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Introduction

Marsh soils of Barataria Bay are more or less permanently satur-
ated or submerged. The upper layer of soil, which is important to
plant growth, is either a peat or muck. This organic matter provides
a source 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 soil or sediment. Generally
the oxygen in tbe 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 curr'eats. Tbe marsh soi.l or sediment is in an
extremely reduced condition, with no measurable oxygen at a depth of
more than a few millimeters.

A striking feature of the salt marsh is the productivity of the
marsh grass ~S artina alterniflora ~S artina covers the marsh ln
almost pure stands and is the only higher plant of importance in large
regions of the marsh. ~S artina is a large scale c-ontrihntor to
estuarine productivity and is a tremendous source of substrate and
nutrients for microbial transformation processes.

Characteristics of Wetland Soils

Absence of Molecular Ox~en

remain either
the t ide is
Prolonged
depth of

The soi.ls and sediments of Barataria Bay generall.y
innundated or saturated. The periodic rise and f»l «
subject to the effects of changing weather conditions ~
southerly winds will move gulf water into the bay

Louisiana's Barataria Bay salt marsh can be considered a chemical
system in the broadest sense. Chemical and microbiological oxidation-
reduction  redox! processes occurring in marsh soils influence plant
rhizosphere conditions and tbe availability of plant nutrients. The
lack or deficiency of oxygen results in the predominance of reduction
processes that create an anaerobic plant raot 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 atmospheric oxygen internally, Tn addition to the ability
to obtain oxygen, the adaptability of plant species to such an environ-
ment is determined by their ability to tolerate or neutralize toxic
conditions brought on by anaerobic conditions as well as by additional
restraints such as salinity and temperature.



flooding is determined by the dutation and velocity 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 remain saturated. Gas exchange between saturated or
submerged soils and air is drastically curtailed. Oxygen and other
atmospheric gases can enter the soil only by molecular diffusion in
the interstitial water. This process is much 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 s submerged soil void of molecular oxygen.

Re due t ion P roc es se s

Redox potential can be used as an indicator of the intensity of
oxidation or reduction in sediments. An oxidation-reduction reaction
is a chemical reaction in which electtons are transferred from a donor
to an acceptor. .The electron donor loses electrons and increases its
oxidation number or is oxidized; the acceptor gains electrons snd
decreases its oxidation number or is reduced. The source of electrons
for biological 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 systems, the redox
potential 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 soils proceeds in a
sequential manner. Oxygen is the first soil component to be reduced,
and it becomes undetectable within a day after submerging a soil. The
next oxidant to be attacked is nitrate, but nitrate reduction begins
only after the oxygen concentration has dropped. Just as the presence
of oxygen retsrds nitrate reduction, so does the presence of nitrate
retard the reduction of other redox components such as manganese.
iron, and sulfate.

Nanganese follows nitrate in the reduction sequence, with manganic
forms being reduced to the more soluble manganous form. Ferric iron
is the next mineral system in the thermodynamic sequence to be reduced.
Sulfate is then attacked by specialized anaerobic bacteria and reduced
to 8'ulf ide. Af ter mos t of the sulfates have been reduced to sulf ide,
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 reactions
occur. An energy source is necessary for all of these reduction
reactions to occur.
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Figure I. Oxidation-reduction potential at vhi< h various
reducible inorganic substances in flooded soils
sedim< nts are reduced.

Oxidized Sediment-l'at er Inter f ace

In flooded soils and shallow water bodies oxvjjen in th< ov< riving
f loodwster reaches the soil surface through dif ius ion»nd c<inv< i t ion
currents. Because of greater demand for oxyg<'n at th<.' soil surf<<re.
as compared to renewal through diffusion, two distinctly dif t< rent
layers are developed  Fig. 2!:  I! an oxidized or aerobic si<rface
layer where oxygen is present, and �! an underlying reduced or an-
aerobic layer in which no oxygen is pre~ent. 'lf biological activity
Is high enough, sometimes this surface oxidized layer is missing, and
the floodwater itself may be reduced. Pearsall and Mortimer �939!
measured various redox components in the water above a lake bottom, in
the aerobic surface mud layer, and in the underlying oxygen-free mud
and found that the surface layer of mud contained the oxidized form«
of Iron, manganese, inorganic nitrogen, and sulfur, while the underlying
mud contained reduced forms of these el<ments. patrick and Pej <une
�972! chara<:ter ized the oxidized  aerobic! and r< duced  anaer< hie!
soil layers by measuring the redox potent ial and the distribution of
reduced components such as Fe +, Nn2+, and S". They found that the
apparent thickness of the aerobic layer was different when evaluated
by the distribution of the various components in the profile, with the
sulfide representing the thickest oxidized zone, the manganes<. prof I le
representing the thinnest oxidized zone, and the iron profile showing
an intermediate thickness.

Seasonal changes in redox potential occur In the upper 5 cm of
the soil profile for both streamside and inland areas of B«rataria Bay
 Fig. 2!. Soil redox potential drops during the summer when th<
temperature is higher and when prevailing southerly winds keep th<
soil inundated. Redox potential values for the surface '5 cm are
higher during the winter months when northerly blinds tend to k<up
tidal water away from the marsh. It is important to note tha< th<.
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Figure 2. Seasonal variati,on of redox potential at the I-
and 5-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 is no surface water on the marsh ie not long enough to cause
change at these depths.

The marsh sails of Sarataria Bay can generally be classified ss
peats, mucke, or clays, with all occurring in various proportions.
The dark brown and black colors of the peats, mucks, and organic
clays, and the gray colors associated with reduced conditions are the
dominant morphological characteristics  Lytel 1968!. The soil materi-
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 amoun«t of

subsi.dence and the vegetative history of the area. The gagsterrataria Bay

area is subsiding at the rate of approximately one foot pe< century
 W. G. Nclntlre, personal communication!. The ares is ma«intaining its



Figure 3. Seasonal variation of redox potential at the
l0- and 30-cm depth in the streamaide and inland areas.

