of similar energy content) and exported laterally from the peat

to creeks in pore water. We calculate then that "th.iosulfate!1 export

0= S - 2 1from the peat amounts to 47 moles S2 3- m yr. -. This represents an

energy export of 560 mW m-2. Adding the energy export as H2S, we get a

total energy export as inorganic sulfur compounds of 570 mW m-2 (22% of

the total net primary production and more than twice the above-ground

net production). Energy export as reduced sul fur compounds may be

larger than 570 mWm-2, since we probably have overestimated the reoxi-

dation of reduced sul fur compounds to sul fate tn the rhizosphere bY' using

the September rate as an annual 11ean. Even if we have greatly under-

estimated the'rate of chemòautotrophY' at the marsh surface, we know that

the erro~ is less than 60 mW'm-2 (see earl fer discussion), and reduced
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inorganic sulfur export is still greater than 500 mW m-2. Also, the

argument is not changed if the oxidation of reduced sulfur of the marsh

surface is chemi ca 1 and not chemoautotrophi c.

Within the peatt 24 moles H2S m-2 yr. -1 are oxidized to sulfate

and 50 moles H2S m-2 yr.-l are oxidized to thiosulfate. Combined, these

oxidations represent an energy flow of approximately 1.08 watts m-2.

We do not know how much of this energy' is used and converted to organic

biomass by Spartina and the microbes of the ¡'hizosphere.

Conclusions

The complete energy flow model is shown in Figure 2 and is summar-

ized in Table 3. The estimates for energ.y export and for energy flow with-

in the peat will be refined by future work, but the qual ttative pattern

should remai.n unchanged since the model i,s relatively insensitive to

the 1 i ke 1 y errors. Most of the energy' export Ì's as reduced inorgan i c

sulfur compounds. Such energy i,s in a form more 1 abtl e and eas lly used
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than many organi c compounds such as humic acids and lignfn. If the

energy available from the oxidation of the reduced inorganic sulfur

compounds were used with 25% efficiency by chemoautrtrophs in the nearby

creeks and estuaries, it would support a bacterial production equivalent

to more than half of the above-ground production by Spcirtinaalterniflora.

Most of the oxidation of these reduced sulfur compounds is probably bio-

1 09i cal si nce our evidence indicates that the rate is too hi gh to be sol ely

chemi ca 1. The 25% energy effi ci,ency fs typi ca 1 of llyoungll cul tures of

chemoautotrophs (Kuznetsov 1970) and so is reasonable for heavily' grazed

bacteria. This bacterial production would likely be available as a,n

eas i 1 y ass i mi: 1 ab 1 e food for coas ta 1 food webs. Thus the export of reduced

inorganic sulfur compounds from the peat is a mechanism for the transfer

of energy from the very large below""ground grass production to the coastal

food webs.
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TABLE 1. (Continued)

1. The standard free energy is the free energy under conditions where

a 11 reactants and products have an acti vi ty of one.

2. The actual free energy (~F) of the reaction xA + yB = mC + nD is

gi ven by

~F = ~Fo + RT 1 n (C):CD)n, where ~Fo is the standard

CA) (b)y

free energy of the reaction, R is the gas cons tant, and Tis the

abso 1 ute temperature.

3. IICH2011 is used to represent typical organic matter in the marsh.

We have arbitrarily assigned it a standard free energy of formation

of -130 KJoules, intermediate between that of glucose and that of

cellulose. Its activity is taken as one.

4. The following activities have been assumed for the oxic zone:

(S =) -2 () -5 C) -604 = 2. 1 x 10 , CO2 = 1 x 10 , H2S = 1.5 x 10 ,

(02) = 2 x 10-4, (S20;) = 2 x 10-4, pH = 7.0.

5. The following activities have been assumed for the anoxic zone:

( =) -2 () -4 () -5S04 = 2 x 10 ,C02 = 1.4 x 10 , H2S = 3 x 10 , pH = 6.0.

6. The following activities have been assumed for the rhizosphere:

(SO;) = 2 x 10-2t (H2S) = 1 x 10-5, (02) = 6 x 10-6, (S20;) =

-31 . 5 x 1 0 , pH = 6.0.
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TABLE 3. SUMMARY, OF' MARSH' ENERGETICS.

Tota 1 energy export 0.75 29%

Bur; a 1 of energy 0.16 6%
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FIGURE 1.

Hydrologic model of the peat at the experimental site. The peat is

completely flooded on nearly every high tide. At low tide, pore waters

drain laterally to the creek. Dashed horizontal lines indicate the

estimated movement of a water parcel during one tidal cycle. See text.

! .
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FIGURE 2.

Energy flow model for the salt marsh ecosystem. Symbols are after

Odum (1971). Units are watts (annual mean) m-2. Some pathways repre-

sent flows of organi c carbon; others are flows of reduced i norgani c

sul fur compounds. See text.
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APPENDIX 1:

A RAPID AND PRECISE METHOD FOR DETERMINING SULFATE

IN SEAWATER, ESTUARINE WATERS, AND SEDIMENT PORE WATERS 1

Robert W. Howarth
Massachusetts Institute of Technology
Woods Hol e Oceanographi c Institution
Joint Program in Biological Oceanography
Woods Holet Mass. 02543

1. Howarth, R. W. (1978)
L i mno 1. Oceanogr. 23: 10.66-1069
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ABSTRACT

Sulfate can be rapidly and accurately measured by means of an in-

direct titration. Barium sulfate is precipitated in acid EDTA solution,

the precipitate filtered and dissolved in an excess of EDTA at high pH,

and the excess EDTA ti trated wi th MgC12. Interferences from chl ori de,

iron, or phosphate are negligible. Sulfides may interfere, but there

is a procedure to remove thi s interference. The method determi nes the

sulfate concentration in 1.0 ml of seawater with a standard deviation

consistently ~0.5% of the mean determination of three replicates.

