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Introduction

Louisiana's Baratarla Bay salt marsh can be considered & chemical
system in the breoadest sense. Chemical and microbiological oxidation-
reduction (redox) processes occurring in marsh soils influence plant
rhizosphere conditions and the availability of plant nutrients. The
lack or deficiency of oxygen results in the predominance of reduction
processes that create an anaercobic plant root zone. Reduced forms of
iron, manganese, nitrogen, and sulfur predominate. Organic matter
decomposition is not as rapid nor as complete as under aerated condi-
tions, and organic acids and other toxic substances are present.

Marsh plants have specialized gas transport systems that enable them

to obtain atwospheric oxygen internally. In addition to the abildity

to obtain oxygen, the adaptability of plant species to such an environ-
ment 1s determined by their ability to tolerate or neutralize toxic
conditions brought on by anaercoblc conditions as well as by additional
restraints such as salinity and temperature.

Marsh soils of Barataria Bay are more or less permanently satur-
ated or submerged. The upper layer of soll, which is important to
plant growth, is either a peat or muck. This organic matter provides
a asource of electrons for biological reduction. Oxygen movement
through the overlying floodwater is much slower than the rate at which
oxygen can be consumed in the underlying soill or sediment. CGenerally
the oxygen in the overlying tidal water remains relatively high
because of the rather low density of oxygen-consuming organisms,
photosynthetic oxygen production by algae, and the movement of water
by wind and convection currents. The marsh seil or sediment is in an
extremely reduced condition, with nc measurable oxygen at a depth of
more than a few millimeters.

A striking feature of the salt marsh is the productivity of the
warsh grass Spartina alterniflora. Spartina covers the marsh in
almost pure stands and 1s the only higher plact of importance in large
regione of the marsh. Spartina is a large-scale contributoer to
estuarine productivity and 1s a tremendous source of substrate and
nutrients for microblal transformation processes.

Characteristics of Wetland Soils

Absence of Molecular Oxygen

The soils and sediments of Barataria Bay generally remain either
innundated or saturated. The periodie rise and fall of the tide is
subject to the effects of changing weather conditions. Prolonged
southerly winds will move pulf water inte the bay. The depth of



flooding is determined by the duration and wvelocity of the winds.
During the winter strong northerly winds have an opposite effect, and
water levels as low as two feet below normal are not uncommon. The
marsh will not have any overlying tidal water, but the marsh surface
will generally remaln saturated. Gas exchange between saturated or
submerged scils and air 1s drastically curtailed. Oxygen and other
atmoapheric gases can enter the seil only by molecular diffusion in
the interstitial water., This process is puch slower than diffusion in
gas-filled pores. Within a few hours of submergence, microorganisms
use up the oxygen present in the water or trapped in the soil and
render 8 submerged s0il voild of molecular oxygen.

Reduction Processes

Redox potential can be uged as sn Indicator of the intenaity of
oxidation or reduction in pediments. An oxidation-reduction reaction
is a chemical reaction in which electrons are transferred frem a donor
to an acceptor. -The electron donor loses electrons and increases its
oxidation number or i oxidized; the acceptor gains electrons and
decreases its oxidation number or is reduced. The source of electrons
for blological reduction is organic matter. A redox potential measure-
ment is of much more value in flooded soils and sediments than in
well-drained systems because, in well-drained systema, the redox
potentigl range only extends from about +700 mv to +400 mv, whereas in
flooded marsh systems where oxygen is depleted, the redox potential
range can extend over the entire range from +700 mv to -300 mv, which
is a highly reduced system. Reduction of flooded solls proceeds in a
sequential manner. Oxygen 1s the firat soil component to be reduced,
and {t becomea undetectable within a day after submerging a soll. The
next oxidant to be attacked 1s nitrate, but nitrate reduction begina
only after the oxygen concentration has dropped. Just as the predence
of oxygen retards nitrate reduction, so does the presence of nitrate
retard the reduction of other redox components such as manganese,
iron, and sulfate.

Manganese follows nitrate in the reduction sequence, with manganic
formes being reduced to the more soluble manganocus form. Ferrie iron
is the next mineral system in the thermodynamic sequence to be reduced.
Sulfate is then attacked by specialized anaerobic bacteria and reduced
to sulfide. After moat of the sulfates have been reduced to sulfide,
methane begins to be produced, thus resulting in carbon dioxide being
converted to methane soon after the sulfate reduction takes place.
Figure 1 shows the redox potential where each of the above reactione
occur. An energy soutce is necessary for all of these reduction
reactions to occur.
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Figure 1. Oxidation-reduction potential at which various
reducible Inorganic substances in flooded aoils and
sediments are reduced.

Oxidized Sediment-Water Interface

In flooded soills and shallow water bodies oxygen in the overlviug
floodwater reaches the soil surface through diffusion and convection
currents. Because of greater demand for oxygen at the soil surface,
as compared to renewal through diffusfon, twe distincrly difterent
layers are developed (Fig. 2}: (1) an oxidized or aerobic surface
layer where oxygen is present, and {2) an underlying reduced or an-
aerobic layer 1u which no oxygen s present. If bilological asctivicy
is high enough, sometimes this surface oxidized layer {s miasing, and
the floodwater itself may be reduced. Pearsall and Mortimer {(1939)
measured varlous redox components in the water above & lake bottom, i
the aerobic surface mud layer, and in the underlying oxygen-free mud
and found that the surface layer of mud contalved the oxidized forms
of iron, manganese, inorganic nitrogen, and sulfur, while the underlying
mud contained veduced forms of these elements. Patrick and Delaune
(1972) characterized the oxidized (aerchic) and reduced (anacrabic)
soll layers by measuring the redox potential and the distribution of
reduced components such as Fel%, Mn2+, and §%. They found that the
apparent thickness of the aeroblc layer was different when evaluated
by the distribution of the various componenta in the profile, with the
sulfide representing the thickest oxidized zone, the manganese profile
representing the thinpest oxidized zone, and the iron profile showing
an intemediate thickness.

Seasonal changes in redox potential occur In the upper 5 cm of
the soll profile for both streamside and inland areas of Baratartia Bay
(Fig. 2). Soil redox potential drops during the summer when the
temperature is higher and when prevalling southerly winds keep the
soil inundated. Redox potential values for the surface 5 cm are
higher during the winter months when northerly winds tend to keep
tidal water away from the marsh. It {s important to note that the



Figure 2. Seasonal variation of redox potential at the 1-
and S-cm depth in the streamside and inland areas.

soils are not oxidizing, even when redox potentials as high as +100
are reached in January and February. There is no significant seasonal
redox change at depth of 10 and 30 cm (Fig. 3). The period in which
there 18 no surface water on the marsh 1g not long enough to cause

change at these depths.

Soil Morphology

The marsh soils of Barataris Bay can generally be classified ae
peats, mucks, or clays, with all occurring in various proportions.
The dark brown and black colors of the peats, mucks, and organic
clayes, and the gray colors associated with reduced conditions are the
dominant morphological characteristics (Lytel 1968). The goil matert-
als are silts, silty clays, and clays of recent alluvial origin, plus
marine silts and clays overlaid by peats and mucks (Lytle and Driskell

1954).

The depth of the organic layer is determined by the smount of
subsidence and the vegetative history of the area. The Barataria Bay
area is subsiding at the rate of approximately one foot per century
(W. G. McIntire, personal communication). The area 1s maintaining its



Figure 3. Seasonal varistion of redox potential at the
10~ and 30-cm depth in the streamside and inland areas.

Figure 4. Schematfic of the Barataria Bay salt marash showing
streamside and inland areas of the marsh.



surface elevation by building up an organic layer. The organic layer
can range from a depth of a few inches to several feet. Spartina
alterniflora is the dominant plant specfes involved in the organic
accumulation, As the organic layer builds up, some sediment is en-
trapped with the organic material that accumulates. Streamside
locations have higher elevations as a result of greater sediment
capture (Fig. 4). There 18 aleo a marked difference in productivity.
There is & close relationship between the dry weight of the above-
ground plant material and the density of the soil sediment (Fig. 5).
Soils with greater densities containing larger amounts of mineral
material are more productive, There 18 an inverse relationship
between soil organic carbon and productivity (Fig. 6). Upland mineral
solls have oven dry densities in the order of 1.2 gfcc to 1.4 g/cc.
The salt marsh of Barataria Bay has soil densities ranging from
approximately .18 g/ce to .30 g/cc. The higher density soils are
assoclated with streamside areas; however, lower density soils con-
taining more organic matter are associated with Inland areas where
there is less productivity.

The nutrient content of Barataria Bay's organic soils may be
quite high on 2 total dry mass basis, but rather low on a volume
basis, especlally peat solls with low density of the order of .15 to
+20 g/cc. Data expressed on a volume basis Is more meaningful 1in
explaining plant distribution because plant distribution and produc-
tivity must relate to soll in its natural state (Clarke and Hannon
1967).