Figure 4. Schematic of the Barataria Bay salt marsh shaving
strearnside and inland areas of the nLarsh.



surface elevation by building up an arganic layer. The organic layer
can range from a depth of a fen Inches to several feet. ~gartfna
alternif lors is the dominant plant species 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 is also a marked difference in productivity.
There is a 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 is an inverse relationship
between soil organic carbon and productivity  Fig, 6!. Upland mineral
soils have oven dry densities in the order of 1.2 g/cc to l. 4 g/cc.
The salt marsh of Barataria Bay has sail densities ranging from
approximately . 18 g/cc to . 30 g/cc. The higher density soils are
associated 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 Sarataria Bey's organic soils may be
quite high on a total dry mass basis, but rather low on a volume
basis, especially peat soils with low density of the order of .15 to
,20 g/cc. Data expr'essed on a volume basis is more meaningful
explaining plant distribution because plant distribution and produc-
tivity must relate to soil 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-
ganic matter in an inland location. The inland area contained 190
mg/g total carbon compared to ll0 mg/g in the streamside area, The
large difference in total carbon between the streamside and inland
areas on a weight basis disappeared when considered on a volume basis .
Streamside areas contained 31 mg/cc total carbon compared to 27 mg/cc
total carbon in the inland areas on a volume basis.

H and Conductance

The changes in pH of salt marsh soils of Barataria Bay are govern-
ed by the same mechanisms that operate in flooded sails' The
effect of submergence upon a soil is 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 soils is buffered around neutrality by the action of
substances produced as a result of reduction reactions. The more
likely compounds that buffer pB in warerlogged soils are iron and
manganese compounds in the form of hydroxides and carbonates, and
carbonic acid  Patrick and Nikkelsen 1971!. Organic matter c»
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influence pH changes by intensifying reduction and through the concen-
tration of carbon dioxide and organic acids  Notomura 1962! .

Ruttner �963! postulated that marsh soils may have a low pH
limit because of humic acids. Gardner �973! found peak pH values
near 6.6$ 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 a rise in
pH and Eh in these interstitial waters. Freedman and Gavish �970!
noted pH values ranging from 6 to 6,6 in a Connecticut tidal marsh.
The range of pH for surface soils in the Australian salt marsh was
from 4.1 to 7.6. The surface soil 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
season or locality  Clarke and llannon 1967!, Coultas �970! reported
a pa val.ue of 7.1 for the salt marsh of northern Florida located some
distance from the open gulf. Values for pH obtained in southern
Barataria Bay sediments were between 7.0 and 7.8  Ho 1971!.

Seasonal pH values of Barataria Bsy marsh soi.l are generally
between 6 and 7, except for the. streamside locations 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 remains
underwater for a much greater time than the streamside areas. During
the winter months a lower pH at the slightly higher elevated streamside
locations occurs when tides less frequently cover the marsh because of
prevailing northerly winds.

Differences in the specific conductance of a flooded marsh soil
or sediment thr'ow considerable light on chemical changes occurring in
the system. The specific conductance of a soil increases when it is
submerged . This increase is caused by the mobilization of Ce andt+

Mg~ in neutral and alkaline soils and in acid soils by the increase
in concentrations of Fe+ and Nn++ and the displacement of mainly Ca
and Hg++ by cation-exchange reactions  Ponnamperuma 1965!, The
changes in conductance reflect the balance between reactions that
produce iona and those that inactivate them or replace them with
slower moving iona  Ponnamperuma ]972!. Ponnamperuma et al. �966!
s tudied the relationship between specific conductance and ionic
strength in flooded soils. They found that in spite of wide varia-
tions in the ionic composi.tion of the solutions of reduced sails, the
ionic strength in moles per liter was numerically equal to 16 times
the specific conductance  k! in mhos/cm at 25 C up to ionic strengths
of 0.05.

There is a definite seasonal trend in specific conductivity of
sail water  Fig. 8!. Specific conductivity of soil water increases in
spring and summer and decreases through the fall and winter, varying
between 17 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



Figure 7. Seasonal variation of pH in the streamaide
and inland areas. Heasureiaents detertnined by inserting
caebinatlon pH electrode 5 ce into the soil.

Figure 8. Seasonal variation of specif ic conductance in
the streamside and inland areas.





acids occurs. Under aerobic conditions, the ptocess of deaminstion
takes place, and the carbocylic acids formed are channeled into the
Krebs cycle. The ammonia formed is either held on colloidal part irides
or is oxidized to nitrate through the action of ni tri f iers Under
anaerobic conditions, on the other hand, the products of di«mlnat i<in
and of subsequent decarboxylation may accumulate ot 5c transfcirmed int<i
gaseous products. The f inal end pt'oducts of the decomposition of
protein in flooded soils and sediment are aneonia, carboxvlic acids,
amines, mercaptan, and hydrogen sulfide.

HeEha~ne roduction

Methane is a typical end product of the anaerobic dec<mqiosit ion of
organic matter in sediment soils of Sarataria gay, The gas escapes
from the marsh in large amounts, probably accompanied by smnl lcr amounts
of carbon dioxide, hydrogen sulfide, and hydrogen, H~thanr formation
is ecologically important because it helps in the disposal of large
amounts of organic matter in sediments and flooded soils.

Carbon dioxide is susceptible to «naerobic carbo~ dioxide ri spir-
ation by methane bacteria. Carbon dioxide produced bv t he oxid«t ion of
organic matter or present in flooded soils is reduced to methane by
anaerobic respiration, although the biochemical reduc t ion morgan i sm has
not been established. Several bacteria are capable of »sing molecular
hydrogen in reducing carbon dioxide to methane:

C02+ 4 H2 CH4 + 2 820

Although hydrogen is a common end product of anaerobic metabolism, loss
of hydrogen to the atmosphere from flooded soils is small because
methane-producing bacteria use molecular hydrogen as a sourc~ of t nergy
for growth.

methane is produced by a small group of obligate annerobes found
in reduced sediments. Methane bacteria nre highly substrate vpe< ific
and can only metabolize a sma1 1 number of simple organic nnd inorganic
substances. Organic acids rather than sugars constitute the basic
substrate for the production of methane. The anaerobic carbon hri akdowo
must therefore be characterized by the formation of organic acids,
methane, and carbon dioxide as the ma]or end products.