,

, I
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Sul fate reducti on is an important di ageneti c process in anoxi c

marine and estuarine sediments, but techniques for sulfate determina-

tion are subject to several interferences likely to be particularly

severe in estuarine and sediment pore waters. The method presented

here is reliable under the htghly diverse chemical conditions in salt

marsh waters: salinity from 8-3U% and variable concentrations of

metals, phosphates, reduced sulfur anions, and organic matter. It works

with pore water volumes as small as 1.0 ml, is rapid, precise, accurate,

inexpensive, and suitable for use in the field.

The barium sulfate gravimetric techntque, generally used in sea-

water when high accuracy is desired (Morris and Riley 1966) is subject

to serious coprecipitation interferences, particularly from iron and

phosphates (Haddock 1962), which may be troubl esome in estuarine or sedi-

ment pore waters. Further, the gravimetric approach ts slow. The direct

titration of Macchi et ale ('969) suffers from a chloride interference,

requiring precise standardization at each salinity. Although this method

is useful for open-ocean seawater, the disadvantage of constant restand-

ardization in an estuary is obvious. Dtfference chromatography is capable

of hi ghly accurate sul fate determinations (Sayl es and Mangel sdorf 1977)

but requires expensive apparátus and may suffer from the interference of

some reduced sul fur anions (my unpub 1 i shed observations; F. Sayl es pers.

comm. ).

The method presented here involves precipitation of barium sulfate

in acid EDTA solution, dissolution of the prectpitate in excess of EDTA

at high pH:. and titration of the excess EDTA with MgC12 using eriochrome

black-T as the indicator. Successful application of this method to the

determination of sulfate in fertilizers (Campbell et ale 1974), urine
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(Lewis 1962), and organic materials (Belcher et ale 1958) suggests no

problems for its use under the conditions found in estuaries and sedi-

ment pore waters.

Unless otherwise stated, all chemicals used were analytical reagent

grade. All distilled water was double distilled in a glass still.

Ammonium hydroxide -- 29.4% NH3, spècific gravity of 0.900.

Barium chloride solution, 10% -- dissolve 117 g BaC12'2H20 in

double-distilled water and make up to 1 liter.

EDTA solution, 0.0100 M -- prepared by Resources Services, Inc.,

for Arthur H. Thomas, Co.

Magnesium chloride titrant, 0.025M -- dissolve 5.08 g MgC12'6H20 in

double-distilled water and make up to 1 liter.

HC1, 0.4M -- dilute 33 ml concd HCl to 1 liter with double-dis-

ti 11 ed water.

HC1, 0.05 M -- dilute 4 ml concd HCl to 1 liter with double-dis-

ti 11 ed water.

Buffer solution, pH 10 -- dissolve 7 9 NH4Cl and 57.0 ml NH40H

(sp gr of 0.900) in about 25 ml of doubl e-distill ed water. Di 1 ute to

100 ml wi th doubl e-disti lled water.

Indicator Soluti.on -,. dissolve 0.40 9 of eriochrome blacK""T (also

called solochrome black-T) in 30 ml of trtethanolamine and 10 ml of

absol ute ethanol.

One milliliter of sample is placed in a 50-ml Erlenmeyer flas,k,

3 ml of 0.4 M HCl and 4 ml of 0.0100 M EDTA are added, and the mixture

boiled gently for 2 min to speed the chelation of any metals present

in the sample. Ten mill iliters of 0.05 M HCl are added, and the flask

is allowed to cool for a few mlnutes, Then 5 ml of 10% BaC12 is added

and the fl a 1 eft at room temperature for another 20mtn to all ow the
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BaS04 to precipitate; excessively long standing time (overnight) will make

subsequent di ssol uti on of the BaS04 di ffi cul t, resul ti ng in an underesti-

mate of sulfate. The mixture is then filtered through a small 0.45-ll

Mi 11 i pore fi 1 ter (di ameter of 1. 8cm) to remove the sol ubi 1 ized inter-

fering ions. Because of the massive addition of Ba2+, and the acid con-

ditions, the EDTA does not interfere with the precipitation. And since

barium-EDTA complexes are somewhat unstable under acid conditions (West

1969), swamping the solution with barium does not result in the release

of interfering cations from their EDTA complexes. The flask is carefully

rinsed into the filter apparatus three times with double-distilled water,

and the filter and precipitate are washed with 10 ml of 0.05 M HCl and

20.0 ml of double-distilled water. Addi,tional washing may result in some

loss of BaS04. Then the fi 1 ter and precipitate are transferred back to

the original 50-ml flask. The rinstng and the size of the glassware used

may be important due to BaS04 sorptton to glass., Exactly 5.00 m1 of

0.0100 M EDTA are added to the prectpitate, then 4.0 ml of NH40H solution

(sp gr :: 0.900) to drive the pH up as an aid in 
dissolving the BaS04. To

speed dissolution of the 6aS04 precipitate, r heat th.e flask to about

90QC for 15 min while stirring occasionally. After the flask has cooled

to room temperature, 0.5 ml of the pH 10 buffer solution is added and the

mi xture titrated with standard MgC12 sol utton, using a drop of eriochrome

black-T solution as the indicator. A 2.0 ml microburette (Gilmont) is

used for the titration. The end potnt is indicated by a well developed

red/pink color which forms as Mg2+ binds to the indicator dye; in the

absence of Mg2+, the dye is purple/blue.

The techni que was standardized with Copenhagen Standard Seawater

(collected 27 July 1974; chlorinity:; 19.3675%~). The sulfate concentra-,
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tion of the standard was calculated as 2.777 g'liter-l (24°C) byassum-

ing a sulfate:chloride ratio of 0.1400 (Morris and Riley 1966) and a

density of 1.024 kg'liter-l (Pickard 1963). A standard curve prepared

by serial dilution of the standard seawater was linear down to zero

sul fate concentration (r2 = 1.00 with 17 observations at four concentra-

tions); the standard deviation of the sulfate concentration estimator on

volume of titrant added was 0.005. Thus, the method works well over a

wide range of sulfate concentrations.

