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REMOVAL OF NUTRIENTS FROM TREATED MUNICIPAL
WASTEWATER BY FRESHWATER MARSHES

EXECUTIVE SUMMARY
Introduction

This report presents the results of two years of application of
secondarily treated wastewater into a freshwater marsh on the out-
skirts of the city of Clermont, Florida. Figure 1 is a photograph of
the four enclosed experimental plots connected by a boardwalk to the
dike surrounding the Clermont Sewage Treatment Plant Percolation
Pond. The entire project was funded by city and county agencies.
The objective of the study was to determine at what rate and in what
manner secondarily treated wastewater could be applied to a fresh-
water marsh with minimal effect on the marsh and surrounding waters.

This study utilized four 0.5 acre (2000 mZ) plots. Three of
these received secondarily treated wastewater at the low, medium, and
high rates of 0.6 in./wk {1.5 cm/wk), 1.5 in./wk (3.7 cm/wk), and 3.8
in.fwk (9.6 cmfwk), respectively. A fourth plot used as a control
received 1.7 in.fwk (4.4 cmfwk) of fresh water from a municipal well.
Collected data included the following: standing erop of wvegetation:
phosphorus and nitrogen content of aboveground and soil  water,
applied wastewater, and vegetation; volume of rainfall and wastewater
or fresh water loadings; and water table elevation.

Experimental Results

1. A two-year study on the effects of application of secondarily
treated wastewater to a freshwater marsh in central Florida
showed no significant release of nutrients from any plot to the
environment adjacent to or below the experimental plots.



Figure 1. Acrial photograph of the Clermont Marsh Stody Area.
The nerth direction is from the apper right comer to the lower
lefit corner. The Palatlakahs River i shown in the foregroand.
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Data collected from wells in experimental plots showed a concen-
tration of phosphorus that was not significantly greater than
the econcentrations observed in wells Tocated in the natural
marsh [approximately 0.1 mg/1). This represented only 3% of the
applied phosphorus. There was negligible export of phosphorus
out of any plot in the surface water. During the dry year, the
bulk of the applied phosphorus appeared to have been adsorbed by
the soil complex. During the wet year the soil complex may not
have stored phosphorus. The large concentration of phosphorus
{avg. 7.3 mg/1) in the standing water in the high rate loading
plot (3.8 in.fwk) was presumed to originate from the applied
water as well as being released from the soil complex.

A1l forms of nitrogen in applied secondarily treated wastewater
approached average background concentrations of the marsh in
both standing water and exported soil water. These results were
obtained under all loading rates for both wet and dry condi-
tions. The bulk of the applied nitrogen was lost to the atmos-
phere 1in gaseous form (as Ny and N20); a small amount was
deposited as new peat. Of the inorganic nitrogen applied to the
high rate loading plot (3.8 in./wk), 94% was removed by the marsh
system during the dry year. The wet year value was 96%.

Applied secondarily treated wastewater stimulated the growth of
semiwgpody plants in the dry marsh; specifically, marsh hibiscus
and buttonbush.  Algae and duckweed grew in the wicinity of
wastewater application pipes when standing water was present.

Application of Results to Other Areas

Any secondarily treated wastewater applied to the marshland must
pass through the peat for maximum removal of phosphorus to
occur. The marsh-treatment system should therefore be designed
s0 as to insure passage of all applied wastewater through the
peat substrate. In this study, 97% removal of phosphorus and
95% removal of total inorganic nitrogen were obtained in a marsh
having a peat depth of 1.5 m.
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based on the results of this study, an application rate of 1.5
in./wk should not produce detrimental water quality impacts in
groundwater or adjacent water bodies provided the treated waste-
water passes through the peat.

The long-term effects (greater than five to ten years) are un-
known for this marsh since the study covered only two years. A
recent study in Wildwood, Florida, dindicated that a small
marsh/shrub area within a wooded swamp was still functioning to
remove phosphorus after approximately 20 years.

Application Methodoloay

The experimental plots received secondarily treated wastewater
once a week over a 24-hr period. This provided a  six-day
"restoration" period during which time the marsh could assimi-
late the applied load. A similar "restoration” period should be
considered in the design of the proposed wastewater treatment
system.

Application of the wastewater was achieved via a low pressure
piping system that provided a relatively uniform distribution
over the interior portion of the experimental plots. A1l ef-
forts should be made to achieve a similar distribution in the
proposed application system.



INTRODUCTION

Overview

The ability of a freshwater marsh to assimilate the phosphorus
and nitrogen in secondarily treated municipal wastewater was evalu-
ated in this study. The evaluation of a natural ecosystem, which is
to be utilized for advanced waste treatment, raises several important
ecological and engineering issues. One of the important aims of this
research was to determine the structural and functional responses of
the system to the water and nutrient subsidies. The marsh system may
build structure to accumulate the input nutrients. Further, the
treated wastewater subsidies may increase the overall flows of water
and nutrients through the system. From an engineering standpoint, it
is important to consider the ultimate fate of the applied nutrients
and the rate at which the treated wastewater can be applied without
overloading the marsh system. Marsh systems may provide a very
attractive alternative to expensive, fossil fuel-subsidized advanced
waste treatment plants.

There exists a varfety of natural systems that have the capabil-
ity of providing advanced waste treatment. The common characteristic
of these ecosystems is their ability to assimilate and store nitrogen
and phosphorus in plant tissue or in the s0il. Sopper and Kardos
(1973) illustrated the potential of recycling sewage effluent using
terrestrial systems. Secondarily treated municipal wastewater was ap-
plied to forage crops, red pine plots, and white spruce stands.
Annual crop yields and tree growth were significantly greater with
effluent irrigation. Renovation of the wastewater was particularly
successful in the reed-canary forage grass plots. The annual crop of
reed-canary grass removed 35% of the phosphorus applied and 97% of
the nitrogen. The remaining 65% of the phosphorus was retained by
the so0il. There are two drawbacks to extensive use of terrestrial
systems. The treated wastewater pumping and distribution costs may



be prohibitively high. In addition, the water stress imposed by the
treated wastewater could limit widespread or long-term use.

Wetlands provide a possible alternative to the use of terres-
trial systems. Marshes and swamps are adapted to flooded soil condi-
tions, and the distribution problem is minimized since the effluent
can be spread by the movement of the already existing standing water
in the system. Marshes and swamps are also two of the most produc-
tive ecosystems in the world (Lieth 1975). This high growth rate
suggests an equally high assimilation of nutrients in plants.

The suitability of swamps to act as nutrient sinks has been
studied extensively in Florida. Cypress domes in central Florida
receiving primary wastewater have shown increased growth. The plant
community together with the soil compartment proved to be an effi-
cient filter for the applied phosphorus and nitrogen (Odum and Ewel
1977). Boyt et al. (1976) found that primarily treated sewage under-
went a 98.0% reduction in the phosphorus concentration and a 89.7%
reduction in the nitrogen concentration after passing through a mixed
hardwood swamp. Growth rates for the cypress trees in the swamp were
also found to be higher than for trees in a control area. Likewise,
trees in a cypress strand receiving raw sewage for the past 40 years
grew significantly more than trees in a control area (MNessel 1978).
The phosphorus concentration of the effluent was significantly
reduced after flowing through the cypress strand.

Wisconsin freshwater marshes have been studied extensively with
regards to cycling of nutrients under natural conditions together
with studies that emphasized the water quality role of the marsh eco-
system (Fetter et al. 1978; Klopatek 1975; Lee et al. 1975). In
Flur'ida, marsh research has centered on the functioning of the Ever-
glades vegetation under both natural and enriched conditions (Davis
1978; Steward and Ornes 1975a, 1975b).

Marshes in a variety of other geographic areas have also been
studied to determine their effectiveness in wastewater renovation.
Michigan peatlands, freshwater tidal marshes, saltmarshes, and man-
made marshes have each been sites for treated wastewater disposal
research. In a Michigan sedge-willow peatland subjected to nearly &
cmfwk of secondary effluent Kadlec et al. (1977) found that the marsh



functioned as a nutrient sink for both nitrogen and phosphorus.
Within 30 m of the effluent discharge point in the peatland, 99% of
the nitrate-nitrite nitrogen, 95% of the total dissolved phosphorus,
and 71% of the ammonia was removed from the effluent. Increased
plant standing crops and higher Tewvels of plant tissue phosphorus
were found in a band extending the length of the effluent discharge
pipe. Higher concentrations of both nitrogen and phosphorus were
also measured fn the soil along the discharge pipe. Denitrification
appeared to be an important sink for the applied nitrogen.

In a preliminary study to determine the nutrient renovation
capability of a Delaware River freshwater tidal marsh, experimental
plots have been subjected to a maximum of 12.7 cm/day of secondary
effluent {Whigham and Simpson 1976). MNumerous studies have been made
to determine the effect of increased nutrient loads on saltmarsh
vegetation. In Louisiana, the effect of supplemental inorganic
nitrogen and phosphorus on stands of Spartina alterniflora have been
measured (Patrick and Delaune 1976). Valiela et al. (1975) have
reported that application of sewage sludge to 5. alterniflora stands
on the coast of Massachusetts caused an increase in the annual maxi-
mum standing crop. On Long Island, Mew York, a marsh system has been
artifically constructed to determine the feasibility of its use in
the renovation of raw sewage (3mall 1977). Results indicate that the
system removes the major portion of nitrogen and orthophosphate in
sewage applied to it (Small 1978).

Whigham and Bayley (in press) reviewed studies of nutrient
absorption in wetlands to determine what ecosystem parameters were
most important in determining the waste treatment capacity of any
particular wetland. They compared the amounts of nitrogen and phos-
phorus that accumulated annually in aboveground vegetatiom in differ-
ent wetlands. They also compared the removal of nutrients by differ-
ent wetlands as demonstrated by mass balance studies in those
systems. They found that the type of substrate, organic versus inor-
ganic, was potentially important in determining the nutrient assimi-
lation capacity of a wetland. Wetlands with organic peat Subﬁtrateﬁ.
though accunulating less nitrogen and phosphorus in their annual
production of aboveground vegetation, appeared to be more capable of
processing wastewater than wetlands with inorganic substrates.
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Project Objective

In this study, secondarily treated wastewater was applied to a
freshwater marsh ecosystem located near the city of Clermont in
central Florida from May 1, 1977 through June 1, 1979. The main ques-
tions posed and addressed were the following:

Does the nutrient subsidy in the treated wastewater result in an
increased level of annual net production? Under treated wastewater
application is there a corresponding increase in belowground produc-
tion as well as aboveground production? Does application of treated
wastewater and freshwater significantly alter the hydrology of the
plots as compared to the undisturbed marsh? What is the quality of
the treated wastewater after flowing through the marsh system? How
much phosphorus and nitrogen is exported from the plots compared to
the amount of nutrients applied? What are the major phosphorus and
nitrogen sinks in the marsh? Does the marsh act as an efficient
tertiary treatment facility? What Toading rate provides the most
efficient and practical treated wastewater renovation?

Description of the Study Area

The research site lies in the northward flowing Palatlakaha
River watershed, part of the St. Johns River Basin (Fig. 2}. The
site is located within the city of Clermont (population 4800), 40 km
to the west of Orlando, Florida. The Palatlakaha chain of lakes is
known for its clear, clean, low productivity waters and is fed by the
Green Swamp located to the south of Clermont (Wilkes and Kaleel
1972). The experimental marsh is Tlocated in 32 hectares (ha) of
marsh immediately south of Lake Hiawatha, and it is adjacent to the
city of Clermont's 0.6 mgd sewage treatment plant. The chief land
uses in the Clermont area are efther residential or agricultural
(primarily citrus groves).
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Figure 2. Map showing location of research marsh in
relation to the City of Clermont and the
Palatlakaha chain of lakes.



Marsh Vegetation and Substrate

The vegetation in the experimental plots was primarily composed
of emergent aguatic macrophytes. Sagittaria lancifolia (arrowhead),
Pontederia cordata (pickeral weed), Panicum spp. (panic grass), and
Hibiscus spp. (marsh hibiscus) were the dominant species. Table 1 is
a listing of the dominant species present in the experimental site.
Davis (1946) characterized a marsh dominated by these species as a
flag pond marsh. When standing water was present in the marsh, vari-
ous species of blue-green algae, green algae and diatoms, as well as
Lemna sp. (duckweed), were present in that standing water.

The general physical structure of the marsh is schematically
illustrated in Fig. 3. The top layer, approximately 1.5 m thick,
consists of the highly organic, Brighton series, peat soil (USDA
1975). This organic matter was composed of both undecomposed and
decomposing herbaceous plant material. The peat soils are very
acidic; the pH ranges from 4.15 to 4.78 (Davis 1946) A zone of
saturated coarse sand is found below the peat layer.| A confining
layer of kaolinite clay and sand separates the marsh soil water from
a direct connmection with the underlying Floridan Aguifer (Knochenmus
and Hughes 1976).
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Table 1. Dominant marsh plants of the research site.

Species

Common Name

Sagittaria lancifolia
Pontederia cordata var. Lancifolia
Panicum spp.

Hibiscus spp.

Peltandra sp.

Ludwigia peruviana
Cephalanthus occidentalis
Hikania sp.

Ludwigia spp.
Cladium jamaicense

Arrowhead
Pickerel weed
Panic agrass

Marsh hibiscus
Primrose willow
Buttonbush
Climbing hempueed

Sawgrass

11
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Figure 3. Dlustration of the structure of the experimental plot, marsh
vegetation, and the physical structure of the marsh.




METHODS

Experimental Plots

Four 2000 m experimental plots were constructed in the 32-
ha marshland just south of Lake Hiawatha. The layout of the experi-
mental site is shown in Fig. 4. The structural details of each plot
were shown in Fig. 3. The perimeter of each plot consisted of
corregated fiberglass panels supported by wooden posts. The panels
were placed to a depth of 0.6 m in the peat and extended 1.5 m above
the peat surface. Joints and corners were sealed with caulking
compound. The purpose of the wall was to constrain applied surface
water within the area of each plot.

While secondarily treated wastewater was delivered to three of
the experimental plots, a fourth plot recieved municipal fresh water
pumped from a nearby groundwater well. Water was delivered to each
of the plots via a 30 m-long perforated PVC pipe suspended 1.5 m
above the peat surface. The pipes were oriented south-to-north
through the center of each plot. Water was jetted out of the perfor-
ated pipe, under pressure, in a downward direction. Applied water
contacted the marsh surface within a2 3 m corridor directly beneath
each application pipe. Since the water was not sprayed, evaporative
loss was minimized. This simplified the eventual development of a
hydrologic budget.

Each plot received its water loading over a 24-hour period once
each week. Plot C, the control plot, received 4.4 cm/wk of fresh
water. Plot L, the Towest-rate plot, received 1.5 cm/wk of treated
wastewater. Plot M received an intermediate rate, 3.7 cmfwk treated
wastewater. Plot H received the highest loading rate, 9.6 cm/wk.

13



LAKE HIAWATHA

BALLFIELD

Map showing the four experimental plots in
relation to Lake Hiawatha and Clermont's
sewage treatment plant together with the
orientation of the two water table transects
(A and B). Plot C receives 4.4 cm/wk fresh-
water. Plots L, M, and H receive 1.5, 3.7,
and 9.6 cm/wk treated wastewater
respectively.
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Application was initiated on May 1, 1977 and continued through
June 1, 1979.

Figure 4 shows the location of the groundwater wells, surface
water sampling stations, water level recorders, and the rain gauge.
Wells consisted of 1.5 in. diameter PVC pipe with approximately 0.25
m of 1.0 in. diameter slotted PVC screening at the bottom. Shallow
wells were placed to a well bottom depth of 0.5 m. Medium depth
wells were placed to the bottom of the peat layer, which was approxi-
mately 1.5 m deep. Deep wells were installed in the sand layer, 2.5
m below the marsh surface.

A hydrographic survey indicated that the water table, when
below the surface of the peat, sloped in a northwesterly direction
(See Appendix). Medfum depth wells (W2IM, W22M, W23M, W24M) were
placed in the northwest corner of each plot. Water samples from the
wells were considered representative of renovated water leaving each
of the respective plots. A medium depth well located several hundred
feet to the north of the experimental plots (W2ZM) served as a natural
background control well for water at the bottom of the peat layer.
Deep wells placed along a transect between the percolation pond and
the experimental plots (see Figs. 2 and 5) monitored possible contam-
ination of the sand layer by the percolation pond and regional,
upland seepage.

When the water table was above the surface of the peat, surface
water samples were collected in the marsh. The location of each
surface sampling point is shown in Fig. 5. As shown, sets of three
samples each were collected along north-south transects beneath the
application pipe and approximately 3 m from the western boundary
within each plot. Mfnother three-sample transect was located 10 m
west of Plot H. Two sets of three samples each were collected near
well W2M; samples within each of these two sets were taken within a 3
m radius.

A recording rain gauge (Belfort weighing rain gauge) and four
eight-day water level recorders (Stevens Type F recorder) were posi-
tioned in the marsh as shown in Fig. 5. The recorders in Plots C and
H operated continuously throughout the study. The recorder in the
natural area of the marsh, to the north of the plots, was

15
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Figure 5.

Detailed map of the experimental plots, the location
and depths of the groundwater wells, and the Tocation
of the surface water-sampling stations.

Well numbers hereafter are preceded by a W and followed

by an M (indicating a medium-depth well) or a D (indicating
a deep well).
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operated from November 14, 1978, through the end of the study. The
recorder in Plot M was operated from May 31, 1978, through the end
of the study.

Water Chemistry

Grab samples of applied treated wastewater were obtained period-
ically during each weekly application date. Each time a grab sample
was obtained, a portion of the sample was added to a monthly compos-
ite frozen sample. Freezing prevented interconversion of the several
nitrogen species prior to analysis. Another portfon of each grab
sample was added to & monthly composite unfrozem sample, used for
phosphorus analyses.

Wells and surface water stations were sampled monthly, 24 hours
after the end of the most recent treated wastewater application.
Samples were collected in acid-washed plastic bottles. A1l wells
were pumped out using a portable hand pump. After May 3, 1978, all
medium and shallow depth wells were pumped dry and allowed to
recharge before taking a sample. A1l deep wells were flushed by
pumping out 3 Titers of water prior to sampling.

Surface samples collected in the marsh were obtained using 150
ml acid-washed plastic bottles. Water was sampled immediately below
the surface. The three 150 ml samples in each set described above
vere combined into one composite sample for that set. A1l samples
were transported back to the lab and immediately refrigerated.
Surface samples were filtered immediately upon return to the lab
using a Reeve Angel 934 AH glass-fiber filter to remove any
suspended algae or floating plants.

After September 1977, all samples were filtered through a Reeve
Angel 934 AH glass-fiber filter prior to analysis. Measurements of pH
were performed within three hours of sampling and again just prior to
analysis using a Corning model 12 pH meter with a catalogue number
476022 electrode. Samples were analyzed for the following para-
meters: nitrate nitrogen, nitrite nitrogen, ammonia nitrogen, total
Kjeldahl nitrogen, orthophosphate, and total phosphorus. Organic

17



nitrogen values were obtained by subtracting the ammoniacal mitrogen
value from the total Kjeldahl nitrogen value for each sample. Total
nitrogen was taken as equal to nitrate plus nitrite plus total
Kjeldahl nitrogen. The procedures used for these analyses followed
those in APHA (1976). Analysis for armoniacal nitrogen was performed
using the automated colorimetric phenate method. Concentrations of
nitrate nitrogen and nitrite nitrogen were determined using the
automated cadmium reduction method. Total Kjeldahl nitrogen (free
ammonium plus organic nitrogen) was measured wsing the automated
phenate  method. Concentrations of total  phosphorus  and
orthophosphate were determined by the stannous chloride method
deseribed in APHA (1976).

Hydrologic Measurements

One important goal of this study was to construct an input-
output mass balance for nitrogen and phosphorus in the marsh plots.
Such a mass balance requires estimates of hydrologic flows into and
out of the system. The boundary between the peat and sand layers was
chosen as the lower boundary of the marsh system; flux measurements
for water were derived for the peat and plant community lying above
this lower boundary. The significant fluxes into the system were
applied treated wastewater or fresh water, rainfall, and inflowing
water from the adjoining channel and lake. The significant outward
fluxes were evapotranspired water and outflow to the adjoining chan-
nel and lake. Water flux is summarized im Fig. 6.

Specific Yield
The changes in volume of water contained within the marsh plots

over time were derived from water level records made by the contin-
uous strip chart recorders placed inside the plots (see Fig. 5 for
recorder locatfons). The volume change represented by a drop or rise
in the water table is a function of the specific yield of the peat.
Specific yield is the ratio of the volume of gravity-drainable
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Figure 6. Summary of significant water flows into and out of
each experimental plot in the marsh. See Appendix
for a description of symbols.
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water to the wolume of soil that contains that water. Gravity-
drainable water is that water free to move under the influence of
hydrostatic pressures in the so0il. The remainder of the water is
held immobile by electrostatic forces within the soil complex, though
it may evaporate under dry conditions. Specific yield may vary with
depth in a soil. Specific yield was calculated in this study by
measuring the rise in the water table elevation associated with brief
{1ess than 1 hour) rainfall events of 1 cm or more.

The ratio of the depth of rainfall (R) to the increase in water
table elevation (W) was considered representative of the specific
yield (5) at the original depth of the water table (d) in the peat
01l

Sq=(R/ W4

The calculated specific yield values (Sq) were found to be
linearly correlated with their respective depths (d). Separate
correlations were performed for the two water level recorders in
Plots C and H. This produced a specific yield depth function both
for Plot C and for Plot H. This function was applied to obtain spec-
ific yield values when the water table was less than 2.10 cm above
the surface of the peat in Plot H, and less than 6.13 cm above the
surface of the peat in Plot C. Above these heights, which represent
the values at which the respective specific yield eguations yielded a
value of 1.0, actual 'specific yield in the plots was assumed to be
1.0.

Evapotranspiration

During those perjods when the water table was below the surface
of the peat in the marsh, the continuous water level records were
utilized to obtain estimates of evapotranspiration (Meimberg 1976).
The rise or fall of the water table observed during nighttime hours
represented net flow of water to or from the marsh due to hydrostatic
forces alone. The rate of change in water table elevation during
each night was extrapolated up to noon of the following day and back
to noon of the previous day. These noon elevations represented where
the water table would be if mo evapotranspiration had occurred over
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the whole 24-hour period centered on each successive night. The
difference between the elevation extrapolated from the previous night
and the elevation extrapolated from the following night represented
the water loss due to evapotranspiration during that day. An
illustration of this procedure is given in Fig. 7. The method was
applied to the water level recorders in Plots C and H, respectively,
for clear, rainless days. Rain obscured the water table drop. The
observed elevation change due to evapotranspiration was multiplied
by an appropriate specific yield value to get the actual wvolume of
water lost by evapotranspiration that day. To obtain specific yield,
the water table elevation observed in the plot at noon of that day
was entered into the specific yield depth equation derived for that
particular plot.

The daily evapotranspiration values calculated using the recor-
ders in Plots C and H represented the average transpiration of the
entire marsh area on that day, rather than evapotranspiration spec-
ific to each plot. This was due to the strong hydraulic connection
between each plot and the surrounding area of the marsh. A1l the
daily evapotranspiration estimates calculated from the recorders in
Plots H and C during a particular month were averaged together to
yield an evapotranspiration rate estimate (in om/day) for that month.
This method of empirically estimating evapotranspiration could only
be applied during those months when the water table was either below
or near the surface of the peat. When larger amounts of standing
water were present in the marsh, the water surface was contiguous
with the water flowing in the adjacent channel. Due to a suffi-
ciently strong hydraulic connection, any evapotranspired water was
almost immediately replenished by the adjacent waters of the channel.
Thus, no drop attributable to daily evapotranspiration was seen in
the water level records on days when the water table was high. After
June 1978, the water table was too high to employ the method. Before
this month, the method was consistently applied except for December
1977.

Empirical evapotranspiration estimates were thereby avail-
able for only the first 12 months of the study, May 1, 1977 - May
1, 1978. These monthly evapotranspiration rate averages
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(ETyye) were determined to be linearly related to the product
of aboveground live biomass (B) and saturation deficit (SD)} for each
respective month:

This model of evapotranspiration is illustrated in Fig. 8. The coef-
ficients K; and K, in the equation were determined by Ilinear
regression of the empirical estimates of evapotranspiration, derived
from the water level records, to measured values of average natural
marsh live biomass and meteorologic data obtained from regional
surmaries. For monthly aboveground live biomass the averages of
values obtained for the outside regions of all four plots were used.
This was done because no significant difference in aboveground Tlive
biomass (@ = «01) was detected among the plots' outside areas during
either the first or second years. (See live aboveground biomass
section). Hence outside area averages were considered the best
available estimate of natural marsh biomass for both years.

The model of evapotranspiration so derived from the first 13
months' worth of data was subsequently applied to get separate evapo-
transpiration estimates for Plot C, Plot H, and the natural area of
the marsh during that 13-month period. Linear interpolation between
successive biomass measurements was performed to obtain a biomass
estimate for the middle of each month. Saturation deficit values for
each month were derived using monthly means of daytime temperature
and monthly means of the relative humidity occurring at 4:00 p.m., as
given in NOAA (1977, 1978) for Orlando, Florida. Orlando is located
32 km (20 mi) to the west of Clermont. The Smithstonian Metero-
logical Tables (1951) were employed to get the saturation moisture
content of air at each mean monthly temperature. The average above-
ground live biomass values for the entire area of Plot C were
employed to get monthly evapotranspiration rates for Plot C.  This
same procedure was applied for Plot H. {See the plant community
measurements section for details on how "entire-area" averages were
calculated.) The average values for the outside regions of all
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plots were employed as representative of the natural marsh biomass.
Linear interpolation between successive biomass values was applied as
needed to get averages of biomass for each area for each month.