Anaerobic breakdown of organic materials to form met bane proceeds
in three steps: �! hydrolysis of organic material by enzymes, �!
production of organic acids by facultative anaerobic bart erin, and  '3!
production of methane by nonmethanogenic and methanogenic bactc rin in
sediments  lawrence 1971! . The conversion of acids to methane is
considered the rate-limiting step, and the methanogenic hacter ia appear
more sensitive to environmental factors such as pt>, Fh, and inhibitory
substances than the acid producers.
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While organic volatile acids are nontoxic in concentrations up to
6,000 ppm  except possibly proponic acid!, some heavy metals at concen-
trations higher than l ppm are considered 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 toletable as the solubility products of heavy metal sulfides sre
very low and the metals are removed from solutian.

There is a relationship between sulfate reduction and methane
production, Methane production does not occur until most of the
sulfate present in soils is reduced to sulfide. Methane seems to be
produced at an Eh as low as or slightly lower than where sulfate
reduction occurs. Reduction of sulfate to sulfide thus acts as an Eh
buffer, preventing methane from being formed until all of the sulfate
is reduced. Because of the presence of sulfate in seawater, methane
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 mv, Methane is praduced between -200 and -250 mv.

Nitrogen occurs in marsh soils mainly as organi.c nitrogen and
axrnonium nitrogen. Nitrate is very unstable under reducing conditions
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
ppm!, and only a small. amount appears in the inorganic form, mainly as
ammonium. Any nitrate formed in the oxidized surface layer or in the
oxidized root rhizosphere is rapidly denitriffed or taken up by the
plant. It is the inorganic fraction that is the immediate source of
plant available nitrogen, with the organic form heing unavailable
unless it is converted to the inorganic form.

Nitro en mineralization

The mineralization of organic nitrogen in flooded marsh soils
stops at the ammoni.a stage because of the lack of oxygen for nitrifi.�
cation to nitrate  Ponnamperuma 1912!. Aaxnonia therefore accumulates
in anaerabic soils unless it is taken up by plants. Nitrogen minerali-
zation is carried out by general purpose heterotrophic bacteria, which
utilize nitrogenous organic compounds as their energy source- The
immobilization process transforms the inorganic nitrogen into organic
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 immobilization,
and the two processes tend to counteract each other as far as the
productian of inorganic nitrogen is concerned  Jansson 1963! ~
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The nit,rage» mineralization process fe endothermfc and require s
plentiful supply oi organic material as an energy source. This orgarrir-
matter is readily available in the peats and mucks of tile %Alt 114'lrsh 0'I'
Baratarfa Bay. The restricted, less efficient gro»p of organismi fir-
volved in anaerobic organic matter decomposition has a low nl trogrrr
requfrement  Alexander 1961!. Waring and Bremner  l964a,b! fourrd t1r;rt
rorrs iderably more nitrogen vas mineralized under waterlogged condi t fc ns
than under aerobic condit fons for a number of soils. Tncrrbat iorr of
arganic soils under waterlogged conditions shows that much of t' he
mineral izable nitrogen vas derived fram the acid-soluble organic nitrog-
enn, coming mostly from the hexasamfne-nitrogen, amfnr> ac fd-»itrogrn,
and unidentified-nitrogen fractions. Considerable microbial turnovrr cf
hydrolyzable-nitrogen to refractory  nonhydrolyzable!-nitrogr n orc»rr rl
 Isirimah and Keeney, 1973!.

Ammonium in the sediment is capable of being held in either rhr
exchangeable or fixed form. It has been well established tha  ioila
have the capacity to f ix ammonium  Sremner 1965!. Allison et al.  T95T!
shoved that I ll ate and vere terri f te can more easily f ix ammorr i um t 'lr;r»
mantmorillonite.

Ammonium, like other cations, is capable of occupying the r xr ha»gr
sites of various silicate minerals. The amount of exrlrangrah'1e rrrrrmorlir'Im
present will depend on the abundance and type of < lay minerals proserrt.
Ball et ai. �970! have shown that S. alterniflora contains a relat ivel y
high percentage of amino acids. The bacterial drgradat.ion of their
acids is probably the most important source of nitrogen in the mari'lrr s.
Nays �972! found low concentrat'iona of exchangeable ammonium in the
marsh sediments of Georgia in July and August . The concent rat it ni wr rr
quite varied and shaved no distinct relationship with dept.h. Tire
armrranium concentration was highest in areas of thick S. alternfflrrr >
growth, although concentrations in these areas were low until dept.hs ~>t
40 to 60 cm had been reached in the cores. Fixed arrmonirrm was alw ivs
present fn greater concentrations than the exhangeable form, beirrg orr
the average f ive times higher in concentratiorr.

A def inf te seasonal variation existed in extractable  water-
soluble + exchangeable! ammonium in bath the streams ide and inland sr<a.:
 Fig. 9! . Fxtractable arrrmonfum was low in spring for hotlr locations,
with incr'eases beginning in August for the inland area and fn Sept e min r
for streamside. These low levels in spring and higher values in fal l
and winter correspond to the seasonal variation of ammonia in thr wat r r
of Airplane lake in Louisiana  Ho 1971! . The inland area peruked at 4H. 5
ling/g in October, vhile the streamside area reached its maximurr a month
later in November with 23.4 pg/g. When considered on a vo1ume basis
these maxima were virtually identical, 6. 5 mg/cc for str'eamsidc comparrrl
to 7.0 mg/cc for inland. After the peak values, there was a steady
decline during the fall and winter unti.1 a rise was noted in Barch.



Figure 9. Seasonal variation of extractable ammonium-N
in the streamside and inland areas. Ammonium vas ex-
tracted with 1 N sodium acetate, pH 4,0, steam di.stilled,
and analyzed colorimetrically by nesslerization.