One streamside area of Barataria Bay marsh contained 19.0 percent
organic matter to a depth of one foot, compared to 32.7 percent or-
ganlic matter in an inland location. The inland area contained 190
mg/g total carbon compared to 110 mg/g in the streamside area. The
large difference in total carbon between the streamside and Inland
areas on 8 welght basis disappeared when considered on a volume bagis.
Streamaide areas contained 31 mg/cc total carbon cowmpared te 27 mg/cc
total carbon in the inland areas on a volume basisg.

pH and Conductance

The changes 1n pH of salt marsh solle of Barataria Bay are govern-
ed by the same mechanisms that operate in flooded soils. The overall
effect of submergence upon a soil 18 to increase the pH of acid soils
and to depress the pH of sodic and calcareous soils. Submergence
makes the pH values of acid soils—-with the exception of those low in
iron-—and alkaline soils converge to pH 7.0 (Ponnamperuma 1972). The
pH of submerged soila is buffered around neutrality by the action of
substances preduced as a result of reduction reactions. The more
likely compounds that buffer p#t in waterlogged soils are irom and
manganese compounds in the form of hydroxides and carbonates, and
carbonic acid (Patrick and Mikkelsen 1971). Organic matter can
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influence pH changes by intensifying reduction and through the concen-
tration of carbon dioxide and organic acids (Motomura 1962).

Ruttner (1963) postulated that marsh soils may have a low pH
1imit because of humic acids. Cardner {1973) found peak pH values
near 6,65 in samples obtained from marsh areas remote from both margin-
al sources of fresh groundwater and main tidal creeks. The dilution
of samples of highly reduced water with fresh water causes g rise in
pH and Eh in these interstitial waters. Freidmsn and Gavish (1970)
noted pH values ranging from 6 to 6.6 in a Connecticut tidal marsh.
The range of pR for surface solls in the Australian salt marsh was
from 4.1 to 7.6. The surface soll in the more landward zones tended
to be more acidic, whereas the subsurface soil remained relatively
constant throughout. There was no apparent change associated with
geason or locality (Clarke and Hannon 1967)., Coultas (1970) reported
a pH value of 7.1 for the salt marsh of northern Florida located some
digtance from the open gulf. Values for pH obtained in southermn
Barataria Bay sediments were between 7.0 and 7.8 (Ho 1971).

Seasonal pH values of Barataria Bay marsh soil are generally
between 6 and 7, except for the streamside lecatlons where several
values were reported as low as pH 5 during the winter months (Fig. 7).
There is a lack of pH change in the inland area because it Temains
underwater for a much greater time than the streamside areas. During
the winter months a lower pH at the slightly higher-elevated streamside
jocations occurs when tides less frequently cover the marsh because of
prevailing northerly winds.

Differences in the specific conductance of a flooded marsh seoil
or sediment throw considerable light on chemical changes occurring in
the system. The specific conductance of a soil increases when it is
gubmerged. This iIncrease is caused by the mobilization of Cat* and
Mgt in neutral and alkaline solls and io acid soils by the increase
{n concentrations of Fet* and Mn*+ and the displacement of mainly ca*tt
and Mgt by cation-exchange reactions (Ponnamperuma 1965), The
changes in conductance reflect the balance between reactions that
produce ions and those that inactivate them or replace them with
slower moving ioms (Ponnamperuma 1972). Ponnamperuma et al. (1966)
studied the relationship between specific conductance and ienlc
strength in flooded solls. They found that in spite of wide varia-
tions in the lonic composition of the aolutions of reduced soils, the
jonic strength in moles per liter was mmetically equal to 16 times
the specific conductance (k) in mhos/cm at 25°C up to ionic strengths

of 0.405.

There is a definite seasonal trend in specific conductivity of
soll water (Fig. 8). Specific conductivity of soil water increases in
spring and summer and decreases through the fall and winter, varying
between E7 and 27 ppt in salt. Microbial activity increases in the
spring and summer when temperature increases, thus increasing intens-—
ity of reduction and concentration of the reduced forms of iron and
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Figure B. Seasonal variation of specific conductance in
the streamside and inland areas.



manganese, Prevailing southerly winds during the spring and summer
months tend to blow more saline water from the Gulf of Mexico into the
marsh, which also increases specific conductivity of soll water.

Chemical Transformations Occurring
in Wetland Soils and Sediment

Carbon

The two main transformations of carbon in the wetleuds of Barataria
Bay occur through photosynthesis and respiration. Net photosynthesls
occurring in 5. alterniflora, the predominant plant species, fixes as
mach as 1,500 g C/ml/year. In the flooded marsh soil, respiration
(decomposition of organic matter) is the main transformation process.

Organic matter decomposition

The decomposition of organic matter in submerged soils and sedi-
ments is slower, and the end products are different from that in well-
drained or aersted scile. In a well-drained soil, decomposition of
plant residue is accomplished by a large group of microorganisms. The
high energy release associated with the aerobic respiration of these
organisms causes rapild decomposition of substrate and synthesis of cell
substance. Organic matter in aerated aoils disappears largely as
carbon dioxide. In submerged soils the decomposition of organic matter
is almost entirely the work of facultative anaerobes. Anaerobic bac-
teria operate azt a much lower energy level, with decomposition and
assimilation being much slower in submerged solls. The accumulation of
organic matter in Barataria Bay marsh soils {llustrates this point.

The metabolic degradation of carbohydrates 1s the same under hoth
aerobic and anaerobic conditions until the formation of pyruvic acid as
the final end product. In aerobic soil pyruvic acid enters the Krebs
cycle. This 1s a common pathway not only for the oxidation products of
glycolysls, but also for the ultimate oxidation of the fatty acids and
the carbon skeleton of many aminc acids. The cycle converts all of
these carbocylic acidas to carbon dioxide and water in the presence of
molecular oxygen. In flooded marsh soils, marked by the virtual ab-
sence of oxygen, the terminal oxidation is suppressed, resulting in the
accumulation of pyruvic and reduced nicotinamideadenine dinucleotide.
The pyruvic acid in turn undergoes various transformations not specific
to any organiem, but presenting a common feature of anaerobic decompo-

sition.

The end products of anaeroblic decomposition are chiefly carbon
dioxide, methane, hydrogen, organic aclds, ammonia, amines, mercaptan,
hydrogen sulfide, and resistant resldues.

The metabolic channel of protein breakdown is probably the same
both under aerobic or anaercbic conditions until the formation of amino
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acids occurs. Under aercobic conditions, the process of deamination
takes place, and the carbocylic acids formed are channeled into the
Krebs cycle. The ammonia formed ia either held on colloidal particles
or is oxidized to nitrate through the action of nitrificrs. Under
angerobic conditions, on the other hand, the products of deaminatton
and of subsequent decarboxylation may accumulate or be tranaformed {anto
gaseous products. The final end produces of the decompesition of
protein in flooded soile and sediment are ammonia, carboxvlic acids,
amines, mercaptan, and hydrogen rulfide.

Methane production

Methane 18 a typical end product of the anaerchic decomposition of
organic matter in sediment solls of Barataria Bay. The gas cscapes
from the marsh in large amounts, prcbably accompanied by smaller amounts
of carbon dioxide, hydrogen sulfide, and hydrogen. Methaue formation
1s ecolopically important because {t helps in the disposal of large
amounts of organic matter in sedimenta and flooded npoila.

Carbon dioxide 18 susceptible to anaerobic carbon dloxide resplie-
ation by methane bacteria. Carbon dioxide produced by the oxidation of
organic matter or present in flooded soils 18 reduced to methane by
anaercbic respiration, although the biochemical reduction mechanism has
not been established. Several bacteria are capable of uaing molecular
hydrogen in reducing carbon dioxide to methane:

€Oy + & Hy —————— CHy + 2 Hy0

Although hydrogen is a common end product of anaerobie metabolism, loss
of hydrogen to the stmosphere from flooded solle is amall hecausc
methane-producing bacteria use molecular hydrogen as a source of energy
for growth.

Methane is produced by & amall group of obligate anaerobes found
in reduced sediments. Methane bacteria are highly substrate specific
and can only metabolize a small number of simple organic and Inorganic
gsubstances. Organic acids rather than sugars constitute the busic
substrate for the production of methane. The anacrohic carbon hr eakdown
must therefore be characterized by the formation of organic aclds,
methane, and carbon dioxide as the major end products.

Anaerobic breakdown of organic materials to form methane proceeds
in three steps: (1) hydrolysis of organic material by enzymes, (2}
production of organic aclds by facultative anaerobic bacterta, and (13)
production of methane by nonmethanogenic and methanogenic bacteria in
sediments (Lawrence 1971). The conversion of aclds to methane is
considered the rate-limiting step, and the methanocgenic hacteria appear
more sensitive to environmental factors such as pH, Fh, and inhibitory
substances than the acld producers.

11



While organic volatile acids are nontoxic in concentrations up to
6,000 ppm (except poseibly proponic acid), some heavy metals at concen-
trations higher than 1 ppm are consldered toxic to methane production.
With sulfides present at concentrations of several hundred ppm in the
marsh soil of Barataria Bay, higher total concentrations of metals are
likely tolerable as the solubility products of heavy metal sulfides are
very low and the wmetals are removed from solution.