When the MgC12 titrant was standardtzed in pH 10 buffer and this

determination used to calculate sulfate concentrations, the resulting

values were consistently 2.8% lower than values determined from the

direct standardization with Standard Seawater. This discrepancy probably

reflects BaS04 adsorption to glassware. rt should not be a serious prob-

lem so long as sulfate standards are used.

A possi bl e phosphate interference was tested by addi ng phosphate

to make sulfate and phosphate about equimolar (addîn9 1 ml of 0.028 M

P043- to 1 ml of Standard Seawater). A possible iron interference was

tested in the same manner. ¡n addition, a few graîns of the insoluble

salt Fe3(P04)2 were added to Standard Seawater samples. The method is

remarkably free from interferences (Table 1). Even the addi:tion of

solid Fe3(P04)2 resulted în no major errors. By precipîtating the BaS04

in the presence of acidified EDTA, iron is solubîlized and coprecipita-

tion is prevented. The gravimetric detennination of sulfate would

clearly incur serious errors under the severe condi'ions. tested,

I also detennined the sulfate concentraUon of pore water samples

taken from two different locations in a coastal salt marsh. The pore

waters were pressed from shallow' surface cores with a Reeburgh press.
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The chlorinity, as determined with a refractometer, was l2.7r~at one

site and 14.9%. at the other. Each l-ml sample was then enri ched wi th

1 ml of 1.550 g'liter-l sulfate and 30%. 
NaCl; the chloride was added

incidentally to the experiment since it was in the sulfate standard.

Chloride should not interfere with the method, as is indicated by the

1 arge amounts or HCl and BaC12 used in the assay. Thi s experiment shows

that the method works well under field conditions (Table 2).

Kwiecinski (1965) also used an indirect titration involving barium

precipitation to determine sulfate in seawater, a method superficially

similar to the one described here. However, Kwiecinski 

IS method makes

no attempt to el iminate interferences from cations present 
in the sample,

and such interferences must be 
determined with a separate titration.

This greatly increases the time necessary for the assay and lowers the

precision. Further, Kwiecinski titrated the excess Ba2+ not precipitated

as BaS04. In my methòd excess Ba2+ and interfering ions are washed away,

the BaS04 is dissolved and a known excess of EDTA is added, and this

amount of EDTA is determined with MgC12 titration. The single titration

increases the precision. The titration of an excess of EDTA with MgC12,

rather than an ex'cess of Ba2+ wi th EDTA, causes the eri'ochrome b 1 ack- T

indicator end point to be 
much sharper and easi,er to determine (Belcher

et ale 1954). Purther, the direct titration of barium with EDTA is sub-

ject to error due to the preci pi tation of BaC03, but this probl em i's

avoi ded by adding the excess of EDTA and bl ack-titrating with MgC12

(~Iest 1969).

The standing time r used in the barium sul fate precipitation is

quite brief but is adequate under these acid conditions (Belcher et ale

1954). This short standing Ume speeds the assay and aids in dissOlu-
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tion of BaS04 (Campbell et ale 1974). The acid conditions also prevent

precipitation of barium orthophosphate.

Soluble sulfides present in a pore water sample may be oxidized

to sulfate during the assaYt sometimes introducing considerable error.

For exampl e, the sul fide concentration measured at 25 em i,n one core

was 48 mg s2-'liter-l. The sulfate method outlined here indicated a

sulfate concentration of 0.150 g'liter-l in this sample, of which as

much as 0.144 may have been due to the oxidation of sulfides. Such

interferences could be minimized by precipitating the sulfides with

zi nc acetate and removing the ZnS by Mill ipore filtration immediately

after the pore waters are pressed from the core.

The variance in the method probably coul d be substantially reduced

by scaling up to larger sample volumes, if this seemed desirable. For

pore water samples, however, the small amount of sample required for analy-

s is is a defi ni te advantage. By thi s method a dozen sampl es can be

assayed for sulfate in just a few hours, yielding excellent results free

from most interferences.
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TABLE 1. Determination of Interference from P043-, FeC13, and Fe3(P04)2'

Copenhagen No.
SO 2- Error
, 4

Seawa ter+ rep 1 i cates (g'liter-l ) SD (g'11 ter- \%)*

1 ml of 0.028 M P043- 6 2.775 0.009 -0.002, 0.074%

1 ml of 0.028 M FeC13 4 2.780 0.010 +0.003, 0.11%

A few grains of Fe3(P04)2 3 2.780 0.0113 +0.003, 0.11 %

*Error determined by comparison with calculated sulfate concentration

of 2.777 g'liter-1C24.0°C). See text.
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APPENDIX 2:

THE ABILITY OF SPARTINA ALTERNIFLORA TO MAINTA,IN AN OXIDIZED RHIZOSPHERE:
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bilities is explored below.

Evidence for the Oxidation of Reduced Sul fur:

Although sulfate reduction rates are high throughout the active

root zone of Sparti na (the upper 20-25 cm), sol ubl e sul fi de concentra-

tions tend to be low, often less than 1 x 10-7 M. At greater depths in

the peat or in creek bottoms, soluble sulfide concentrations are as high

as 3-6 x 10-4 M. So the active root zone TS both the zone of high sul-

fide production and of low soluble sulfide concentrations. We find that

sul fi de concentrati ons in the peat are hi gher at night than duri ng the

day. Further, there appears to be a net oxidati on of pyrite in the

root zone (Chapter 3). It is clear, then, thatSpartina, like many'

other wetland grasses (Armstrong, 1975) TS capable of maintaining its

root zone in a fairly oxidized state.

.i .

Oxygen Diffusion in Spartina Shoots:

Teal and Kanwisher (1966) have demonstrated that oxygen can diffuse

down Spartina shoots into the roots and rhizomes. Such diffusfon is

entirely in the gas phase. When the roots are in gas,as they were in

Teal and Kanwisher's (1966) work, the resulting fluxes of oxygen to the

roots can be much 1 arger than the resptratory needs of the pl ant. Con-

sequently, such a diffusion of oxygen to the roots and rhizomes has

usually been assumed to be the oxi'dtztng source for the peat. Thi s nQw

seems unl ikely, at least for highly waterlogged marshes.