The main factors influencing the levels of extractable ammonium
nitrogen in the salt marsh appear to be plant grovth and temperature.
Levels of ammonium vere low in spring when maximum uptake of ammonium by
S. alterniflora was occurring, even though there was a constant renewing
of soil ammonium by mineralization. Laboratory studies have shown that
Sarataria Bay marsh soil is capable of supplying approximately 12 vg
ni.trogen 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. a1ternfflora 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 considered on a
dry weight basis, it appears that there vas sufficient inorganic nitro-
gen for good plant growth, but values for extractable ammonium in spring
on a volume basis were less than 1 ng/cc for both areas. This would
seem to indicate the S. alterniflora was removing ammonium  the only
form of inorganic nitrogen in the soil at the Kh values found! from the
soil solution at nearly the same rate as mineralization occurred. There
may be a plant response to added ammonium in the spring in view of the
low values found for extractable ammonium.

Denitrification

Henitrification can be defined as the biochemical reduction of
nitrate to gaseous end products such as N2 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 nj,trate to nitrogen and its oxides at only very low oxygen
concentratons.

genitrifying organisms need a source of hydrogen iona and electrons
to reduce nitrate and a carbon source and ammonia for all synthesis.

14



Figure 10. Nitrogen mineralization rate of Barstaria Bay
soil. Ammonium nitrogen released by mineral ization from
soil was continuously extracted with a slow flow of
oxygen-f r ee � percent! NaC1 solution.

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

The surface aerobic layer corresponds to an oxidized zone where
microorganisms live aerobically. ln the root rhizosphere of S. alterni-
flora the soil in close proximity to the root is distinctly oxidized as
a result of oxygen diffusion through the root and into the sediment. In
these oxidized microzones of flooded marsh soils ammonia can be oxidized
to nitrate. The soluble nitrate thus diffuses into the ad]oining an-
aerobic layer and is denitrified. An estimated twenty kilogrsms of
nitrogen per hectare per year �0 Kg N/ha/yr! is estimated to be lost
from the Barataria Bay system through this process.

Nitro en fixation

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 environment
for nitrogen fixation.

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
angiosperra, Thalassia testudinuns, obtained virtually all of its

h h the activities of nitrogen-fixing bacteria in the
rob ab 1rhizosphere. Other marine grasses, including S. alterniflora, pro a y

1 the activities of these bacteria to varying extents,
depending on the availability of combined sources of nitrogen n t e.
environment.



Blue-green algae of the geo~ra, Nostoc, Anabaena, Ocillatoria,
Tolypothrix, Calothrl, phormidi~, A'ulosira,and others have been sh~

»l«o f«nitrogen in flooded environments. Nitrogen fixation
by free-living bacteria is perhaps equally important because the envir-
o~en«f flooded marsh soils is suitable for both aerobic and anaerobic
nitrogen fixing. Aer'obic bacteria presumably can thrive in the oxygen-
ated surface layer and in the oxygenated rbizosphere of ~Sartina,
sustained by soluble substrates diffusing from the roots and from the
anaerobic soil matrix.

Nitrogen gas, along with oxygen, is transported from the shoot to
the root of ~parting and preaueabfy diffuses out sith oxygen into the
rhizosphere, This ensures a supply of nitrogen for the aerobic fixers
in the rhizosphere and perhaps for the anaerobic fixers gust outside the
oxygenated rhizosphere.

Measured fixation rateeg of the soil-plant system at a streamside
location in Barataria Bay showed that nitrogen was being fixed in the
order of 10 kg N/ha/yr. The.ze is some capture of sediment at the
streamside location. The sediment nitrogen is 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 pR 7. As these soils are
oxidized and pH decreases, the fixation rate declines.

Nitrogen Budget of Streamside Location
in Barataria Bay

p/g N/m sediment

1. 34
1. 08
0. 15
0. OB

7.0
6.2
5.I
4.4

-250

0
+410
+700

Betermination of nitrogen budgets is of unquestionable 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 »bitat has led to the completion of a
workable nitrogen model for a streamside location in a S. alterniflora
marsh.

Figure ll illustrates measured or estimated values for:  a!
nitrogen fixation,  b! nltroge input from sediments,  c! nitrogen added
by rainfall,  d! ni.trogen loss through detrital export,  e! plant up-

 f! mineralization of »il organic nitrogen, and  g! denitrifi-
cation losses.
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figure 11. Nitrogen budget of ~g artina alterniflora in
streamside location, g/m2.

The marsh soil contains 7,850 kg/ha of nitrogen in the ~Sartina
root zone. This nitrogen Is mainly 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/ha/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 deni-
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 mala 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 tbe acetylene
reduction technique  Stewart et al. 1967!. Nitrogen was found to be
fixed at a rate of approximately 10 kg/ba/yr, Greater fixation rates
were observed in the warmer months of spring and summer, Nitrogen
coming in with sediment deposited at a streamside area wss calculated to
be 40 kg/ba/yr. The area in study is subsiding at s tate of 3 mm per
year. Tbe marsh at the streamside location is maintaining its elevation
by building up a peaty soil layer containing some entrapped sediments.
A 3-mm layer of sediment  . 56 percent nitrogen!, with a bulk density of
. 24 g/cm3 heing deposited yearly would add 40 kg/ha/yr of nitrogen to
the system. An additional 8 to 10 kg/ba/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
soil is submerged is the reduction of iron and the accompanying increase

17



In its solubility. The chemical consequences of iron reduction are:
 a! the concentration of water-soluble iron increases,  b! pH increases,
 c! cations are displaced from exchange sites,  d! the solubility of
phosphorus and silica increases, and  e! new minerals are formed
 Ponnamperuma 1972! . Patrick �964! noted a large release of f errous
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
�968! found that no reduction of iron occurred until both oxygen and
nitrate had disappeared from flooded soils. The oxides and hydroxides
of ferric iron  ferric oxyhydroxldes! are the ma]or fotms of iron in the
sediment that are affected by reduction-solubilization reactions.
Strengite  FeP04 2H20! also partially dissolves under reducing condi-
tions. The greatest release of iron and phosphate occurs in the pres-
ence of low redox potential in conjunction with low pH  Patrick et al.
1973!. The release of iron 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 �8'C! resulted in high concentrations of Fe~
that soon drop because of increasing pH. Low temperature �0'C! re-
tarded but did not prevent the buildup of Fe++ in the soil solution.
The Fe~ concentrations were most persistent at 20'C. Acid soils high
in organic matter and iron can build up concentrations of Fe as high++

as 450 ppm in the interstitial waters within two to three weeks after
submergence  Cho and Eonnamperuma 1971! .