There is a relationship between sulfate reduction and methane
production. Methane production does not occur until meoat of the
sulfate present in soils I8 reduced to sulfide. Methane seems to be
produced at an Fh as low as or slightly lower than where sulfate
reduction occurs, Reduction of sulfate to sulfide thus acts as an Eh
buffer, preventing wethane from being formed until all of the sulfate
is reduced. Because of the presence of sulfate in seawater, wmethane
production is probably not as pronounced in the lower end of the estuary
as in the upper end. Sulfate is reduced to sulfide in the range of
between —-150 and -200 wv, Methane is produced between -200 and -250 mv.

Nitrogen

Nitrogen occurs in marsh soils mainly as organic nitrogen and
ammonium nitrogen. Nitrate is very unstable under reducing tonditions
and undergoes denitrification, and thus does not accumulate. The
organic fraction consists of a vast array of simple and complex sub-
stances. The greater portion is in the organic form (as high as 6,000
poa), and only a small amount appears in the inorganic form, mainly as
ammonium. Any nitrate formed in the oxidized gurface layer or in the
oxidized root rhizosphere is rapidly denitrified or taken up by the
plant. It is the inorganic fractiom that is the immediate source of
plant available nitrogen, with the organic form being unavailable
unlesgs it is converted to the inorganic form.

Nitrogen mineralization

The mineralization of organic nitrogen in flooded marsh soils
stops at the ammonia stage because of the lack of oxygen for nitrifi-
cation to nitrate (Ponnamperuma 1972). Ammonia therefore accumulates
in anaerobic solls unless it is taken up by plants. Nitrogen minerali-
zation 1s carried out by general purpose heterotrophic bacteria, which
utilize nitrogenous organic compounds as their energy mource. The
{mmobilization process transforms the inorganic nitrogen into organilc
compounds., The inorganic nitrogen is assimilated by microorganisms and
metabolized into nitrogenous constituents of their cells. In the
general case, mineralization is always accompanied by imiobilization,
and the two processes tend to counteract each other as far as the
production of Inorganic nitrogen is concerned (Jansson 1963).
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The nitrogen mineralization process is endothermic and requires a
plentiful supply of organic material as an energy source. This organic
matter is readfly available i{n the peats and mucks of the salt marsh of
Baratatria Bay. The restricted, less eificlent group of organisms in-
volved in anaerobic organic matter decomposition has a low nltrogen
requirement (Alexander 1961)., Waring and Bremner (1964a,b) found that
conslderably more nitregen was mineralized under waterlogged conditfons
than under aerobfc conditions for a number of soiis. Tncubat fon of
organic solls under waterlogged conditions shows that much of the
mineralizable nitregen was derived from the acid-socluble organiec nitro-
gen, coming mostly from the hexosamine-nitrogen, amino acid-nitrogen,
and unidentified-nitrogen fractions. Considerable microbial turnover of
hydrolyzable~-nitrogen to refractory (monhydrolyzable)-nltrogen occured
(Isirimah and Keeney, 1973).

Ammonium in the sediment is capable of being held in elther rhe
exchangeable or fixed form. It has been well established that soils
have the capacity to fix ammonium (Bremner 1965). Allison et al. {(195%)
gshowed that fllite and vermiculite can more easily fix ammonfum than
montmorillonite.

Ammonium, like other cationa, 18 capable of accupying the exchange
sites of various silicate minerals. The amount of exchangeable ammonivm
present will depend on the abundance and type of clay minerals present.
Hall et al. (1970) have shown that 5. alternillora contains a relatively
high percentage of amino acids. The bacterial degradatien of these
scids is probably the most important source of nitrogen in the marshes.
Maye (1972} found low concentrations of exchangeable ammonium in the
marsh sediments of Georgia in July and August. The concentratlions were
quite varied and showed no distinct relationship with depth. The
ammonium concentration was highest in areas of thick §. alternifiora
growth, although concentrations in these areas were low until depths of
40 to 60 cm had been reached in the cores. Fixed ammonium was always
present in greater concentrations than the exhangeable form, belng oo
the average five times higher In concentration.

A definite seasonal variation existed in extractable (water-
soluble + exchangeable) ammonium in both the streamside and Inland arcas
(Fig. 9). Extractable ammonium was low in spring for hoth locations,
with increases beginning in August for the inland area and In Scptember
for streamside. These low levels in spring and higher values in fall
and winter correspond to the seasonal variation of ammonia in the water
of Airplane Lake in Louisiana (Ho 1971). The inland area peaked at 48.5
ug/g 1n October, while the streamside area reached its maximum a menth
later in November with 23.4 pg/g. When considered on a volume basis
these maxlma were virtually identical, 6.5 mg/cc for streamside compared
to 7.0 mg/ec for inland. After the peak values, there was a steady
decline during the fall and winter until a rise was noted In March.
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Figure 9. Seasonal variation of extractable ammonium-N
in the streamslide and inland areas. Ammonium was ex-—
tracted with 1 N sodium acetate, pH 4.0, steam distilled,
and analyzed colorimetrically by nesslerization.

The main factors influencing the levels of extractable ammonium
nitrogen in the salt marsh appear to be plant growth and temperature.
Levels of ammonium were low in spring when maximum uptake of ammonium by
S. alterniflora was occurring, even though there was a constant renewing
of soil ammonium by mineralizatiom. Laboratory studies have shown that
Barataria Bay marsh soil is capable of supplying approximately 12 ug
nitrogen per gram of soil per week {Fig. 10). The low ammonium content
of the soil in spring coincided with the period of peak true net pro-—
duction of S. alterniflora in both areas (Kirby 1972), As the true net
production decreased and reached a steady value, ammonium concentration
in the soil increased. If the ammonium concentration is congidered on a
dry weight basis, it appears that there was sufficient inorganic nitro-
gen for good plant growth, but values for extractable ammonium in spring
on a volume basis were less than 1 pg/cc for both areas. This would
seem to indicate the §. alterniflora was removing ammonium {the only
form of imorganic nitrogen in the soil at the Fh values found) from the
soil solution at nearly the same rate as mineralfzation occurred. There
may be a plant response to added ammonium in the spring in view of the
low values found for extractable ammonium.

Denitrification

penitrification can be defined as the biochemical reduction of
nitrate to gaseous end products such as Ny or N oxides. Denitrification
is brought about by a large number of bacteria and fungi that include
heterotrophic and autotrophic species. These facultative organisms
transform nitrate to nitrogen and its oxides at only very low oxygen

concentratons.

Denitrifying organisms need a source of hydrogen ions and electrons
to reduce nitrate and a carbon source and ammonia for all synthesis.
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Figure 10. Nitrogen mineralization rate of Barataria Bay
soil, Ammonium nitrogen released by mineralization from
soll was continuously extracted with a slov flow of
oxygen-free (2 percent) NaCl solutiom.

The high organic marsh soils of Barataria Bay provide all of these
ingredients. The limiting factor in denitrification is the production
of nitrate in these anaerobic soils.

The surface aerobic layer corresponds to an oxidlized zone where
microorganisms live aerobically. 1In the root rhizosphere of §. alterni-
flora the soil in close proximity to the voot 1is distinctly oxidized as
a result of oxygen diffusion through the root and into the sediment. In
these oxidized microzomes of flocoded marsh soils ammonia can be oxidized
to nitrate. The scluble nitrate thus diffuses into the adjoining an-
aerobic layer and is demitrified. An estimated twenty kilograms of
nitrogen per hectare per year (20 Kg N/ha/yr) is estimated to be lost
from the Barataria Bay system through this process.

Nitrogen fixatien

Biological nitrogen fixation is the reduction of nitrogen gas to
ammonia. Submerged sediments, containing blue-green algae and sometimes
nitrogen~fixing photosynthetic bacteria at the surface and nitrogen-—
fixing bacteria in the bulk of the sediment are a favorable enviromment
for nitrogen fixatlon.

There is increasing evidence that nitrogen-fixing bacteria make a
significant contribution to the total nitrogen budget in aquatic en-
vironments. Patriquin and Knowles (1972) indicated that a marine
anglosperm, Thalassia testudinuns, obtained virtually all of 1its
nitrogen through the activities of nitrogen-fixing bacteria in the
rhizosphere. Other marine grasses, including §. alterniflora, probably
also rely on the activities of these bacterla to varying extents,
depending on the availability of combined sources of nitrogen in the
enviromment.
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Blue-green algae of the genera, Nostoc, Anabaena, Ocillatoria,
Tolypothrix, Calothrix, Phormidium, Aulosira, and others have been shown
to be able to fix nitrogen in flooded environments, Nitrogen fixation
by free-living bacteria is perhaps equally important because the envir-
omnent of flooded marsh seils {g suitable for both aeroblc and anaerobic
nitrogen fixing. Aerobic bacteria presumably can thrive in the oxygen-
ated surface layer and in the oxygenated rhizosphere of Spartina,

gustained by soluble substrates diffusing from the roots and from the
anaercbic soll matrix.