We have repeated the expertments of Teal and Kanwtshe.r (19661.

Spartina alterniflöra plants Cetther grown hydroponically or freshly

excised from the mud at ,School StreetmarshI were placed with their shoots

in air but their roots and rhizomes' Ì'n a closed tube or flask. The gas

around the ronts and rhizomes was displ aced wtth nitrogen, and the appear~
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ance of oxygen was monitored over time by gas chromatography. The

results were comparable to those of Teal and Kanwisher (1966). Ox~en

quickly built up in the root zone. However, if the roots and rhizomes

were kept in water rather than in a gas phase, the results were quite

different. Root respiration was as great as or greater than the dif-

fusion of oxygen to the root zone. If at the beginning of the exper-

ment, oxygen was stripped from sol ution wtth a nitrogen stream, the

resulti ng low 1 evel of oxygen was maintained. If we started with oxygen

saturation, the root and rhizome respiration quickly consumed it until

a very low 1 eve 1 of oxygen was reached. 'The actual respidra tion rates

of the roots and rhizomes were comparable whether they' were in water Qr

a gas phase, so these experiments tndicate that oxy'gen diffusi,on is much

less with the roots in water. 'Many of the marsh 501'15 are completely

waterlogged at all times, so the diffusion of oxygen downSpartina shoots

to the soil may be much less than has previously been thought.

Armstrong (1975, and references therei'n) has demonstrated that the

diffusion of oxygen per se accounts for only 11% of the oxidizing activity

of rice roots, The percentage fOr Spartina áltèrntflora is unk.nown.

Sulftde Toxicity' and the Role of Light in Sulfide Oxidation:

Vå"mos and Koves (972) h,ave demons'trated that hyrogen sul ftde is,

toxic to rice plants but that this toxicity can be counteracted by light.

Apparently, the ability of rice plants to ~xtd1'ze s'ulfides in thei.r root

zones is greater in the 1 i ght than idn the dark. The source of Qxi:dizi ng

power is unknown, but Vâmos and Köves (1972) suggest that it n:ay be hydro..

gen peroxide produced by the glycol ic acid p~thway or as a by-product of

some other respidratory process. Another possib1'l idty 1S the production of

peracids in the leaves which are then transported to the root zone, Such
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peracids can form from 'OH free radi'cals which are known to be formed

during photosynthesis (VSffOS and Köves, 1972). Our data suggest that

Sparti na root respi ration is greater when the above-ground porti ons of

the plants are in the light than when they are in the dark. The day/night

difference in sulfide concentrations in the marsh peat may therefore be

rel ated to respi ratory process of the sort suggested by vâmos and Kayes

(1972) for rice plants.

Goodman and Wi 11 iams (19611 have demonstrated that the "die-backll

of Spartina Townsendii can be mimTcked i'n the laboratory by adding sul..

fides to the culture media. They conclude, that the Me-back is definitely

the result of toxic effect by sulfides or related i'norgani,c i,ons such as

phosphite. The oxygen contents of rhizomes' in "die-back soil s II were

essentially the same as those from healthy sotls. Further, die-back

pl ants show no mi neral defi ci encies or unba,l ances, and ferttl ization of

die-back soils did not prevent or effect the die-back. (loodman and

Williams (1961) conclude therefore that there i,s' no oxygen limitation in

the die-back Spartina plants. This further suggests that sulfide oxida-

tion does not primarily involve molecular oxygen.

Symbi oti cMi cro-organi sms and the Oxidation of Sul ftdes':

Joshi and Holl is (1977) have demonstrated that although rice plants

alone can oxidize sulfides aroundthetr rootst such oxidations are greater

when the chemosynthetic bacterium Bèggtatoa is 1 ivlng symbiotically with

the roots. Beggiàtoa is also ass'octated with the roots of Spartina alter-

niflora and may well serve to oxidize sulfides and protect Sparttna as it

does rice. Other chemosyntheti:c bacterta likely play' a, stmilar role, The

roots presumably supply an oxidant to the bacteria, but the oxidant is

unknown. rn 1 i ght of our fi ndi,ngs' reported here and the findings' of



111

Armstrong (1975 and references therein), the oxidant is unl ikely to

be oxygen. It could be hydrogen peroxide or a peracid as suggested

by Vámos and Köves (1972). From a thermodynamic standpoint, the

oxidant could also be a common plant acid such as oxalate or glycolate,

as the following equations illustrate:

For oxalatet

H2S + 2C2HO¡ = SO; + C2H4 + 2CQ2 óFØ- ~ ~60. 2KJ

2H2S + 2C2HO¡ = S20j" + C2H4 + 2C02 + H20 iipØ = ~60. 3KJ- + = ++ .
FeS2 +: 3C2H04 + 3H = S203 '" Pe + C2H4 + 4C02 + H20 óPCI = -96.4KJ

For glycolate,

- =
H2S + 2C2H303 = 504 '" CO2'' C2H4 + CH4

2H2S + 2C2H30j = 520; + CO2 + C2H4 + CH.4 + H20

ôFQ = -38.8KJ

AFO = -39. 1 KJ

Ethanol could be an alternative end-product to ethylene for any of the

above reacti.ons. The resul ttng standard free energies waul d be 10.7 KJ

more positive (less favorable). Both ethylene and ethanol are common

products of anaerobic plant metaboltS1 CAnnstrong, 1975). We have evi-

dence that ethylene production idn marsh peat can be fairly high.

Soybean root nodul es subjected to waterlogging have enhanced evol u-

tion of CO2 and ethanol CSprent and Gallach~r, 1976). This may reflect

the metabolism of organi'c oxidants such as glycolate and oxalate in order

to mai.ntain an oxidi.zed rhtzQsphere.

Bacteria capable of ltvtng off of ~the free energy of such reactions

'"

have not been isolated, but probably no one has tried to do so. Vamos
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and Köves (1972) found that about 5% of the Qrganic acids found in rice

roots was glycolic acidt while oxalic acidd was somewhat less abundant.