The concentration of exchangeable ferrous iron 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 iron
concentration ln the range 300 to S00 ug/g, as compared to 50 to 100
pg/g for the more organic inland ares,

Seasonal fluctuations of ferrous iron 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 soil
solution by precipitation of ferric oxides around the oxidized rhizo-
sphere of S. alternif lors during the summer when the plant is actively
growing.

Ferrous iron on a dry weight basis is extremely low in the marsh,
compared to eve s o errod 1 1 f ferrous iron in mineral soils af ter 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'

D . When considered on a volume basis, the di f f erences aresubmergence.
striking, The streamside area varied between . geven more str ng. e ear while thed 37.S fcc extractable ferrous iron during the year,an . 'ug cc hin 20.6 jcc and 3.8 vg/ccI 1 nd area was even lower and vari.ed wi.t n . pg hextractable ferrous iron. These low levels of fe rr ous iron in the mars
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Vigure 12. Seasonal variat ion of extr<rctahl» f< rr»us ir<>n
tl>» St reamaide and inland arefla. E< rroua ir <il> cX-

ttact»'<i »Jitl> 92 5 sodium >><etflte, p!l 4.0 <>tl<'1 >lr>flly>'< 0
by atomic adsorption spectr<>photomc t ry.

soil, i ven when the sail is most r»during, hflv< 8 gr<at effect on tt»
< hemistrv of the marsh soil. In these r<duced m>rrsb»oi ls wit'h ><« 1 i;lte
available, a low iron content results in most of the by<ir<>gon sulf 1<1».
formed from reduction c!f tbe suli'1de escaping into thr at>l>o.<i>'t>or<-.
Excess sulf i<le could c<lus<' an iron deficiency by i!recit!it<it ing <ill
available ferrous iron as insoluble ferrous sulfides, <litho«rib Yflmane
and Sato �961! found added 1r<'>n inef fact ivo in pr< vent, ing thr evolution
of fr'ee hydrogen sulfide from muck soils. Hart»r flnd;ici.van �9 >5!, on
the other band, found iron ef feet.ive in preventing t>ydr<>g<n sulf ide
evolutiorl fr<>m 8 sc>il with l6 p»rcent organic r>rat t< r.

Little work has been done on manganese in marsh soils. Host work
to date bas been with flooded mineral soils. Turner and Patrie'k �968!
found that the conversion of easily reducible manganesr to the exchange-
able and water-soluble form in a waterlogged soil began at a r< doxpotential of +400 rav and was greatest when the redox potential decreased
to around +200 mv. As the content of exchangeable '4tn~ in< r<.-as<-d, t!>c
content of red«c ible Mn of an anaerobic silty c]ay decreased. Sol«b1e



and exchangeable manganese increased with decreases in both pH and Fh
pH 6. O. At pH 5.0 the ef feet of acwity in bringing manganese

into solution vaa so marked that changes in redox potential hsd I > t tie
effect on manganese solubility. Manganese reactions in soils are
apparently regulated not only by chemical restraints an the manganese
systems in flooded soils, but also by microbial oxidat lon-redv< t inn
processes  Gotoh and Patrick 1972! . The influence of temperature on the
kinetics of manganese concentrations is similar to that of iron. Iow
tssrparatures  ZO C! retarded the buildup of Hn++, but the concentration
so developed is most persisten't at this temperature . Acid soils high in
manganese and organic matter build up vater-soluble Hn++ concentrations
aa high as 90 ppm within a week or two af ter submergence, then decline
rapidly to a fairly stable level of about 10 ppm  Cho and Ponnsmperuma
1971!. Little is known about the mineralogy of manganese in submerged
soils  Ponnamperuma 1972! since the dominant form in wel 1-drained soi 1,
pyrolusite  Nn02!, is unstable under reducing condit iona.

Many of the factars that affect iron reduction also influence
manganese reducti.on. Changes in redox potential should af feet the
levels of manganese in marsh soils much less than iron, for manganese is
much easier to reduce then iron, being reduced at a higher redox poten-
tial than iron. Plant uptake and precipitation of Hn02, along with
coprecipitation with ferric oxidea in the oxidixed rhixosphere of S.
alternif lors, could decrease manganese concentrat ion in the soil
so 1ut ion.

Extractable manganese levels of organi.c marsh soils are extremely
low compared to those of mineral soils. Levels during the year ranged
fram a maximum of 5.3 pg/cc in the streamside area to a maximum of .63
ug/cc in the inland area  Fig. 13! . Flooded mineral soils range between
62 ug/g and 1,400 pg/g extractable manganese af ter flooding  Redman and
Patrick 1965!. These lov levels of manganese in con]unction with
iron in the marsh soil indicate that reduction of the marsh soi'l upon
waterlogging is rapid and that Eh will drop quickly to low values near
the critical level for sulfate reduction, since manganese and iron
systems, if they are present in high enough concentrations, tend to
buffer the soil at an intermediate redox potential of +100 to +300 nrv.
Both systems must. be almost completely reduced before intense reduction
can set in  Patrick and Mahapatra 1968!.

gulf ides

The salt marsh of Barataria Bay is a suitab1e environment for
sulfate-reducing bacteria. It contains an ample supply of sulfate «~
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  Bass-Reeking and Woo d 1955;
Vhitf ield 1969; Ho et al. 1970! . Brvmmer et al . �971! studied mi<'«hi" I
reduction of SO � S from seawater in muds. The 804-S was reduced ~l th

4
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Figure 13. Seasonal variation of extractable manganese in
the streamside and inland at'eas. Manganese extracted with
1 N sodium acetate, pH 4.0 and analyzed by atonric
adsorption spectrophotometry.