Nitrogen gas, along with oxygen, 18 transported from the shoot to
the root of Spartina and presumably diffuses out with oxygen into the
rhizosphere. This ensures a supply of nitrogen for the aerobic fixers
in the rhizosphere and perhaps for the anaerobic fixers just outside the
oxygenated rhizesphere.

Measured fixation rates of the soll-plant system at a streamside
location in Barataria Bay showed that nitrogen was being fixed in the
order of 10 kg N/ha/yr. There is some capture of sediment at the
streamside location. The sediment nitrogen 1s mineralized, thus
reducing the demand for nitrogen through fixation at the streamside
sites, .

Laboratory studies have shown that Barataria Bay soils fixed more

nitrogen under highly reducing conditions near pH 7. As these solls are
oxidized and pH decreases, the fixation rate declines.

Nitrogen Budget of Streamside Locatlionm
in Barataria Bay

u/g N/m sediment

Eh pH fixed per day
-250 7.0 1.34
0 6.2 1.08
+410 5.1 0.15
+700 4.4 0.08

Determination of nitrogen budgets is of unguestionable value in
understanding the dynamics of the various forms of nitrogen as a
nutrient in natural systems. Research on the nitrogen status of the
Barataria Bay marsh-estuarine habitat has led to the completion of a
workable nitrogen model for a streamside location in a 5. alterniflora
marsh.

Figure 11 i1llustrates measured or estimated values for: (a)
nitrogen fixation, (b) nitrogen input from sediments, (c) nitrogen added
by rainfall, (d) nitrogen loss through detrital export, (e) plant up-
take, {(f) mineralizatiom of soil organic nitrogen, and (g) denitrifi-

cation losses.
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Figure 11, Nitrogen budget of Spartina alterniflora in
streanside location, g/mZ.

The marsh soil contains 7,850 kg/ha of nitrogen in the Spartina
root zone. This nitrogen is mailnly organic nitrogen, some of which is
capable of being mineralized, Approximately 250 kg/ha/yr of the soil
organic nitrogen is mineralized to inorganic nitrogen, which is avail-
able to plants. S. alterniflora, the dominant plant species, incor-
porates 130 kg/ha/yr in shoot tissue, and 100 kg/haf/yr is estimated to
be incorporated in roots, or a total of 230 kg/ha/yr in the complete
plant. The remaining 20 kg/ha/yr is thought to be lost through dent-
trification.

Detrital export is estimated to remove 40 kg/ha/yr from the system.
The two pathways in which nitrogen is lost from the system are detrital
export and denitrification, which removes a total of 60 kg/ha/yr.

The main nitrogen inputs into the system are from sediment deposit-
ed at streamside areas and from biological nitrogen fixation. Nitrogen
fixation was determined in the field seasonally using the acetylene
reduction technique {Stewart et al. 1967). Nitrogen wae found to be
fixed at a rate of approximately 10 kg/ha/yr. Greater fixation rates
were observed in the warmer months of spring and summer. Nitrogen
coming in with sediment deposited at a gtreamaide area was calculated to
be 40 kg/hafyr. The area in study is subsiding at a rate of 3 om per
year. The marsh at the streamside location 1s maintaining its elevation
by bullding up a peaty soll layer containing some entrapped sediments.

A 3-mm layer of sediment (.56 percent nitrogen), with a bulk density of
.24 g/em3 being deposited yearly would add 40 kg/ha/yr of nitrogen to
the system. An additional 8 to 10 kg/ha/yr would be added through
rainfall. Total nitrogen input is estimated to be 60 kg/ba/yr.

Iron
One of the most important chemical changes that takes place when a

gsoil is submerged is the reductiom of iron and the accompanying increase
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in its solubility. The chemical consequences of iron reduction are:

(a) the concentration of water-socluble iron inereases, (b) pH Llncreases,
(c) cations are displaced from exchange sites, {d) the solubility of
phosphorus and silica increases, and (e) new minerals are formed
(Ponnamperuma 1972). Patrick (1964) noted a large release of ferrous
iron when the redox potential of the soil fell below +200 mv. This
increase was attributed to the reduction of insoluble ferric compounds
that became unstable at this reducing potential. Turner and Patrick
{1968) found that ne reduction of iron occurred until both oxygen and
nitrate had disappeared from flooded soils. The oxides and hydroxides
of ferric iron (ferric oxyhydroxides) are the major forms of 1iron in the
sediment that are affected by reduction-solubilization reactions.
Strengite (FeP0,-2H,0) also partially dissolves under reducing condi-
tions. The greatest release of iron and phoaphate occurs in the pres-—
ence of low redox potential in conjunction with low pH (Pacrick et al.
1973). The release of 1ron increases with Increasing organic matter in
flooded soils. The organic matter serves as an energy source for the
microorganisms that reduce ferric iron to the ferrous form (Redman and
Patrick 1965).

Higher temperatures (38°C) resulted in high concentrations of Fett
that soon drop because of increasing pH. Low temperature (20°C) re-
tarded but did not prevent the buildup of Fet* in the soll solution.
The Fe™ concentrations were most persistent at 20°C. Acid soils high
in organic matter and iron can build up concentrations of Fett as high
as 450 ppm in the interstitial waters within two to three weeks after
submergence (Cho and Ponnamperuma 1971).

The concentration of exchangeable ferrous irom in the streamside
area of Barataria Bay is markedly higher than in the inland area (Fig.
12). This difference is because of the lower content of mineral
material in the inland area. The streamside area had a ferrous irom
concentration im the range 300 to 500 ug/g, as compared to 50 to 100
ug/g for the more organic inland area.

Seasonal fluctuations of ferrous iren at both locations are prob-
ably because of changes in redox potential, which in turn are because of
changing water regime. Ferrous iron may also be removed from the soll
solution by precipitation of ferric oxides around the oxidized rhizo-
sphere of S. alterniflora during the summer when the plant is actively

growing.

Ferrous iron on a dry weight basis 1s extremely low in the marsh,
compared to levels of ferrous iron in mineral soils after submergence
(Redman and Patrick 1965). Mineral soils usually reach levels between
1,000 and 2,000 ug/g of extractable ferrous iron after thirty days'
submergence. When considered on a volume basis, the differences are
even more striking., The streamside area varied between 164.7 ug/ce
and 37.5 ugfce extractable ferrous irom during the year, while the
inland area was even lower and varied within 20.6 ug/cc and 3.8 ug/ce
extractable ferrous iron. These low levels of ferrous iron 1n the marsh
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Figure 12. Seasonal variation af extractable ferrous lron
{n the streamside and inland areas. Ferroun lron cox-
tracted with 1 N soadium sacetate, pH 4.0 and analyzed
by atomic adsorption spectrophotometry.

goil, even when the soll iB most reduring, have a great effect om the
chemistry of the marsh soil. 1n these reduced marsh soils with sulfatue
available, a low iron content regults in most of the hydrogen wulf ide
formed from reduction of the sulfide eacaping into the atmosphere.
Excess sulfide could cause an fron deflclency by precipitating all
avallable ferrous iron as inseluble forroun sulflder, although Yamane
and Sato (1961) found added iren {neffect ive in preventing the evolution
of free hydrogen sulfide from muck woils. Harter and MclLean (1963), on
the other hand, found iron effective in preventing hydrogen sulf ide
evolution from a soil with 16 percent organic matter.

Manganese

Little work has been done on manganese in marsh soils. Most work
to date has been with flooded mineral sofls. Turner and Patrick (1968)
found that the conversion of easily reducible manganesc to the exchange~
able and water-soiuble form in a waterlogged soll began at a redox
potential of +400 mv and was greatest when the redox potential decreased
to around +#200 mv. As the content of exchangeable Mntt increased, the
content of reducible Mn of an anaerobic silty clay decreased.  Soluble
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and exchangeable manganese increased with decreases in both pH and Fh
down to pH 6.0. At pH 5.0 the effect of acidity in bringing manganese
into solution was so marked that changes in redox potential had little
effect on manganese solubility. Manganese reactions in solls are
apparently regulated not only by chemical restraints on the manganese
dyatems in flocoded soils, but also by microbial osxidation-reduction
processes {(Gotoh and Patrick 1972}. The influence of temperaturc on the
kinetics of manganese concentrations 1s similar te that of iron., low
temperatures (Z0°C) retarded the buildup of Mn*t, but the concentration
s0 developed 1a most persistent at this temperature. Acid rolls high in
manganese and organic matter build up water-soluble Mn*t concentrations
a3 high as 90 ppm within a week or two after submergence, then decline
rapidly to a fairly stable level of about 10 ppm (Cho and Ponnamperuma
1971). Little is known about the mineralogy of manganeme 1in submerged
goiles (Ponnamperums 1972} since the dominent form ip well-drained soil,
pyrolusite (MnO;), is unstable under reducing conditiona.