To estimate evapotranspiration during the second year for Plot
C, Plot H, and the natural area, the same model eguation was used
as for the first year. This was necessary since no empirical esti-
mates were available for evapotranspiration during the second year.
Biomass values for the entire areas of Plots C and H and the average
values for the outside regions of Plots C, M, and H were employed in
the model equation for Plot C, Plot H, and the natural marsh area,
respectively.

To derive model coefficents and to predict evapotranspiration
from the model, the woody component of total live biomass in all
areas was excluded from the total live biomass value obtained on
sampling dates December 3, 1977, February 20, 1978, December 15,
1978, and February 18, 1979. This was done because negligible leaf
area was observed on woody species during those sampling periods.
The contribution of such species to marsh evapotranspiration was
probably negligible for those periods. Eliminating the live wood
component helped reduce the variance of biomass estimates within
plots during those periods for use in the evapotranspiration model.

Outflow
Total monthly outflow from each of the plots was computed by
the continuity equation:

O=H+R-ET-40S5

where 0 is the total outflow during the month, W is the volume of
treated wastewater or fresh water applied that month, R is the
volume of rainfall for that month, ET is the evapotranspiration as
derived from the evapotranspiration model, and 45 is the change in
water storage in the plot between the beginning and end of the
manth.
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Distribution of Applied Water

Throughout the study there was a major concern for the effec-
tive distribution of applied treated wastewater throughout the plots.
In particular, strong assurance was regquired that applied treated
wastewater flowed past the northwest corner medium depth wells of
Plots L, M, and H. Treated wastewater applied to the plots was known
to contain higher levels of chloride than were present in the undis-
turbed areas of the marsh. Chloride is believed to be a passive,
conservative element in biological systems; it is largely unused by
microbes and plants and does mot bind significantly to soil. There-
fore, chloride in applied treated wastewater was used as a tracer in
Plots L, M, and H.

A three-day experiment was conducted to investigate applied
treated wastewater distribution in Plot H. A matrix of nine pairs of
wells was placed within and just exterior to Plot H. HNine of the
wells were installed at the bottom of the peat Tayer (medium depth
wells), and nine were installed in the sand layer (deep wells) at the
same Tocations as the medium wells (see Fig. 9). The wells were
sampled via hand pumps on three consecutive days, just prior to,
during, and 24 hours after a weekly pumping of treated wastewater.
A11 medium depth wells were pumped dry and allowed to refill prior to
sampling. Deep wells were flushed by pumping out 2 liters of water
prior to sampling. A sample of applied treated wastewater was also
collected. The experiment was conducted from March 27, 1978 to March
29, 1979, at which time the water table was 2.4 cm above the surface
of the peat. Al1 samples were analyzed for chloride according to
APHA (1976) procedure.

Between February 9, 1978 and MNovember 10, 1978, all water
samples collected in the marsh, plus the treated wastewater samples
collected each momth, were analyzed for chloride content. This
provided further information on the distribution of applied treated
wastewater (under changing hydrologic regimes) throughout the plots
in surface water and groundwater.
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Plant Community Measurements

Biomass Measurement

In order to determine the effects of added nutrients on plant
growth and plant nutrient storage, periodic harvest of aboveground
live, aboveground dead, and belowground Tlive plus dead biomass
samples was carried out in the experimental plots. Harvested areas
were defined using randomly placed 0.25 m¢ quadrats. At the out-
set of the study, it was observed that plants were more affected by
applied treated wastewater in the area immediately surrounding the
application pipe. To achieve smaller variance within sampled popu-
lations a stratified sampling procedure was wused in each plot.
Three randomly chosen 0.25 m? squares were harvested from a 462
me area defined by a perimeter 7.21 m to either side of the appli-
cation pipe, and 5.15 m from the northern tip of the pipe. This
area was designated as the "inside"(1) region for the plot.

Three randomly chosen 0.25 m squares were harvested from the
rest of the plet, in the area further away from the application
pipe. This area was designated as the "outside" (0) region for the
plot.  Areas within 2.1 m of each plot's fiberglass border were
excluded from sampling to avoid any influence of the wall on
measured growth. Areas within 1.0 m of the pipe were excluded as
well to avoid any influence of this structure on measured growth.

In dealing with biomass data for the experimental sites average
values were often desired for the entire area of a plot. Area-
weighted averages were derived in such cases. The inside region
comprised 25% of the total area of a plot, while the cutside region
comprised 75% of the total area. Thus, area-weighted averages for
the entire plot were computed by :

=(0.25 x B ingdde ﬂT‘Eﬂ} + (0.75 x B

B entire area outside area]

Aboveground live biomass was harvested by clipping plants with
Tawn shears down to the surface of the peat. Loose litter was
gathered up by hand; any litter that had become incorporated into
the peat-root mat was excluded. Beginning with the June 28, 1978
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sample, a hand rake was employed in gathering Titter to help dislodge
1itter enmeshed between plant stalks.

Belowground biomass, when harvested, was always taken from the
same 0.25 mZ areas harvested for aboveground biomass. Using a
flat blade shovel, the 0.25 mZ area of peat was removed to a depth
of approximately 30 cm. This depth appeared to include nearly all
af the live root biomass. On April 25, 1978, June 25, 1978, Ssptember
18, 1978, and February 17, 1979, all of the 0.25 m? areas harvested
for aboveground biomass were harvested for belowground biomass as
well.

A1l harvested above and belowground biomass was returned immedi-
ately to the laboratory where it was stored at 10°C. Aboveground
plant material was separated into live and dead components as a
preliminary step. Prior to the April 15, 1978 sample live above-
ground biomass was separated by species and plant part. The separa-
tion categories were: 1. Sagittaria leaves; 2. Sagittaria stems; 3.
Pontedaria Teaves; 4. Pontedaria stems; 5. Panicium and other grasses;
6. Hibiscus leaves; 7. Hibiscus wood; 8. unidentifiable herbaceous
material; and 9. unidentifiable woody material. Dead material was
separated into: 1. dead herbaceous and 2. dead wood. Beginning with
the April 15, 1978 harvest, the categories used for separation were @
1. Tive herbaceous excluding grass; 2. live grass; 3. Tlive wood; 4.
dead herbaceous; and 5. dead wood.

Collected root samples with associated peat were immediately
transported back to the laboratory and stored at 10°C prior to wash-
ing. The samples were washed gently with tap water over a 1 mm
nylon-mesh screen to remove the finely divided peat enmeshed in the
roots. A1l root matrerial that did not pass through the screen was
included in subsequent weight and nutrient measurements. For the
June 25, 1978, September 18, 1978, and February 17, 1979 harvest,
roots were given preliminary washing with municipal fresh water in
the field. This preliminary washing removed the bulk of the weighty
peat, thus simplifying transport. No separation of live from dead
roots was attempted in this study, as there was no simple, clear-cut
method available for distinguishing between these two categories.
Thus, each root sample represents both Tive and dead roots, and
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includes all tubers, rootlets, and fine roots that did not pass
through the 1mm mesh screen.

Both belowground and aboveground plant materials were dried in a
forced draft oven for at least 72 hours until no further weight
change was observed. Root samples generally required more drying
time than aboveground materials due to the lower surface to volume
ratio of tubers. Dried samples were weighed immediately wpon removal
from the drying oven to preclude weight gain via absorption of atmo-
spheric moisture.

ATl  aboveground categories and belowground stock for each
quadrat were individually ground and subsequently analyzed for nitro-
gen and phosphorus content. Representative subsamples consisting of
approximately 25% of the total root biomass from each sampled quadrat
were ground, rather than grinding the entire root sample. A1l ground
samples were stored in covered styrofoam cups prior to nutrient anal-
ysis.

Nitrogen analyses of biomass were performed using acid digestion
followed by micro-Kjehldahl steam distillation (Jackson 1962, as
modified by the School of Forestry, University of Florida,
Gainesville). Three milliliters of concentrated sulfuric-acid were
added to 0.1 g of sample and a catalyst consisting of 10 g Ko504
and 0.3 g CuS04. The mixture was boiled in a 30 ml Kjehldahl flask
until all the sample was dissolved by the acid. The contents of the
flask were then brought up to 30 ml with distilled water. Two S-ml
subsamples, each amended with 4 ml of 40% KOH solution, were
distilled on a Kjehldahl apparatus inte boric acid indicator
solution. The indicator solution was subsequently titrated with 0.01
N HC1. The total phosphorus concentration in the plant materials was
analyzed by a procedure developed at the School of Forestry,
University of Florida. A 1 g sample of dried plant material was
ashed for & hours at S550°C. Three milliliters of concentrated
hydrochloric acid (HC1) were added to the ashed sample, which was
dried at 90°C. One milliliter of 6.25 N HCl was added to the dry
sample and the wvolume of the sample was brought up to 25 ml with
deionized water. This sample was filtered through a #42 Whatman
filter. The concentration of phosphorus in the sample was determined
by the ascorbic acid method as described in APHA (1976).
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Ket annual aboveground production was defined in this study as
the peak aboveground live standing crop measured during the growing
season. Estimates of aboveground production using peak live standing
crop data will be lower than estimates made using other methods.
This is so because plant mortality, herbivory, and respiration of
plants wse production before it cam be measured (Odum and Odum 1976
Westlake 1963). Any tissues that develop after the peak harvest are
likewise not included in this production estimate. If different
species present in the marsh attain their peak biomass at different
times during the year, the peak wvalue for total biomass of all
species combined will necessarily be lower than the sum of individual
species' true peak values (¥Whigham et al. 1978). Despite these
factors, the net production values derived from peak biomass provided
a wseful indicator of the effects of treated wastewater input on
growth in the marsh and of the net amounts of nutrients removed by
live vegetation growth during the year.

Decomposition Measurements

During the first year of this study, three sets of approximately
50 1itter bags, each containing freshly cut Sagittaria stems, Sagit-
taria leaves, and Panicum grass, respectively, were spread out in an
undisturbed area of the marsh site. Five bags from each set were
returned immediately on the date of set placement in the marsh.
These were dried in a forced-draft oven at 70°C for 72 hours and
weighed to obtain average percent moisture content. Subsequently,
they were ground in a Wiley Mi1l and analyzed for average initial
total phosphorus and nitrogen content, using the previously described
methods for analysis of phosphorus and nitrogen in vegetation.
Subsets of five bags each from the three sets were collected at
intervals and returned to the Tlab. Initially, 1itter bags were
collected every two weeks. After December 3, 1977, bags were
collected less frequently. A summary of the sampling schedule for
biomass, water, 1itter bags, and s0il is given in Table Z. Returned
bags were dried, weighed, and analyzed for total phosphorus and
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Table 2.

in the marsh.

Summary of sampling dates for biomass, water samples,
peat soil, litter bags, water level, and rainfall

Type of Sample

Sample Location

Sampling Dates

BIOMASS
Aboveground
live and dead

Belowground

Plot C Inside
Outside
Plot L Inside
Outside
Plot M Inside
Outside
Plot H Inside
Outside

Plot C Inside
Outside
Plot L Inside
Outside
Plot M Inside
Outside
Plot H Inside
Outside

4/25/77
6/10/77
118477

3z

oM XM oM M M M M
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811777

MooM O W MM M M

9/15/77
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12/15/78
2017779
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Table 2 Continued.

PEAT SOIL

Plot € Inside

Outside
Plot M Ipside

Outside
Plot H Inside

Qutside

Matural Marsh

3M16/78
9/11/78
2177719

b4

PR R
M OM O M M

DECOMPOSITION

Fresh-Cut Plant Litter Bags

Sagittaria

Panicum

Dead Biomass Litter Bags

Plot ¢
Plot M
Plot H

7/28/77
BATTT
Bf26/T77

= % 9/19/77

716/78 b
B/3/78

L

Fo 4

>

*

10/24/77
11/9/77
1243477
1/11/78
2/9/78
5/15/78

10/6/77
7/6/78

=
=
- 4
o
ko
Mom
b -

8/18/78
10/12/78
1/26/79
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I
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Table 2 Continued.

WATER
SAMPLES

BLILL/S
6L/EL/Y
6L/9L/E
6LILLI2
6L/6L/1
8L/51/21
BL/OL/1L
gilzi/oL
8LlLL/E
8l/e/e
BL/9/L
8L/v2/9
BL/LESS
gL/e/
BL/PL/Y
8L/aL/e
8Lle/2

LL/LLAL

LLrefil
Le/9fol
Le/els
LL/efs
LL/e2/9
LEfLfs

Madium
Depth
Wells

X X X X X X X X X

X

4

¥ X X ¥ X

X X X X X X X

Deep

X X X X X X XK X X X XK X X

X

X

X X X

Hells

X X X X XK ¥ X X X X X X X X % X X%

X

X

River

Surface
Water

X X X X X

X X X

X

Treated Wastewater---------cecemmmaoo-{Monthly Composites)ememomcaaacoooooooo o
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Table 2 Continued.

WATER LEVEL RECORDERS

51417
4731779

Plot € Continuously
Plot H

Natural Marsh

RAIN GAUGE

5/1/77
12/27/78
3/28/78
4/31/79

L

dDaily measurements of rainfall collected by treatment plant personnel were
. utilized for the period 12/27/79 - 3/28/79.
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nitrogen content as described above. Average dry weight remaining,
average total phosphorus and nitrogen concentration, and average
fraction of inmitial phosphorus and nitrogen content remaining were
computed for each group for each collection date. FRates of decompo-
s5ition were then derived from the weight Toss values.

During most of the second year of this study, the water table
in all areas of the marsh was above the surface of the peat. Rates
of decomposition were expected to change for each species under wet
vs. dry conditions and to wary between control and treated wastewater
plots. In order to obtain an average rate of decomposition for
litter derived from the whole range of species in each plet, subsam-
ples of the aboveground dead material harvested on June 25, 1978,
were placed in 1 mm mesh nylon litter bags. Six sets of six bags
vere derived from the litter harvested in each of Plots C, M, and H.
Each six-bag set contained one l1itter subsample from each of the six
0.25 m€ areas harvested on Jume 15, 1978. The bags were placed in
the marsh on July 6, 1978. In each case bags were returned to the
plot where their litter was harvested. One of the sets from each
plot was returned immediately to the laboratery on July 6, 1978, and
analyzed for average moisture content and total nitrogen content by
the methods described above for the first year's decomposition study.
Litter bag sets were subsequently cocllected on the dates shown in
Table 2. Each sample was analyzed for dry weight Tloss, total
nitrogen concentration, and fraction of original nitrogen content

remaining.

Peat Soil Measurements

Core samples of the peat substrate were taken from several loca-
tions in the marsh on the dates shown in Table 2. The cores were
obtained using & post hole digger with blades 0.25 m Tong; the resul-
tant core was 0.125 in. in diameter. Samples were obtained for the
depth intervals: 0-25% cm, 25-50 cm, 50-7% cm, and 75-100 cm. After
March 20, 1978, the 75-100 cm core was excluded at each sampling
lTocation. On March 20, 1978, cores were taken at four randomly
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chosen locations in the inside regions for each of Plots C, L, and H.
Four coring stations were also randomly chosen from a natural area of
the marsh, north of the experimental plots. On September 15, 1978,
and February 17, 1979, during biomass harvest, cores were taken
within 1 m of each of the 0.25 mZ areas harvested. Subsamples of
approximately 100 g each were ocbtained from the central portion of
each of the cores for each depth interval. These were dried in a
forced-draft oven at 70°C for at Teast 72 howrs, until no further
weight loss was observed. Dried peat samples were ground into fine
powder using a mortar and pestle, and then sifted through a 1 mm mesh
nylon screen. Rhizomes and large roots were trapped by the screen.
The powdered peat that passed through the screen was analyzed
for total nitrogen content via acid digestion and subsequent micro-
Ejehldahl steam distillation. #As with the biomass samples, 0.1 g of
powdered peat 501l was used in the nitrogen amalysis. The same amal-
ysis procedure was used for both peat and biomass samples. Peat in
this marsh was found naturally to contain large quantities of nitro-
gen, which obscured any possible differences in nitrogen content due
to treated wastewater application. Adsorption of ammonium onte the
cation exhange sites of the peat was subsequently investigated. The
full set of cores cbtained on September 18, 1978, and February 17,
1979, was analyzed for exchangeable ammonium using the KC1 extraction
technique described in Black (1970). Two 100 g subsamples were
obtained from each of the cores for each depth interval. One of the
subsamples was dried in a forced-draft oven at 70°C for at least 72
hours, until no further weight loss was observed. Percent moisture
content of the wet peat sample was calculated from the observed
weight loss. The remaining 100 g subsample was shaken mechanically
for one hour with 100 m1 of 2 N KCI. Suspended peat was then
filtered out using Whatman #4 (fast) filter paper. The filtrate was
analyzed for ammonium using the Ma0 method of micro-Ejehladahl steam
distillation (Black 1970). Filtrate was stored in plastic vials at
10°C prior to analysis. The 100 g subsamples from September 18, 1978
cores were frozen for storage, prior to KC1 extraction. The 100 g
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subsamples from February 17, 1979 cores were stored at 10°C prior to
KC1 extraction.

The total phosphorus concentration of the peat soil was deter-
mined by the use of a procedure developed at the Soil Science Depart-
ment, University of Florida. A 1 g sample of dried soil was dried at
550°C for eight hours. Five milliliters of concentrated HC1 were
added to the ashed sample. The samples were then dried at 70°C. The
volume of the sample was brought up to 25 m1 by the addition of 0.1 M
HC1 and vigorously shaken. The sample was filtered through a Whatman
#42 filter. The phosphorus concentration of the sample was deter-
mined by the ascorbic method as described in APHA (1976).

The potential adsorption capacity of the peat s0il for phos-
phorus was measured via adsorption isotherms. Two sets of isotherms
were performed on soils representative of the natural marsh at vary-
ing depths (0-25, 25-50, 50-75 cm). The first isotherm was a time
study to determine solution/soil equilibrium times. The second study
entailed adsorption of varying concentrations of orthophosphate.

The soils were ground in a blender to create a relatively homo-
geneous sample. These samples were then autoclaved to reduce bioleg-
ical activity within the soil. After autoclaving, samples equivalent
ot 0.4 g dry soil were placed in 250 m1 Erlenmeyer flasks.

Phosphorus solutions of varying concentrations and composition
were autoclaved to create sterile conditions. The concentrations
for orthophosphate were 6.3, 12.6, 57.3, 87.3, and 110.7 ma/1. The
pH of each solution was adjusted to 7.0 with 0.2 N NaOH. This pH
was representative of the surface water pH in each of the experi-
mental plots. After pH adjustment, the conductivity of each solution
was adjusted to 670 mhos/om with saturated KC1 to eliminate any ionic
strength inequalities caused by variation in phosphorus concentration
and NaOH addition.

The isotherm tests were conducted by adding 40 ml of the
prepared phosphorus sclution to the wet soil previowsly placed in
the 250 ml Erlenmeyer flasks. The soil-water samples were sealed
with parafilm and shaken continuously for 48 hours, which had been
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determined to be the time necessary to reach equilibrium. After 48
hours, the samples were removed from the shaker table and filtered.
Filtration took place in two steps; the sample was passed through a
Whatman qualitative filter and the filtrate was subsequently passed
through a 0.45 mm fiTter. The filtrates were evaluated for phos-
phorus by the ascorbic acid method outlined in standard methods [APHA
1976). The percent adsorption was determined by calculating the
difference between initial phosphorus concentration and the 48- hour
concentration.

Witrification and Denitrification Studies

Preliminary Nitrification Studies in Marsh Water

Marsh surface water collected at Clermont was incubated at
25°C for 30 days. Half of the samples were amended with ammonium
(as ammonium sulfate) to a concentration of 25 mg/l1 NHg-N. Half
of the amended and unamended samples were aerated after the air was
humidified by pumping through 400 ml deionized water in a 500 ml
Erlenmeyer flask to reduce evaporation. The humidified air was
routed to the individual replications by a network of tygon tubing
and syringe needles (Fig. 10). Twenty-five-milliliter samples were
taken periodically for analysis. Dissolved oxygen was determined
immediately, and phenyl mercuric acetate (PMA) was added to prevent
microbial growth. The samples were stored at 4°C until pH, armon-
jum, and nitrate were determined.

The second study compared nitrification in water from Lake
Alice on the University of Florida campus to standing water in the
experimental marsh. Yellow=-colored, dissolved organic compounds,
commonly called tannins, were removed from half of the marsh water
by adding powdered, activated charcoal, mixing for one hour, and
filtering through a Whatman £42 filter paper. A suspension of nitri-
fiers was obtained by shaking a mixture containing 100 g of soil
known to contain nitrifiers with 150 ml1 of water for one hour and
allowing the soil to settle out. Ten-milliliter aliquots were used
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as nitrifier inoculum for half of the filtered samples and for half
of the unfiltered samples. Twenty-milliliter samples of each treat-
ment group were stored and analyzed as described previously.

Preliminary Denitrification Studies

Initial Tlaboratory studies wusing test tubes of nitrate-amended
solutions and marsh soil were designed to ascertain if denitrification
was occurring. Solutions of calcium nitrate in deionized water and
patassium nitrate were made in defonized water, in oxidation pond
water from the Clermont sewage treatment plant, and in marsh water
(standing water in the experimental marsh prior to the plots' exis-
tence). A 10-ml aliquot of each solution was gently added to a test
tube (eight replications) containing 6.0 + 0.2 g marsh soil obtained
in bulk from the experimental marsh and incubated at 25°C for 11 days.
The same design without the soil was also employed to see if denitri-
fication would occur in the water alone. Sampling involved gently
pouring off the solution and analyzing it for ammonium and nitrate.

Nitrification and Denitrification Studies
Using Soil:Water Columns

In order to better simulate actual marsh conditions, additional
experiments for both nitrification and demitrification were conducted
using intact soil:water columns. Intact soil columns, half with and
half without Sagittaria lancifolia were obtained from randomly
selected sites outside plots in the experimental marsh area. The
columns were 70 ¥ 10 cm diameter PVC pipes, which were sealed at the
bottom with knockout test caps (Fig. 11) after obtainaing 45 cm of
seil. Once in the lab, the columns were placed in wooden racks and
allowed to stand for stabilization for two to four weeks while receiv-
ing only enough deionized water to keep the soil saturated. (Those
containing plants were placed under a window.) Several days before
a study began, those columns that required lime received 10.0 g
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AIR STONE

Figure 11, Experimental setup for nitrification and denitrification
studies using soil:water columns.
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powdered CaC03 applied to the surface of the seil. (The lime dosage
was calculated using Yuan's (1974) double buffer method to bring the
top 15 em of so0il to a pH of 7.0.) Treatments in the nitrification
and denitrification studies were the same and involved the water
Tevel overlying the soil (Fig. 11). The following treatments (two
replications) were used with and without plants: 1. Control; treated
wastewater to 15 cm depth. 2. Water depth 15 cm; treated wastewater
to a 15 cm depth. 3. Water depth 30 em; treated wastewater to 30 cm
depth. 4. Fluctuating water depth; treated wastewater to 30 cm depth,
empty (0 cm) for two weeks, after which fresh treated wastewater
reapplied to a 30 cm depth. 5. Water depth 15 cm, pH adjusted;
treated wastewater to a 15 em depth over 10 g Eatﬂa.

In all cases, water Tost by evaporation and transpiration was
replaced two to four times weekly by adding deionized water to main-
tain the appropriate depth. Columns were aerated in a manner similar
to that described for the previous nitrification study. About 15 ml
of the overlying water in the columns was sampled at mid-depth, i.e.,
7.5 and 15 cm, respectively. PWA was added and the sample was stored
at 4°C wuntil ammonium, nitrate, and pH were determined, usually
within 24 hours.

In the nitrification study, ammonium was added to the treated
wastewater obtained from the Clermont sewage treatment plant as ammo-
niun sulfate. In the denitrification study, nitrate was added to the
treated wastewater as potassium nitrate. Ammonium and nitrate were
added to appropriate columns at least once more in column studies.
The second and third application of the appropriate form of nitrogen
was added as a more concentrated solution to the individual s0il:-
water columns without changing the treated wastewater except in the
fluctuating columns.

Armonia Volatilization Study

In order to quantify wolatilization of ammonia during column
studies, another soil:water column experiment was conducted.
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Columns were packed with 30 cm of marsh soil (no plants), and 30 cm
of ammonium-amended treated wastewater was added. The columns (four
replications) were sealed at both ends with knock-out test caps and
aquarium seal. Air going into the columns was bubbled through a
boric acid indicator solution to scrub off any atmospheric ammonia
and humidify the incoming air. Air Teaving the columns was forced
through a boric acid indicator (in test tubes) to trap any volatil-
fzed ammonia. Care was taken to prevent contact of tygon tubing
with the boric acid indicator solution since it was found that the
indicator solutiom reacted with tygon. The boric acid was titrated
and replaced after 1, 3, 7, and 20 days and the column water was
analyzed at the beginning and end of the study for pH, ammonium, and
nitrate.

In Situ Nitrification and Denitrification Studies

For the purpose of obtaining natural nitrification and denitri-
fication rates an in situ study was conducted. Eno (1960} and more
recent work by Struble (1977) found polyethylene bags acceptable for
this type of study due to their permeability to gases, specifically
oxygen and carbon dioxide, and impermeability to ions such as
nitrate and ammonium. Polyethylene bags were filled with 100 g
marsh s0il and subjected to the following treatments:

1. Control, shallew; soil in bags buried in top 8 cm.

2. Control, deep, lime; soil plus lime in bags buried at 30
Cils

3. Nitrification, shallow; soil amended with ammonium in bags
buried at 30-cm depth.

4. Nitrification, deep; soil amended with ammonium in bags
buried at 30-cm depth.

5. Denitrification, shallow; soil amended with nitrate in
bags buried in top 8 cm.

6. Denitrification, deep; soil amended with nitrate in bags
buried at 30 cm depth.
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7. Denitrification, deep, lime; soil amended with nitrate

plus Time in bags buried at 30-cm depth.