Shading the plants resulted in an absolute decrease in the amount of

these acids in the roots. Mac Rae and Castro (1967) have demonstrated

that rice plants which are relatively resistant to sulfide toxicity

excrete more carbohydrates from thetr roots than do non-res'istant pl ants.

They did not look for the excretTon of organic acids. Nonetheless, these

data suggest that m1crobi al oxidation of su1 fi des usi ng organi c acids

supplied by root exudates is at least plausIble.

Heterotrophi c Ox1datton of Reduced Sul fur Compounds:

A wide variety of bacterida and fungi are known to be able to

oxidize various reduced sulfur compounds C~oy and Trudinger, 1970).

The mechanisms are almost completely unknownt and for the most part it

is not known i,f the organi,sms involved get any energy from the oxidations

they catalyze. However, at least one Itheterotrophiclt marine pseudomonad

can use the energy of thiosulfate oxidations as a sole or supplemental

energy source (Tuttle and Jannasch, 1977). Mitochondri a from pea i nter-

nodes, oat seedl i n9s, and pea roots can oxi dize sul fite to sul fate. It

would therefore not be surprising if the roots and rhizomes of Spàrtina

can oxi di,ze reduced sul fur compounds tn a non..photosyntheti c manner,

possibly using the res:ulting energy.

Photosynthetic Qxi dation of Reduced Sul fur Compounds by Spártina:

The use of sulfide as an electron donor tn bacterial photosynthesis

is well known. Accordin~ to Knobloch (1966..a, 1966-b, 1969) sulfide can

a 1 so serve as a secondary electron donor tn the photosynthesis ofa

number of algae and at least some flowering plants such as tèrìina and
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Spirodela. Knobloch (personal communication, 12/27/75) believes that

Spartina probably uses sulfides in a similar manner. However, the trans-

port of sul fides to the photosynthetic site waul d seem to be a probl em.
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APPENDIX 3:

Sul fate Reducti on, Methanogenesi s, and Methane Oxidation:

The degradation of organic matter i'nanoxic environments can pro-

ceed using either sulfate ("sulfate reductionll) or carbon dioxide

C'methanogenesisll) as a terminal electron acceptor for a microbial

community. Sulfate reduc;dng bacteria and methanogeni'bacteria can

compete for substrates. For instancet both can use acetate as a sub-

strate (Blackburn and Penchel, i'n press). Based on standard free

energies, it is generally thought that sulfate reducers obtain a

greater energy yiel d per unH of substrate oxidized and that therefore

sulfate reducers can out-compete methanogenic bacteri'a. It is assumed

that methane formation occurs only when sulfate is very low or absent.

However, methane is frequently found at low concentrations coex;dsting

with sulfate in anoxic sediments, and sulfate reduci'ng bacteria can

oxidize methane. Examination of actual free energies rather than stand..

ard free energies yields some new insights to the relationshi'ps among

sulfate reduction, methanogenesis, and methane oxidation.

The reaction for the oxidation of methane by sulfate reducing

bacteri a can be wri tten as fo 11 ows:

CH4 + SO; + 2H+ :: CO2 + H2S + 2H20 I1Fo;: ~95. 1 KJ. (1 )

The actual free energy is gtven by:

CH2S) (C02) ,
I1F :: -95. 1 KJ + RT 1 n + 2 ..

(H 1 (S'O¡l (CH4)

(2)

where R is the gas constant and T the absol ute temperature.
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At equilibrium, õF = 0, so the equilibrium condition is given by:

(H2S) (C02) = 5 x 1016.

(H+)2(SO;) (CH4)
(3)

This equilibrium condition, although derived from the oxidation

of methane by sulfate reducers, also describes the rélationship between

methanogeni c bacteri a and sul fate reducers when both types of bacteri a

are using the same substrate. Therefore, it follows from equation 2

that the relationship between sulfate reduction and methanogenesis

depends not merely on the sulfate concentration, but also on the pH and

the concentrations of sulfides, carbon dioxide, and methane. Low sulfate

and methane concentrations and high pH ~ sand sul fi de and carbon di oxi de

concentrations will all tend to favor methanogenesis. Interestingly,

the relationship is more sensitive to changes in the pH than to changes

in the sul fate concentration.

Under equil i bri urn condi'ions (equation 3), sul fate reducing bacteri a

get exactly the same amount of energy per uni' of substrate oxidized

(assuming the same substrate is uSéd; for instance, acetate) as do

methanogeni c bacteri a. Nei ther type of bacteri a woul d out compete the

other. This is true regardless of how high or low the sulfate concen-

tration is. Methanogenesis would tend to displace the equilibdumso as

to favor sulfate reduction, and sulfate reduction would tend to displace

the equil i bri um so as to favor methanogenesi s. The oxidation of methane

by sulfate reducing bacterta would tend to maintai:n equilibrium condi-

tions. However, the range of substrates available to sulfate reducers

and to methanogens can be qutte different, so tf equil ibrium conditions

were to exist between sulfate and methane, it would probably be controlled
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by methane oxidation by sulfate reducers.

It is unlikely that the equilibrium conditions described by

equation 3 exist in natural sedi'ments. For equiHbrium to exist,

it must be assumed that bacteria can 1 i,ve off the free energy of an

exothermic reaction (i.e. oxidation of methane using sulfate as an

electron acceptor) no matter how little the free energy yièld of that

reaction. As equilibrium condi'ions are approached, the free energy

yield of a reaction will decrease and it probably becomes more diffi-

cul t for a bacterium to use that reaction for its livelihood. It seems

likely that there is some cri'ical free energy value less than zero above

whi ch a bacteri urn cannot get useful energy from a reaction.

Such a critical free energy value for the oxidation of methane by

sul fate reducers can be roughly' estimated from the data of Martens and

Berner (1977). For the va riety' of cores and depths they sampled, the

following approximate condition holds':

(HS~) (HCOj) ,

(SO;) rCH4)
30.

(4)

Therefore,
(HS-) (HCOjl '

RT ln
CSO¡l (CH4)

= 8. 4KJ .