Many of the factors that affect fron reduction alro {nfluence
manganese reduction. Changes in rvedox potential should sffect the
levels of manganese in marsh solls much less than iron, for manganesc 1a
much easier to reduce than ireon, belng reduced at a higher redox poten-
tial than iron. Plant uptake and precipitavion of Mn0,, along with
coprecipitation with ferric oxides in the oxidized rhizosphere of S.
alterniflora, could decrease manganese concentration in the soll B
golutioen.

Fxtractable manganese levels of organic marsh soila are extremely
low compared to those of mineral seils. Levels during the year ranged
from a maximum of 5.3 ug/ce in the streamside area to a maximum of .63
ug/cc in the inland area (Fig. 13). Flooded mineral aoila range between
62 ug/g and 1,400 ug/g extractable manganese after flooding (Redman and
Patrick 1965). These low levels of manganese in conjunction with low
iron in the marsh soill indicate that reducticn of the maral soil upon
waterlogging 1s rapid and that Eh will drop quickly to low values near
the critical level for sulfate reduction, since manganese and iron
syatems, if they are present in high enough concentrations, tend to
buffer the soil at an intermediate redox potential of +100 to +300 mv.
Borh systems must be almost completely reduced before intense reduction
can get in (Patrick and Mahapatra 1968).

Sulfides

The salt marsh of Barataria Bay is a suitable environment for
sulfate-reducing bacteria. It contains an ample supply of gulfate from
seawater, and organic matter for an energy source, and it has a re-
stricted aeration that leads to reducing conditions. Sulfate reduction
has been shown to occur in saline sediments (Baas-Becking and Wood 1955;
Whitfield 1969; He et al. 1970). Brummer et al. (1971) studied microbial
reduction of $50,-5 from seawater in muds. The S§04-$ was reduced, with
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Figure 13. Seasonal variation of extractable manganese in
the streamside and inland areas. Manganese extracted with
1 N sodium acetate, pH 4.0 and analyzed by atomic
adsorption spectrophotometry.

FeS and elemental sulfur accumulating. The extent of reduction and
accumulation depended on the content of organic matter, clay, and irom.
Gooch (1968), quoted in Reimold and Dailber (1970), reported that the
greatest production of hydrogen sulfide by anaerobic rnicroorganisms in a
patural salt marsh in Delaware occurred during the late spring, with the
lowest production recorded in late fall. During the early spring when
gulfide production was increasing, FeS was formed with the resultant
releage of phosphorus. In hydrologically dynamic areas near the margins
of tidal creeks, fresh seawater influx inhibits maximum development of
sulfate reduction (Gardner 1973). Harter and McLean (1965) reported
sulfide concentrations in excess of 2,000 ppm without release of hydro-
gen sulfide from the soll in a clay loam containing 16 percent organic
matter after being submerged for forty days.

The production of gulfide 1s faster in a muck soll than in a sandy
soil low in organic matter. Addition of sulfate increased sulfide
production in both types of soil {(Yamane and Sato 1961). Ogata and
Bower {(1965) showed that sulfide accumulation {ncreased with time and
that the rate of increase was positively related to the organic matter
content. Providing sulfate is mot limiting, soil organic matter content
was shown to be the dominant factor influencing the amount of reduction
occurring in poorly drained soils. The sulfide accumulation rate was
greater in clay than in sandy soils when both were supplied with equal
amounts of organic matrer. Connell and Patrick (1969) found added Fey03
effective in precipitating hydrogen sulfide. The amount of sulfide
precipitated from added hydrogen gulfide in two seils was approximately
equivalent to the amounts of ferrous iron releaged by waterlogging.
Connell and Patrick (1968) also showed that redox potential was a
controlling factor in the reduction of sulfate to sulfide. Sulfate
became unstable in the solls gtudied at potentials around -150 mv. As
the redox potential decreased beyond this value, the reduction of
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gulfate to gulfide was more complete. Little reduction of sulfate to
sulfide took place at pit values outside the range 6.5 to 8.5, Yamane
and Sato (1961) found that added iron had little effect in preventing
the evolution of free hydrogen sulfide from muck solls. They postulated
that inactivation of iron as a result of complex formation with soil
organic matter resulted in the eveolution of free hydrogen sulfide.

Allam et al, (1972) showed that hydrogen sulfide gecumulates in Louisi-
ana rice soils. The three factors of greatest importance in hydrogen
gulfide accunulation were found to be pH, oxidizable carbon, and mangan—
ous manganese, with soll pH apparently the predominant factor. Manganese
and oxidizable carbon were found to be less important in their study.

Levels of total sulfide (ferrous sulfide, hydrogen sulfide, etc.)
range seasonally between 100 and 500 ppm for both streamside and inland
areas of Barataria Bay. Levels of total sulfide at both locations are
virtually the same when considered on a dry weight basis. Omn a volume
basis, the streamside area is consistently higher. Total sulfides are
as low as 100 ppm during the winter months, because of prevailing norther-
1y winds, which move a great deal of the water out of the marsh, thus
{ncreasing Eh slightly (Fig. 14). The sharp rise in total sulfide
during the spring is because of the increased reduction of sulfate in
the water assoclated with heavier flooding of the marsh and the increase

in soil temperature.

The low levels of irom found in these organic soils influence the
amount of sulfide accumulation. Large amounts of sulfide would accumu-
late if there was enough iron to preclpitate the sulfide as ferrous
sulfide. This is illustrated by the relatively large amounts of free
sulfide (hydrogen sulfide) present (Fig. 15), which is sulfide not
precipitated by iron or other metals. As much as 50 to 60 percent may
be present in this form. The seasonal variation of free sulfides 1s
closely related to the variation in total sulfides for both the stream-
side and inland areas. The factors that affect seasonal variation in
free sulfides are the same factors influencing the seasonal variation of
total sulfides.

Random measurement of the amount of hydrogen sulfide diffusing from
the marsh soil into the atmosphere Indicates greater amounts escaping in
fall than in summer. Values range from 45 milligrams per square meter
and 51 milligrams per square meter per month for streamside and inland
areas, respectively in July to values of 182 milligrams per square meter
and 4,200 milligrams per square meter per month in November. The hydro-
gen sulfide appears to escape preferentially from the soil in certain
areas through "channelized" escape routes. Large amounts of sulfide are
lost from the marsh each year by this process. This loss of gulfide to
the atmosphere is bemeficial to S. alterniflora. If all the sulfides
produced accumulated in the marsh soil, all anaerobic iron would be
removed from the soil solution or toxic levels of free sulfides would be

reached, both with disasterous results to the productivity of the salt
mareh grasses,

22



Figure l4. Seasonal variation of total sulfides in the stream-
side and inland areas. Total sulfide determined by acidifying
80il sample and trapping released sulfides in zinc acetate.
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Figure 15. Seasonal variation of free sulfides in the stream—
side and inland areas. Free sulfide determined by bubbling
oxygen-free argon through soil and trapping digplaced hydro-
gen sulfide in zinc acetate.



In summary, there is a large turnover in the sulfur cycle in marsh
goils. Sulfate from the overlying seawater diffuses down into the
anaerobic soil and is reduced to sulfide. The soil ia limited in the
amount of sulfate it can retain because of low levels of irom, thus
hydrogen sulfide that is formed diffuses out of the soil into the atmos-

phere.

Phosphorus

Phosphate is not directly involved in oxidation-reduction reactions
{n flooded aystems. It is, however, affected indirectly by oxidation-
reduction processes occurring in sedimenta. Phosphate solubility is
related largely to the state of the ilron system. Phosphate ig released
along vith the reduction of ferric iron to the more soluble ferrous
form, largely because phosphate ocecurs as an ingoluble ferric compound,
and also becsuse phosphate is occluded with ironm oxide on asilt and clay
particles. The reduction of iron will strip away the precipitated layer
of hydrated iron that has phosphate occluded or coprecipitated im it.
For this reason, phosphate is generally more available to plants under

reducing conditions.

Maye (1972) obtained values for the various inorganic forms of soil
phosphorus in a Georgia salt marsh. The concentration of the aluminum
phosphate fraction was 2.80 pmoles/gm, with little variation between
cores. The iron phosphete fraction varied from 1.48 to 3.40 umoles/gm.
The calcium phoaphate fraction was highest, ranging from 5.17 to 7.69
umoles/gm with very high calcium phosphate fractions found in cores near
the sea. A distinct relationship was found between salinity and the
concentration of the various phosphate fractions, Aluminum phesphate
and iron phosphate dominated areas with fresher water and slightly acid
to neutral pH (6-7). As salinity and pH Increased, calcium phosphate
became the most important species. The aluminum phosphate and iron
phosphate fractions increased with increaging cation exchange capacity
(CEC) while calcium phosphate decreased with increasing CEC and was more
abundant Iin the mwore sandy sediments.