Bags were flattened to maximize surface area and heat sealed.
Nitrification bags were amended with ammonium as ammonium chloride
to bring the final concentration to about 35 mg/1 NHg=N. The
denitrification bags were similarly amended with nitrate as potas-
sfum nitrate. Control bags received no nitrogen. Lime used in all
cases was 0.85 g of finely powdered calcium carbonate per bag, which
was the amount extrapolated from an earlier application of Yuan's
double buffer method and was intended to bring the pH of the soil to
7.0.

Bags were retrieved at selected intervals. Temperature, pH,
and dissolved oxygen readings were taken at each site. After the
hags were removed, the sample pH was determined, amd the contents
of each bag were extracted. The extractanmt was amalyzed for ammo-
niwn and nitrate.

Microbial Studies: Total, Nitrifying,
and Denitrifying PopuTations

Shallow soil samples (top 8 cm) were taken in areas with dense
root growth as well as areas with lesser root growth to determine
qualitatively the rhizosphere effect on total bacteria, autetrophic
nitrifier, heterotrophic nitrifier, and denitrifier populations.
Similar analyses were done on rootless soil samples taken at about a
30 cm depth.

Microbial populations from the shallow and deep samples were
further compared with populations existing after 27 days of in situ
incubation in polyethylene bags. This was accomplished by composi-
ting 2 g wet weight subsamples from each of the three replicates of
the following treatments: 1. Control, shallow; total and deni-
trifiers; 2. Control, deep, lime; total and demitrifiers; 3. Deni-
trification, deep; total and denitrifiers; 4. HNitrification, shal-
Tow; total and heterotrophic and autotrophic nitrifiers. A single
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2 g wet weight subsample of each treatment was used for each popula-
tion type. A pooled 10 g wet weight sample was used in the natural
marsh studies for plating, 2 g for each of five samples.

Since available carbon is often a factor in bacterial popula-
tion growth, extractable carbohydrates were determined on duplicate
samples from the natural marsh (shallow with roots and deep without)
as well as from the polyethylene bag study (control, deep, lime).

Analytical Methods for Mitrification-Denitrification Study

Ammonium and nitrate plus nitrite determinations were done by
steam distillation as described by Bremmer and Keeny (1965) and
involved collection of the distillate in boric acid indicator and
subsequent titration with HpS0; solution. An Orion 701 or 401
meter was used to measure pH, in conjunction with a Fisher combina-
tion pH electrode. A YSDL model 54 Oxygen meter with a YSI model
5419 probe was used to determine concentrations of dissolved oxygen.

Ammonium, nitrite, and nitrate were extracted from the soil in
the polyethlylene bags in the in situ study by transferring the 100
g of wet organic soil into a polyethylene sample bottle, adding 100
ml of 2 N KC1 solution, shaking briefly and then allowing the suspen-
sfon to stand for two hours. The mixture was shaken again before
filtration through a Whatman #40 filter and finally stored with PMA
at 4°C until inorganic nitrogen was determined (Bremner 1965).

The total soil bacterial population count was determined by a
dilution plate technique with five plates per 10-fold dilution on a
tryptone, glucose yeast agar (TGY) as developed by Ou et al. (1978).
The dentrifier population was determined by the most probable number
method of Focht and Joseph (1973) and the autotrophic nitrifiers by a
similar method described by Alexander and Clark (1965). The hetero-
trophic nitrifier population was estimated by a method adapted from
Tate (1977) and involved subculturing 100 randomly selected colonies
from the total bacterial count plates dnto Difco nutrient broth
amended with ammonium sulfate at 0.5¢ The available organic carbon
was quantified as extractable carbohydrate in a two-step process.
Five grams of oven-dry soil were treated with 50 ml of 0.02 M
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Eat!a at 100°C for one hour and then filtered through a Whatman #40
filter paper (Stanford, 1975). (One milliliter of the filtrate was
used in the anthrone method of total carbohydrate determination
(Loewus, 1952; Morris, 1948).
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RESULTS

Characteristics of the Peat Soil

Moisture Content, Organic Matter Content, and Bulk Density

The peat soil of the research marsh was approximately 1.5 m in
depth. Down to a depth of 75 cm the peat was matted, coarsely
fibrous, and generally brown in color. Below 7% cm the color of the
soil turned brown-black and became more finely fibered. The darker
color at the greater depth possibly indicated a higher degree of
decomposition (Davis and Lucas 1959).

The moisture content, weight loss on ignitien, and the bulk
density of peat samples is shown in Table 3. The moisture content
represents the amount of water bound in the s0il complex. There was
no large variation in the moisture content from the surface to the
1 m depth. Approximately 90% of the wet weight of the peat soil was
water. The weight loss on igmition values are estimates of the total
organic content of the soil. Successive increases in bulk density
were found in the 0-25, 25-50, and 50-7% em depth intervals. These
results indicate that each cubic meter of the peat soil contains
approximately 930 kg of water and 70 kg of dry matter.

Davis (1946) provided extensive physical data for Florida
peats. The peat of the marsh research site generally had greater
guantities of organic matter than most of the Florida peats. The
average organic matter content of Everglades peat from Broward
County was 74%. The average organic matter content of the upper 75
em of the Clermont peat was 89%. This greater organic matter
content may reflect the low sediment loading from the Palatlakaha
River. Lower organic matter values are found 7n those peats
underlying streams or lakes which contain a high sediment Toad. The
moisture ceontent of the Clermont peat was also generally higher
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Table 3. Three physical characteristics of the pesat soil: moisture
content, weight loss on ignition, and bulk density. Samples
were collected from an undisturbed portion of the research
marsh. Mean + Standard Error, sample size = n.

Depth Moisture n Weight n Bulk Density 3 n

{em) Content, Loss on (g dry matter/cm™)
% Ignition

Hovember 1977

025 89.040.8 ] Bl.M1.2 B 0.060+0.005

25-50 92.0+0.2 6 88.5+0.6 B 0.070+0.002

50-75 91.2+40.6 ] 93.540.9 8 0.082+40.003

75-100 86.0+0.4 6 Te.6t3.1 B -—

July 1978

0-25 Q0.7 6 88.1 3 —

25-50 91.5 6 88.3 3 -—

50-75 90.6 6 91.9 3 —
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than that measured for other Florida peats. Both the organic matter
content and the wvegetation type are important in determining a
peat's water-holding capacity.

Specific Yield

The specific yield of the peat so0il was measured through
paired chservations of rainfall volume and water table rise (see
Methods). Water level recorders in Plots C and H were utilized
for these observations. A paired t-test indicated that the water
table rise per rainfall event was significantly higher (a= .08) in
Plot C than in Plot H. The results for Plot C and Plot H were
plotted separately (Figs. 12 and 13). A significant 1linear
relationship was found between the water table rise per rainfall
event and the depth to the water table in Plot C and Plot H. The
water table rise per centimeter of rainfall increased as the depth to
the water table increased. This result was consistent with the
finding that the density of the s0il increased with depth. With less
pore space at the deeper so0il depths a centimeter of water fills up a
greater volume of the soil.

The inverse of the water table rise per rainfall event observa-
tions represents the specific yield of the seil. Table 4 shows
representative specific yield values based wpon the water table
rise per rainfall event correlations. The specific yield decreases
with depth. The major differences between the specific yield
values for Plot C and Plot H were evident in the upper 10 cm of the
soil profile. The specific yield at the top of the soil was not
equal to 1.0 due to the presence of dead and Tive plant matter, which
occupied volume and depressed the specific yield values wuntil the
water table was several centimeters above the ground surface. The
lower specific yields found near the surface in Plot H as compared to
Plot C possibly were a consequence of the larger aboveground and
belowground biomass of Plot H.
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Table 4. HRepresentative specific yield values for Plots C and H.
Values were calculated from water table rise per rainfall
event and depth to water table observations.

Water Table Specific Yield

Depth {cm) Plot C Plot H
0 - 0.83 0.67
10 0.45 0.44
20 0.31 0.32
30 0.24 0.26
40 0.19 0.21
a0 0.16 0.18
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Hydrologic Considerations

Seasonal Water Table Fluctuations and Hydrologic Inputs

Water table elevations. The water table elevations from the
recorders im Plots C and H are presented in Fig. 14. Except for a
short period in August and September the water table was below the
peat surface for the entire growing season of the first year. During
the winter months of the first year, the water table rose to the
surface or slightly above the surface, and remained near or above
the surface of the peat from mid-July of the second year through the
end of the study. The water level record of Plot C tracked very
closely to the water level record of Plot H over the entire study.
There are no major differences between the seasonal water table
elevations in Plot C and Plot H.

Long-term hydrographic records of Lake Minnehaha are shown in
Figs. 15 and 16. This lake is located near the experiment site (see
Fig. 2). The stage-duration curve for Lake Minnehaha (Fig. 15) was
computed from average daily water levels. The curve indicates that

lake levels near the experimental marsh were above the present aver-
age peat surface roughly 82% of the time between June 1945 and
September 1964. Thus "dry" conditions prevailed 18% of the time,
assuming no appreciable chamges in peat depth over that time inter-
val. Average yearly water levels for Lake Minnehaha (USGS 1979) are
shown in Fig. 16 for 1946-15978. It should be noted that after 1959,
a dam regulated outflow from the chain of lakes, including Lake
Minnehaha. Apparently the water surface was generally above the
experimental wmarsh peat surface both prior to and after the
installation of the dam. Thus "wet" conditions have prevaled more
often than "dry" condititons in the marsh over the past thirty
¥Eears.

Hydrologic inputs. Rainfall data, including historical aver-
ages for north central Florida, are shown in Table 5. Rainfall was
58% lower than the historical averages during the interval February
to July 1977. The water table of the marsh was belowground during
this interval. The rainfall was also low during September and Octo-
ber of 1977, which was reflected in the marsh water table record.
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Table 5. Historical monthly rainfall averages for north central Florida,
observed rainfall in north central Florida, and observed rainfall
in the research marsh. A1l values are expressed as cm HEU'

Month Historical North Central Research Marsh
Average? Florida Observed
{cm) Observed® (cm) ( cm)
January 1977 6.1 9.1 7.5°
February 7.8 7:2 5.2%
March 9.9 3.7 4,28
April 7.0 1.1 0.42
May 8.0 4.6 2.1
June 17.9 1.6 5.5
July 20.8 17.4 21.8
August 19.5 22.4 16.2
September 18.4 16.6 13.9
Dctober 10.7 2.9 2.8
Novenber 4.6 7.7 8.2
December 5.6 10.1 10.4
January 1978 6.1 9.7 7.2
February 7.8 14.9 14.9
March 9.9 8.9 6.6
April 7.0 3.2 1.8
May 8.0 10.0 14.4
June 17.9 18.6 27.6
July 20.8 24.8 32.8
August 19.5 14.5 6.5
September 18.4 8.6 7.9
Dctober 10.7 4.8 4.6
Hovenber 4.6 0.3 0.0
Decerber 5.6 10.9 8.9
January 1979 6.1 16.1 17.8
February 7.8 5.6 5.0
March 9.9 8.7 10.0
April 7.0 13.3
303.4 277.5

% Reference, NOAA 1977, 1978, 1979. The North Central Florida values
are an average of 14 stations in this region.
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During the winter months of 1977-1978, with lower evapotranspiration
and above average rainfall, the marsh water table was near the
surface. The rainfall observed directly in the research marsh was
typical of the north central Florida observations during the first
year of the study.

Rainfall in the marsh was below average in March and April of
1978 and the water table dropped at this time. In June and July of
1978 rainfall was considerably higher than either the historical
average or the concurrent north central Florida average. During this
time the surface water rose to a height of approximately 0.4 m abave
the surface of the peat in the marsh. The marsh water surface became
contiguous with the channel and lake surface water during this
period. For August through MNovember 1978, rainfall was below the
historical average. The water table was observed to fall between
September and December 1978 to a level near the surface of the peat.
Above average rainfall for December 1978 through April 1979 caused
the water table to rise once more, to a height of approximately 0.2 m
above the peat at the termination of the study.

Rainfall and water table elevations were below normal in 1977,
with the period May 1977 - April 1978 being designated as a "dry
year" for this study. 1In 1978, rainfall and water table elevations
were average compared with the long-term mean. The period May 1978 -
April 1979 was designated as a "wet year" for comparitive PUrposes,
since the water table was above the peat surface after June 1978.

The input of treated wastewater or fresh water to the experi-
mental plots is shown in Table 6. Wastewater or fresh water inputs
represented 385% and 175% of rainfall input to Plots H and C, respec-
tively, during the period May 1, 1977 - April 31, 1979. Treated
wastewater monitoring for Plots L and M was discontinued after
September 1978.

Evapotranspiration

Evapotranspiration from the research marsh. Empirical esti-
mates of evapotranspiration were calculated for the first 13 months
of the study using the diurnal water table fluctuations as deseribed
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Table 6. Quantities of treated wastewater and fresh water applied to
experimental plots. A1l values expressed as cm HEU.

Month Plots
C L M H
(em fresh water) (cm wastewater] (cm yastewater) (em wastewater)

May 1977 15.3 5.1 15.3 41.5
Jung 19.8 6.4 19.3 50.9
July 15.5 5.2 15.2 40.7
August 15.8 5.1 15.2 49.6
September 19.1 6.4 19.3 51.1
October 18.8 5.1 15.0 42.2
November 14.9 5.1 15.2 41.2
December 19.2 6.4 19.3 50.49
January 19738 15.2 5.1 15.2 40.7
February 15.2 5.1 15.2 40.7
March 15.4 5.1 15.4 21.8
April 15.4 5.1 15.4 41.4
May 21.7 13.6 25.0 d6.2
June 16.0 15.1 5.0 45.9
July 15.4 5.1 15.4 41.1
August 19.3 6.4 19.3 51.3
September 15.4 5.1 15.4 41.1
October 15.4 === - 41.1
November 15.4 - --- LA
December 15.4 === -— 41.1
January 1979 15.4 -— -—- 41.1
February 34.9 -== -—- 32.7
March 3.9 -—- === 3.7
April 4.9 —— -— 2.7
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in the Methods section. A paired t-test showed no significant
difference between the evapotranspiration rates calculated from each
recorder located in Plots C and H. Table 7 presents the average
monthly evapotranspiration values determined from May 1, 1977 - April
31, 1978, and includes the combined data from both recorders. The
range of daily values found during each month is also shown.

Evapotranspiration was approximately 0.5 cm/d throughout the
growing season of 1977 (May through September). During late fall,
evapotranspiration began to decline and reached the lowest measured
values during January and February of 1978. Values rose through the
spring of 1978. An evapotranspiration rate of 1.0 cm/day was the
largest single observed value, and this wvalue was recorded during
September 1977.

Model of evapotranspiration. A model of evapotranspiration
based on live aboveground biomass and saturation deficit was
constructed (see Methods). Figure 17 shows the plotted values of
evapotranspiration versus the biomass-saturation deficit product for
the first 13 months of the study. The months that exhibited the
highest rates of evapotranspiration cluster in the upper right-hand
corner of the figure. Both the saturation deficit and biomass were
high during June, July, August, and September of 1977, and during May
1978, In the lower left hand corner cluster those months with low

live biomass and low saturation deficits. Figqure 17 also presents
the linear correlation (ré = 0.79) between observed evapotranspira-
tion and the biomass-saturation deficit product for the first 13
months of the study.

A summary of measured evapotranspiration of the natural marsh
area, saturation deficit, estimated aboveground live biomass of the
natural marsh area, and theoretical evapotranspiration derived from
the model, is shown in Table 8. As discussed in the Methods sec-
tion, the model derived from the first year's data was applied to
biomass and saturation deficit data over the entire two-year study
period. Respective data for live biomass in Plots C and M over the
entire two-year period were applied to get separate theoretical
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Table 7. Empirical estimates of monthly evapotranspiration rates in the
marsh. Values are derived from the combined records of the
water level recorders in Plots C and H. Values expressed as

cm/day .
Month Mean Evapotranspiration Range n
Rate (cm/day)
May 1977 0.42 0.31-0.69 16
June 0.49 0.30-0.76 28
July 0.58 0.39-0.95 18
August 0.48 0.19-0.78 18
September 0.52 0.21-1.00 22
October 0.36 0.14-0.56 26
November 0.22 0.10-0.33 15
December a --- --
January 1978 0.11 0.07-0.18 L2
February 0.12 0.05-0.18 9
March 0.26 0.09-0.57 18
April 0.45 0.17-0.69 36
May 0.65 0.42-0.84 16

o recorded evapotranspiration.
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Table 8. Estimates of average daily evapotranspiration.
the evapotranspiration process as a function of 1ive above-
ground biomass and saturation deficit was used to estimate

Values are expressed as g dry

the evapotranspiration.

weight/m2, g H,0/m, and cmf/d. Values are monthly means.

A model of

Month Live Above- Saturation Estimated Observed

ground Biomass Deficit Evapotrans- Evapotran

(g/m2) (g/m3) piration? piration
(cm/d) (cm/d) n
May 1977 277 10.9 0.4 0.42 16
June 310 13.1 0.51 0.49 28
July 346 10.0 0.44 0.58 18
August 433 8.5 0.47 0.48 18
September 443 11.5 0.62 0.52 22
October 344 9.9 0.45 0.36 26
November 241 8.2 0.3 0.22 15
December 156 5.8 0.21 -—- --=
January 1978 144 5.6 0.18 06.11 5
February 77 5.1 0.15 0.12 9
March 100 8.4 0.20 0.26 18
April 182 12.1 0.33 0.45 36
May 400 12.6 0.59 0.65 16
June 626 12.2 0.83 == -=
July 728 9.6 0.77 - -
August 773 10.1 0.85 — -
September 814 10.9 0.95 - -
October 675 8.9 0.68 -— .-
November 505 9.3 0.56 -—- --
Decerber 340 6.5 0.33 —— -
January 1979 256 5.5 0.26 ——= -
February M 5.8 0.22 -—- --
March 240 8.3 0.3 === -
April 329 12.1 0.50 -—= -=

2 The following equation was used to estimate evapotranspiration (E}:
E=0.127 + [9.26 x 10”% (BxS)]

(B%5) is the product of mean biomass and average saturation deficit

for a given month.

b

FFrom Table 7.
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estimates of evapotranspiration in Plots C and H for the entire two-
year period. Biomass and theoretical evapotranspiration estimates
for Plots € and H are shown in Table 9. The use of the same model
for both years was necessary since no empirical measurement of evapo-
transpiration wsing water level records was possible during the
second year, when the water table was above the peat surface.
Several factors affected the accuracy of the theoretical evapotran-
spiration estimate for the first year: 1. The empirical rate esti-
mates from which the theoretical model was derived were made using
water level records for clear, rainless days. Lower evapotranspira-
tion would be expected on rainy days, which experience a lower satu-
ration deficit and less solar insolation than clear days. 2. Varia-
bles such as wind speed, solar insolation, and depth of peat above
the water table probably affected evapotranspiration during the first
year. These factors were not included in the theoretical model.

ODuring the second year, water levels were higher than during
the first year. Thus: 1. evaporation from a free water surface
occurred; 2. transpiration by duckweed, which grew in surface water,
contributed to water loss; 3. previously aerated roots were flooded,
possibly altering water loss by transpiration through rooted plants;
and, 4. the plots' outside region biomass, which was utilized in the
model to get theoretical evapotranspiration in the natural marsh
during both years, was probably influenced by applied water to a
greater degree during the second year than during the -first year of
the study.

It is not possible to conclude whether actual evapotranspiration
during the second year was higher or lower than the value predicted
by the model for that year. If the actual evapotranspiration was
slightly higher than the predicted values during any time period,
then outflows of water with associated nitrogen and phosphorus were
slightly lower during that time period.

Water Storage and the Distribution of
the Applied Treated Wastewater

Water storage. The results of the water storage calculations
are presented in Table 10. A comparison of Plot H and Plot C shows
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Table 9. Estimated evapotransporation in Plot C (4.4 cmfwk freshwater)
and Plot H [ 9.6 cmfwk effluent). The estimates are based upon
a biomass-saturation deficit-evapotranspivation correlation
analysis. Values are monthly means expressed as g dry weight/m
and cm Hzﬂfd.

Plot C Plot H
Manth Aboveground Evapotrans- Aboveground Evapotrans-
Live Bjomass piration Live Biomass piration

(g/m2) (cm/d) (g/m?) (cm/d)
May 1977 285 0.41 290 0.42
Jung 339 0.54 J80 0.59
July 339 0.44 576 0.66
August 504 0.52 649 0.64
September 576 0.74 777 0.95
October 430 0.52 589 0.68
November 279 0.34 415 0.44
December 167 0.22 269 0.27
January 1973 104 0.18 169 0.21
February 42 0.15 68 0.16
March 94 0.20 129 0.23
April 177 0.32 233 0.39
May 374 0.56 4495 0.7
Jung 577 0.78 766 0.99
July 701 0.75 788 0.83
August 749 0.78 687 0.77
September 878 1.01 586 0.72
October 714 0.72 510 0.55
Novenber 515 0.57 433 0.50
Decenber 322 0.32 358 0.34
January 1979 356 0.26 281 0.27
February 190 0.23 203 0.24
March 241 0.31 263 0.33
April 307 0.47 kLY 0.51
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Table 10. Monthly changes in water storage in the peat of Plot H (9.6
cm/wk treated wastewater) and Plot € (4.4 em/wk firesh water).

Values are expressed as cm Hzﬂ.

Plot H Flat C
Month Water Speci- Change Water Speci- Change
Table fic in Table fic in
Change® Tieldb Water Change ‘l’ieldh Water
{em Storage {cm) Storage
(em) (em)
May 1977 -7.3 0.24 -1.7 -6.0 0.21 -1.2
Jung =-18.6 0.18 -3.4 =13.7 0.17 -2.3
July +41.5 0.27 +11.4 +31.4 0.26 +8.3
August +14.4 0.64 +9.2 +14.7 0.59 +8.5
September -4.9 0.70 -3.4 -4.9 0.63 =-3.1
Octaber -10.7 0.36 -3.8 -13.4 0.28 -3.8
November +21.4 0.37 +7.8 +21.4 0.28 +6.0
December +3.1 0.78 +2.4 +4.9 0.79 +3.8
January 1978 =3.4 0.83 -2.8 =6.4 0.82 =5.2
February +3.4 0.89 +3.0 +4.0 0.99 +3.9
March -4.9 0.77 -3.8 -5.2 0.79 =4.1
April -16.5  0.47  -7.8 SFLT 0.42 <78
May +2.7 0.37 +1.0 +7.0 0.34 +2.4
June +20.1  0.559 4110 +18.9 0.62  +11.8
July +22.3 1.00 +22.3 +21.0 1.00 +21.0
August +11.9 1.00 +11.9 +11.9 1.00 +11.9
September -9.1 1.00 -9.1 -9.1 1.00 -9.1
October -11.9 1.00 +11.9 -11.9 1.00 -11.9
November -10.1 1.00 -10.1 -10.4 1.00 -10.4
December =0.9 1.00 =0.9 =0.6 1.00 -0.6
January 1979  +9.8 1.00 +9.8 +9.5 1.00 +9.5
February 0.0 1.00 0.0 0.0 1.00 0.0
March +7.0 1.00 +7.0 +7.0 1.00 +7.0
Apri ] -4.9 1.00  -4.9 -4.9 1.00 -4.9

@ Water table change represented the difference between water table
elevation at the beginning and end of the month.

b Specific yield derived from the regression equations for Plots C and H,
respectively, relating specific yield to depth. Values were derived for
the depth midway between the depth at the beginning and end of each month.

© Change in water storage represents the product of specific yield and water
table change.
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Table 10 {continued)

dThe regression equation for specific yield in Plot H was applied only
to a height 6.13 cm above the surface of the peat. Above this height,
specific yield was assumed to be 1.00. The value shown is the average
specific yield for this menth.

he regression equation for specific yield in Plot C was applied only

to a height of 2.10 ¢m above the surface of the peat. Above this height,
specific yield was assumed to be 1.00. The value shown is the average
specific yield for this month.
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no major differences. Both plots undergoe similar seasonal changes
in water storage. The largest increases in water storage occurred
during June and July, 1978. These were the two months with the
largest rainfall (see Table 5). No appreciable net storage of
treated wastewater or fresh water occurred in Flot H or Plot C. It
appeared that the applied treated wastewater or fresh water
displaced an equal volume of water out of the plot to which it was
applied within the one-week period following application. If the
water did not entirely flow out between applications, the water
storage in the plots would have shown an overall increase with time.
This was not observed. Applications of treated wastewater or fresh
water only built a temporary hydrostatic head in the plots. The
water table in each plot rapidly returred to equilibrium after each
weekly application. An illustration of the effects of pumping when
the water table was below the surface of the peat was presented in
the Methods section (Figs 7).

Distribution of treated wastewater within the plot. The extent
of the distribution of the applied treated wastewater in Plot H (9.6
cm/wk treated wastewater) was determined through a chloride tracer
study (see Methods). The results of this experiment are presented
in Figs. 18 and 19. The chloride concentration of the treated waste-
water was 48 mgfl. Six of the seven medium depth wells located
'.ﬁ'thin the plot (Fig. 18) exhibited chloride concentrations that were
higher than the treated wastewater concentration and much higher than
the concentrations in the wells located outside the plot. The chlo-
ride concentrations found in the deep wells (Fig. 19) were less than
the concentrations found in the corresponding medium depth wells.
Only the two deep wells in the center of the plot had concentrations
close to the treated wastewater concentration.