FeS and elemental sulfur accumulating. Tbe extent of reduction and
accumulation depended on the content of organic matter, clay, and iron.
Gooch �968!, quoted in Reirnold and Daiber �970!, reported that the
greatest production of hydrogen sulfide by anaerobic microorganisms in a
natural salt marsh in Delaware occurred during the late spring, with the
lowest production recorded In late fall. During the early spring when
sulfide production was increasing, FeS was formed with the resultant
release of phosphorus. In hydrologically dynamic areas near the margins
of tidal creeks, fresh seawater influx inhibits maximum development o
sulfate reduction  Gardner 1973!. Harter and NcLean �965! reported
sulfide concentrations in excess of 2,000 ppm without release of hydro-
gen sulf ide from the soil in a clay loam containing 16 percent organic
matter after being submerged for forty days.

The production of sulfide is faster in a muck soil than in a sandy
soil low in organic matter. Addition of sulfate increased sulfide
rodu tion in both types of soil  Yamane and Sato 1961!. Ogata and

ime andBower �965! showed that sulfide accumulation increased with time an
that the rate of increase was positively related to the organic matter
content. Providing sulfate is not 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
rester in clay than in sandy soils when both were supplied with equa.l

amounts of organic matter. Connell and Pa   !
greater n c ay t n n s nd Patrick �969! found added Fe203

The amount of sulfideeffective in precipitating hydrogen sulfide. The amounreci itated from added hydrogen sulfide in two soils was approximately
equivalent to the amounts of ferrous iron release y wa gg
C ll d P t ick �968! also shoved that redox potential was aonne an a r c
control ng actor n e1I f I tbe reduction of sulf ate to sulf ide. u a

nd -150 mv . Asble in the soils studied at potentials aroun � mv . sbecame unsta e n t e sothe redox potential decreased beyond t s va ue, t e re uc
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sulfate to su lf ide was more complete. Little reduction of sulfate to
sulf ide too p ac

k place at pH values outside the range 6.5 to 8.5. Yamane
and Seto �961! found that added iron had little effect in preventingthe evolution of free hydrogen sulfide from muck soils. They postulated
'that inset va

j tivation of iron as a result of complex formation with soil
organ c ma e

matter resulted in the evolution of free hydrogen sulfide.
Al]am et al, �972! showed that hydrogen. sulfide accumulates in Louisi-

rjce soils. The three factors of greatest importance in hydrogen
sulfide accumulation were found to be pH, oxidizable carbon, and mangan-
ous manganese, with soil pH apparently the predominant factor. Manganese
snd oxidizable carbon were found to be less important in their study.

Levels of total sulf Ide  ferrous sulf ide, hydrogen sulf ide, 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. On a volume
basis, the streamside area is consistently higher. Total sulfides are
aslow as 100 p pm dur ing the winter months, because of pr ev ai ling norther-
ly winds, which move a great deal of the water out of the marsh, thus
increasing Kh slightly  Fig. 14!. The sharp rise in total sulfide
during the spring is because of the increased reduction of sulfate in
the water associated with heavier flooding of the marsh and the increase
in soil temperature.

The low levels of iron found in these organic soils influence the
amount of sulfide accumulation. Large amounts of sulfide would accumu-
late if there was enough iron to precipitate the sulfide as ferrous
sulfide. This is illustrated by the relatively large amounts of free
sulfide  hydrogen sulfide! present  Pig, 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 is
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 a«
lost from the marsh each year by this process. This loss of sulfide to
the atmosphere is beneficial to S. alternif lors. Tf all the sulfides
produced accumulated in the marsh soil, all anaerobic iron would be
removed from the soil solution or toxic levels of free sulfid«woul
reached, both with disasterous results to the productivity of the salt
marsh grasses.
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Figure 14. Seasonal variation of total sulfides in the atream-
side and inland areas. Total sulfide determined by acidifying
soil sample and trapping released sulfides in zinc acetate.

300

R Vl

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 displaced hydro-
gen sulfide in zinc acetate.
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Zn suaaaary, there is a large turnover in the sulfur cycle in marsh
soils, 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 iron, thus
hydrogen sulfide that is formed diffuses out of the soil into the atmos-
phere.

Phos hate is not directly involved in oxidation-reduction reactions
Pin flooded systems. I t is, however, af f ected indirectly by oxidation-

reduction processes occurring in sediments. Phosphate solubility is
related largely to the state of the iron system. Phosphate is released
along with the reduction of ferric iron to the more soluble ferrous
form, largely because phosphate occurs as an insoluble ferric compound,
and also because phosphate is occluded with iron oxide on silt and clay
particles. The reduction of iron will strip away the precipitated layer
of hydrated iron that has phosphate occluded or coprecipitated in it.
For this reason, phosphate is generally more available to plants under
reducing condi.tions.

Maye �972! obtained values for the various inorganic forms of soil
phosphorus in a Georgia salt marsh. The concentration of the aluminum
phosphate fraction waa 2. 80 umoles/gm, with little variation between
cores. The iron phosphate fract'ion varied from 1.48 to 3.40 umoles/gm.
The calcium phosphate fraction was highest, ranging from 5.17 to 7. 69
gaol.es/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 phosphate
and iron phosphate domi.nated areas wi.th fresher water and slightly acid
to neutral pH �-7!. As salinity and pH increased, calcium phosphate
became the most important species. The aluminum phosphate and iron
phosphate fractions increased with increasing cation exchange capacity
 CFC! while calcium phosphate decreased with increasing CEC and was more
abundant. in the more sandy sediments.

The reductant soluble iron phosphate plus occluded aluminum and
iron phosphate fractions of Chang and Jackson �957! do not contribute
to the fert.ility of well-drained mineral soils but are important in
flooded marsh soils because of the instability of hydrated iron oxide
u~der 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
and the hydrolysis of phosphate compounds  Patrick and Mahapatra 1968!.
Patrick et al. �973! found that strengite releases phosphorus under
reducing conditions. Patrick �964! 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 �966! studied
the distributio~ of inorganic phosphate fractions before and after
waterlogging for one month. The greatest change observed was the corr-
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 phoaphates that were previously
separated from the soil solution by the ferric oxide layer.