The reductant soluble irom phosphate plus occluded aluminum and
iron phosphate fractions of Chang and Jackson {1957) do not contribute
to the fertility of well-drained mineral soils but are important in
flooded marsh soils because of the instability of hydrated iron oxide
under reducing soil conditions. The existence of a marked increase in
the availability of native and added phosphate in flooded soils, com-
pared to well-drained soils, has been well established (Shapiro 1958a,b;
Davide 1965). These increases in phosphate have usually been attributed
to the reduction of ferric phosphate to the more soluble ferrous form
and the hydrolysis of phosphate compounds (Patrick and Mahapatra 1968).
Patrick et al, (1973) found that strengite releases phasphorus under
reducing conditions. Patrick (1964) reported that a decrease in redox
potential below +200 resulted in a marked increase in extractable phos-
phorus. This corresponds to the potential at which ferrous iron began
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to be released. The amounts of both iron and phosphorus increased with
a decrease in redox potential below +200 mv. Mahapatra {1966) studied
the distribution of inorganic phosphate fractions before and after
waterlogging for one month. The greatest change observed was the con-
version of phosphate to ferrous phosphate from the reductant soluble
fraction. Reduction of the hydrated ferric oxide present on silt and
clay particles releases the occluded phosphates that were previously
separated from the soil solution by the ferric oxide layer.

The mechanisms of phosphate release in flooded sclls were summar-
ized by Patrick and Mahapatra {(1968) as: (1) reduction of insoluble
ferric phosphate to more soluble ferrous phosphate, (2) the reduction of
the hydrated ferric oxide coating on clay and silt particles resulting
in the release of occluded phosphate, (3) phosphate displacement from
ferric and aluminum phosphates by organic aniomns, (&) hydrolysis of
ferric and aluminum phosphates, and (5) anlon (phosphate) exchange
between clay and organic anions. Baas-Becking and Mackay (1956} showed
that ferric phosphate reacts with free hydrogen sulfide to form ferrous
sulfides and phosphoric acid. Reduction inm pH to about 5.4 due to the
presence of phosphoric acid was observed, along with complete depletion
of oxygen and blackening of the water by colloidal hydrotroilite.

Organic phesphorus can serve as a plant nutrient only after its
mineralization into the inorganic orthophosphate form. The solubility
and availability of soil phosphotus is increased In waterlogged soils by
the processes of reduction and chelation. These processes are enhanced
by organic matter (Shapiroc 1958b). Organic matter may also cause a
reduction in the amount of inorganic phosphorus due to the process of
assimilation by bacteria decomposing the organic matter.

Extracted phosphorus (phosphorus adsorbed on the soil exchange
complex) of Barataria marsh soils ranged between 20 and 35 ug/g phos-
phorus on a dry welght basis (Fig. 16). However, on & volume basis,
only 10.6 grams per cubic meter and 4.8 grams per cublc meter extract-—
able phosphorus was found in streamside and 1nland areas, respectively,
when their peak values were reached. On a volume basis, extractable
phosphorus 1n the streamside area was twice as high as in the inland
area during most of the year.

The inland area exhibited the same basic seasonal trends as the
streamside area. Extracted phosphorus was low in April and May, in-
creased sharply in June, and decreased to a low point in Aupust. Follow-
ing an August low, a highly significant increase was noted in October,
which persisted until December. A highly significant decrease was noted
from December to February.

The spring Increase in extractable phosphorus can be attributed to
a number of factors stemming from spring tides covering the marsh:

1) The reduction of ferric phosphate to the more soluble ferrous
phosphate.
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Figure 16. Seasonal variation of extractable phesphorus
in the streamside and inland areas. Phosphorus extracted
with 1 N sodium acetate, pH 4.0 and phosphate in the
extract analyzed colorimetrically using the chloromolybidic
acid method.

2) Release of occluded phosphate from ferric oxide precipitation.

3) Displacement of phosphate from ferric and aluminum phosphate by
organic anions.

The extractable phosphorus decrease after the spring increase may
be attributed to the following factors:

1) Plant uptake. Broome et al. (1973) found a response to phos-
phate in some areas of the North Carolina marsh. Reimold (1972) found
that S. alterniflora can act as a natural pump, translocating signifi-
cant quantities of phosphorus from the salt marsh sediment to the leaves
and, with tidal inundation, inte the estuarine water.

2) Phosphate may be precipitated as the more insoluble ferric
phosphate around the oxidized rhizosphere of the S. alterniflora plant.

Potassium

The coastal marshlands of Louisiana seem to have an ample supply of
potassium. Amounts of extractable K¥ ranging from 500 to 1,000 ppm were
reported by Brupbacher et al. (1973). On upland soils this level of
potassium is much higher than is required for good plant growth., Soil
of poorly drained areas releases much more indigenous potassium when the
soil is air dried before flooding. This is especially true of organic
scoils, the release being three times greater than that of minerzl soils
(Takahashi 1965). Potassium may be immobilized by fixation when solls
contalning illite clays dry (Ponnamperuma 1965). The potassium utilized
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by a crop is that adsorbed on the exchange complex and the small amount
present in the soil solution., Petassium is displaced from the exchange
complex into the soil solution by the reducing conditions caused by
flooding. The potassium lons are replaced by ferrous, manganous, and
aluininum ions on the exchange complex {(Patrick and Mikkelsen 1971).

The graph (Fig. 17) shows that no significant seasonal variation
existed in the levels of extractable potassium in the sedlments of the
streamside and inland areas of Barataria Bay. The amounts present are
sufficlent for plant growth and averaged 1820 ug/g extractable potassium
in the streamside area and 2,140 ug/g extractable potassium in the
inland area. Considered on a volume basis, streamside had a higher
content, 510 pg/cc extractable potassium compared to 310 ug/ce extract-
able potassium for the inland area.
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Figure 17. Seasonal varfation of extractable potassium in
the streamside and inland areas. Potassium extracted
with 1 N sodium acetate, pH 4.5 and analyzed by atomic
adsorption spectrophotometry.

Soil—Plant Relations

The salt marsh of Barataria Bay has been shown to be one of the
most productive marsh environments in the United States (Day et al.
1972). Kirby (1972) showed an annual net production of approximately
30,000 kilograms per hectare dry weight for a pure stand of 5. altern-
iflora. In addition to a favorable climate and a long growing season, a
large supply of plant nutrients must be available from the sediment in
order to maintain production at this level. Analyses have shown that
the sediments contain large amounts of the major plant nutrients
(Brupbacher et al, 1973). Nonetheless, with the high requirement for
plant nutrients necessary to maintain a high level of production,
deficiencies may develop during the growing season.

Little and incomplete information is available on the nutrient
adequacy of marsh sediments for Spartina. Broome et al. {1973) found
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that Spartina responded to nitrogenm but not to phosphorus in a North
Carclina marsh area of silt loam texture. A response was obtained tro
both nitrogen and phesphorus in a sandy marsh. Nitrogen has also been
suggested as the major limiting nutrient for phytoplankton growth in
coastal marine waters (Ryther and Dunstan 1971; Goldman et al. 1973).

Supplemental nitrogen Increased the yleld of S. alterniflora by 15
percent in Barataria Bay. The use of an 15N-labelled nitrogen compound
showed that the percentage of plant nitrogen derived from the added
inorganic nitrogen ranged from 41 percent in early summer to 31 percent
in September. Twenty-nine percent of the 200 kg/ha of added nitrogen
was recovered In the aboveground portion of the plants in September.

The total concentration of nitrogen in the plant was increased by one-
fourth to one—half by the added nitrogen. Although the concentratioun of
phosphoxus in the plant was increased about 20 percent by the addition
of inorganic phosphate, no yield increase resulted. This study indicates
that the salt maxsh is deficient in nitrogen but not in phosphorus for
growth of 8. alterniflora.

The yields of plant material harvested in September are shown in
Table 1. Added nitrogen caused a statistically significant yield in-
crease of 2,500 kg/ha or 15 percent over the untreated check. Produc-
tivity was high in this area with the yield of standing crop in line
with values reported egarlier by Kirby (1972).

Table 1. Aboveground yield of Spartina alterniflora
in September, 1973 in a streamside locatien in
Barataria Bay, Louisiana, as affected by appli-
cationa of nitrogen and phosphorus.

Dry welpght
Treatment yield (kg/ha)
Nitrogen 19,160a%
Phosphorus 16,560b
Check (no nitrogen or
phesphorus) 16,660b

*/glues followed by a common letter do not differ
significantly at the 5 percent level of prob-

ability.
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Not only is productivity increased by added nitrogen, but the
content of nitrogen in the plant material Is alasc increased, ns is shown
in Figure 18. At the first sampling in June the nitrogen content was
1.4 percent in the treated plots compared to 0.9 percent in the untreat-
ed plots. The difference in nitorgen content narrowed somewhat as the
season progressed with the content decreasing for both treatments, but
nitrogen was still considerably higher when nitrogen had been added.
Assuming that the higher content of nitrogen represented an {ncreasced
protein content, the nutritional value of the Spartins was ronsfderably
enhanced by adding supplemental nitrogen. For example, uuing the factor
6.25 x N = protein, the nitrogen-treated plots produced an average of
1,160 kg/ha protein aboveground compared to 770 kg/ha for the untreated
plot, or an {ncrease of 50 percent in the amount of proteln produced as
a result of nitrogen fertilization. These results indicate that bhoth
the quantity and quality of the grass was lmproved by added nitrogen.
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Figure 18. Nitrogen content of Spartina alternifloru as
affected by addition of ammonium sulfare (200 kp/ha N},
Ammonlum sulfate was placed 5-10 em below the goll
surface on May 15.