Results of monthly chloride analyses for the applied wastewater
and for sampling stations inside and outside of the experimental
plots are graphed in Figs. 20-24. As shown, the average concentra-
tion of chloride in groundwater from the "natural" marsh area was
significantly Tower than the average concentration in the applied
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Figure 18.

62
] ] 3
&2 B 2
]
L]
5D
53 G2
40 5q
39 " 63 .
WASTEWATER
P DISCHARGE PIPE é;{;)
SCALE
T
EFFLUENT [cr]-48
T
3%
35

Results of the chloride tracer study in Plot H (9.6

cmfwk treated wastewater) from the medium depth (1.5 m)
wells. Values represent mg/1 C1°. The top number repre-
sents the sample collected prior to treated wastewater
pumping, the middle number represents the sample col-
lected during treated wastewater pumping, and the bottom
number represents the sample collected twenty-four houns
after pumping had ceased.
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Figure 19. Results of the chloride tracer study in Plot H
(9.6 emfwk treated wastewater) from the deep (2.5 m)
wells. Values listed as described for Fig. 18.
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Figure 20. Chloride concentration in the secondarily treated wastewater.
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treated wastewater. [Duncan's multiple range test was applied to the
data for wells in the northwest corner of Plots C, L, M, and H (WZIM,
W22M, W24M,and W23M, respectively), and in the natural marsh (W2M}.
Results are given in Table 11. The concentration of chloride was
significantly higher (a = .05) in well W234 than in the natural
marsh. This suggests that chloride, and hence the treated waste-
water, was distributed rather uniformly over Plot H prior to export.
Utilizing the monthly chloride concentrations and estimated
water outflows for the pericd January - December 1978, inflow and
outflow of chloride for Plots C and H were obtained. Results are
shown in Table 12. It must be noted that chloride content was not a
direct indicator of the rate of water flow past any particular
sampling station. Although the values of Table 11 must be viewed
with caution, they nonetheless provide further assurance that
applied fresh water and wastewater were distributed and exported more
or lTess evenly out through the peat layer in Plots C and H.
Duncan's multiple range test was performed on chloride concen-
tration data for surface station N (average of N1 and NZ data),
located in the natural area of the marsh near well W2M, and stations
HI, HO, CI, and €O, located in the inside and outside regions of
Plots H and C, respectively. Results of the amalysis are given in
Table 13. Since natural levels of chloride in the surface water of
the marsh were fairly high, it was difficult to detect a significant
increase in chloride due to the influence of treated wastewater at a
particular surface site. However, a significantly higher (e = .05)
level of chloride was found within this group of stations at the
center of Plot H as compared with the natural area or Plot C.
The conclusions of the chloride tracer study and mass-balance
calculations are as follows:
1. Treated wastewater was distributed throughout the
bottom of the peat layer in Plot H.

2. Some leakage of applied treated wastewater occurred
vertically through the peat, directly beneath the
application pipe in Plot H. However, this leakage
was not great enough to influence the medium or deep

77



Table 11. Average concentrations of chloride in medium depth wells of the
experimental plots and the natural marsh (1/78 - 12/78).

Wells W22M W23M WZ1M W24M WZM

Mezan Chloride 43.55 37.35 29,35 25.48 19.23
Content (ma/1)
ar a,b b,c b,c C

* PResults of the Duncan's multiple range test applied to the chloride data
for the five wells shown in this table. Wells with the same Tetter appearing
in this row were not found to be significantly different with respect to
chloride content during 1/78 = 12/78 ( « = 0.058). For example, the chloride
content of W22M was not found to be significantly different from W23M, but
was different from W2TM.
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Table 12. Estimated mass inflows and ﬂuEf]mﬂg of chloride in Plots € and H,
January - December, 1978 (g/m=-year).

Plot Rain Freshwater Out flow Outflow/Input
or Wastewater
Control 0.9 40,2 32.6 a1.09%
High-Rate
W2ima 0.9 234.0 155.7 b6 . 5%
WM 0.9 2340 185.6 79.32%

A23M was located in the northwest corner of Plot H, and W3M was located
in the center of the plot directly beneath the treated wastewater discharge

pipe.
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Table 13. Average concentrations of chloride jon in surface samples from
Flot C, Plot H, and the natural area (August 1978 - May 1979).

Plot H Plot H Hatural Plot C Plot €
Inside Outside Marsh Inside Qutside
: Region Region (N} Region Region
Station (HI) {HO) (CI}) {co)
Mean chloride 43.54 39.88 .09 29.96 21.19
content {mg/1)
a* a,b b b,c c

* Results of the Duncan's multiple range test applied to the chloride data

for the five locations shown in this table. Locations with the same letter

appearing in this row were not found to be significantly different with

respect to chloride content during August 1978 - May 1979 (= = 0.05). For

example, the chloride concentration in Plot H Inside was not found to be

ﬁ;gn;ficantly different from Plot H Outside, but was different from Natural
rsn.
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layers downgradient of the application site.

3. Applied treated wastewater flowed past the northwest
corner wells of Plots L, M, and H (W22M, W24M, and
W23M, respectively).

Hydrologic Budgets for the Control Plot, High-Rate
Treated Wastewater PTot, and the "Average™ Marsh

The monthly hydrologic inputs and outputs are presented for
Plot C, Plot H, and the undisturbed, "average" marsh in Tables 14-
16, respectively. The evapotranspiration totals for each month were
derived by multiplying the theoretical evapotranspiration rate
obtained from the model of evapotranspiration by the number of days
in the month. Evapotranspiration as predicted by the model was
higher in Plot H than in either Plot C or the natural marsh. This
was due to the higher biomass found im Plot H. Predicted
evapotranspiration was higher in all areas during the second year of
the study. A summary of the hydrologic budgets is given in Table
17 for the two years studied.

Total rainfall was higher during the second year than during
the first year. The effects of rainfall upon the water table in the
marsh were described earlier (see Hydrologic Inputs). A slightly
larger volume of fresh water was applied to Plot C during the second
year than during the first year of the study.

Net outflow of water from the natural marsh, Plot C, and Plot H
was calculated by the continuity equation as described in the
Methods section.

The natural marsh area exhibited a net inflow of water during
both years of this study. Calculated net inflow was considerably
higher during the second year than during the first, due to a
greater calculated evapotranspiration and a net storage of water
during the second year. A net outflow of water from the natural
marsh area was calculated for the winter of the first year (December
1977 - May 1978}, during which time lower temperatures and lower
aboveground biomass prevailed. The Tlayer of aboveground dead
biomass in the marsh possibly helped to minimize evapotranspiration
during this period, at which time the water table was near the
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CTable 14. Hydrologic budget for Plot C (4.4 emfwk Fresh water). Values were calculated from water level records,
rainfall measurements, evapotranspiration-saturation deficit-biomass regressions, and freshwater pumping
records. Values are expressed as cm Hzﬂfm.

OQutflow
Rafn® Fresh Hater? EI?EE?E:E" e b Frott
Month {em) {cm) {em) {cm? (em)
Hay 1977 2.1 15.3 12.7 -1.2 5.9
dune 5.5 19.8 16.2 =2.3 11.4
July 21.8 15.5 13.6 8.3 15.4
August 16.2 15.8 16.1 8.5 7.4
September 13.9 19.1 2.2 -3.1 13.9
October 2.8 18.8 16.1 -3.8 9.3
Noverber 8.2 14.9 10.2 6.0 6.9
December 10.4 19.2 6.8 1.8 19.0
January 1978 7.2 15.2 5.6 =5.2 22.0
February 14.9 15.2 4.2 3.9 22.0
March 6.6 15.4 6.2 -4.1 19.9
April 1.8 15.4 9.6 =7.4 15.0
May 14.4 'E'l'l.4f 21.7 199.6 17.4 139.5 2.4 3.4 16.3  188.1
June 27.6 16.0 23.4 11.8 8.4
duly 32.8 15.4 23.3 21.0 1.9
August 6.5 19.3 27.0 1.9 =13.1
sepbember 7.9 15.4 0.3 =9.1 2.1
Qctober 4.6 15.4 2.3 =11.9 9.6
November ] 15.4 171 =10.4 8.7

becember g.9 15.4 9.9 -0.6 15.0



Table 14 (continued).

Ot flow
Evapotrans- Change f

Emn“ Fresh Water” piration® Storaged” Plote
Month em) (em) (em) { {cm)
January 1979 17.8 15.4 8.1 9.5 15.6
February 5.0 34.9 6.4 0.0 3.5
March 10.0 3.9 9.6 7.0 26.3
Apiri 13.2 34.9 14.1 -4.8 0.0
Tatals 26029 148.8" 4537 2san 8.4 208.9 W1 26.7  3W.8  167.3
a

Values from Table &

b yalues from Table 6

€ values from Table &

Values from Table 10

Calculated by the continuity eguation:
D==p3+F+R-E
where 0 is outflow, . 85 is change in storage, F is the fresh water, R is the rain input, and E is
evapotranspiration.
Yearly totals
¥ Two year totals.

Table 15. Hydrologic budget for Plot H (9.6 amfwk). Values were calculated from water Tevel records,
rainfall measurements, evapotranspiration-saturation deficit-biomass regressions, and treated
wasbnedter pumping records. Values are expressed as om HEIJ..rrru.

Outflow
Rain®  Treated Wastewater? E::Eﬂ;lﬁfm‘ Eltgﬁeaan :me
Month {om) {cm) [cm) {-:m? {cm)
May 1977 2.1 41.5 13.0 =1.7 32.3
June 5.8 50.9 17.7 -3.4 d4z.1
July 21.8 40.7 20.5 11.4 0.6
Mugust 16.2 49.6 19.8 9.2 6.8
September 13.9 51.1 8.5 -3.4 3.9
Octobar 2.8 42.2 21.1 =3.8 2r.7
November 8.2 41.2 13.2 7.9 28.3
DPecember 10.4 50.9 8.4 2.4 0.5
January 1978 7.2 40.7 6.5 -2.8 44,2
February 4.9 40.7 4.5 3.0 48.1
March 6.6 21.8 7.1 -31.8 25.1
April 1.8 41.4 11.7 -7.8 .3
May 14.4 IlT.df 46.2 512.7 22.0 17Z.0 1.0 7.2 7.6 444.9
June 27.6 45.9 29.7 11.0 3.8
Jully 2.8 4.1 25.7 22.3 5.9
August 6.5 51.3 23.9 1.9 2.0
Septosber 1.9 41.1 21.6 -9.1 k.5
Octobar 4.8 41.1 171 =11.9 D, 5

Hovember 1] 41.1 15.0 =10.1 5.2
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Teble 15 (continued).

Qutflow
Evapotrans- Change in rom
Rain® Fresh Water” piration® ﬁmm?es Plot®
Manth {em) (ca) () {em (em)
Becember a.9 4.1 10.5 -0.9 an.48
Janvary 1979 17.8 41.1 8.4 9.8 40.7
February 5.0 .7 6.7 0 n.0
March 10.0 2.7 10.2 7.0 25,5
April 13.3 2.7 15.3 -4.9 5.6
Totals 260,29 M&.Ef To0h.8  488.1 7801 6.1 35.6 EB.4 B49.6  404.7

5 yalues from Table §

b Values from Table &
€ values from Table 9
9 yalues from Table 10

® Calculated by the continuity equation:

b= =<s5+F+R-E
where 0 §5 outflow, 45 % change in storage, F is the treated wastewater, R iz the rain input, and E i5
evapotranspiration.

f Yearly totals.

9 Two year totals.



Table 16.

Hydrologic budget for the "average" marsh.
calculated from water level

Values are expressed as cm Hzﬂfmﬂ.

VYalues were
records and vainfall measurements.

a Evapotraps-  Change in d
Rain piration Storage® Outflow

Month {cm) (cm) (em) (em)
May 1977 2.1 12.7 -1.2 =9.4
June 5.5 15.3 -2.3 -7.5
July 21.8 13.6 8.3 =0.1
August 16.2 4.6 8.5 -6.9
September 13.9 18.6 -3.1 -1.6
October 2.8 14.0 -3.8 -7.4
November 8.2 9.3 6.0 -7.1
December 10.4 6.5 3.8 0.1
January 1978 7.2 5.6 -5.2 6.8
February 14.9 4.2 3.9 6.8
March 6.6 6.2 -4.1 4.5
April 1.8 2.9 -7.4 -0.7
May 14.4  111.4% 18.3 130.5 2.4 3.4 6.3 =22.50
June 27.6 24.9 11.8 -9.1
July 32.8 23.9 21.0 =12.1
August 6.5 26.4 11.9 -31.8
September 7.9 28.5 -9.1 -11.5
October 4.6 21.1 -11.9 =46
November 0 16.8 -10.4 -6.4
December 8.9 10.2 -0.6 -0.7
January 1979 17.8 8.1 8.5 0.2
February 5.0 6.2 0.0 -1.2
March 10.0 9.6 7.0 -6.6
April 13.3 15.0 -4.9 3.2
Totals 260.2 148.8%339.5 209.0 .30.7 26.7 -109.4 -86.9
2 Values from Table 5.
b yalues from Table 8.
© Assumed to be the same as Plot C, values from Table 10.
d Calculated by the continuity equation:

0 ==A5 +R - E

where 0 is outflow, 25 is change in storage, R is the rain input, and

and E is evapotranspiration.
e

Yearly totals.
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Table 17. Summary of two years of hydrologic data from May 1977 through
April 1979. ANY values in cm of water per year,

" High Rate
Freshwater Treated
Control Wastewater Average
Plot Plot Marsh
May 1, 1977 - April 30, 1978:
Rainfall 111.4 111.4 111.4
Applied water 199.6 512.7 -—
Exapotranspiration 139.5 172.0 130.5
Change in storage + 3.4 + 7.2 + 3.4
Net outflow 168.1 444.9 -22.5
May 1, 1978 - April 30, 1979:
Rainfall 148.8 148.8 148.8
Applied water 254.1 488.1 —_—
Evapotranspiration 208.9 206.1 209.0
Change in storage +26.7 +28.4 +26.7
Het outflow 167.3 404.7 -B6.9
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surface of the peat. Mighest quantities of inflow in the natural
marsh were calculated for the first month of the study (9.4 em
during May 1977) and for the summer of 1978 (31.8 cm during August
1978).

The freshwater contrel plot (Plot C) exhibited net outflow of
water for both years due to the application of the fresh water.
Lowest outflow values were cbserved for the summer of 1978, and high-
est outflow wvalues were observed towards the end of the two- year
study in the spring of 1578. The high rate treated wastewater appli-
cation plot (Plot H) exhibited a consistent net outflow throughout
the study period due to the application of the treated wastewater.
Estimated outflow values for the first year were slightly higher than
for the second year in Plot H. MHighest outflow values were observed
in Plot H during the winter months of the first year. MApplication of
treated wastewater and fresh water thus changed Plots H and €, from
net importers of adjacent channel and lake water to net exporters of
applied water.

Flant Production

Live and Dead Aboveground Standing Crop

Analysis of variance indfcated that during the first year of
this study, when the water table was below the surface of the peat,
aboveground live biomass was significantly greater (o« = 0.01) near
the treated wastewater or freshwater discharge pipe (inside sampling
region) than in the outside sampling regfons (outside the influence
of the distribution pipes but still inside the plots). Applied
water and nutrients thus had their major impact on biomass near the
site of discharge during this first year. There was no significant
difference (o = 0.01) detected in aboveground live biomass amaong the
outside regions of the four plots during the first year.

Results for plots C, M, and H are shown together for the inside
and outside regions of these plots, respectively, in Fig. 25. The
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Figure 25. Aboveground 1ive biomass for Plots C, M, and H (4.4 cm/wk of freshwater, 3.7 and 9.6
emfwk of treated wastewater) in the inside section of the plots near the distribution
pipe (upper chart), and in the outside section of the plots (outside the influence of

the distribution pipe - Yower chart).



stimulatory effect of applied treated wastewater is evident for the
first year in this figure. The inside region of Plot H exhibited
significantly higher (e = 0.0%) values, as indicated by Duncan's
multiple range test, than the inside regions of the other plots for
this period. Both Plots M and H exhibited higher peak inside region
values than Plot € during the growing season of the first year.

Growth patterns were much different during the second year.
There was no significant difference detected (o = 0.01) in total
aboveground live biomass among Plots C, M, and H during this period.
Neither was any significant difference detected between the wvalues
for inside regions and outside regions of the plots. The peak
biomass wvalue was lower for the second year's growing season than
for the first year in the inside region of Plot H. Conversely,
second year values were higher than first year values for live
biomass found in the outside regions of Plots C, M, and H, and in
the inside region of Plot C. These results were due primarily to
the higher water table and the more evem distribution of applied
water and nutrients during the second year. More of the nutrients
applied to surface water in each plot were able to reach the outside
regions of those plots during the second year. Under dry condi-
tions, nutrient assimilation was more localized, resulting in more
localized effects on plant biomass.

The presence of standing water resulted in significant physical
and chemical changes in the marsh system which directly affected
plant growth. Partial submersion of rooted plants, coupled with
growth of algae and floating plants, Timited the availabiltiy of
light to shorter plants such as Panicum. Availability of oxygen may
have been limited for some plants by the presence of standing water,
although emergents such as Sagittaria are capable of supplying
oxygen to their roots through their vascular system. Anaerobic condi-
tions in sediments and peat result from slow diffusion of oxygen
through water, coupled with the continuing oxygen demand of organic
materials in the upper layers of the sediments or peat. Such condi-
tions may result in the generation of HpS, which is toxic to root
metabolism for some plants (Gosselnik 1978). Micronutrient and phos-
phorus availability may also change with the reduced availability
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fboveground dead biomass for Plots C, M, and H (4.4, 3,7, 9.6 oofwk]) in the inside
section of the plot near the disteibution pipe (upper chart}, and in the cutside
section of the plot (outside the influence of the distribution pipe - Tower chart]).




of oxygen in the peat substrate. From the data collected in this
study, it was not possible to conclude which of these effects were
important deterrents or stimulants to plant growth during the second
year.

A sharper dieback of aboveground live vegetation was apparent
throughout the marsh during the winter of the first year relative to
the second year. The lack of standing water during the first year
subjected the plants to cooler ambient temperatures, leading to
increased mortality at this time.

A general increase in the dead aboveground biomass contained
throughout Plots €, M, and H was evident for the first (dry) year
(Fig. 26). The highest aboveground dead biomass content, 2297
g/m2, was exhibited by the inside region of Plot M on the February
20, 1978, sampling date. An overall decline in this component was
observed for all plots between February and September of the second
year as the water table rose and mean daily temperatures increased.
After September, renewed accumulation of dead aboveground biomass
took place in the inside and outside regions of Plot M and in the
inside portion of Plot H. Application of Duncan's multiple range
test to the dead aboveground biomass data showad that the dead above-
ground stock in Plot M was significantly greater than the dead above-
ground stock in Plot H or Plot € for both the dry and wet years (o =
0.05). Also, the dead aboveground stock in Plot H was significantly
higher than the dead aboveground stock in Plot C during the first
year (o = 0.06).

The occurrence of higher values for aboveground dead biomass im
Plot M than for Plots H or C, especially during the colder periods of
both years, was probably due to a lower average rate of decomposition
within Plot M than within Plot H. CEven though Plot H exhibited a
higher aboveground net production value during the first year of the
study, Plot M could have accumulated more Titter during that year if
decomposition there was slower than in Plot H. The rate of decompo-
sition of plant material is governed by several factors: 1. availa-
bility of water; 2. oxygen; 3. temperature; 4. pH; 5. availability of
nutrients in surrounding water; and 6. availability of nutrients in
decomposing  wvegetation. During the first year, decomposition
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throughout the marsh may well have been limited by the availability
of water. Deghi (1977) found decomposition of freshly harvested
cypress needles proceeded at a slower rate under dry conditions than
under wet conditions in a Florida cypress dome receiving treated
wastewater. Dierberg and Ewel (1979) found decomposition of dead
cypress needles in litter fall was significantly faster in & Florida
cypress dome receiving treated wastewater than in a matural control
dome. Since Plot H received the largest volume of water, maintained
the highest concentration of nutrients in interstitial water, and had
the highest concentrations of nitrogen and phosphorus in biomass, the
rate of decomposition of newly senesced biomass ({litter) would be
expected to have been highest in this plot. Of Plots C, M, and H,
Flot C would be expected to have had the lowest rate of decomposition
during the first year, and Plot M an intermediate rate. Met accumu-
lation of litter depends on the balance of its production and decom-
position. The higher net production of Tive biomass and hence Titter
in Plot M relative to Plot C, coupled with a lower rate of decomposi-
tion in Plot M relative to Plot H, may have led to the greater 1itter
accumulation in Plot M.

Belowground Standing Crop

Belowground biomass results are illustrated in Figs. 27-29 for
the inside region of Plets C, M, and H, respectively. The results
for aboveground live biomass in the specified areas are plotted for
comparison on the same figures. Since the belowground component
includes both live and dead roots, the seasonal trend cbserved for
any particular year may be affected by root growth and decay that
occurred in previous years.

The inside region of Plot C exhibited lower belowground stock
during the summer of the first and second years tham during the
winter of those years (Fig. 27), although no significant difference
was detected at the 0.05 level. The lower wvalues in the surmer
could reflect the loss of tissue produced during the previous year,
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which decomposed throughout the spring and early swewmer following
its production. Mobilization of stored energy reserves 1in the
spring could also have depleted belowground stocks (Whigham et al.
1978). If the decompostion and mobilization of compounds in 1ive and
dead roots proceeded at a faster rate than new reot production during
the spring and early summer, a net decline in belowground live plus
dead stock would be expected. After most of the dead tissue had been
converted to C0z and peat, the continuing net production of new
root tissue would raise the total belowground live plus dead stock.

The inside region of Plot H exhibited significantly (o = 0.05)
higher belowground stock during the summer than during the winter of
the dry year (Fig. 29). The belowground stock exhibited by the
inside region of Plot H during August of the first year was 6071 g
dry we1ghtfm2. The roots were well aerated during the growing
season of the first wear, since the water table was below the
surface of the peat throughout most of this period (see Figs. 14 and
15). As with the aboveground component, rapid and localized growth
of roots occurred in the vicinity of the treated wastewater appli-
cation pipe (inside region) in Plot H during the dry growing seasan.
The large root stoeck accumulated here during the first year was
subsequently translocated, decomposed, and converted to new peat.
Conditions were apparently less favorable for root growth near the
discharge pipe in Plot H during the second (wet) growing season, than
during the first (dry) growing season.

Belowground biomass data for the inside, outside, and total
regions of Plets C, M, and H are surmarized in Table 18. Plots M and
H exhibited an overall decrease in belowground stock between April
and February of the second (wet) year, both for their outside regions
and for the total region of these plots. This decrease could repre-
sent the utilization, decomposition, and conversion to peat of root
stock produced during the first (dry) year. Analysis of variance of
the belowground biomass data for the period April 1978 - February
1979 indicated no significant differences in storage among the plots
(= = 0.01) during that period.
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Table 18. Below ground live plus dead biomass (g dry '|.~-'iai+5|1'|1:.I'm"'I £ 1 8E).

Date Plot C Plot M Plot H
Inside Regions
8/11/77 2607.0+1.1 i 6071.1485.6
2/20/78 3581.6+160.2 - 3409.1+280.8
4/15/78 3006. 7+730.3 2869.9+291.3 1675.9+238. 6
6/25/78 2731.9+4190.0 2364.8+437.7 2205.7+210.4
g/18/78 2265.3+304.5 25?0.91523.3 2476.0+500.0
2/17/79 2840.9+1345.4 2302.3+370.4 1669, 2+426.8
Outside Regions
4/15/78 2959.5+212.2 2905, 5+448.1 4292.04706.4
6/25/78 2638.0+266.7 3055.6+211.5 2805.34549.5
9/18/78 1726.3+204.1 3152.0+38.4 2323.3+251.6
2T 2929.2+673.3 2376.14332.1 2322.9+246.7
Total Regions
4/15/78 2971.3+341.7 2896.6+408.9 3638, 0+589.4
6/25/78 2661.5+247.5 2882.9+768.1 2655.4+464.8
9/18/78 1861.0+229.2 3006.7+161.0 2361,5+313.7
27779 2907.1+841.3 2357.7+341.7 2159.5+292.9
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Het Production

Peak aboveground Tlive biomass attained during the growing
season of each year was used as an estimate of net annual aboveground
production during each year (see Methods chapter for a discussion of
this technique). Table 19 shows the production values for the exper-
imental plots. The production value for the low-loading plot (Plat
L) was not measured during 1978 due to a manpower shortage. The
total region value for each plot was obtained by using a 25-75 area-
weighted average of the values for the inside and outside regions of
the respective plots (see Methods).

Net annual aboveground production was greatest near the
discharge pipe [inside region) of Plot H during both the first (dry;
1977) and second (wet; 1978) years. Several factors were respon-
sible for the apparent drop in aboveground production between years
for the inside regions of Plots M and H. Some of these factors were
discussed in the live and dead aboveground standing crop section.
One probable cause for the Tower values is the wider distribution of
applied nutrients and water which cccurred when standing water was
present in the marsh. Also, different species present near the
distribution pipes prabably attained their respective maximum biemass
at different times throughout the second year's growing season. This
occurred because drier conditions were present during the first year,
and not all species that were established near the application pipes
during the first year were equally well adapted to the higher water
table, which was established by the end of the second year's growing
Season. Such differential peaking of different species' biomass
results in lower net production estimates than would be obtained if
all species attained peak biomass simultaneously (Whigham et al.
1978).