(5)

Equation 1 can be rewritten as:

:: - _
CH4 + S04 = HC03 + HS + H20 ApO '" -18.9KJ, (6)

for whi ch the free energy is given as:

(HS-) (HCOj) .

CSO¡l (tH4)

1i.F '" - 18. 9 KJ + RT 1 n (7)
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Combining equations 5 and 7 allows an estimate of the critical free

energy val ue for the oxidation of methane by sul fate reducers asapproxi-

mately -10.5 KJ. I suggest that bacteria would be unable to carry out

this reaction if they got any less energy from it. This critical free

energy value for the oxidation of methane by sulfate reducers would then

control the rel ativê abundanCêS of sul fides, bicarbonate, sUl fate, and

methane in the samples of martens and Berner (1977).

For organi sms to make use of the energy rel eased in an exothermi c

reacti on, it must be coupl ed to an energy storage or transfer process

such as phosphorylation (the conversion of ADP to ATP) or the reduction

of NAD+ to NADH. ConsequentlYt it might be àssumed that the energy

requi red for phosphoryl ation or the reduction of NAD+ or other s,uch

reactions would set a lower limit for the useful free energy' change of

a reaction which supports an organism (the critical free energy value).

Sul fate-reduci ng bacteria used ATP as an energy storage product (ROy and

Trudinger, 1970), so it might be assumed that the free energy of phos..

phorylation would describe the critical free energy value for the oxida..

ti on of methane by sul fate, reducers. The free energy of phosphoryl ation

depends upon internal concentrations of products and reactants and is

poorly known, but the standard free energy. is approximately 37 KJ mol e"'l

(Burton, 1955), almost 3 Umes higher than the hypothesi.zed critical free

energy value. However, peck (1966 as reported in Roy and Trudinger) has

demonstrated that the ratio of p-hClsphoryl ation to H2 consumption by' sul fate-

reducing bacteria using H2 as a sole substrate is 0.18. Sulfate reducers

use 4 moles of H2 to reduce one moleofSO¡, so Peck's results suggest that

1.4 moles of sulfate are reduced per mole of ATP formed, Tf the ratio of

ATP formed per mol e of sul fate reduced is 1 ess than one whèn bacteria



119

are using an optimum substrate such as H2, there is no reason to bel ieve

that the ratio cannot be very much les,s than one and still have the bac-

teri a grow. Tha tis t the free energy of phosphoryl at ion probably does

not control the critical free energy value for the oxi'dation of methane

by sulfate reducers. In support of this, Ki,efer (personal communication,

1977) has found that s-ome bacteria which Hve off reactions wHh low

free energy yields (i.e. nitrifiers) have elaborate means for coupling

the reaction of several substratè'molecules with the formation of one

mol ecul e of ATP or other storage product. If my esti,mate for the cri,ti..

cal free energy value for methane oxidatton by sulfate reducers (~10.5 KJ)

is correct, it suggests that the' batteria can coùpl e the oxi datton of 3

molecules of methane with the formation of 1 molecule of ATP.

The critical free energy value of approximately ~10.5 KJ estimated

for reaction 6 is just as val id for reaction 1 since' reactions 1 and 6

are equivalent. Therefore, we can predict the fQllQwin9relationship to

generally hold for anoxtc sedi.ments:

(H2S) (C02)
- 1 Q. 5 KJ ;: -95. l' KJ il RT 1 n

(H+) 2 ('SO;) (CH4) (8)

Therefore,
(H2S) (C02l '

(H+)2(SO;) (CH4)

= 147.5xlO.
(9)

This equation (9) is a restatement of equation (4) and can also be

written in, the following manne.r:

(HS-) (CÖ2I

(H-+) (SÖ21,cC'H4) ,

;: 77.6xlD..
nO)
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It is difficult to test these relationships with published data;

simul taneous measurements of all of the necessary parameters are very

rare. Nonetheless, these relationships seem very reasonable, and I

could find no published data which contradicts them. Ass'uming reason-

able estimates for pH and sulfides, Whelanls (l974) measurements of

methane, carbon dioxide, and sulfate in the interstitial waters of

sediments from various Louisiana marshes fit the patterns suggested.

For the Great Si ppewi ssett Marsh, (CH4) is predicted from equa-

tion 8 as 8 x 10-12, assuming that (H2S) = 1 x 10-6, (C02) i= 1.2 x 10-4,

(SO;) = 2 x 10-2, and pH ;: 6.0. This estimate i.s reasonable given the

rather low export of methane from the marsh (approximately 0.5% of net

primary production).

In other salt marshes, the pH of the peat can be significantly

higher or lower than at Sippewissett. At Sapelo Island, Georgia, the

pH can be as high as 8.5 - 9.0, and occasionally 10 (Pomeroy, 1959).

Assuming pH = 9.0, (SO;) = 2 x 10-2, (HS-) = 1 x 10-6, and (C02) =

1.2 x 10-4, ( CH4) is predicted from equation 1 0 as 8 xl 0-8, four orders

of magnitude higher than at Sippewissett. The lower sulfate concentra-

tions in the peat at Sapelo (personal communication from W. Wiebe to

J. Hobbie), if considered, would further increase this estimate. However,

the effect of higher pH is much greater than the effect of sulfate deple-

tion. The data of King and Pomeroy (talk delivered in June, 1976, at the

annual meeting of the Amedcan Society' of Ltmnology and Oceanography i,n

Savannah, Georgia) on high, fluxes of methane from the Sapelo Island marshes

to the atmosphere (5-10% of net primary production) suggest that the methane

concentration in the peat there actually is much highe,r than at the Si,ppe-

wissett Marsh.'
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APPENDIX 4:

Reduced Phosphorus Compounds in Sediments:

Whether or not phosphine (PH3) and iron phosphides (FeP, Fe2P)

are found in natural sediments and soils is still an open question.

Lüning and Brohm (1933) reported phosphine in polluted springs.