The use of 15§-depleted nitrogen makes it possible to distingulsh
between the plant nitrogen derived from the fertilizer and that derived
from the soil. As shown in Table 2, the amount of nitrogen derived from
fertilizer was about 41 percent during June and July and decreased te 1
percent by September. The supply of fertilizer nitrogen was appareatly
diminished toward the end of the growlng season. Data in Table 3 show
that of the 185 kg/ha nitrogen in the aboveground portion of the plant
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on September 18, only 58 kg/ha came from the added inorganic nitrogen.
This represented a low recovery of 29 percent.

Table 2. The source of nitrogen countained in the aboveground
portion of the plant at various times after addition of

nitrogen fertilizer to an actively growing stand of Spartina
alterniflora on May 15.

Source of _ _ _ _ _ _ _ _ Percent — = — = = = = v = = =
plant

nitrogen June 13 July 16 August 15 Sept 18

Ammonifum

Sulfate 41.4 + 1.8 41.2 + 1.9 34.7 + 3.1 34.4 + 3.1

Soil 58.6 ¥ 1.8 58.8 % 1,9 65.3 ¢+ 3.1 68B.6 * 3.1

Table 3. Recovery of added nitrogen in aboveground portion
of Spartina glterniflora at harvest on September 18.

Anount of wnitrogen applied
(kg/ha) 200

Amount of nitrogen in aboveground
portion of plant (kg/ha) 185.5 + 8.6

Plant nitrogen derived from
fertilizer (kg/ha) 58.4 + 2.7

Recovery of applied nitrogen
in aboveground portion of plant (%) 29.2 ¢+ 1.3

In order to determine if there were any residue of added fertilizer
nitrogen avallable to the plants the following spring, plant samples
representing new growth were taken in April 1974 from the treated plots
and analyzed for 15N. The analysis showed that none of the fertilizer
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added the previous spring was available to the new crop. It is sur-
prising that no residual fertilizer nitrogem was present the following
spring since only 29 percent of the added nitrogen was removed in the
plant material the previous fall (Table 3). An appreciable fraction of
the added nitrogen was either lost from the system or fncorporated into
organic matter and not released by Aptil, or hoth,

The uptake of 127 kg/ha nitrogen in the aboveground plant material
from native sources illustrates the high capacity of the marsh =otl tor
supplying nitrogen to Sgartina. Since a aignificant portion of the
earlier season growth of Spartina had already died and had been degraded
before the September sampling (Day et al. 1972), and since appreclable
nitrogen was also required for the plant roots, the sediment had very
likely supplied a much larger amount of nitrogen to the plants. As
shown previously in Figure 10, the marsh soil is capable of supplying
approximately 12 g unitrogen per g of oven-dry welght of scil per week.
Using denaity values of the sediment for a 50 cm depth of sediment, this
would amount to a weekly nitrogen release from the sediment of 17 kg /ha.
This amount of nitrogen should have been adequate to supply all of the
plant's requirement, but as the yleld data showed, additicnal nitrogen
was needed for maximum yield. The instability of nitrogen in reduced
solls probably results in an appreciable fraction of the inorganic
nitrogen being lost from the goil before it could be utilized hy the
plant.

The addition of supplemental phosphate had no eflfect on productiv-
ity, as the yleld values in Table 1 show. The phosphorus-supplying
capacity of the sediment was apparently high enough to provide an ade-
quate amount for plant growth throughout the growing season. Added
phosphorus did increase the percentage of phosphorus {n the plants at
all sample dates, as is shown in Figure 19. Analyses of available
phosphorus in the marsh solls of Baratarie Bay (Brupbacher et al. 1973}
indicate an adequate supply of phosphate. The sediments making up the
marsh soils on which Spartina is grown are relatively unweathered and
have not been depleted of phosphorus.

The distribution of nitrogen and phosphorus in the soil-plant
system at a productive streamside location is shown in Table 4. Viewlog
the entire plant-sediment system down to a depth of 53 cm, the distri-
bution of nitrogen will be in the order of 1l grams per square meter in
the aboveground Spartina plant, 160 grams per square meter in the roots,
and 640 grams per square meter in the sediment. There 15 a terrific
root mass in 5. alterniflors, which ig why more nitrogen is found in the
roots than aboveground plant material. The majority of the nitrogen is
located in the sediment, which is one of the major sources of nltrogen
for plants. Most of the sediment nitrogen is in organic form.

Looking at phosphorus we find 1 gram per square meter in the above-

ground plant, 9 grams per sqUare meter in the roots, and 15 grams per
square meter In the sediment,
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Figure 19. Phosphorus content of Spartina alterniflora
(dry weight basis) as affected by addition of sodium
phosphate (200 kg/ha P). Phosphorus placed 8-10 cm
below so0i1l surface on May 15.
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Table 4. HNitrogen and phosphorus distribution in the soil-plant system.

Content in above- Content in roots Content of soll Total Content

ground plant to depth of to depth of of system
material g/m 54 em g/m2 53 em g/m2 g/m2
N 11 160 614 785
P 1 9 a5 45
Summary

Barataria Bay salt marsh exhibits high productivity. Many chemical
and microbiological processes occurring in the marsh directly affect
productivity. The solls are more or less permanently saturated or
submerged. Seasonal changes in redox potential occur only in the upper
5 cm of the soil profile. Reduced forms eof iron, manganese, nitrogen,
and sulfur predominate.
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The nutrient content of Barataria Bay's organic soils are quite
high on a total dry mass basls but can be rather low on & volume hasis,
especlally for low density scoile containing large amounts of organts
material. Soils along the streamside with greater deasity containing a
larger amount of mineral material are more productive,

Nitrogen exists mainly as organic nitrogen and ammonfum anitrogen.
Nitrate is very unstable under reducing conditions and undergoes deni-
trification, Levels of nitrogen are low in the spring when max{mum
uptake of ammonium by Spartina {s occurring.

Supplemented nitrogen increased the yield of Spartina by 1% per-
cent. Not only is productivity increased by added nitrogen, but the
content of nitrogen in the plant 1= alsco increased. The addition of
supplemented phosphorus had no effect on productivity. The phosphorus
supplying capacity of the soil 18 high enocugh to provide an adequate
amount for plant growth.

33



Literature Cited

Alexander, M. 1961, Introductlen to Soill Microbiology. John Wiley
and Sons, Inc., New York.

Allam, A. 1., G, Pitts, and J. P. Holldis. 1972. B5ulfide determination

in submerged soils with an ifon-selective electrode. Soil Sci.
114(6) 1456467 .

Allison, F. E., M. Refauver, and E. M, Roller. 1953, Ammonium
fixation in soils. Proc. Soll Sci. Soc. Amer. 17:107-110.

Baas-Becking, L. G. M., and E. J. F. Woed. 1955. Biological processes
in the estuarine enviromment. I, II. Ecology of the sulfur cycle.
Proc. Kon. Ned. Akad, Wetem. B58:160-172, 173-181.

, and M. Mackay. 1956, Biological processes in the estuarine
envirorment, V, a-V, b, The influence of enteromorpha upon its
environment. Proc. Kon. Ned, Akad. Wetem. B59:109-117, 118-123.

Brewner, J. M. 1965, Inorganic forms of nitrogen. In C. A. Black
(ed.), Methods of Soil Analysis. II. Agronomy 9:1179-1237.

Broome, S. W., W. W, Woodhouse, and E. D. Seneca., 1973. An investi-
gation of propagation and the mineral nutrition of 5. alterniflora.
Univ. of North Carolina Sea Grant Publ. No. UNC-SG~73-14.

Bruommer, G., H. $. Grunwalt, and D. Schroeder. 1971, Contribution to
the genesis and classification of marsh goils. II. Sulfur metab-
olism of wuds and salt marshes. Z. Pfl. Ernabr. Bodenk. 128:208-
220 (Ge).

Brupbacher, R. H., J. E. Sedberry Jr., and W. H. Willis. 1973. The
coastal marshlands of Louisiana; chemical properties of the soil
materfials. Louisiana State University, Baton Rouge, La. Agr. Exp.
Sta. Bull. No. 672,

Chang, §. C., and M. L. Jackson. 1957. Solubility product of iron
phosphate . Proc., Soil Sci. Soc. Amer, 21:265-269.

Cho, D. Y., and F. N. Ponnamperuma. 1971, Influence of soll temper-
ature on the chemical kinetics of flooded soils and the growth of
rice. Sodil Sei. 112(¢3):184-194.

Clarke, L. D., and N. J. Hamnon. 1967. The mangrove swamp and salt

marsh communities of the Sydney district. I. Vegetation, solls,
and climate. J. Ecol. 55:753-771.