Production of aboveground biomass in the outside regions of
Plots C, M, and H was greater during the second (wet) year than
during the first (dry) year. Greater access to applied nutrients
and water during the second year was in part responsible for the
observed increase in these regions.
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Table 14.

Net annual above ground_production of plots.

A1l values are

given in g dry matter/ + 1 5.E.
Inside Outside Total
Region Region Region
(n=3) (n=3) (n=6)
Plot C 1977 BBO.6+195.0 546.3+25.4 532.1:&{.3
1978 986.5+221.7 872.3+419.1 900,9+365.8
Plot L 1977 699.7+202.9 396.2+30.7 472.1473.8
1978 -—— -— -
Plot M 1977 1326.3+336.5 E77.7+115.3 773.94170.6
1978 1054, 2+285.0 1000.8+304.4 1014.24299.6
Plot H 1977 1629.2+720.9 493.1+166.2 777.14304.9
1978 1150.8+138.0 753.9+59.3 853.1479.0
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The computed net annual aboveground biomass production for the
total region of Plot M or H was higher than the production for the
total region of Plot € during the first year of the study. The
apparent difference was not statistically significant at the 0.05
level, perhaps due to the small (n = 6) sample size used in this
experiment. During the second year, higher net production was
observed for the aboveground component of the total region of Plot M
relative to Plots C and H. (Once again no significant differences
were detected at the 0.05 level, presumably due to the small sample
size used. Migher net annual aboveground production of vegetation
(aquatic macrophytes and semiwoody species) was calculated for the
total region of Plots C, M, and H during the second (wet) year than
during the first (dry) year. Apparently, flooded conditions were not
a deterrent to producticn in the plots during the second year.

Phosphorus Considerations

Phosphorus Water Values

Figure 30 shows the concentration of orthophosphate and total
phosphorus in the secondarily treated wastewater applied to Plots H,
M, and L (9.6, 3.7, and 1.5 cmfwk of treated wastewater, respec-
tively). There do not appear to be any discernible seasonal trends
wWith respect to phosphorus concentration in the applied treated
wastewater. The orthophosphate fraction made up 61.5% of the average
phosphorus applied.

Figure 31 shows the total phosphorus concentration of samples
collected from selected wells representing the four experimental
Plots H, M, L and C, the sand aquifer at wvarious points throughout
the natural marsh (WIGD, W17D, W11D), and medium depth wells lecated
in the natural marsh (WM, W2M, WBM). The phosphorus concentrations
in these wells were compared with the total phosphorus concentration
representing 97% removal in the applied secondarily treated waste-
water. The experimental plots receiving the treated wastewater (H,
M, and L) achieved 97% or greater removal 24% of the time. The
natural marsh exceeded the concentration representing 97% removal
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13% of the time. Weighting the values in Fig. 31 teo eliminate
sampl ing days on which natural marsh concentrations exceeded the 97%
removal value (i.e., August 1977, September 1977, October 1977,
November 1977, etc.) provides for 97% removal of total phosphorus
being achieved 94% of the time.

Table 20 shows the removal efficiencies for the medium depth
and deep wells located in Plots H, M, and L. The efficiencies were
based on all samples collected. The average removal for medium
depth wells was 97.6%, with well W3M providing the least treatment
at 94.1% removal. This well was located directly beneath the waste-
water application pipe in the high leading plot (Plot H). The aver=
age removal of total phosphorus, based om deep well values, was
99,24, This includes well W3D (98.8% removal), which was located
adjacent to well W3M directly beneath the application pipe.

Figure 32 shows the phosphorus concentration of samples
collected from the northwest corner wells of Plots H (W23M), M
(Mz4M), and € ([W21M). Computer analysis of wvariance techniques
(ANOVA) and Duncan's Multiple Range Comparisens indicated that the
concentrations of these three wells and the corner well in Plot L
were not significantly different (@= 0.05) from each other or from
the concentrations found in the natural marsh as represented by well
W2M. A1l of the wells depicted in Fig. 32 follow similar monthly
trends. The relatively high phosphorus concentrations reported for
wells W23M (Plot H) and W2IM (Flot C) during the winter of 1978
appear to have been related to matural decomposition throughout the
marsh.

Figures 33 and 34 represent the total and orthophosphate concen-
trations found in wells located in Plot H. Wells WLZ2D, Wi2M, and
W23 (located in the outside region of the plot) had relatively
uniform concentrations of both total phosphorus and orthophosphate
(0.05 to 0.3 mg/1) throughout the study period. There appeared to be
an increase in concentrations found in these wells after the May 1978
sampling period. This phenomena may be attributed to a rise in the
water table above the peat surface. The well data for W3M, W3D, and
W35 showed great variability. These wells were located directly
beneath the application pipe and phosphorus wvalues may reflect the
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Table 20. Total phosphorus removal efficiencies for wells located in
Plots H, M and L (9.6, 3.7, and 1.5 cm/wk of treated wastewater,
respectively). Removal efficiencies were based on a total
phosphorus concentration of 8.72 mg/1 in the applied secondarily
treated wastewater.

Well Number Average Concentration Average % Number of
{ma/1) Removal Observations

Treated

wastewater 8.722 - 23
WZ2ZM 0.121 98.6 19
W3M 0.514 94.1 21
W3D 0.103 98.8 14
W12M 0.147 98.3 14
W12D 0.069 99.2 11
W23M D.122 8.6 21
W15D 0.045 09,5 12
WZ24M 0.117 a8.7 18
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great variability of the phosphorus in applied treated wastewater.
Well W3S was a shallew well and for this reasom maintaining a seal to
isolate the well from surface water contamination was very difficult.
This may have contributed to the relatively high values reported.
Figure 35 represents the total phosphorus and orthophosphate concen-
trations found in wells W10D and W2IM located in the freshwater
control plot. These wells maintained low concentrations of total
phosphorus until the winter of 1978 (October through February}, when
high water conditions and natural decomposition may have released
high concentrations of organic phosphorus into the groundwater.

The total and orthophosphate concentrations in the natural
marsh medium depth wells are shown in Figs. 36 and 37. The total
phosphorus levels for WIM, W2M, and W8M show a decreasing trend from
June 1977 to January 1978; a stable concentration of approximately
0.05 mg/1 until October 1978; and finally an organic phosphorus peak
from November to February 1979 followed by decreased concentrations.
The peak in organic phosphorus mirrors the peak observed in the
control plot wells and the high loading plot wells WI2M, W12D, and
W2iM. As previously mentioned, this may have been the result of a
high water table and decomposition. The minor peak located from
March 1978 to May 1978 was also seen in the above mentioned wells.
This peak might represent the initial release of phosphorus due to
the anaerobic conditions being created by a rising water table.

The phosphorus concentrations for the deep natural wells (W16D,
W17D, and W11D) are shown in Fig. 38. These values, which represent
the sand aquifer belew the marsh, had greater variability tham anti-
cipated. The fluctuations could have been caused by influences from
the percolation pond at the sewage treatment plant or natural fluxes
of phosphorus through the aguifer to and from the Palatlakaha River.
Wells W16D and WI7D are located between the percolation pond of the
Clermont Sewage Treatment Plant and the experimental plots.  Well
W11D is located within 60 yards of the Palatlakaha River (see Fig.
5}.

Surface water phosphorus concentrations for Plots C and H are
shown in Figs. 39 and 40. The marsh water table exceeded the peat
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surface between May and Jume of 1978. Surface water samples were
collected during August 1978, Figure 39 compares the total phos-
phorus concentrations of the inside (near the application pipe) and
outside region of Plot H and Plot C with the natural marsh surface
concentrations. The high values presented (generally greater than
4.0 mg/1) for Plot H reflect the treated wastewater loading, release
of phosphorus from sediments, and decomposition. ODuring October and
November 1978, the inside concentrations of phosphorus in Plot H were
lower than the concentrations exhibited in the outside region of the
plot. This phenomena may be attributed to increased algal activity
toward the inside of the plot during this time. Clorophyll-a concen-
trations of composite samples collected from the inside and outside
portions of Plots H, M, and C are shown in Table 21. These wvalues
indicated greater algal productivity and therefore greater phosphorus
uptake toward the inside of Plot H. It should be noted that only two
monthly samples were taken, and that clorophyll-a determinations were
not a part of the regular analysis schedule. The higher algal
productivity near the distribution pipes of all sampled plots would
result in more phosphorus being tied up in algal cells and therefore .
not measured in the water samples when they were filtered.

Figure 39 also compares the total phosphorus concentration of
Plot € surface water with the natural marsh surface water. The mean
concentration of total phosphorus in the outside region surface water
of Plot C was not significantly different from the surface water
concentration in the natural marsh. Figure 40 shows orthophosphate
concentrations for the surface waters in Plots € and H. Figure 41
represents the surface water total phosphorus and orthophosphate
concentrations present in the Palatlakaha River and Lake Hiawatha.

In summary the trends in phosphorus concentration observed for
wells in Plots H, M, L and € parallel the trends observed in natural
marsh wells over the course of this study. All wells reported rela-
tively high concentrations of phosphorus from the time treated waste-
water was first applied (June 1977) through December 1577. These
high values were followed by a period of low, stable phosphorus
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Table 21.Chlorophy11-a results for Plots H, M, L, and C (9.6, 3.7, and
1.5 emfwk of treated wastewater and 4.4 cmfwk of fresh water,
respectively), and the undisturbed natural marsh (N).

Location Chlorophy11-a . {mgfm3}
I 2/17/19 3/16/79
Plot H

Inside 4247 7144

OQutside 226 826
Plot M

Inzide 1402 3085

Qutside 97 -
Plot C

Inside 3868 495

Qutside 357 &6
Natural Marsh 255 m
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concentrations with the exception of the Plot H wells MWaM, W3D, W3s,
WilgM and W12D. During the winter of 1978 all wells showed high phos-
phorus concentrations, which were probably caused by decomposition of
dead marsh vegetation.

Surface water concentrations of phosphorus generally reflected
the phosphorus concentrations found in the applied treated wastewater
as well as decomposition and peat soil desorption phenomena. The
data reported for surface water phosphorus concentrations (Figs. 39
and 40) indicate the necessity for treated wastewater to be confined
and forced to exit the confinement area via groundwater discharge.

Phosphorus Aboveground Vegetation Values

|
Tables 22 and 23 present the concentration of phosphorus in

the major plant species of Plots H and C during the dry period lof the

study. Table 24 presents the concentration of phosphorus in three

major plant categories: Tlive aboveground vegetation, semiwoody vege-

tation, and aboveground dead material in Plots H and C during the wet
period of the study. ODuring the dry period in the freshwater plot
(Plot C€), there were no large differences in phosphorus levels over
time or between species. Panicum, a grass, generally exhibited Tower
phosphorus concentrations than Sagittaria or Pontederia. The phos-
phorus level in the aboveground dead material remained nearly
constant. There were no apparent differences between the concentra-
tions found in the inside region samples of the plot wversus the
outside region samples. '

The wvegetation in Plot H exhibited marked differences in phos-
phorus Tevels depending on the location of the sample. All the
aboveground plants collected from the inside of Plot H after| April
1977 exhibited a large increase in phosphorus levels as compared to
the outside samples for Plot H. The concentration in the Sagittaria
stem samples collected from the inside underwent more than four-fold
increase in phosphorus content betweeen April and June 1977. The
levels in Panicum increased three-fold. A continual increase in the
phosphorus concentration of the aboveground dead vegetation was seen
for the inside region samples of Plot H. ’
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Table 22. Phosphorus content of marsh vegetation in Plot H (9.6 cmfwk of
of treated wastewater). Values are expressed as parts per
hundred of phosphorus (%P).

Sampling Sa;ittaria Pontederia Panicum Hibiscus Aboveground
Date Lea tem Leat Stem Dead

Outside Region

#fzﬁf?? 0115 Ull? u-l? ﬂilD ﬂ-nﬁ - ﬂ*ﬂ#
6/10/77 0.17 0.15 0.10  0.08 0.10 ——— 0.05
T1/8477 0.28 0.37 0.24 0.15 0.15 ——— 0.07
a8/ /It 0.22 0.35 —— 0.716 0.15 ——- 0.06
/15,77 0.23 0.22 -— 0.28 0.14 0.10 .08
1203077 —— —-— —— - 0.16 —_— 0.08
2720478 — 0.52 —_— —— 0.31 == 0.08
Inside Region

a4/25/477 0.22 0.17 0.11 0.09 0.09 -— 0.04
610477 0.47 0.75 0.41 0.59 0.29 —_— 0.20
1/8/77 0.41 0.65 0.46 0.46 0.25% 0.33 0.12
87T 0.38 0.66 0.29 0.57 0.26 0.46 0.23
15477 0.28 0.45 — -—- 0.16 0.49 0.32
12/3/77 —— 0.56 == —== 0.18 0.34 0.32
2120778 -— 0.73 — -— 0.24 -— 0.35

utside values represent samples collected from the outer region of the
plot; inside values represent samples collected from the interior regionm
{near the distribution pipe).
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Table 23. Phosphorus content of marsh vegetation in Plot C (4.4 cm/wk) of
fresh water. Values are expressed as parts per hundred of phos-
phorus (%P).

Sampling Sagittaria Pontederia Panicum Hibiscus Aboveground
Date Leag Stem Leaf Stem Dead

Qutside Region

4725177 0.18 0.17 0.13 0.1 0.08 - 0.06
BN 0.18 0.14 0.09 0.06 0.07 0.1% 0.06
1/8/77 0.17 0.20 0.09 0.06 0.08 -== 0.06
gnym 0.14 0.13 -—— —-— 0.07 === 0.05
9N 0.20 0.22 0.20 0.06 0.09 -== 0.07
12/3/77 - 0.13 === ——= 0.05 -— 0.06
2/20/78 —=- 0.63 -—- -— 0.17 —== 0.07

Inside Region

4725/77 0.15 0.17 0.14 0.10 0.07 e 0.06
6/10/77 0.17 D.15 0.09 0.08 0.10 - 0.06
1/8/77 0.786 0.09 —— 0.05 0.07 0.1 0.05
8/11/17 0.14 0.16 -— 0.06 0.05 0.15 0.06
915/17 0.16 0.2 ——= -—= 0.08 --- 0.07
12/3/77 -—- 0.13 - === 0.06 0.03 0.07
220778 -— 0.75% e el 0.16 -—— 0.09

dutside values represent samples collected from the outer region of the
plot; inside values represent samples collected from the interior region
(near the distribution pipe).
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Table 24. Phosphorus content of marsh vegetation in Plots H and C (9.6
cm/wk of treated wastewater and 4.4 cm/wk of freshwater,
respectively). Values are Egpressed as % phosphorus and
represent weighted averages.

Sampling Plot H ; Plot C
Date Above Ernund Woody Above ground Above grgund Woody Above ground
Live Tissue Dead Live Tissue Dead

Outside Region

4/14/78 0.454 0.140 0.150 0.491 - 0.131
6/24/78 0.381 —— 0.170 0.268 0.054 0.117
9/11/78 0.454 0.169 0.179 0.237 0.098 0.133
27T 0.112 0. 056 0.064 0.161 === 0.002
Inside Region
4714/78 0.548 -— 0.179 0.606 -— 0.096
6/24/78 0.474 0.289 0.198 0.324 0.206 0.058
9/11/78 0.517 0.071 0.266 0.400 0.196 0.141
2017479 0.199 0.084 0.053 0.084 0.014 0.036

alues calculated by weighting averages based on sample size.

bExclud‘ing Tive woody and dead woody tissue.
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During the wet period, aboveground live vegetation in the fresh-
water plot (Plot C) showed a general decreasing trend in phosphorus,
levels for both inside and outside regions of the plot. Semiwoody
species exhibited lower phosphorus cencentrations than nonwoody vege-
tation, and those semiwoody species located toward the inside of the
plot had higher concentrations that those semiwoody species located
toward the plots's outside. Aboveground dead concentration remained
constant over time and location with the exception of the February
17, 1979 sampling period, which showed very low phosphorus concentra-
tions for both inside and outside regions of the plot.

During the wet year, the phosphorus content of the aboveground
live vegetation in Plot H remained constant in both the inside and
outside regions of the plot until the February 17, 1979 sampling
period. Both inside and outside regions of the plot showed reduced
phosphorus levels during this period.

Figure 42 shows the average phosphorus content of live above-
ground vegetation (including semiwoody species) for Plots H and C.
The inside wvegetation found in Plot H showed a rapid increase in
phosphorus content after treated wastewater application began on
May 1, 1977. The phosphorus content of the outside vegetation in
Plot H showed an increase as the water level in the plet became
higher. This trend may reflect redistribution of phosphorus from the
peat complex and the more uniform distribution of applied treated
wastewater. The phosphorus concentration of the coentrol plot above-
ground live vegetation (both inside and outside) also increased
during the wet period. The vegetation in both Plots H and C showed
reduced phosphorus concentrations during the February 17, 1979
sampling period.

Tables 25 tm 28 present uptake and changes in phosphorus
storage for aboveground live and aboveground dead components for
Plots H and €. These values were calculated from area-weighted
standing crop data and the average phosphorus concentrations shown in
Fig. 42. In comparison to Plot C, Plot H exhibited higher rates of
phosphorus uptake during the dry growing season (April 15 - August 8,
1977). The aboveground dead vegetative fraction showed a slight
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Table 25. Uptake of phosphorus by above ground live vegetationm in Plot H
(9.6 cmfwk of treated wastewater).

Total Live, Uptakg Seasong] Yearly,
Saggl;ng {dat ) AhovggrEUnd g P/m""d UEFake Uptazf
ys g P/m g P/m™"season g P/mc-yr
4/25/77 0.281 5 ]
46 +0.015
6/10/77 0.979
28 : +0.028 - +2.049
i 1.757
34 +0.017
TR N 2.330 = — +1.709
35 -0.004
9/15/77 2.178
79 -0.018 — -2.112
12/3/77 0.748
79 =0.007
2/20/78 0.218 -
53 +0. 022
4714778 1.390 ] =
n +0.027 — +2.668
6/24/78 3.327
79 +0. 009 - -0.828
9/11/78 4.058 —
159 -0.022 - -3.498
211779 0. 562 el "

Yyalues calculated from mean standing crop data {inside and outside) and
the average phosphorus concentrations.

bva!ues represent the difference between two sampling dates divided by the
number of days in the interval.

Seasons represented by the datesd/25/77 to 8/11/77 (growth); 8/11/77 to
2/20/78 (dieback); #4/14/78 to 9/11/78 (growth); 9/11/78 to 2/17/79 (dieback).

I'i-ﬂtzv.sulrﬂm:l no change from 2/17/79 to 4/14/79.
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Table 26. Changes in phosphorus storage in above ground dead vegetation
in Plot H (9.6 cm/wk of treated wastewater).

Sampling Total B&ada Change Eq SeasunEI Tear1yd
Date (days}) g P/m Storage EhﬂE?E Ehanggr
g P/me-d P/m="season q P/m=* yr
4725477 0.207 - —
46 +0.005
6/10/77 0.440
28 +0.003 =~ +0.511
T/8/77 0.525
34 +0. 006
8/11/77 0.718 . = +1.186
35 +0.009
915777 1.029
74 +0. 006 — +0.649
12/3/77 1.464
: 79 -0.00M
2/20/78 1.367 -
53 +(. 001
4/14/78 1.393 = J
7 -0.013
6/24/78 0.509 — =0.371
79 +0.007 — -1.064
9/11/78 1.022 =
159 -0.004 — -0.693
2/17/79 0.329 - <

a

Values calculated from mean standing crop
the average phosphorus concentration.

b

data (inside and outside) and

Values represent difference between two sampling dates divided by the

number of days in the interval.

¢ Seasons represented by the dates 4/25/77 to 8/11/77 (growth); 8/11/77
to 2/20/78 (dieback); 4/14/78 to 9/11/78 (arowth); 9/11/78 to 2/17/79

(dieback).

dﬂssumed no change from 2/17/79 to 4/14/79.
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Table 27. Uptake of phosphorus in above ground live vegetation in Flot C
(4.4 cmfwk of fresh water).

Sampling t Total Live A Uptaﬁeh SeasuEaT ?earlyd
Date (days) Abovegroynd g P/m™"d UptaEg Uptakg
g Pfm g P/n""season q Pfm™"yr
4/25/717 0.312 -1 —
46 -0.004
6/10/77 0.119
28 +-.005 — +0.164
1/8/77 0.261
34 +0. 006
8/11/77 0.476 -
35 +0.004 —  +0.610
/15,77 0.625
79 -0.007
12/3/77 0.099 = =(,399
74 0.000
220178 0.077 =
53 +0.016
4/14/78 0.922 — =
n +3.011 ~ +1.727
6/25/78 1.707
79 +0.012 = =0.697
9/11/78 2.649 —'
159 -0.015 ] -2.424
2774 0.225 -

3Values calculated from mean standing crop data (inside and outside) and
the average phosphorus concentrations.

b

Values represent the difference between two sampling dates divided by the
number of days in the intervals.

Cseasons represented by the dated 4/25/77 to 8/11/77(growth); 8/11/77 to
2/20/78 (dieback); 4/14/78 to 9/11/78 (growth); 9/11/78 to 2/17/79 (dieback).

dnssumed no change from 2/17/79 to 4/14/79.
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Table 28, Changes in phosphorus storage in above ground dead vegetation in
Plot C (4.4 cmfwk of freshwater).

Sampling t Total Eeada Change in Seasonal Tearlyd
Date (days) g P/m StorageP Chapge® Change
g Pfm='d g P/mc-season g Pfme-yr
4/25/77 0.396 o -
46 0.000
6/10/77 0. 404
28 =0, 006 - =0.113
7/8/77 0.241
a4 +0.001
8/NJST7 0.283 = = +1.000
24 0.000
9/15/77 0.293
79 +0.001 — +0, 357
1243777 : 0. 386
79 +0.003
2/20/78 0.640 -
53 +0.016
4/14/78 1.396 - .
71 -0.014
6/24/78 0.435 — =0.158
79 +0.010 __| - =1.336
9/11/78 1.238 =
159 -0.007 — -1.178
2/20/79 0.060 | i

3yalues calculated from mean standing crop data (inside and outside) and
the average phosphorus concentration.

bvaTues represent difference between two sampling dates divided by the
number of days in the interval.

“Seasons represented by the dated 4/25/77 to 8/11/77 (growth); 8/11/77 to
2/20/78 (dieback); 4/14/78 to 9/11/78 (growth); 9/11/78 te 2/17/79 (dieback).

dnssumed no change from 2/17/79 to 4/14/79.
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uptake in Plot H and a slight decrease in Plot C for the dry growing
season.

Both Plots H and C exhibited phosphorus reductions in the above-
ground live vegetation during the dry dieback season (August 8, 1977
to February 20, 1978) due to lower standing stocks. The magnitude of
this reduction was approximately the same as the uptakes noted during
the growing season. Increased uptake of phosphorus was noted for the
dead vegetation during this dieback season for both plots.

The uptake of phosphorus in Plot C by aboveground live vegeta-
tion during the wet growing season (April 14, 1978 - September 11,
1978) was significantly greater (o= 0.05) than the uptake exhibited
during the dry growing season. The uptake of phosphorus exhibited by
the vegetation in Plot H during the wet season was also greater than
the uptake shown during the dry growing season. The aboveground dead
fraction exhibited releases during this period in both Plots H and
G

Both aboveground Tive and dead vegetation for Plots H and C
exhibited releases during the wet dieback season (September 11, 1978
- February 17, 1979).

On a yearly basis, the live vegetation in Plots H and C exhib-
ited phosphorus uptake during the dry year (April 14, 1978 - February
17, 1979). The releases observed for both aboveground live and dead
vegetation during the wet year were approximately equivalent to the
uptaked aobserved during the dry year for both plots.

Phosphorus Belowground Vegetation Values

The concentrations of phosphorus in the belowground standing
crop showed seasonal fluctuations as well as a response to dry and
wet conditions. Figure 43 shows root phosphorus concentrations as
they appeared in the high loading plot and the control plot. Lower
concentrations were found during the marsh growth period (April -
June 1978) and higher concentrations were found during the peak
standing crop concentration period (August - September 1977 and
1978}, The seasonal trends in root storage of phosphorus may
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correspond to nutrient translocations in respnnsé to aboveground
growth.

The evaluation of storage capacity and uptake of phosphorus by
roots is presented in Tables 29 and 30. During the dry growing
season  (April - August 1977), extremely high uptake rates were
observed (121 mg P/mZ-day) in Plot H. A small release of phos-
phorus (25 mg Ffmz-day} was observed during the dry dieback
season [August 1977 - February 1978). During the wet growing season
{April - September 1978}, roots had less phosphorus uptake (29 mg
meE-day} than during the dry growing season. A large reduction
was observed for the wet dieback season (50 mg P/mZ-day).

On a yearly basis, the dry year (April 1977 - April 1978) had an
overall uptake of approximately 3.5 g P/mZ, and the wet year (April
1978 - February 19279) had an overall loss of approximately 3.7 g
mez. Over a two-year period, there was no net uptake by the root
system in the high loading plot.

The control plot showed negligible fluctuwations in root phos-
phorus concentrations (Fig. 43). (Uptake of phosphorus by roots in
the control plot is shown in Table 30. The yearly trends observed
for Plot H were seen in Plot C. The dry year had an overall uptake
while the wet year had an overall reduction.

Phosphorus in Peat Soil

Table 31 presents peat soil phosphorus concentrations measured
in Plots H, M, and C, together with the phosphorus Tevels measured in
an undisturbed, "natural™ area of the research marsh (N). The
phosphorus concentrations shown for the first sampling period (March
16, 1978) represent samples taken from the inside portions of Plots H
and C. The September 22, 1978 and February 17, 1979 sampling periods
included inside and outside samples.