Barrenscheen and Beckh-Widmanstetter (1923) and Rudakov (1927) reported

the exi stence of bacteri a whi ch coul d reduce phosphate to phosphi ne. El e-

mentary chemistry texts (i .e. Partington, 1949) have stated that phosphine

is formed in nature from the putrefaction of proteins and by the bacterial

reduction of phosphate. Liebert (1927, as cited in Burford and Bremner,

1972) failed to detect microbial reduction of phosphate and argued that the

process cannot occur for thermodynamic reasons. Tsubota (1959, as cited in

Burford and Bremner, 1972) on the other hand found phosphine evo 1 ut i oni n a

paddy soil from the reductton of phosphate. He cited redox-potential data

as evidence that phosphate reduction to phosphine cannot be excl uded on

thermodynamic grounds. Bohn (1976) similarly states that the reduction of

phosphate to phosphine is thermodynamically possible. He gives the "bound-

ary" as Eh = 0.06 - 0.059 pH - 0.0074 log (PH/H3P04). Sk,inner (1968) was

unable to find phosphate-reducing bacteria, and Burford and Bremner (1972)

were unable to detect phosphine in waterlogged soils. However, Iverson

(1968) reported the formation of iron phosphide (Fe2P) in cultures of sul-

fate-reducing bacteria in a 1 aborator,y study. He postul ated that the sul-

fate-reducing bacteria reduced phosphate to phosphine which then reacted

with ferrous ions to form the iron phosphide. The iron phosphide was non-

magnetic and gave no x-ray diffraction pattern until it was heated to

l232QC, at which it was easily recognizable. Mossbauer studies showed that

the material was iron phosphide before heating, also, but it was colloidal.
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Experimenta 1:

I have been unable to detect by gas chromatography any phosphine

evolution from cores of mc1rsh mud and pe,at incubated anaerobically in

the 1 ab. Add; tions of phosphate andlor 1 actate to cores did not resul t

in any phosphine evolution. r have also placed gas permeable Teflon

bags full of si 1 ver ni trate sol ution in situ in marsh peat and muds for--
periods of up to two weeks. Phosphine precipitates sìl ver and a yell ow

intermediate compound from silver nitrate solution (Partington, 1949 ):

PH3 + 6 AgN03 = A93P, 3AgN03 + 3HN03

A93P, 3AgN03 + 3H20 :: 6Ag + 3HN03 + H3P03.

In 1 aboratory studies, bubbl i ng acetylene (which containes traces of

phosphine) through silver nitrate solutions res'ulted in phosphate in

solution (after aerating the solutions ove,rnight) which could be assayed.

However, the solutions i! situ in the marsh gained no measurable phos..

phate. Their only recognizeable precipitate was black silver sulfide.

Samples of marsh mud and peat given to C. C. Noo for x..ray diffrac..

tion analysis had no iron phosphide pattern. However, it is possible that the

samples contained collotdal iron phosphtdes of the sort reported by Iver-

son (1968) in his bacterial cultures.

Calculations:

Soluble phosphates:

SohnI s (1976) thermodynamic argument for the reduction of phosphate

to phosphine appears to me to be to error. If his equatton (See page 122)

were true, it woul d correspond to the reactiun:

H3P04 + 4H2 = PH3 + 4H20 ~Fo = +46.4 KJ.
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,

I calculate ~Fo = + 192.9 KJ, making the reaction much less likely.

Given a hydrogen activity of unity, the reaction is favorable only if

the ratio of phosphine to phosphoric acid is less than 1.3 x 10-34. If

the hydrogen activity is less, the ratio must be even less. Consequently,

phosphine formation from sol ubl e phosphate is very unl i kely. Considera-

-2 . -3
tion of other soluble phos~hates (H2PO¡, HP04 ' P04 ' CaHP04, etc.) does

not improve the pi cture.

Aluminum phosphates:

However, the case with some sol id phosphates is different. Con-

sider the possible biological reduction of A1P04:

A1P04 + 4H2 = Al (OH)3 + PH3 + H20 ~ FO = + 11. 5 KJ.

The equil ibrium condition then is -2.03 = log ((PH3)/(H2)4). Given a

hydrogen activity of unity, the reaction could occur exothermically pro-

duci ng phosphi ne acti vi ti es of up to 9.3 x 10-3. At pH = 6, Al P04 may

be the most abundant sol id phosphate in sediments (see p. 522 of Stumm

and Morgan, 1970), so this reaction may be important in reducing sedi-

ments. Were phosphine to form through this mechanism, it would probably

quickly be transformed to an iron phosphide:++ +
2Fe + PH3 + 1/2H2 = Fe2P + 4H++ +
Fe + PH3 = FeP + 2H + 1/2H2

~FO = + 15.5 KJ

~FO = - 35.8 KJ

For this calculation, r estimated the standard free energies of forma-

tion for the iron phosphides by assuming that they are 14.6 KJ more posi-

tive than are the standard heats of formation, as is true for Fe2N and

Fe4N and as is very roughly so for pyrite. Under sediment conditions

where A' ?04 is being reduced, the formation of either of the iron phos-
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phides is likely to be exothermic. Since these reacUons drain off

phosphine, they make the bacterial reduction of A1P04 more favorable.

Whi ch iron phosphi de is thermodynami ca lly preferred depends on the

activities of Fe++ and H2 and on the pH:

F P F ++ H Fe2 P + 2H+e + e + 2 = ~pO = + 51.5 KJ.

At pH = 7, (Fe++' = 1 x 10-3, and (H2) = 1, Pe2P is more stable. These

condi ti ons are probably simil ar to those of rver~on IS (1968) bacteri al

cultures, possible explaining why he found Pe2P and not FeP. At pH = 7,

(Fe++) ~ 1 x 10-5, and (H2) ~ 1, FeP is more stable. These conditions

are more likely for most sediments.

Assuming a pH = 6, (Fe++) = 1 x 10-5, and assuming that PH3 is

rapi dl y converted to FeP, the overall reaction is:

A1P04 + 7/2H2 + Fe++:: Al(OH3) + FeP + 2H+ + H20 ~FO = -24.3 KJ.