34



Connell, W. E., and W. H. Patrick Jr. 1968, Sulfate reduction in soll:
Fffects of redox potentlial and pH. Science 159:86-87,

1969. Reduction of sulfate to sulfide fn waterlogged soil.
Proc. Soil Sci. Soc. Amer. 33(5):711-715.

Coultas, C. L. 1970. Some maline marsh soils in North Florlda. 1.
Proc. Soil and Crop Sci. Soc. Fla, 30:275-282.

Davide, J. G. 1965. The time and methods of phosphate fertilizer
applications. Pages 255-268 in The Mineral Nutrition of the Rice
Plant. Johns Hopkins Press, Baltimore, MD.

Day, J. W. Jr., W. G. Smith, P. R. Wagner, W, C. Stowe. 1972, Cow-
munity structure and carbon budget of a salt marsh and shallow bay
estuarine system in Louisiana. Louisiasna State Unfversity, Center
for Wetland Resources, Baton Rouge, La. Sea Grant Publ, No. LSU-5G-
72-04,

Freidman, G. M., and E. Gavish. 1970. Chemical changes tn loterstitial
waters from sediments of lagoonal, deltaic, rviver, cstuarine, and
saltwater marsh and cove environments. J. of Sed. Pct. 40(1):910-
953,

Gardner, L. R. 1973. Chemical models for sulfate reductien In closed
anserobic marine environments. Geochim. et. Cosmochim, Acta 37:53-
68.

Goldman, F. C., X. R. Tenore, and H. I. Stanley. 1973. [Incrganic
nitrogen removal from wastewater: Effect on phytoplankton growth In
copstal marine waters. Sclence 180:955-956.

Gotoh, $., and W. H. Patrick Jr. 1972. Transformation of manganede
in a waterlogged soil as affected by redox potential and pH. Proc.
Soil Sci. Soc. Amer, 36(5):738-742.

Hall, K. J., W. C. Welmer, and G. F. Lee. 1970, Amino acids in an
estuarine enviromment. Limnol, and Oceanocg. 15:162-164.

Harter, R. D., and E. 0. McLean. 1965. The effect of moisture level
and incubation time on the chemical equilibria of a Toledo clay
loam soil. J. Agron. 57:583-588.

Ho, C. 1971. Seasonal changes in sediment and water chemistry in
Barataria Bay, Louisiana State University, Baton Rouge, La.
Coastal Studies Institute Bull. No. 6, pp. 67-84.

, E. H. Schweinsberg, and L. Reeves. 1370. Chemistry of water

and sediments in Baratarias Bay. Louisiana State Unfversity, Baton
Rouge, La. Coastal Studies Institute Bull. No. 5, pp. 51-36.

15



Isirimah, N. 0., and D. R. Keeney., 1973. Nitrogen transformations in
aercbic and waterlogged histosols. Sodl Sci. 115(2):123-129.

Janeson, 5. L. 1963. Nitrogen transformation in soil organic matter.
Report of the FAO/IAEA Tech. Meeting, Brunswick (1963), pp. 283-
296. Pergamon Press, New York.

Kirby, C. J. 1972, The anmual net primary production and decomposition
of the salt marsh grass Spartina slterniflora Loisel. in the
Barataria Bay estuvary of Louisiana. Ph.D. diss., Louisiana State
Univeraity, Baton Rouge, La.

Lawrence, A. W. 1971. Application of process kinetics to deaign of
anaerobic processee. Advan. Chem., Ser. 105:163-189,

Lytle, 5. A. 1968, The morphological characteristice and relief
relationships of representative soils in Louisisna. Louisiana
State Univergity, Baton Rouge, La. Agr. Exp. Sta. Bull. No. 631.

» and B. N. Driskell. 1954. Phyeical and chemical characteristics
of the peats, mucks, and clays of the coastal marsh area of St.
Mary Parish, La. Louisiana State University, Baton Rouge, La. Agr,
Exp. Sta. Bull. No. 484, 37 pp.

Mahapatra, I. C. 1966. Forma of inorganic phosphorus in Louisiana
s01ls and thelr transformation under waterlogged conditions. Ph.D.
dias., Louisiana State University, Baton Rouge, La.

Maye, P. R. III. 1972. Some important inorganic nitrogen and phos-
phorus species {n Georgla salt marsh, Georgis Inst. of Tech.,
Atlanta, Ga. Environmental Resources Center Partial Completion
Rept. Publ. No. ERC-0272. 60 pp.

Motomura, S. 1962, The effect of organic matter on the formation of
ferroua ironm in scil. Soil Sci. and Plant Nutr. B{1):20-29,

Ogata, G., and C. S. Bower., 1965. Significance of biological sulfate
reduction in soll salinity. Proc. Soil Sci. Soc. Amer. 29:23-25.

Patrick, W. H. Jr. 1964. Extractable iron and phosphorus in submerged
soi]l at controlled redox potential. Trans. 8th Intern. Congr. Soil
Sci. {Bucharest, Romanla) 4:605-608,

, and R, D, Delaune. 1972. Characterization of the oxidized
and reduced zones in fleooded scil. Proc. Soll Sci. Soc. Amer.

36(4): 5731-576.

, §. Gotoh, and B, G. Williams. 1973. Strengite dissclution
in flooded solls and sediments. Science 179:564-565.

36



Patrick, W. H. Jr., and I. C., Mahapatra. 1968. Transformation and
availability to rice of nitrogen and phosphorus in waterlogped
soils. Advan. Agron. 20:323-359,

L , and D, S, Mikkelsen. 1971. Plant nutrient behavior iIn
fleoded soil. Pages 187-215 in R. A. Olson (ed.)}, Fertilizer

Technology and Use. 2d ed. Soil Sci. Soc. Amer., Inc., Madison,
Wise,

Patriquin, D. G., and R. Knowles. 1972, Nitrogen fixation in the
rhizosphere of marine angiosperm. Mar. Biol. 16:49-58.

Pearsall, W. H., and C. H. Mortimer. 1939, Oxidation-reduction
potentials in waterlogged soils, natural waters, and muds. J.
Ecol. 27:483-501.

Ponnaperuma, F. N, 1965, Dynamic aspects of flooded solls and the
nutrition of the rice plant. Pages 295~328 1n the Mineral
Nutrition of the Rice Plant. Johns Hopkins Press, Baltimore, Md.

. 1972. The chemistry of submerged soils. Advan. Agron. 24
29-88. Academic Press, New York.

, E. M. Tianco, and T. A. Loy. 1966. Tonic strengths of the
solutions of flooded soils and other natural agueous solutions from
specific conductance. Soil Sci. 102(6):408-413,

Redman, F. H., and W. H. Patrick Jr. 1963. Effect of submergence on
several blological and chemical soil properties. Louisiana State
University, Baton Rouge, La. Agr. Exp. Sta. Bull. No. 592.

Reimold, R. J. 1972. The movement of phosphorus through the
salt marsh cord grass, Spartina alterniflora Loisel. Limnol. and
Oceanogr. 17(4):606-611.

_, and F. C. Daiber. 1970. Dissolved phosphorus concentration
in a natural salt marsh of Delaware., Hydrobiologia 36(3-4):361-
i71.

Ruttner, F. 1963. Fundamentals of Limmology. 3d ed. Umiv. of Toronto
Press, Toronto, Canada. 295 pp.

Ryther, J. H., and W. M. Dunstan. 1971. RNitrogen, phosphorus, and
eutrophication in the coastal marine environment. Science 171:
1008-1013.

Shapiro, R. E. 1958a. Effect of flooding on availtability of phosphorus
and nitrogen. Soil Sci. 85(4):190-197.

. 1958b. Effect of organic matter and flooding on availability
of sail and synthetic phosphates. Spil Sei. 85(5):267-272.

37



Stewart, W. D. P., G. P, Fitzgerald, and R. H. Burris. 1967. 1Io situ
studies on nitrogen Fixation using the acetylene reduction tech-
nique. Proc. Nat. Acad. Sei. 58:2071-2078.

Takahashi, J. 1965. Natural supply of nutrlents in relation to
plant requirements. Pages 271-293 in The Mineral Nutrition of the
Rice Plant. Johns Hopkins Press, Baltimore, Md.

Turner, F. T., and W. H. Patrick Jr. 1968. Chemical changes in water-
logged soila as a result of oxygen depletion. Trans. 9th Intern.
Congr. Soil Sci, (Adelaide, Australia) 4:53-65.

Waring, 5. A., and J. M. Brenner. 1964a. Ammonium production in soil
under waterlogged conditions as an index of nitrogen availability.
Nature 201:951-952,

1964b. Effect of soll mesh-size on the estimation of
mineralizable nitrogen in soila. Nature 202:1141.

whitfield, M. 1969. FEh as an operational parameter in estuarine
studies. Limnol. and Oceanogr. 14:547-558.

Yamane, I., and K. Sato. 1961l. Metabolism in muck paddy soil. TII.
Role of soil organic matter in the evolution of free hydrogen
sulfide in waterlogged soil. Tohoku Univ. Res. Inst. Agr. Res.
Rept., Ser. D. 12(2):73-86,

38