The mechanisms of phosphate release in flooded soils were sumrnar-
ized by Patrick and Nahapatra �968! as: �! reduction of insoluble
ferric phosphate to more soluble ferrous phosphate, �! the reduction of
the hydrated ferric oxide coating on clay and silt particles resulting
in the release of occluded phosphate, �! phosphate displacement from
ferric and aluminum phosphates by organic anions, �! hydrolysis of
ferric and aluminum phosphates, and �! anion  phosphate! exchange
between clay and organic anions. Baas-Seeking and Nackay �956! showed
that ferric phosphate reacts with free hydrogen sulfide to form ferrous
sulfides and phosphoric acid. Reduction in 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 phosphorus can serve as a plant nutrient only after its
mineralization into the inorganic orthophosphate form. The solubility
and availability of soil phosphorus is increased in waterlogged. soils by
the processes of reduction and chelation. These processes are enhanced
by organic matter  Shapiro 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 Sarataria marsh soils ranged between 20 and 35 ug/g phos-
phorus on a dry weight basis  Fig. 16!. However, on a volume basis,
only 10.6 grams per cubic meter and 4.8 grams per cubic meter extract-
able phosphorus was found in streamside and inland areas, respectively,
when their peak values were reached. On a volume basis, extractable
phosphorus in the strearnside 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 Nay, in-
creased sharply in June, and decreased t:o a low point in August. 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
a number of factors stemming from spring tides covering the marsh:

1! The reduction of ferric phosphate to the more soluble ferrous
phosphate.



Figure 16. Seasonal varfation of extractable phosphorus
fn the st,reamside and inland areas. Phosphorus extracted
with 1 N sodium acetate, pH 4.0 and phosphate in the
extract analyzed colorimetrically using the chloromolybidfc
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:

U
phate fn some areas of the North Carolina marsh. Reimold �972! found
that S. alternfflora can act as a natural pump, translocating signifi-
cant quantities of phosphorus from the salt marsh sediment to the leaves
and, with tidal inundation, into the estuarine water.

2! Phosphate may be precfpftated as the more insoluble ferric
phosphate around the oxidized rhizosphere of the S. alterni.flora plant.

Potassium

The coastal marshlands of Louisiana seem to have an ample supply of
potassfum. Amounts of extractable K ranging from 500 to 1,000 ppm wer'e
reported by Brupbacher et al. �973!. On upland soi.ls 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 fs especially true of organic
soils, the release being three times greater than that of mineral soils
 Takahashi 1965!. Potassi~m may be immobilized by fixation when soils
containing 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. Potassium is displaced from the exchange
complex into the soil solution by the reducing conditions caused by
flooding. The potassium iona are replaced by ferrous, manganous, and
aluminum iona on the exchange complex  Patrick and Hikkelsen 1971!.

The graph  Fig. 17! shows that no significant seasonal variation
existed in the levels of extractable potassium in the sediments of the
streamside and inland areas of Barataria Bay. The amounts present are
sufficient 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, S10 pg/cc extractable potassium compared to 310 ug/cc extract-
able potassium for the inland area.

Figure l7. Seasonal variation of extractable potassium in
the streamside and inland areas. Potassium extracted
with 1 N sodium acetate, pH 4.5 and analyzed by atomic
ada or p t ion s pe c tr op ho t ometr y.

Saii-Piant 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 �972! showed an annual net production of approximately
30,000 kilograms per hectare dry weight for a pure stand of S. 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 ma!or 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 ~s artina. Brooms et al. �9733 found
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responded to nitrogen but not to phosphorus in a North
«rol<na ma«> area of silt loam texture. A response was obtained to
both nitrogen and phosphorus in a sandy marsh. Nitrogen has also been
suggested as the xna]or limiting nutrient for phytoplankton growth in
coastal marine waters  Ryther and Dunstan 1971; Qoldman et al. 1973!.

The yields of plant material harvested in September are shown in
Table l. 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 repar t ed earl ier by Klrby �972! .

Table l . Aboveground yield of ~N artina alterniflora
in September, 1973 in a streamside location in
Bar ataria Bay, Louisiana, as affected by appli-
cations of nitrogen and phosphorus.

Dry weight
yield  kg/ha!Trea tment

19g160a*

16,560b

Nitrogen

Phosphorus

Check  no nitrogen or
pho sphorus! 16,660b

*values followed by a common letter do not differ
signif icantly at the 5 percent level of prob-
ability-

Supplemental nitrogen increased the yield 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 ia. 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 concentration of
phosphorus in t4e plant was increased about 20 percent by the addition
of inorganic phoaphate, no yield increase resulted. This study indicates
that the salt marsh is def icient in nitrogen but not in phosphorus f or
growth of S. alternif lore.



Not only is productivity increased by added nitrogen, but the
content of nitrogen in the plant material is also increased, as
in Figure 18. At the f irst sampling in June the nitroIton content was
1.4 percent in the treated plots compared to Oa9 percent in the <intr'<i<-
ed plots. The difference in nitorgen content narrowed somewhat as th<
season progressed with the content decreasing for both treatment:f, hit<
nitrogen was still considerably higher when nitrogen had been add« t.
Assuming that the higher content of nitrogen represented an In<-ressed
protein content, the nutrtttonat value of the S~srtins vaa . n, idcrnl lv
enhanced by adding supplemental nitrogen. For example, using I ho f <<< «tf
6e25 x N ~ protein, the nitrogen-treated plots produced «n av< zss< <it
1,160 kg/ha protein aboveground compared to 770 kg/ha for the vnir<«ted
plot, or an increase of 50 percent in the amount of protein produce<I «»
a result of nitrogen fertilization. These results indicate that hot|<
the quantity and quality of the grass was improved by added nitrogen.

ta

1,2

j.o
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Figure 18. Nitrogen content of Syartina alter~f~ot'~ as
af f ected by addition of ammonium sul fate �0Il kp/ha N!,
Ammonium sulfate was placed 5-10 cm below the soil
surface on Hay 15.