The reacti on is exothermi c so long as (H2' is greater than 6.1 x 10-4.

For compari son, the reduction of sulfate:

3/2 so; + 6H2 + 3 H+ = 3/2 H2S + 6H20 ~FO = - 83.9 KJ.

is exothermic if (H2) is greater than 1.1 x 10-8 if (SO;) = 2 x 10-2

(H2S) = 4 x 10-5, and pH = 6. Thus, sulfate reduction is energetically

preferred over A1P04 reduction under these conditions, and we would not

expect sulfate reducing bacteria to reduce A1P04 in the presence of sul-

fa te.

Iron phosphates:

The reduction of iron orthophosphate to iron phosphide is ener-

geti cally much more favorabl e than the reduction of al uminum phosphates:
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FeP04 . 2H20 + 4H2 = FeP + 6H2Q FO = - 359 KJ.

This reaction is exothermic so long as (H2) is greater than 1.8 x 10-16.

Thus, unlike aluminum phosphate, the reduction of iron orthophosphate is

energetically preferred over sulfate reduction (see discussion and assump-

tions above). Iverson (1968) found that his pure cultures of sulfate

reducing bacteria preferentially reduced phosphates over sulfates (as

shown by the formation of iron phosphide). This may have been true

because the bacteria were reduci"ng iron orthophosphate which had formed

in the culture medium. Iversonls (1968) explanation that the bacteria

were reducing soluble phosphates which then reacted with ferrous ions is

unlikely, as discussed earlier.

If bacteria can reduce iron orthophosphate, they are likely to do

so in preference to sulfate, and iron phosphides should be found in anoxic

sediments wherever there is an iron orthophosphate source. However, such

phosphides may be colloidal (as in rversonis (1968) cultures) and are

therefore avoiding detection by x-ray diffraction. New techniques of

phosphide detection should be developed for natural sediments.
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APPENDIX 5:

The Relationship Between % Organic Còntent and Sediment Oxygen Uptake:

There appears to be a rather strong i,nverse correlation between

the percent organic content of a sal t marsh sediment and its rate of

oxygen consumption. In the accompanying figure 1 , percent organ; c

content is plotted vs. the rate of oxygen uptake for data from Sapelo

Isl and, Georgia, taken from Teal and Kanwisher (1961). The numbers refer

to their stati,ons. Station 3 clearly stands out, but for the other si,x

stations oxygen consumption is higher when the organtc content is lower.

Data reported by Duff and Teal (1965) for two marshes in Nova

Scotia also fit this general trend. Oxygen consumption is roughly twice

as high in a marsh with a low root content in Kingsport as in a marsh with

a very high root content in West Lawrencetown.

The reason for such a relationship is not clear. The above-ground

production tends to be hi gher tn soi 1 s wi th a low organi c content and a

low root content, and the higher oxygen uptake in these soils may just

reflect the higher above-ground production. As shown in Chapter 3, oxy-

gen uptake in a marsh appears to be decoupled from below-ground produc-

tion and rel ated more strongly to above-ground processes. We have data

which indicates that soils with a lower organic content tend to be less

porous. They therefore offer more resistance to infi ltrating waters at

high tide and tend to be much drier. The higher oxygen uptake may just

reflect a faster rate of oxygen diffusion in the drter, less organic soils.

The peat at the Great Sippewi ssett Marsh has an organi c content of

40-75%, much higher than the marshes at Sapelo Island. If the relation-

ship indicated by the accompany'~ng figure 1 holds for such a high
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organic content, we waul d expect oxygen uptake at the Great Si ppewi ssett

Marsh to be much lower even if we do not consider the effect of tempera-

ture on oxygen uptake.
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FIGURE 1.

~'.

~-~"fi!;

. d

Oxygen uptake by cores plotted vs. sediment organic content. Data

is taken from Teal and Kanwisher (1961). Data for their creek bottom

site is deleted.
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APPENDIX 6:

THE INTERFERENCE OF REDUCED SULFUR COMPOUNDS IN THE WINKLER DETERMINA-

TION OF O2:

The Winkler determination of oxygen is based on the production of

1 mole MnO(OH)2 from the reaction of 1/2 mole O2 with Mn(OH)2 under

alkaline conditions and the subsequent oxidaUon of 3 moles iodide (e)

to 1.5 moles i,odine (12) by th.e one mole of MnO(OH)2 under acidic con-

ditions. The resulting iodine is titrated wtth a thiosulfate solution,

usi ng starch as an end-point fndfcator. The reaction fs:

:: ;: -
12 + 2S203 = S406 + 21 (Treadwell and Hall, 1955),

and so 2 moles of thtosulfate are needed for each mole of oxygen origi-

nally present in the sample. Prom this it is obvious that any thiosul-

fate which is originally present in the sample will interfere in the

oxygen determination, giving a falsely low value.

Other reduced sul fur compounds and many other reduced ions wi 11

interfere as well. For example, hydrogen sulfide and sulfur dioxide

will interfere as shown by the following equations:

H2S t 12 = 2 HIt So

S02 t 2H20 + 12 = 4H+ + 2 i- + SO; (Treadwe 11 and Hall, 1955).

Consequently, great care should be taken in using the Winkler

technique to measure oxygen in any waters where reduced substances may

be abundant. An approximate correction can be made by adding a stand-

ard iod~ne soluUon to a replicate water sample and titrating it as for
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the oxygen sample. However, this correction is only approximate

because the pH changes of the Winkler technique can change the speciation

of reduced sulfur compounds, and the iodine per mole of sulfur varies

from one species to another.

I have found that when using the Winkler technique (uncorrected)

to measure oxygen in waters' overlying a marsht 50% errors (as deter-

mined from an independently standardized oxygen electrode) are common.

In some cases the Winkler measurement will indicate zero oxygen while

the oxygen electrode will indicate concentrations as high as 2.5 ml

li ter -1. Consequently, oxygen uptake measurements using an uncorrected

Winkler technique or made using oxygen electrodes which have been stand-

ardi zed by uncorrected Wi nkl ers are suspect.
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