The data show a general decrease in peat soil phosphorus concen-
tratiens for each sampling period. However, there was no significant
difference (o = 0.08) in the peat so0il phosphorus concentrations
between plots for a specific sampling period. There was also no
significant difference between the inside and outside region samples
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Table 29. Phosphorus uptake by roots in Plot H (9.6 cmfwk treated
wastewater).
Total Uptake of Seasonal Yearly
Sampling PhnsphoEus t Fhospho us qﬂfaka UptakE.
Date (g P/m) {days) (g P/m“'d) (g P/m""season) (a P/m"‘yr)
4/25/77 2.061° ] 7
108 +0.121 —  +13.083
a8y 15.114 = ~ +3.547
193 -0.025 | _ans
2/20/78 10. 396 =
53 =7.090
4/14/78 5.608 - -
I =1.006
6/24/78 5.220 —  + 4,300
79 +1.059 - -3.705
911778 9,908 =
159 -0.050 — - B.005
207179 1.903 —

yalue calculated using 4/14/78 biomass data.

I:"'IfiEl'I culated by dividing the change in total phosphorus betwezen sampling
periods by length of the interval.
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Table 20. Phosphorus uptake by roots in Plot C (4.4 cmMk freshwater).
] Total Uptake nfh Seasonal Yearly
Sampling Phosphosus t Phosphosus Ugtak& Uptakg_
Date (g P/m") (days) (g P/m“"d) (g Pfm""season) (a P/m" vr)
4/25/77 3.7 & i
108 =0.014 — =1,541
BN 2.190 = - +]1.216
) 193 +).005 —  +0.982
2fa2n478 3172 -
53 +.034
4/14/78 4,947 =] =
n -0.019 —  +0.B864
6/24/78 3.597
79 +).028 — -1.477
9/11/78 5.811 =
159 -0.015 —  -2.341
2/17/79 3.470 = =

3yalue calculated using 4/14/78 biomass data.

BCalculated by dividing the change in total phosphorus

periods by length of the interval.
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Table 31. Overall (inside and outside) phosphorus content of soil samples
collected in March 1978, September 178, and February from Plot
C (4.4 cmfwk fresh water), Plot H (9.6 cm/wk treated wastewater
Plot M (3.7 emfwk treated wastewater), and an undisturbed natu-
ral area (N). Values are in %P, mean + standard error, sample
size series.

Date Depth H M c N
{em)

316778 0-25 0.110+.005 -=- 0.090+.003 0.090+.001
25- 5“ ﬂ-l Dﬂ-ni-ﬂﬂ? o ﬂ.ﬂg‘ﬂi-ﬂﬂ'z ﬂ.ﬂ?ﬂi—ﬂﬂE

50-75 0.060+.002 - 0.080+.004 0.050+.003

Total  0.083+.005 0.087+.003  0.070+.002

9/11/78 0-25 0.08%+.008 0.090+.003 0.096+.008 0.087+.001
25-50 0.068+.002  0.070+.002  0.087+.003  0.072+.003

50-75 0.064+.002 0.067+,004 0. 075+.004 0.073+.005

Total 0.074+.004 0.075+.003 0.086+.004 0.077+.003

2/17/79  0-25 0.074+.005  0.081+.004  0.073+.003  0.085+.007
25-50 0.0664.004  0.071+.005  0.066+.005  0.063+.013
50-75 0.063+.006  0.059+.002  0.058+.002  0.063+.010

Total 0.068+.003 0.070+.003 0.066+.002 0.070+.006

Apipe-influenced area only (inside).
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for 3September 11, 1978 and February 17, 1979. This information
provided the criteria for comparing March 16, 1978 {inside only) with
the other two sampling periods (inside and owtside).

The data presented for the March 16, 1978 sampling period indi-
cated that the peat soil phosphorus concentrations found in Plot H
tended to be greater tham those found in the natural marsh. The Plot
H concentrations for the 0-25 cm and 50-75 cm levels were signifi-
cantly higher than the natural marsh values (= = 0.10). The control
plot (C) also showed significantly higher peat soil phosphorus
concentrations at the 25-50 cm and 50-75 cm Jlevels (@« = 0.10) than
the natural marsh.

The control plot peat soil phosphorus concentrations for the
Semptember 11, 1978 sampling period were significantly higher than
those concentrations found in Plots H and M. However, these values
were not significantly different from the peat soil phosphorus
concentrations found in the natural marsh (o = 0.05). The overall
concentrations as well as the depth interval concentrations (0-25 cm,
25-50 em, and 50-75 cm) for Plots M, M, and the natural marsh were
not significantly different (= 0.05). The peat soil phosphorus
concentrations for the February 17, 1979 sampling period showed no
significant difference between any of the plots, including the
natural marsh,

Summarizing the data presented in Table 31, it appears that over
approximately a one-year period (March 16, 1978 - February 17, 1979),
peat soil phosphorus concentrations have decreased throughout the
plots and the natural marsh regardless of treated wastewater
loadings.

Table 32 shows peat soil phosphorus uptake values for the
natural marsh and the experimental plots. The data indicate a phosp-
horus uptake of 0.072 g P/mé-day in the natural marsh during the
interval between the March 16, 1978 sampling and the September 11,
1978 sampling. Both the control plot and the high loading plot show
phosphorus losses during this period (0.021 g P/mZ-day and 0.011
9 P/ml-day, respectively). The experimental plots and the
natural marsh appear to release phosphorus during the September 11,
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Teble 32, Uptake of phusghm‘us by the peat soil in the natural marsh and Plots (9.6 cm/wk of treated waste-
water) and C 4 cmfwk of freshwater).

Fhosphorus Phosphorus Fhosphorus ~ Phosphorus Fhasphorus Overall

Concentration llpﬁke Concentralion Uptake Concentrjtion Uptake
{g P/m") { P/ec.d) {g P/m=) g Pim-d) (g Pyfm) (g P/mé-d)
Plat  Depth (om)  3/16/78 9411478 2f17/Ta
Hatural 0-25 13.50 -0.003 13.05 =0.002 12.75 =0, 002
marsh  25-50 12,60 +0.002 12.96 =000 11.34 =0, 003
50-75 10.50 +0.027 15.33 -0.03 13.23 +0. 008
75=150 37.20 +0.045 45. 26 -0.1039 39.06 +1. 006
Total 73.80 +0.072 86,60 =0.064 76.38 0,008
H 0-25 16.50 =0.018 13.35 =0.014 11.10 =0.016
25=50 14.40 =0.012 12.24 -0.002 11.88 =0.007
50-75 12.60 +(. 005 13.44 =0,001 13.23 +0. 002
75-150 3T.E0 +0.074 39.68 =0.004 39.06 ), 006
Total BO.70 -0.611 b | -0.022 75.27 -0.016
c D=25 13.50 +0.005 14.40 0,022 10.595 =0. 008
£5.50 16.20 =0.003 15.66 0,024 11.88 -0.013
50-75 16. 80 -0.008 15.75 -0.023 12.18 -0.014
75-150 49,60 =0.007 46,50 =0,066 35.96 -, 040

Total 96.10 =0.021 2.1 -0.134 70.97 -0.074




1978 - February 17, 1979 sampling interval. The release observed in
the control plot for this period was significantly greater (= = 0.08)
than the releases cbserved in the natural marsh and the high JToading
plot,

The losses of phosphorus from the peat soil complex may be at
least in part explained by the flooded condition of the marsh during
the sampling periods referred to in the preceding paragraph (March
16, 1978, September 11, 1978 and February 17, 1979). Flooding
created anaerobic conditions in the peat, which may have allowed
phosphorus bound as an iron-phosphorus complex to become mobile and
therefore released (Sturm and Morgan 1970).  The iron-phosphorus
complex may have formed during the dry year of this study under aero-
bic conditions when phosphorus, in the presence of irom (III), was
precipitated.

Unfortunately, the location of the phosphorus released from the
peat soil complex was mot known. Iron was mot a parameter measured
reqularly during this study. There were no increases of phosphorus
observed in well data or in the vegetative fractions measured during
this period.

Peat Soil Adsorption Studies

Laboratory investigations were conducted to determine the
possible capacity of the peat seil complex to adsorb phosphorus. The
results of this study are summarized in Table 33. There was no
significant difference between the means in each 2% cm interval (o =
0.05). The data from Table 33 are plotted in Fig. 44.

To estimate adsorption as a function of the phosphorus content
of the interstitial solution, the data were plotted as Freundlich
adsorption isotherms. These plots are shown in Figs. 45-47. A
Freundlich isetherm 15 an empirical model that assumes infinite
adsorption is possible. The equation may take the form:

Tog(x/m) = log K + (1/n)leg C

where: x/m = the quantity of phosphorus adsorbed per
unit weight of dry soil
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Table 33. Phosphorus adsorption study. Isotherms were conducted under the
following conditions: pH 7.0, temperature 25°C, conductivity
670 u mhofem, time 48 hrs.
Depth of Initial P Average Equil. fverage P
Sample Concentration Concentration fdsorbed
(cm) (mg/1) {mg/1) (ug/g )
0-25 0.00 0.32 -—
B.32 5.05 127.0
12.64 9.34 330.0
57.25 43.13 1412.5
87.34 61.50 2684.0
110.73 88.04 2269.5
25=50 0.00 1.75 S
6.32 5. 55 77.5
12.64 9.96 268.0
57.25 40.45 1680.5
87.34 66.16 2118.0
110.73 89.83 2090.5
50-75 0.00 1.35 S
6.32 4,66 166.5
12.64 9.16 348.0
57.25 46. 25 1100.0
87.34 73.3 1403.5
110.73 a4, 74 1599.5

Apverage of 2 replicate samples.
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C = the equilibrium concentration of the
phosphorus
K. = the y-intercept of the straight Time isotherm
(constant)
1/n = slope of the straight Tine isotherm (constant).

As seen from the information presented in Figs. 45-47, all peat
depths (0D-25 em, 25-50 em, and 50-75 em) evaluated yielded excellent
conformation to the Freundlich model.

In order to relate the information provided by the isotherms to
conditions in the experimental plot the mean phosphorus concentra-
tions found fn wells W3S (1.36 mgfl inside of Plot M, adjacent to
discharge pipe, 0.75 m depth), WM (0.8 mg/1 inmside of Plot H,
adjacent to discharge pipe, 1.5 m depth), and the Plot H inside
surface water samples (7.6 mgf1) were used to represent equilibrium
concentrations. An exponential line of best fit was passed through
these wvalues {r2 = 0.9975), and the average phosphorus concentra-
tion values were evaluated at depths of 0-25 ¢cm, 25-50 cm, 50-75% cm,
and 75-150 cm (see Fig. 48). Table 34 shows the estimated adsorption
capacity as determined from the concentrations of phosphorus gener-
ated above. The value representing the total capacity of the peat
soil to adsorb phosphorus (7.66 g/m?) is strictly related to a
specific set of conditions for pH, fonic strength, and temperature.
However, it does provide an indication that a small portion of the
applied phosphorus (approximately 40 g P/mZ-yr applied) was being
chemically bound by the peat soil. The adsorption thought to have
occurred during the first (dry) year of this study could not be
solely attributed to chemical binding, but may have been the result
of microbial uptake and chemical binding in the peat. Subsequently,
phosphorus releases from the peat soil during the wet year may have
been caused by reduced microbial populations as well as chemically
induced releases.

Dry Year Plant Decomposition and Phosphorus

The results of the decomposition bag-experiment involving
Panicum and Sagittaria are presented in Fig. 49. Panicum lost aver
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Figure 48. Plot of observed phosphorus concentration with peat
depth.
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Table 34. Estimated adsorption capacity as determined by the Freundlich

model.

Depth Htightaof Equilibrium Adsorption
] Su%i Concentration b Hop
{cm) {g/m") {mg/1) (pa/a) (g/m")
0-25 1.5x10" 5.79 171.39 2,57
25-50 1.75x10% 3.12 52.61 0.92
50-75 2.05x10" 1.68 87.99 1.80
75-150 6.15x10% 0.55 38. 60 2.37
Totals 11.45x10 i siss 7.66

qalculated from depth of interval and bulk density of the peat.

Pcalculated from X = kc",

Ctalculated from adsorption and weight of soil.
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Figure 49, ODry year decomposition bag experiment. The Titter bags were in
the natural marsh for 200 days. Valves # 1 S.E.



60% of its dry weight during the first 60 days. Sagittaria stem and
Teaf lost approximately 40% of their dry matter during the first 60
days. After this initial rapid loss of dry matter, the loss rates
slowed. By the middle of February, all three plant materials had
lost approximately 60% of their initial dry weight.

The phosphorus concentrations in the plant tissuves did mot show
any overall trends (Fig. 50). The phosphorus concentration in Pani-
cum and Sagittaria stems remained relatively constant for the first
six months of the experiment while the concentration of Sagittaria
leaf fincreased sharply after 30 days. By the end of the dry year
decomposition experiment (200 days), both Panicum and and Sagittaria
stems had imcreased slightly while 3Sagittaria leaf had returned to
its initial concentration.

Figure 51 combines the dry matter results with the phosphorus
concentrations to show the loss of total phosphorus over the course
of the experiment. Phosphorus was lost at a relatively constant rate
over the course of the experiment. By the end of the experiment all
three plant materials had lost approximately 60% of their initial
phosphorus. Dry matter loss was approximately equal to the loss of
total phosphorus concentrations of the three plant materials.

Ho decomposition experiments were conducted with respect to
phosphorus during the wet year of this study.

Phosphorus Budaet for Plots H and C

Treated Wastewater Phosphorus Loading

The wastewater and freshwater loadings of phosphorus to the high
Toading plot and the contral plot are shown in Tables 35 and 36. In
Plot H the phosphorus loading rates ranged from 0.05 g P/mZ-day
to 0.27 g P/m2-day. The annual totals for Plot H were 49.35 g
P/mZ during the first year and 42.03 g P/m2 during the second
year. This provided a two-year total of 91.38 g P/mZ.
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Table 35. Phosphorus InadinE rates for P1n£ H (9.6 cm/wk). Mote that
loadings are g P/m"-day and g P/m"-mo,

Hastewater ~__Loadings e

concentration mg/1 q P/m -mo q P/m"-day

Ortho P Total P Ortho P Total P Ortho P Total P
May 1977 7.95 16,30 3.30 6.35 0.11 0.21
June 10.20 15.50 5.19 7.89 0.17 0.26
July 2.10 6.49 0.86 2.64 0.03 0.09
August 2.60 6.48 1.2 3.21 0.05 0.12
September 0.51 3.20 0.26 1.64 0.0 0.05
October 0.66 4.80 0.28 2.03 0.m 0.07
November 0.422 4152 0.17 1.7 0.01 0.06
December 0.17 3.50 0.09 1.78 0.00 0.05
January 1978 7.42 B.48 3.02 3.45 0.11 0.12
February 9.1 12.34° 3.95 5.02 0.14 0.18
March 12.00 16.20 4,93 G665 0.16 0.22
April 12.80*  17.00° 5.26  6.98  0.18  0.23
First year totals --- -— 28.60 49.35 = ===
May 1978 13.50 17.80 6.23 8.22 0.20 0.27
June 5.90 10.90 22N 5.00 0.09 0.17
July 6.20 11.10 2.55 4.56 0.08 0.15
August 5.90 11.20 3.03 5.70 0.10 0.18
September 7.60 10.90 3.12 4.48 0.10 0.15
October 5.90 10.90 2.42 4.48 0.08 0.15
Hovember 6.00 10.00 2.46 4.11 0.08 D.14
December 2.00 2.10 0.82 0.86 0.03 0.03
January 1979 1.80 2.90 0.74 1.19 0.02 0.04
February 1.60 1.80 0.52 0.59 0.02 0.02
March 4,60 4,90 1.50 1.60 0.05 0.05
April 3.80 3.80 1.24 1.24 0.04 0.04
Second year totals --—- -—= 27.34 42.03 -— -—
Two year totals 55.94 91.38

alue represents average of precedindg. and succeeding months.
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Table 36. Phosphorus loading rates for E]ot C {4.4cmfm§k freshwater}a.
Hote that loadings are mg P/m™"d and mg P/m" mo.

mg P/n mo mg P/n"d
Ortho P Total P Ortho P Total F
May 1977 16 29 0.5 1.0
June 20 3B 0.7 1.3
July 16 29 0.5 0.9
August 16 an 0.5 1.0
September 19 36 0.6 1.2
October 19 36 0.6 1.2
November 15 28 0.5 0.9
December 19 37 0.6 1.2
January 1978 15 29 0.5 0.9
February 15 29 0.5 1.0
March 15 29 0.5 0.9
April 1 25 0.4 0.8
First year total? 195 375 --- ---
May 1978 15 35 0.5 1.1
June 1 26 0.4 0.9
July 1 25 0.4 0.8
August 14 3 0.4 1.0
September n 25 0.4 0.8
October 1 25 0.4 0.8
November 11 25 0.4 0.8
December 1 25 0.4 0.8
January 1978 11 25 [ 0.8
February 24 56 0.9 2.0
March 24 56 0.8 1.8
April 24 56 0.8 1.9
Second year tntalb 178 410 -— -—-
Two year totals 373 T8 pee =

aﬂ.vemge phosphorus concentration for the first year was 0,10 mg/1 ortho-P
and 0.19 mg/1 total-P.

bﬁ.verage phosphorus concentration for the second year was 0.07 mg/1 ortho-P
and 0.16 mg/1 total-P.
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The control plot Teoadings were only 0,86% of that applied to
Plot H. VYalues for both ortho-P and total-P were generally less than
1 mg P/mZ-day throughout the study. The annual totals for Plot C
were 0.38 g I",."rr!2 during the first year and 0.41 g P/m during the
second year. The two year-total was 0,79 g P/me,

Rainfall Phosphorus Loading

The phosphorus loading from rainfall and dryfall (Table 37) was
not significant when compared to the treated wastewater loading in
Plot H. Bulk precipitation accounted for less than 0.15% of the
total phosphorus Toading to Plot H. However, the phosphorus loading
due to bulk precipitation accounted for 13.4% of the phosphorus load-
ing to Plot C (freshwater control). Dry fallout accounted for
approximately four times as much phosphorus loading as did wet
fallout.

Qutflow of Phosphorus from Plots H and C

The outflow of phosphorus through the peat layer was determined
using the calculated water outflow rates from the hydrologic budget
and the phosphorus concentrations measured in the medium depth wells.
The monthly phosphorus outflows for Plots H and C are presented in
Tables 38 and 39, respectively.

Phosphorus outflow in Plot H was calculated from concentrations
reported from wells W3M, W23M, and W3D. Well W3M was located fmmedi-
ately adjacent to the discharge pipe at the bottom of the peat Tayer.
Well W3D was located the same distance from the discharge pipe as W3M
and penetrated the sand layer beneath the peat. Well W23M was
located in the northwest corner of the plot and was felt to represent
flow moving Taterally through the peat from the discharge pipe. The
results of the analyses for W3 indicated that 1.003 g Pfrn?-_yr
was exported during the dry year, and results of the amalyses for W3D
indicated that Z2.668 g Pfrnz-yr was exported during the wet year.
If the water moved laterally through the peat (as represented by
W23M), 0.733 g P/mZeyr (dry year) and 0.251 g P/miyr (wet
year) would have been discharged over the course of this study.
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Table 37. Phosphgrus Toading from rainfall®. values are expressed as

mg P/m""mo.

Month Wet Fa11? Bulk Prechi‘tatTnna Seasnna1h Yearly

Ortho-F  Total-P Ortho-F  Total-P Total-P  Total
577 -—= - 0.6 0.8 -~ =
6/77 === === 1.7 2.2 — 18.2
77 = = 6.5 8.7
8y77 -— -— 4.9 6.5 -
977 -—— === 4.2 5.6
10/77 —— —— 0.8 1.1 I 50.0
n/77 - -—- 2.5 3.3 — 23.1
12477 - -—— 3.1 4.2
1/78 -— - 2.2 2.9
2/78 --= -— 4.5 6.0 <
78 0.5 0.9 2.5 4.9 -
4/78 0.1 0.3 2.1 4.3 -
5/78 1.2 2.0 3.2 6.0 — 41.7 =
6/78 2.2 1.9 4.2 7.9
/78 2.6 4.6 4.6 8.6
g/78 0.5 0.9 2.5 1.9
9/78 0.6 1.1 2.6 5.1 4

— 57.5%
10/78 0.4 0.6 2.4 4.6 7
11/78 0.0 0.0 2.0 4.0 — J2.8%*
12/78 0.7 1.2 2.7 5.2 — 25.0
/719 1.4 2.5 3.4 6.5
2/79 0.4 0.7 2.4 4.7 -
-y

379 0.8 1.4 2.8 5.4
4.79 1.1 1.9 3.1 5.9
5/79 0.0 0.0 2.0 &.0 =

dThe total phosphorus and orthophosphate concentrations were assumed to be
0.04 mgf1 and 0.03 mg/1, respectively, for the period 5/77 to 2/78. These
were averages from Winter Garden, Fla., 20 km west of Clermont. Only bulk
precipitation was collected during this time (C., Hendry, pers. comm.).

The total phosphorus and orthophosphate concentrations for the period 3/78
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Table 37. (Continued)

to 5/79 were assumed to be 0.014,maf1 and 0.008 mg/1, respectively. Eur,-.r
fall was measured to be 2 mg P/m™~"mo for orthophosphate and 4 mg P/m™ " mo
for total phosphorus. These samples were collected from a wet and diry

collector at Lake Apopka, Fla., approximately 20 km west of Clermont
(C. Hendry, pers. comm.).

Bseasons 4/77 to 8/77 (growing season, dry)s 9/77 to 2/78 (dieback, dry);
3/78 to 9/78 (growing, wet); 10/78 to 2/79 (dieback, wet).
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Table 38. Outflow of phosphorus from Plot H. Values are expressed as mo/1 and mg Pfef ma.

W3 WEIM WD
[ op ™ o 13 or T 0P ™ o TP op

Month {mg/1) (mg P/me-ma) (mg/1)  {mg Pyn?-ma) {mg/s1) {mg P/mE-ma)

5477 0.45 0,30 145 97 63 009 24 61 ———- - ———- -
BJTT 0.45 0.30 190 126 0.55 Q.20 23 84 = == m—— =
T 0.36 0,32 no o8 0.20 0,03 &1 g9 gl s Py sois
8177 0.45  0.28 1686 96 0.23  0.08 BE 29 J— Z=sd L S
977 0.36 0,14 144 56 013 0.0 52 24 aman ammn e amaa
10477 0.40 0.5 m a2 014 0.07 B _— —— ——— ———
/77 0.23  0.09 65 26 0.08  0.04 #mon ———- —m——— - ===
12777 0.05 0.0% 15 0.03 0.0 15 5 = === man asan
1/78 0.4 0.02 18 9 0.01 000 4 4 i SRR P SEE
2/78 0.06 0.02 2% 10 001 - 5§ eee- — ——- —— ——
kT 0.08 90.02 14 4 [ ) §  mmm ———= —— - ——e
478 0.01  0.00 3 1 010 0.07 LT 0.0 0.00 4 4

Total first year 1.003 580 nz 2715

5/78 008 0ool k1 | 3 0.0z 0.00 65 2 0.07 0.02 4 B
6/78 0.02 ©0.01 [3 2 0.01 0.0 4 2 0.08 0.03 24 &
7ie 0.15  0.05 LT 0.06  0.00 w1 010 0.03 25 &
8/78 0,16 0.08 N 0.03 0.0 g1 0.09 0.04 19 3
9/78 0.25 0.05 B 18 0.04  0.01 13 2 0.8 0.03 B6 12
10/78 0.02  0.00 9 3 0.8 0.01 12 2 0.16 0.16 EE E2
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Table 38 {continwed),

W3H W23 Wip
TP ap TP op TP g " op b 0P TF 11
Honth (ma/1) (mg P/nZ-ma) {mg/1})  (mg P/me.mo) (na/1) {mg P/m"no)
1/ 0.15 0.02 55 149 0. 29 0.10 105 ax .10 .06 M 17
12/78 0.03 0.6 13 7 0. 08 0.04 M 18 0.05 0.02 20 g9
/e 0.02  0.00 B 2 0.03 0.02 k] a .02 0.0 9 3
2479 T.57 2.50 2,347 775 006 0.02 19 F) = E=am L] =
3y 0.08  0.02 20 5 0.01 0.0 3 z 012 0,03 3 &
4,479 0.04 0,02 16 i 0.0 0,00 4 a 0.02 0.01 & &
Total second year 2,668 BEG 251 85 a4 147




Table 39,

Outflow of phosphorus from Plot C.

Manth TP oP TP 2 op
(mg P/m""mo)

8/77 .39 .13 23 8
BfTT .38 .10 43 11
7 L8 .02 28 3
a8/77 .35 L3 26 2
/77 .11 07 15 10
10/77 .15 .07 14 7
1/77 .09 .04 & 3
12777 02 .M 4 2
1/78 .0 .01 2 2
2/78 01 01 2 2
3/78 .0 .0 2 2
4/78 .06 .01 9 2
Totals first year 174 54
5/78 02 .M 3 2
6/78 .02 .0 2

7/78 .02 .M 1

8/78 .02 .o - --
a/78 .03 .0 1 0
10/78 .04 .02 4 2
11/78 13 .08 n 7
12/78 .30 .05 45 8
1/79 .06 .02 9 3
2/79 .0 .00 3 0
3/79 .0a .00 0 1]
4479 .01 .M 4 0
Totals second year a4 23
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The chloride tracer study described previowsly indicated that flow
within the plots was fairly uniform, and outflow probably occurred
past WM as well as WZ23M. The outflow of phosphorus from Plot © was
0.174 a P/msyr during the dry year and 0.083 g P/méeyr
during the wet year. These wvalues represented £1% of the applied
phosphorus during the dry year and 17% during the wet year.