The use of 15N-depleted nitrogen makes it possible to dist inguish
between the plant nitrogen derived from the fertilizer and that derived
from the soil. As shown in Table 2, the amount of nitrogen derived f rom
fertilizer was about 41 percent during June and July and decreased
per'cent by September. The supply of fertilizer nitrogen was apparent lv
dMiaished toward the end of the growing season. Data in Table 3 sh«
that of the 185 kg/ha nitrogen in the aboveground portion of the plant



an September 18, only 58 kg/ha came from the added inorganic nitrogen.
Thi.s repreaented a low recovery of 29 percent.

Table 2, The source of nitrogen contained in the aboveground
portion of the plant at various times after addition of
nitrogen fertiliter to an attfvely growing stand of ~S artina
al t em if 1 or a on May 15.

Percent

Ammonium
Sulfate

Soil

Table 3. Recovery of added nitrogen in aboveground portion
of ~S artina alterniflora at harvest on September lb.

Amount of nitrogen 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  X! 29.2 + 1.3

In order to determine if there were any residue of added fertilizer
nitrogen available to the plants the following spring, plant samples
representing new growth were taken in April 1974 from the treated plots
and analyzed for >5N. The analysis showed that. none of the fertilizer
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Source of
plant

nitrogen June 13 July 16 August 15 Sept 18

41,.4 + 1.8 41.2 i 1.9 34.7 + 3.1 34.4 + 3.1

58.6 f 1.8 58.8 + 1.9 65.3 + 3.1 68,6 + 3.1



added the previous spring was available to the new crop. It is sur-
pri.sing that no residual fertilizer nitrogen was present the follovifig
spring since only 29 percent of the added nitrogen was removed in tht
plant material the previous fall  Table 3!. An apprei iablt fract ion
the added nit,ragen waS either IOSt frOm the Syatem or incorpiirntcti ifitfl
organic matter and not released by April, or hath.

The uptake of l27 kg/ha nitrogen in the aboveground plant mat» rial
from native sources illustrates the high capacity of the marsh soil for
supplying nitropen to ~Sartine. Since a significant port tnn of th;
earlier season grouth of ~Setting had already died and hsd be n d grad,d
before the September sampling  Day et al. 1972!, and since apprec iablg
nitrogen was also required for the plant roots, the sediment had vtry
likely supplied a much larger amount of nitrogen to the plants. As
shown previously in Figure IO, the marsh soil is capable of s«pplying
approximately 12 g nitrogen per g, of oven-dry weight of soil per wf.ek,
Using density values of the sediment for a 50 cm depth of sediment , this
would amount to a veekly nitrogen release fram the sediment of 17 kg/hff.
This amount of nitrogen should have been adequate to supply nil of t.hc
plant's requirement, but as the yield data showed, additional nit rog» n
was needed for maximum yield. The instability of nitrogen in redo< cd
soils probably t'esults in an appreciable fraction of the inorganif
nitrogen being lost from the soil before it could be utilized by the
plant.

The addition of supplemental phosphate had no ef feet on prod»< t iv-
ity, as the yield values in Table l show. The phosphorus-supplying
capacity of the sediment was apparently high enough to provide an ade-
quate amount for plant growth throughout the graving season. Added
phosphorus did increase the percentage af phospharus in the plants at
all sample dates, as is shown in Figure 19. Analyses of availablc
phosphorus in the marsh soils of Barataria Bay  Brupbachcr et al. 1973!
indicate an adequate supply of phosphate. The sediments making up the
marsh soils on uhtch ~Setting is green 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 i.n Table 4. Vie~log
the entire plant-sediment system dovn to a depth of 53 cm, the distr i-
bution of nitrogen will be in the order of 11 grams per square meter in
the aboveground ~S srtina plant, 160 grams per square meter in the ru t
and 640 grams per square meter in the sediment. There is a terrific
root mass in S. alternif lors, which is why more nitrogen is found in the
roots than aboveground plant material. The ma]ority af the nitrogen is
Located in the sediment, vhich is one of the ma]or sources of nitrogen
for plants. Nost of the sediment nitrogen is in organic form.

looking at phosphorus we find I gram per square meter in the above-
ground plant, 9 grams per square meter in the roots, and 35 grams per
square meter in the sediment.
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Pisure 19. Phosphorus content of ~S artina aiterniflora
 dry weight basis! as affected by addi.tion of sodium
phoaphate �00 kg/ha P!. Phosphorus placed 8-10 cm
below soil surface on May 15.

Table 4. Nitrogen and phosphorus distribution in the soil-plant system.

Content in above- Content in roots Content of soil Total Content
ground plant to depth of to dep th o f o f ays tern
material g/m2 54 cm g/m2 53 cm g/m2 g/m2

785614l60

45

Summary

Barataria Bay salt marsh exhibits high productivity. Many chemical
and microbiological processes occurring in the marsh directly affect
productivity' The soils are more or less permanently saturated or
submerged. Seasonal changes in redox potential occur only in the upper
5 cm of the sail profile. Reduced forms of iron, manganese, nitrogen,
and sulfur predominate.



Th» nutr ient content of Earataria Say's organic soils <ir«I» I t e
high on a total dry mass basis but can be rather lov on s volume basis ~
especially for low density soils ccfntaining large amounts of orgnnit-
materiel. Soils along the streamside with greater drnsity t ont sining
larger amount of mineral material are morc productive.

Nitrogen exists mainly as organic nitrogen snd asm<on[urn nt trttg<».
Nitrate is very unstable under reducing conditions end und< rg<bes tl<»t-
trification. Levels of nitrogen are low in the spring when maxim<i<it
uptake of aaaaoniua by ~Sort<no fa occurrfnte.

Supplemented nitrogen increased the yield of ~gert ina hv l 4 per-
cent. Not only is productivity Increased hy added nitrogen, but thc
content of nitrogen in the plant is also increased. The nddit ioii ot
supplemented phosphorus had no effect on productivity. T»c ph<bsphnrus
supplying capacity of the soil is high enough to provide an adcq<fat»
amount for plant grovth.
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