Ory Year Budget

The dry year budgets for Plots H and C are presented in Tables
40 and 41, respectively. These budgets were further reduced to dry
year seasonal budgets (growing season and dieback).  The total
phosphorus input to Plot H in the treated wastewater and bulk
precipitation was 49.40 g P/m2. The export of phosphorus in
groundwater was 1.00 g P/mZ when wvalues for well W3M [assuming
completely vertical flow) were used and 0.7 g P/m? when values for
net storage of 1.20 g P/m?Z and 1.11 ¢ P/m2 in litter and
aboveground Tive biomass, respectively. The root compartment stored
3.54 g P/mf. The sum of these values represented 13.8% of the
treated wastewater applied. The remainder of the applied phosphorus
was believed to have been stored in the peat complex.

The litter fraction in Plot H stored phosphorus during both the
growing season and dieback while the aboveground and belowground
[roots) standing stock lost significant portions of phosphorus that
had been stored during the growing season during dieback.  The
complete growing season budget accounted for 90% of the applied phos-
phorus loading for Plot H while the dieback budget indicated a
release of previously stored phosphorus. This phosphorus was assumed
to have been incorporated into the peat complex.

The total phosphorus input to Plot C was 0.43 g P/me for the
dry year. Freshwater loading accounted for 88.4%, and bulk precipi-
tation accounted for 11.6% of the input. The export of phosphorus in
groundwater was 0.17 g P/mZ. Storages were 1.00 g P/mZ and 0.61
g P/m€ in Titter and abhoveground Tive biomass, respectively. A net
storage of 1.22 g P/m?Z was observed in the root compartment. The
total for all storages and exports represents 719% of the applied
phosphorus and therefore indicated that imput of phosphorus to Plot
from sources other than bulk precipitation and freshwater loading was
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Table 40. Phosphorus budget for the "dry year" for Plot H.

Seasonal Bydgets - Yearly Eudgetb % of Inputs
Growing §easanH Dieback :
Source q Ffmz'seasun q mez'seasan g mez'yr 4
Inputs
Treated
Wastewater® 20.09 15.63 49,35 99.9
Rainfa11d 0.02 0.02 0.05 0.1
Totals 20.11 15.65 49,40 100.0
Outputs
Expurte
W3M 0.61 0.39 1.00 z2.0
W23M (0.58) (0.09) (0.71) (1.4)
Litterf 0.51 0.65 1.19 Z2.4
Aboveqround
Lived 2.05 -2.11 1.11 2.3
Roots" 13.05 -4.72 3.5 7.2
So0il - - ——- (86.2)"
Totals 16.19 -5.83 6.80 13.8

aﬁruwing season 4/25/77 through B/11/77. Dieback season 8/11/77 through
2/20/78

bDry year of the study 4/25/77 to 4/14/78.

CYalues from Table 35.

dyatues from Table 37.

®yalues from Table 38. The highest value assumed to represent ocutflow.
fYalues from Table 2.
Syalues from Table 25.
hVa1ue5 from Table 29.

THn representative soil data available. It is assumed that a large portion
of the applied phosphorus was stored in the soil complex during the dry year.
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Table 41. Phosphorus budget for the "dry year" for Plot C.

Seasonal Budgets b
= Yearly Budget % of Input

Growing? Dieback?
Source q F,sz'seasun g P,.l"l'l'la'seasun g P,.sz'_-,rr k]
Inputs
Freshwater® 0.13 0.20 0.38 88.4
Rainfalld 0.02 0.02 0.05 .6
Totals 0.15 0.22 0.43 100.0
Qutputs
Exporte
W21M 0.12 0.04 0.17 40.5
Litter! -0.11 0.36 1.00 232.6
hboveground? 0.16 -0.40 0.61 141.8
Live
Rootsh -1.54 0.98 1.22 283.7
S0il B s e e
Totals -1.47 0.98 3.00 718.0

aﬁrnwing season 4/25/77 through 8/11/77. Dieback season B/11/77 through
2/20/78.

Bory year of the study 4/25/77 to 4/14/78.
Cyalues from Table 36.
dyatues from Table 37.
Byalues from Table 39.
FHfa‘lues from Table 28.
Yalues from Table 27.

hva1ues from Table 30.
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likely. These sources could have been released from the peat complex
and/or periodic influxes from the Palatlakaha River, which was
Tocated less that 25 meters from Plot C.

The seasonmal budgets for Plot € indicated a net loss of phos-
phorus during the growing season and a2 net uptake of phosphorus
during dieback. The magnitude of these fluxes was relatively small
and may represent influences other than freshwater application.

Wet Year Budget

The wet year budgets for Plots M and C are presented in Tables
42 and 43, respectively. The budgets were further reduced to wet
year seasonal budgets. The total phosphorus fnput to Plot H in the
treated wastewater and bulk precipitation was 42.10 g P/mé. The
export of phosphorus in groundwater was 2.67 g p/m2 when values for
well W3M [assuming vertical outflow) were used and 0.29 g P/mZ when
values for well W23M (assuming lateral outflow) were used.  The
extremely high wvalue for well W3WM can be attributed to a single
sampling period (February 17, 1979), without which an export value of
0.32 g P/m? would have been realized (see Table 28). Even when
this anomalous value was wsed, 93.7% removal was achieved. There was
a net loss of phosphorus from litter (1.06 g P/mZ), aboveground and
belowground standing stock (0.83 g P/m2 and 371 g P/me,
respectively), and the peat complex (5.43 g P/mé). The sum of
these losses created a net loss of phosphorus from the plet. This
loss was not observed as increased phosphorus concentrations in the
wells monitoring outflow from the plot. Storage of phosphorus im
surface water accounted for only 1.76 g P/m2, which was 4.2% of the
applied phosphorus.

The total phosphorus input to Plot € was 0.48 g P/mZ. Fresh-
water loading accounted for 85.4% of this input. As in the case of
Plot H, there was a net loss of phosphorus in all measured compart-
ments: Tlitter (1.48 g P/m2), aboveground live (0.70 g P/m?),
roots (1.48 g P/m?), and peat (25.13 g P/mZ).

The losses of phosphorus exhibited in both Plots H and C during
the wet year were not the result of seasonal variations but may
represent a combination of decompositional 1losses and release of
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Table 42. Phosphorus budget for Plet H (9.6 cm/wk of treated wastewater)
for the wet year.

Seasonal Budgets
Growing Dieback

Yearly Budgeth £ of Input

Source 2 A 5 (9 p/meyr)® (%)
(g P/m”-season)” (g P/m”-season) .
Inputs
Treated® 27.96 11.23 42.03 99.8
wastewater
Rainfal]d 0.04 0.03 0.07 0.2
Totals 28.00. 11.26 42.10 100.0
Qutputs
Exporte
WM 0.21 Z2.43 Z2.67 6.3
W2 3M {0.08) (0.20) {0.29) (0.7)
Litter” -0.37 -0.69 -1.06 o
“Above ground 2.67 -3.50 -0.83 —
19 ved
Roots” 4.30 -8.01 -3.71 -
soil’ -1.99 -3.44 -5.43 s
Storage! in
surface water 1.76 0.00 1.76 4.2
Totals 6.58 =-13.21 6.63 -—

3Growing season 4/14/78 through 9/11/78. Dieback 9/11/78 to 2/17/79.
hﬂet year of the study 4/14/78 to 2/17/79.

“Values from Table 35.

Yyalues from Table 37.

®values from Table 38.

fvalues from Table 26.
9Yalues from Table 25.
Malues from Table 29.
TValues from Table 32.

Talue caleulated from surface water concentration and water depth above
peat surface.
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Table 43. Phosphorus budget for Plot C for the wet year.

Seasonal Budgets

_— Growing Dieback Yearly hudgEth % of Inputs
(g Ffmz-seasun} (g mez-rr) (%)
Inputs
Freshwater® 0.14 0.16 0.41. 85.4
Rainfalld 0.04 0.03 0.07 14.6
Totals 0.18 0.19 0.48 100.0
Qutputs
E:purtE
WZ1M 0.01- 0.07 0.08 16.7
Litter! -0.16 -1.18 1,34 -
Aboveground
Lived 1.73 -2.42 -.070 .
Roots” 0.86 -2.34 -1.48 -
Soi1l -3.79 -21.34 -25.13 s
Storage in
surface waterd 0.13 0.1 0.02 4.2
Totals -1.22 -27.32 -28,55 -

YGrowing season 4/14/78 through 9/11/78. Dieback 9/11/78
bﬂet year of study 4/14/78 through 2/17/79.

SValues from Table 36.
dyalues from Table 37.
®yalues from Table 39.
fralues from Table 28.
Yvalues from Table 27.
hvalue5 from Table 30.

an1ues from Table 32.

through 2/17/749.

jva1ues calculated from surface water concentration and depth.
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previously bound phosphorus from the peat complex due to flooded
conditions in the experimental marsh. The magnitude of these losses
would have required large export values of phosphorus to be observed
in the well systems. However, increased concentrations were not
observed over this time period, and a budget based strictly on inflow
and export estimates would indicate removal efficiencies of 94%
(assuming wertical outflow, W3M)} to 98% (assuming lateral outflow,
W23M).

The large reduction of phosphorus observed in the well system
and the relatively high concentrations of phosphorus observed in
surface water (average for Plot H during the wet year: 6.4 mg/1)
indicate the necessity to confine the applied phosphorus Toad and
force outfiow to occcur through the peat. Hypothetical export of
phosphorus (assuming no containment) would be approximately 19 g
P/ml-yr for the wet year. This hypothetical value assumes all
outflow to occur as overland flow and no passage of treated waste-
water throught the peat.

Sunmarizing the phosphorus budgets for Plot H, it appears that
phosphorus that had entered the plots was removed prior to export in
groundwater. A two-year total of 91.4 g P/m€ was loaded on Plot H
with an uptake of 0.13 g P/mZ and 0.28 q P/m?Z being cbserved in
the Titter and aboveground live vegetation. Losses were incurred in
the root compartment (0.16 g P/mZ) and the soil compartment (5.43 g
P/mZ; wet year only). Storage in surface water (wet year only)
accounted for 1.76 g P/mZ.  MNoting that the fiberglass panels
forced the applied treated wastewater to flow through the peat,
export of phosphorus through groundwater indicated an overall removal
96,2% {assuming only vertical outflow through 1.5 m of peat; WIM) and
92.9% (assuming vertical and Tateral outflow to the inside edge of
the plots; W23M) for the two years the study took place.

Nitrogen Considerations

Model of Microbial Tramsformations of Nitrogen

Mitrogen is an extremely mobile element in wetland systems; it
is readily converted from one oxidation state to amother under appro-
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priate conditions in these systems. The most important microbial
transformations of nitrogen in waters of the marsh, plus sources and
sinks for nitrogen in waters of the marsh, are illustrated in Fig. 52
(see the Appendix for a description of symbols). The four major
species of dissolved nitrogen considered in this study were nitrate
(M03-),  nitrite (NDp-), ammonia (NH3 or MHg*), and dis-
solved organic nitrogen. As shown in Fig. 52, all of these forms
have several different sources and sinks, hoth within the marsh
system and outside of it. The major nitrogen sources in  the
experimental plots were treated wastewater, rainfall plus dry fallout
(together called bulk precipitation), and nitrogen fixation. Nitrogen
fixation 15 carried out by certain algae and bacteria, which
incorporate free Ny gas directly into their cell biomass to produce
NH3. The fixed Nz is obtained either directly from the atmosphere
or from the N; gas dissolved in water.

Through the process of ammonification, organic nitrogen (primar-
ily in the form of proteins and amino acids) is broken down to MHa.
NHy may subsequently be converted to N0z~ and then to NOg-
in the process known as nitrification. Nitrification 1is usually
carried out by autotrophic bacteria, although heterotrophic nitri-
fiers also exist. Both types require oxygen for nitrification to
OCCUT . The bacteria Nitrosomonas convert HNH3 to I'-III3-, and the
bacteria Nitrobacter convert NO»~ to HNOg~. Some species of
microbes may reduce N03~ back to MO~ or HHE, ar convert
MNOs= back to HNHz. This s known as assimilatery nitrate and
nitrite reduction. Nitrogen in nitrate can be released to the
atmosphere as N0 and MNp through the microbial process of
dentrification. Denitrification is heterotrophic, requiring a carbon
source for energy. It occurs only under relatively anoxic
conditions.

Utilization of dissolved nitrogen by plants also results in the
interconversion of nitrogen species inm the marsh water. HNitrate and
ammonium assimilated by rooted plants, floating plants, and algae are
reduced to organic form in the production of proteins within cells.

Subsequent release of organic nitrogen and ammonia occurs especially .

when cells lyse during senescence. Further release of organic and
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ammoniacal nmitrogen occurs as plant materials continue to decompose.
Released compounds are then subject to the microbial transformations
described above.

Oxidation of aerated peat soil will release significant quanti-
ties of organic and inorganic nitrogen. Simce large quantities of
peat soil are present in the marsh, such oxidation is an important
dissolved nitrogen source to marsh waters when the water table is
below the peat surface. Mitrogen released by oxidizing peat is then
subject to plant and microbial transformations. Some, perhaps most,
of the mitrogen liberated from the peat will ultimately be lost to
the atmosphere throuwgh denitrification. Hence, oxidation of peat
does not necessarily result in much higher concentrations of
dissolved nitrogen in the marsh waters.

The two most significant microbial transformatiens of nitrogen
from the standpoint of treated wastewater renovation by marshes are
nitrification and denitrification. Together they can remove ammo-
nium, nmnitrite, and nitrate from applied treated wastewater. The
occurrence of these two processes in the Clermont marsh will be
discussed in detail in the following sections of this chapter.

Hitrification

Laboratory Experiments. Initial studies were designed to
determine if nitrification would occur in the marsh water without any
sediment. Air was bubbled through one half of the samples while the
other half was not aerated. Ammonium was then added to all samples
except the control, and the asmonium, nitrate, dissolved oxygen, and
pH values were followed over a 30-day period. These data, reported
in Table 44, indicate that nitrification does not occur in the water
alone, since there was essentially no change in ammonium or nitrate
concentrations over the 30-day period. Since aeration had no effect
on ammonium concentration, dissolved oxygen was not a limiting
factor. The pH was also withfn acceptable limits for nitrification
to occur.

Additional potentially 1imiting factors were investigated.
Previous work (Rice and Panchaly 1973) sugoested that yellow-colored,
dissolved organic compounds ({tannins) present in the water may
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Table 43. Ammoniun, nitrate, dissolved oxygen, and pH values measured in nonacrated
and asrated marsh water incubatege

in the laboratory without soil.

Tred tment

Days

[1] Z 4 8 L] k1]

I'l!'IH‘ added, nonaerated
il g added, aerated

Control, nomaerated
Comtral, acrated

My added, nonsarated
ity added, aerated

Control, nonaerated
Contral, asrated

M-Fq_ added, nonaerated
IIIA added , aerated

Control, nonaerated
Control, aerated

Iliq_ added , nonaerated
I'I-Iq added, aerated
Control, nonaerated
Control, aerated

----- mrmmmm e e ey N, pEeeees e saaseoaaas

5.0 2.7 26.3 26.2 27.1 7.9
25.0 27.5 27.9 2B.9 33.8 331
0.5 <05 <05  <0.5 <0.5 1.0
0.5 <0.5 0.5 %0.5 “0.5 1.0
------------------ R
1.12 %95 0.5 1.37  <0.5 0.56
112 =0.5 <0.5 1.04 0,62 .61

0.5 0.5 “0.5 <0.5 =0,5 <40.5
“0.5 0.5 “0.5 <0.5 <{.5 <0.5

7.9 7.9 7.9 7.9 7.8 7.9
7.9 8.0 8.1 8.1 7.9 a.1
7.9 1.8 8.0 7.8 7.8 7.9
1.9 1.8 8.1 8.0 1.9 8.1
mmmaa ph--=-= ——
mma— 6.2 6.4 6.6 6.3 6.5
=== 6.3 6.4 6.4 6.0 6.1
=== 6.3 6.6 6.B 6.8 7.1
———- 6.3 6.5 6.8 B.7 7.0




inhibit nitrification. An attempt was made to remove tannins with
charcoal filtration. Another possibility was that nitrifying organ-
fsms were not present in the water, and a water extract from a soil
containing nitrifiers was added as an inoculant to the samples.
Water from Lake Alice on the University of Florida campus was
included for comparative reasons. Results are shown in Table 45.
Imitial observation of the ammonium concentrations in the marsh water
suggested that either no change occurred, or that ammonium actually
increased. However, increases in nitrate concentrations indicated
that nitrification may have been occurring. This appparent discrep-
ancy was resolved by considering that evaporation was occurring in
this study, resulting in higher concentrations.

Effects of the two treatments, filtration and inoculation,
are best explained using the nitrate data. With the marsh water,
there was only a small dincrease in nitrate concentration in the
samples not receiving inoculant, while the inoculated samples showed
considerable nitrification. Charcoal filtration had no effect on the
nitrification rate. Since Lake Alice water was not highly colored,
it was not subjected to charcoal filtration.  Some nitrification
occurred in natural Lake Alice water but the rate was considerably
faster in inoculated water. Lake Alice receives sewage effluent and
consequently appeared to have some nitrifiers already present. This
was the 1ikely reason for nitrification occurring in uninoculated
Lake Alice water and also why nitrification started sooner in Lake
Alice water. )

Nitrification results in the release of hydrogen fons into solu-
tion, and thus during the course of the experiment, the pH dropped
approximately two units. Because of the low buffering capacity of
the water, the pH went below that level normally acceptable for
nitrification and at 25 days was artificially adjusted upward.
Dissolved oxygen did not appear to be limiting throughout the study
period.

From the above experiments, it became apparent that nitrifiers
were not normally present in the marsh water. Previous experience
with agricultural soils suggested that nitrifiers would be present
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Table 45, (Continued)

Treatments

Hater Thercoal Days
Source filtration Inoculated u 4 Fd 1A LE:3 i i S 1]
P — .-.pH-. D D O
Marsh es YES 6.6 6.6 6.2 5.1 4.2 4.1 7.2 4.4
Harsh na yies 6.5 [ ] 6.1 4.9 4.0 39 T 4.2
Marsh yes no 6.6 6.7 6.6 6.5 5.9 5.6 7.2 6.0
Harsh no e 6.5 6.5 6.5 6.1 584 45 T2 5.5
Lake Alice e yE5 7.9 7.9 7.4 50 4.4 4.3 1.1 4.2
Lake Alice ] [i[+] 7.9 8.0 1.7 5.4 5.6 53 F.1 5.2

Lil

bH adjusted to 7.2 (+0.1) with 0.5 N HaOH after 25-day samples taken.




in the soil. The next experiment was designed using soil:water
columns to simulate wvarious marsh conditions. Plants play an
important role in controlling nitrogen concentrations in  marsh
systems and were, therefore, included in this study. Water depth and
pH were also included as variables.

Ammonium  and nitrate concentrations observed over a &62-day
period are shown in Figs. 53-60. Overlying water in the columns was
not aerated initially and oxygen diffusion in these still systems was
not sufficient to provide adequate aeration. Consequently, oxygen
became depleted during the first days of the study. This resulted in
a leveling-off of the ammonium comcentrations in the columns without
plants. This effect was not observed in columns with plants because
the plants continued to assimilate ammonium. Subsequently (day 9)
all columns were artificially aerated.

Ammonium removal and subsequent mitrate appearance in columns
with 15 cm of overlying water are shown in Figs. 53-54.  Initial
ammonium concentrations were higher than are typically found in
secondarily treated wastewater but were used for ease of measuring
the various nitrogen transformations. [In the columns with plants,
this amount of ammonium was gone in approximately 15 days despite the
asration problems. At 18 days, additional ammonium was added to both
the columns with and without plants. Ammonium removal continued to
be rapid with plants, and, in contrast to the earlier days of the
study, ammonium removal was also relatively rapid in the columns
without plants. Only small amounts of nitrate were detected in
either column (Fig. 53). This can be explained by the fact that some
nitrate was removed by the plants. More importantly, as will be
shown later, nitrate diffusion into the anaerobic sediment and subse-
quent denitrification was probably responsible for the low nitrate
concentrations. Ammonium removal rates (Table 48) were about twice
as fast in the columns with plants as in the columns without plants
(3.8 vs 1.8 mg Nfday).

Increasing the water depth to 30 cm did not significantly affect
the amonium removal rate (Table 46), but because the total amount of
ammonium was greater, the removal time was somewhat lonmger (Fig. 55).
As was the case with the 15-cm water depths, the ammonium removal
rate was greater with plants (4.4 mg N/day) than without plants (2.8
mg Nfday). MNitrate concentrations were low throughout the study
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Table 46, Ammonium removal rates in laboratory studies using
columns containing ammonium amended sewage effluent
overlying 45 c¢m of peaty marsh soil.

With Without With Without

Treatment Plant Plant Plant Plant

Mg N/column-day g N/m2-day
15 cm water depth 3.8 1.8 0.49 0.23
30 cm water depth 4.4 2.8 0.57 0.36
Fluct water depth: 30-0-30 5.9 6.0 0.77 0.78
15 cm water depth: pH adj. 11.1 12.1 1.43 1.57
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period for the same reasons noted for the 15-cm water depth columns.
Allowing the columns to go through alternate wet-dry periods, .e.,
approximately 15 days with 30 cm water depth followed by 15 days
without water and then adding water to a 30 cm water depth for
another 15-day period, resulted in a slightly higher armonium removal
rate than the stable 30 cm water depth (Fig. 57 and Table 46). There
was essentially no difference between columns with and without
plants. MApparently the dry period allowed a higher population of
nitrifying organisms to develop that were able to compete effectively
for armonium with the plants. This conclusion is also suggested by
the higher amounts of nitrate cobserved in these columns (Fig. 58).
Rapid increases in nitrate concentrations were observed after rewet
ting the columns, with concentrations highest in the columns without
plants.

Increasing the pH had the most significant effect on increasing
the ammonium removal rate {Fig. 59 and Table 46). Ammonium concen-
trations decreased from about 40 mg N/1 to less than 5 mg N/1 within
three days. The fact that mitrification was responsible for much of
this decrease was indicated by the high (20 mg W/1) nitrate concen-
trations observed in the overlying water. Nitrifying bacteria are
most efficient at a pH between 7.0 and 8.3 and are considerably
inhibited by pH wvalues below 5. There were also no significant
differences in ammonium removal rate with or without plants because
the bacteria were competing successfully with plants for the ammo-
nim. The effect of the plants was, however, very evident from the
nitrate concentrations (Fig. 60). Nitrate concentrations were
consistently lower in the presence of plants.

A tabular summary of the above data along with data from
control columns s given in Tables 47 and 48.  Control columns
consisted of secondarily treated wastewater to a 15-cm depth over-
lying marsh soil with no treatment except aeration. Ammonium and
nitrate concentrations in the controls with and without plants
remained relatively low throughout the study period.  Some minor
fluctuations in both ammonium and nitrate concentrations were noted
in the columns without plants. This suggests that plants dampen the
effect of occasional, naturally occurring, Tow level flushes of
nitrogen from the marsh soils.
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Table 47. Asmonium concentration data in soil:water colunns of nitrification experiment.

Days

Treatment 0 3 E] 15 LE] Tar ] 25 BT 307 33 Ll EH

B - —TETEE— LT Tl [ [ P e e e R ————
Cantrol 4
wiplant  <0.05 0.34 <0.05 0.0 <005  <=0,05 <005 <005 <005 ---—- <0.06 <005 <0.06
wio plant <0.06 0,92 3.15 1.79 007 D05 .05 <005 <005 a-me 405 <005 <005
pH adj
wiplant 40,6  24.6 9.1 0.4% <008 32,2 .38 0.60 <0.05 37.B <0.06 .05 .06
wio plant 406 21.1 26.4 1.7 0.08 35.4 3.80 0.8 <D.05 40.0 .18 <005 .05
15 ¢m ;
wiplant 40.6 1.4 13.8 1.92 <08 32,4 15.4 9.65 4.7 ---- 3.20  0.68° «0.05
wio plant 40,6 22.8 21.7 20.6  22.2 48.4 6.1 30.5 228, memm 19.4 11.8. 3.54
30 em
wW/plant 40.6 26.4 15.1 610 3.2 454 28.8 2.6 14.5 ———— .64 .06 <0.06
w/o plant 40.6 320  30.3 9.6 13.6 4850 37.3 35.3- 4. ---a 253 9B 15.)
Fluct i
wiplant 40.6 29.6 20.7 .40 ==== ---- sses - —-=- 3.0 25.2 7.43 <05
wio plant 406  29.0 20.6 16.7 ——— m———— == ——— -——— 3.2 .7 12.8 5.00

oﬂv&ﬂying water rempved from day 15 to day 30.
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Table 48 .

Hitrate nitrogen concentration data in s01l:water columns of nitrification experiment.

Days

Treatment 0 k] E] IE] T Ta" ] L] 1] o kK] ] 13
e D e e ppm mrna-- e O B B

Cantrol

vi/plant 2,27 <005 0.3 <005 <005 <0.05 <D.05 <0.06 O.60 ---- <005 051 2.6

wio plant 2.27  0.22 «<0.05 0.9 <005 0.34 <005 0.26 1,36 cea= <006 <0068 0,07

pel adj

wWiplant 3.50 038 0.7 4,36 1.80 1.62 9.58 2.69 0.5 0.7, 15.0 <0.05 0.40

wio plant 3.50 0.3 1.20 1.7 7.73 B2 220 16.0 350 3.5 19.4 7.9 .04

15 on

wiplant  3.50 0,22 0.72 2,73 1.4 288 128 1.8 1.5 - 1.32 1.6 0.40

wio plant 3.50  0.64 0,80 1.41 0.60 072 1.47 248 2B -—ee 23 3 M

30 cn

wiplant  3.50 008 .D.0%5 0,85 0.51 0.8 2.2 1.02 1.75 =eea .05 <005 008

wio plant 3,50 51 0.3 4,82 4,81 546 448 346 264 - 2B2 273 1m0

Fluet

wiplant  3.50 026 0.43 5.30 = S L T T T 4,50 4,23 1,06

wio plant 3,50 0.55 0,84 7.77 mmsm  mmmm mmmm mme= =e=s 28 7.8 750 6.42

3verlying water removed from doy 15 to day 30,



In situ investigations. Since nitrification did not appear to
occur maturally in the water alone but did when in contact with soil
in the colunn experiments, an in situ study was proposed to determine
the lTocation of and the rates at which this oxidative process would
occur in the soil profile. To accomplish this, polyethylene bags
containing marsh soil amended with ammonfum were placed at shallow (8
cm) and deep (30 cm) positions in the marsh. Results depicted graph-
ically in Fig. 61 show an initial increase in ammonium concentrations
for both depths, with a leveling off in the deep samples and slowly
declining concentration for the shallow samples. Stable, high ammo-
nium concentrations in the samples from the deep site were probably
first limited by oxygen, since site data at the time of sampling
showed dissolved oxygen approaching zero, which was too low to
support any nitrification (Table 49). The slow rate of ammonium
removal and sliaht increase of nitrate (Fig. 62) in shallow samples
could have been the result of several factors. Although very impor-
tant, pH was probably not the primary limiting factor since ammonium
removal by nitrification has been shown to occur in the column
studies without pH adjustment. Oxygen concentrations of the over-
lying water at the sampling sites over the 27-day period varied from
almost 0-2.7 mg/l. Mo overlying water was present on two sampling
dates, and therefore shallow sites were exposed to the atmospheric
oxygen concentration. Ammonium concentrations in the shallow samples
show a slow, steady decline, which does not reflect these changing
oxygen values. Since ammonium removal by nitrification was not stim-
ulated when the water was low and the site exposed to atmospheric
concentration of oxygen, ambient oxygen was mnot likely limiting.
Rather, oxygen diffusing inte the polyethylene sample bags was prob-
ably being used for organic matter decomposition first, with little
left for nitrification. This is in keeping with reports (Patrick and
Reddy 1976) that indicate that uwnder oxygen-limited conditions,
readily decomposable organic compounds will be oxidized first,
followed by nitrification. Original work using these polyethylene
bags in nitrification studies (Eno 1960) was carried out on well-
drained mineral soils, presumably of low oxygen demand. Later work
characterizing the rate of oxygen diffusion through polyethlene was
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Table 49. Ammonium, nitrate, dissclved oxygen, pH, and groundwater 1evels
determined after in situ incubation in soil samples (amended
and unamended with ammonium) in polyethylene bags.
Days
Treatment 0 z 5 ] 16 (] 27
-N per gram soil_ _ _ _ _ _ _ _
or ot LeTont Raoters
Control, shallow 0.3 1.9 1.2 1.2 2.4 - 4.0
Control, deep, limes 3.3 - --- 9.8 —-- 10.8 1.8
Nitrification, shallow 34.3 36.2 34.5 --=  29.0 - 26.8
Mitrification, deep 4.3 36.2 37.4 --- 38,1 e 37.9
o NO,-N per gram soil_ _ _ _ _ _ _ _ _
?un wet weight basis)¥
Control, shallow <0.05 0.4 <«0.05 0.1 0.4 -—- 0.4
Control, deep, 1ime 0.4 - -— 0.1 — 1.6 1.5
MWitrification, shallow 0.5 0.5 0.9 -— 1.9 -—= 1.2
Mitrification, deep 0.5 2.4 0.2 === 1.9 - 2.0
- - == Dissolved oxygen, ppm - - - - = -
Control, shallow (site) 0.6 1.5 2.7 1.8 0.6 ——— 0.5
Control, deep, lime (site) 0.4 === === 0.4 S 0.5
Witrification, shallew (site) 0.6 1.9 $ — 0.7 _— 1.1
Nitrification, deep (site) 0.4 0.5 0.3 === 0.5 === 0.3
____________ 'p]-l - - m om m meom om omom
Control, shallow 4.8 4.6 4.6 4.7 4.6 - 4.7
Contral, shallow (site) -—- 4.9 4.8 4.8 4.9 - 4.9
Contral, deep, lime 4.8 —== === 6.4 -—- 6.6
Control, deep, lime (site) 4.6 -—- —-—- 4.9 - 4.8
Nitrification, shallow 4.8 4.3 4.3 === 4.5 - 4.5
Nitrification, shallow (site) --- 4.9 4,9  --- o == -
Mitrification, deep B 4.2 4.4 -—- 4.6 --- 4.6
Nitrification, deep (site) --- 4.4 4.8 -—- 4.8 - 4.6
“Water level in reference to soil surface (cm)-
Average over-all sites *3 "4 10 “15 "5 - *5

T Organic soils containing 93% moisture.

Ho floodwater present.

187




el

5

L] N’Da = M/Sq wet sqil
&
T

Figure 62,

CONTROL AMMONIUM AMEMDED
O==0) SHALLOW O===-0 SHALLOW
®—® DEEF, LIME B—8 DEEP =

TIME, daoys

Witrate concentrations inm marsh soil amended with asmonium
andfor 1ime after in situ incubation in polyethylene bags.



done in deionized water wsing ammonium and nitrate-amended deionized-
water-filled bags (Struble 1977). Mo work has been done to date to
determine if the rate of decomposition, and therefore oxygen demand,
of organic matter is affected by incubation in polyethethylene bags.

Preliminary microbiological investigations indicated that after
27 days of incubation, mo autotrophic nitrifiers were present in
shallow samples. Yet they do exist in the natural marsh at both
depths in very low numbers (Table 50). It is possible that the
nitrifiers were eliminated or selected against in the sampling and
incubation process due to the Tow oxygen status in the bags or to the
depth from which bulk soil placed in the bag was taken, rather than
to the actual incubation. Nitrifiers are usually found in the top
2 cm, 50 it is treated as a strictly interface process rather than
shallow or deep (Chen et al. 1972; Voltz et al. 1975). This work
also supports the conclusion that since nitrification was not
occurring naturally in the water or significantly at shallow soil
depths, and not at all deeper in the soil, it must have been
occurring only at the interface. Matulewich et al. (1975) found 75%
greater nitrifier populations at the interface in an organic sediment
than at a 10 cm depth.  Another consideration is the type of
nitrifier. In shallew so0fl samples from the Clermont marsh,
considerably higher numbers of heterotrophs (Tusneem and Patrick
1971) than autotrophs (Terry and Nelson 1975) were found (Table 50).
However, less ammoniumoxidation is carried out by the heterotrophic
nitrifiers since they derive no energy from the reaction (Alexander
1977). Tate (1977) reported that heterotrophic nitrifiers may play a
gsignificant role in organic soils. Sltow ammonium removal with no
appearance of nitrate could also be due to mitrate assimilation or
denitrification. Roots {absent from this experiment) could also play
an important role in nitrification if they transport oxygen to the
rhizosphere in sufficient gquantities to support this process. If
heterotrophic nitrification 1is significant, root exudates would
further enhance the process by providing an easily assimilated
organic carbon source.

189




Table 50. Total, nitrifying and denitrifying bacterial populations in
marsh soils obtained directly from the marsh and in soils

incubated in situ in polyethylene bags for 27 days.

Humber of microorganisms

Total

Nitrifiers Denitrifiers
Treatment Autotrophs Heterotrophs
(Nitrosomonas)*
----- organisms per gram of dry soil - - = = = =
MHatural marsh: 7 7 4
Shallow root Sﬂ.xlﬂ? 450 axlo 3310 4
rootless 5.6x10? 1200 =t 1.8x10,
Deep 3.5x10 ]| 6x10 2.0x10
In day 27
polyethylene bags: 7 6
Control, shallow 1.6&10? 0 E.ngﬂ —
Ritrific., shallow 1.?x19 i 7x10 Eee= U8
Control, deep, lime 21x10 7 - -—== 6.1x10 4
Denitrific., deep Z.3:00 === ——— 1700x10

*Nitrobacter counts undetermined due to heterotrophic growth overrunning

the broth tubes.
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In summary, mitrification rates in the marsh are important
because they control the amount of treated wastewater ammonium that
will be converted to nitrate. This nitrate, along with that already
present in the treated wastewater, will then be subject to removal
through denitrification as well as plant assimilatien. In practical
terms, results from soil:water column studies indicate that the marsh
has the potential to remove from 0.5 to 0.6 g NHg-N/mZ-day
(approximately equivalent to 5-6 pounds per acre per day) in its
natural state, via nitrification and plant assimilation.

Denitrification

Laboratory experiments. Preliminary laboratory denitrifica-
tion studies were conducted to obtain approximate rates and to
ascertain how they would be affected by the presence or absence of
spil, associated cations, and water source. Since there were no
plants present in this preliminary study and negatively charged soil
particles were not 1ikely to adsorb negatively charged nitrate ions,
the most plausible nitrate removal processes were demftrification and

microbial immobilization. The former was ogenerally the dominant
reaction, but the latter has been shown to account for a third of the
total nitrate removed [Chen et al. 1972).

The data (Table 51} show linear decline in nitrate concentra-
tions with time for all soil:water treatements. Removal rates did
not appear to be affected either by the water source or by the
corresponding cation. Solutions mot in contact with s0i] showed no
appreciable change (any observed increase was due to evaporation),
which was in agreement with work done by Engler st al. (1976). This
wWas due primarily to the absence of a readily available organic
carbon source and to oxygen diffusion.

Results from a 56-day soil:water column demitrification study
are shown in Figs. 63-66. Nitrate nitrogen was applied to the over-
lying aerated waters in two increments, and ammonium and nitrate con-
centrations were monitored (Tables 52 and 53). Treatments were the
same as in the nitrification study. The ammonium and nitrate concen-
trations in the control columms remained at a low level comparable to
the background marsh, which was Tess than 1 mg/1 with slight
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Table 51. HNitrate removal from water alone and in contact with
5011, incubated in the laboratory.

Days
Treatment 0 Z ] 11

------- ND5-N, ppm=-=======--

ﬁa{HDaje in deionized water (no soil) 40.5 41.8 41.3 42.3
KND, in deionized water (no soil) 45.0 45.2  46.6 47 .3
KNO; in oxid pond water {no soil) 51.6 53.0 54.7 58.0
KNDE in marsh water (no soil) 43.2 44.9 44.8 49,2
Ea{H03}2 in deionized water {over soil) 40.5 30.9 25.5 12.2
K.I'IIE!:t in deionized water (over soil) 45.0 33.9 26.3 15.0
KNO, in oxid pond water (over soil) 51.6 43.0 30.0 21.5
KNO5 in marsh water {over soil) 43.2 5.0 26.5 14.8
------- = NOo-N remaining------

Ea[ND3}E in deionized water (over soil) 100.0 76.3 63.0 30.1
KHD3 in deionized water (over soil) 100.0 75.2 5.4 3.4
KNO; in oxid pond water {over so0il) 100.0 83.3 5g.2 41.6
KNOy in marsh water (over s0il) 100.0 81.0 61.3 34.3
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Figure 63, Hitrate nitrogen remaining in flooded spil core inoculated
with nitrate mitrogen at day 0 and day 1B.



V&L

WATER DEPTH 30om

O——=0 WITH PLANT
——a W PLANT

‘t"' Bt - T

_‘_""""--p.--_.____.__{:,I

btttk

TisE, sag

Figure 64. MNitrate nitrogen remaining 1n flooded sofl core fnoculated with
nitrate nitregen at day 0 and day 18.
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Figure 65. Hitrate nitrogen resafnirg in intermittently flooded soil core
inoculated with nitrate nitrogen at day 0 and day 34,
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nitrate pitrogen at day O and day 18, Lime was added to maintain
a nearly neutral pH.
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Table 52. Ammonium concentration data im soil:water columns of denitrification experiment.

Days

Treatment 1] z [ 1[1] 1] T8 0 1] 26 kT LL) -1 56

s ———— [E— ppm ﬁ[l‘ N T ——————————————————
Control
wiplant 1.1 0.80 0.42 <0.05 <0.05 0.37 0.0 000 «0.05  <0.05 0.64 ——— 0.1
wio plant 1.15 0.1 0.58 «0.05 0.22 <0.05 0.1 0.10 0.22  «0.05 0.10 ==ee 0.16
ph adj
w/plant 0.83 3.4 2.44 <0.05 <0.05 0,06 <005 0.26 =0.05 <005 <0.05 ——— 0.4
wio plant 0.83 0.69 0.48 0.06 <0.05 0.6 0.05 0.42 <0.05 <0.05 0.16 m=as 0.2
15 cm
wiplant 0.g3 1.7 0.80 <0.05 <0.05 0.8 0.6 0.1 <005 <0.05 0.22 ———- 0.07
wio plant 0.83 4.15 1.01 0.16 <0.05 0.53 0.16 «<0.05 <0.05 0.11  <0.05 ———- 0.1
X cm
wiplant 0.3 1. 1.17 «0.05 <0.05 <0.0% 0,16 0.05 <0058 0,058 «0.08 —=e= 0.12
wio plant 0.83 2.50 2.45 0.48 0.26 <0.05 .58 0.48 «0.05 <0.08 0.16 - 0.0
Fluct ’
wiplant 083 g.29 1.44 0.11  <0.08 ——— ——— - = 0.39  «<0.05 .80 0.22
wio plant 0.83 1,17 1.00 0.06 «0.08 ———- ———- ———- ——— 0.39 0.54 1.17 0.12

*overlying water removed from day 16 to day 33.
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Table 53, MNitrate nitrogen concentration data in $odl:water columns of denftrification experiment.

Days

Treatment [1] 4 [ 10 Te 18 Fil] 74 28 i LE 43 58

s I i o o T e o s e s i
Contral Gy
wiplant .79 0.16 0.26 0.0 0.22 0.10  «0.05 0.32 0.28 0.42 0.90 ———- 0.30
wio plant 5.79 2.9 1.80 0.6 <0.06 <0.06 <0.06 <0.05 0.0 <0.05 0.74 ——— n.az
pH adj
wiplant 43.8 2.0 4.9 2.88 0.96 23.7 1na .o 4.20 1.92 1.08 ——— 0.44
w/o plant 43.8 29.8 26.2 15.2 9.16 0.4 23.2 1%.3 12.8 7.56 4.47 —— 1.29
15 cm
wiplant  43.8 304 21.8 1.97 0.53 256.8 16.4 1.0 1.46 1.8 1.06 == 0.60
wio plant 43.8 27.1 25.0 B.38 2.02  26.2 [ 5.5 1.49 0. 0.43 ———- 0.50
30 cm
wiplant 438 36.8 30.6 13.0 2.681 31.4 5.6 14.2 1.99 3.24 1.38 == 1.06
wio plant 43.8 40.4 5.2 26.7 22.3 45.6 43.3 40.6 33.0 B.7. 2.6 ———- 12.6
Fluct a
wiplant 43,8 33,9 30.0 16,6 5.32 mmea mammm - ==== 32,6 15.8 6.90 2.78
w/o plant 43.8 37.6 .8 27.5 22.0 - —— ---- ----  32.6 18.5 14.8 1.2

aﬂuer]rlrrg water removed from day 16 to day 33.




random variations. The columns amended with nitrate also showed Tow
concentrations of ammonium in the overlying waters, probably due to
background values.

Nitrate removal in the 15-cm water depth columns (Fig 63) was
rapid enough that there was no appreciable difference between those
with or without plants (4.7 and 4.6 mg MNfcol-day, respectively).
The 30 cm water depth treatment exhibited an equivalent or slower
rate than did the 15 cm teatment. When compared on a mass basis, the
removal rate of the 30 em depth treatment (5.8 mg Nfcol-day) with
plants was higher than either 15 cm depth treatment. The 30 cm
treatment without plants was the slowest of the four (2.6 ma
Nfcol-day}, probably because it was more dependent on diffusion to
bring the nitrate inte the soil than the treatments with plants,
since plants may “pump” water containing nitrate down into the soil.

This same effect and similar rates appeared again with the fluc-
tuating water Jevel treatments. Those without plants and dependent
solely on diffusion had a rate of 2.8 mg N/col-day when they tempo-
rarily had 30 cm of water, which was comparable to 2.6 mg Nfcol ~day
obtained for those constantly poised at 30 cm. Since nitrate remowal
by demifrification is an anaerobic process, fluctuating the water
level and thus exposing the soil to the atmosphere was not expected
to enhance the process as it did for the oxygen-requiring mitrifica-
tion, except perhaps by increasing carbon availability. In keeping
with these expectations, nitrate removal imn the fluctuating water
level with plants was 4.4 mg Nfcol-day as compared to removal for a
constantly poised 30 cm depth with plants of 5.8 mg N/col -day.

The effect of adjustimg the pH with lime was also lost, since
lime was applied on the surface of the soil, and denitrification
occurred in sites further down in the profile. In a natural marsh
system, it would not be feasible to dincorporate the lime into the
s0il sinmce this would kill plants, compact soil, etc., uncless some
type of plant harvest was already being conducted. The rates for the
experiment with plant (3.6 mg Nfcol-day) and without plant (1.3 mg
Nfcol+day) were lower than the rates for the same water leve'r-
unl imed.
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Nitrate removal rates cbtained from the straight line portion of
the graphed data were comparable but slightly lewer thanm rates
obtained by Engler et al. (1974) in a similar experiment (Table 54).

In situ investigations. Mitrate removal under natural condi-
tions as a function of depth and incorporated lime was investigated
by in situ incubation of nitrate and lime-amended marsh soil in poly-
ethlylene bags (Table 55). Soils amended with nitrate showed rapid
nitrate removal, with 25 mg/1 MNO3-N being removed in two to eight

days, depending on the treatment (Fig. 67). Limed soils amended with
nitrate and placed deep in the profile removed 12.8 wg Nfg wet
soil-day. When this is compared to a similarly placed but unlimed
sample in which 5.1 pg Nfg wet soil-day was removed, it is obvious
that liming enhanced the removal rate. This indicates that denitri-
fication was limited by the natural soil pH of 4.7. This 1is in
agreement with other work which indicated that acidity in peat was
the main limiting factor for denitrification (King and Morris 1972).
This fmmediate stimulation of denitrification by raising the pH is
also in direct evidence that at least most of the nitrate removal
pccurred biologically rather than chemically, since the latter is
inhibited at higher pH values. Another interesting aspect of liming
that occurred in earlier column studies was increased ammonification
shown by 1imed treatments (Fig. 68). This ammonium accumulation did
not occur in shallow samples due to the presence of some small amount
of oxygen, but did occur under completely anaerobic (i.e., deeper)
conditions and was stimulated by increased ammonification due to
liming (Howeler and Bouldin 1971). PRedman and Patrick (1965) and
Reneau (1977) also reported ammonium accumulation due to organic
matter degradation under anaercbic conditions. Some ammonium could
also have originated from assimilatory nitrate reduction (Stanford et
al. 1978) since more accumulated in the nitrate-amended than in the
unamended treatment.

The effect of depth on nitrate removal rates is shown by compar-
ing data for wnlimed shallow sites (3.06 g N/fg-day) to wunlimed
deep sites (5.13 wg N/g-day). Slower nitrate removal at shallow
sites is 1ikely due to greater oxygen diffusion at shallow sites and
is not to be seen as conflicting with earlier data showing higher
carbohydrates and denitrifying populations at shallow depths.
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Table 54. HNitrate removal rates in laboratory studies using
columns containing nitrate amended sewage effluent
averlying 45 cm of peaty marsh soil.

With Without With Without
Treatment Plant Plant Plant Plant
Mg N/column-day gli/m®- day
15 cm water 4.7 4.6 0.61 0.60
30 cm water depth 5.8 2.6 0.75 0.34
Fluct water dpeth: 30-0-30 cm 4.; 2.8 0.57 0.36
15 cm water depth: pH adj. 3;6 1.3 0.47 0.7
7.6 cm water depth® - 6.1 o 0.79°

d0btained experimentally by Engler and Patrick (1974).
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Table 55. Ammonium, nitrate, dissolved oxygen, pH, and groundwater Tevels
determined after in Situ incubation of soil samples (amended
and unamended with nitrate) in polyethylene bags.

Days
Treatment 0 2 5 g 16 19 27
_____ ug NH,=N per gram soil_ _ _ _ _ _
?on Wet weight basis)F
Control, shallow 0.3 1.9 1.2 1.2 2.4 --- 4.0
Control, deep, lime 3.3 -—— --—- 5.8 -— 10.8 11.8
Denitrification, shallow 1.1 3.6 1.7 2.5 2,7 === ===
Denitrification, deep 1.1 3.9 4.7 6.4 8.9 --- 8.7
Denitrification, deep, lime 2.1 8.1 121 141 193 emm ===
_____ ug NO,-N per gram soil _ _ _ _ _
?on fiet weight basis)?
Control, shallow <0.05 0.4 <0.05 0.1 0.4 =--- 0.4
Control, deep, lime 0.4 <= === 0,1 === .5 1.5
Denitrification, shallow 27.2 1.4 8.5 2.7 0.2 === ===
Denitrification, deep 27.2 13.0 1.6 0.3 0.6 --- 0.6
Denitrification, deep, lime 28.7 3.0 <0.05 0.2 1.0 === ===
----- Dissolved oxygen, ppm - - - - - -
Control, shallow (site) n.e 1.8 2.7 1.8 0.6 --- 0.5
Control, deep, lime (site) 0.4 =--—- === 0.4 === 0.5
Denitrification, shallow (site) 0.6 4.2 1.3 ¥ 0.6 -== ===
Denitrification, deep (site) 0.4 0.3 0.3 0.3 0.1 =--- 0.4
Denitrification,deep,lime(site) 0.4 0.4 0.2 0.4 0.4 - ---
= = = = o= = pH .............
Control, shallow 4.8 4.6 4.6 4.7 4.6 --- 4.7
Control, shallow (site) -—- 4.9 4.8 4.8 4.9 --- 4.9
Control, deep, lime 48 --—- --- 6.4 --- 6.6
Control, deep, lime (site) 4.6 === === 4.9 - 4.8
Denitrification, shallow 4.8 4.5 4.6 4.7 48 --- ---
Denitrification, shallow [site) --- 4.8 5.0 4.8 5.2 =e- ---
Denitrification, deep 4.8 4.5 47 48 50 --- 5.0
Denitrification, deep (site) --- 4.4 4.7 46 4.8 --- 4.8
Denitrification, deep, lime 4.8 6.2 6.5 6.4 6.4 -== ===
Denitrification, deep,lime(site) --- 4.5 4.5 4.6 4.8 --—- --—-

Average over-all sites

-Water level in

3

i

“10

reference to soil

15 hs

surface (cm)-

+ Organic soils containing 93% moisture.

¥ No floodwater present.
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Figure 67. HNitrate removal from nitrate amended marsh soil after in
situ incubation in polyethylene bags.
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The same bulk sample so0il was placed in all bags for all treatments
and therefore did not reflect the naturally occurring higher popula-
tions and concentration of carbohydrates. The bags were not perme-
&ble to ions or organisms. In fact, extractable carbohydrate concen-
trations were significantly lower (0.05 level) in the bags after 27
days of incubation than those naturally occurring im the marsh, i.e.,
2450 mo/1 in control Time (deep) compared to 4700 mgf1 (shallow)
natural. For this reason and the greater distance of diffusion, the
increased demitrification at greater depth may not reflect natural
conditions; it does, however, indicate a high potential for nitrate
removal .

An attempt was also made to evaluate the kinetics of denitrifi-
cation in these investigations. Rates of denitrificationin the in
situ incubation studies appeared to be independent of mitrate comcen-
tration until the concentration approached zero, indicating zero-
order kinetics. This was in agreement with work by Reddy et al.
(1978) on a saturated soil with no floodwater present, which indi-
cated the zero-order kinetic rate was due to the fact that the
nitrate was in direct contact with the active denitrification sites
in the s0il. The situation is somewhat different when the nitrate is
present in the overlying water. In this case, the nitrate must
diffuse from the water to the site of denitrification, which is the
anaerobic soil zone. Data from the soil:water column studies did not
show as c¢lear a picture and appeared to be zerp-order in some
instances and greater tham zero-order in others. It is T1ikely that
this was due to factors affecting the denitrification rate in
addition to nitrate concentration, i.e., artificial aeration,
presence of plants, etc. However, Phillips et al. (1978) and Reddy
et al. (1978) reported that in the presence of floodwater, overall
nitrate removal follows first-order kinetics because diffusion of
nitrate from the floodwater into the soil Tlimited the supply of
nitrate to the active denitrifying zones. The effect was enhanced at
low mitrate concentrations when a low comcentration gradient was
present, resulting in even less nitrate reaching the denitrifiers per
unit of time. The implication is that to maximize denitrification-
-assuming other conditions are favorable, i.e., pH and carbon--
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no floodwater should be present to set up a concentration gradient
that could slow the process.

In summary, nitrate removal by denitrification as well as by
plant and microbial assimilation in the continuously or seasonably
flooded marsh soil can serve as an important sink for the nitrate in
treated wastewater. Results from sofl:water column studies indicate
that without changing any management practices, sueh as liming or
water level manipulation, the marsh in Clermont could potentially
remove 0.6 g N/m2-day from 15 cm of overlying water. This would
be 40 kg of nitrate nitrogen/wk om ome ha, with the marsh in fits
natural state. Using a treated wastewater nitrate concentration of
10 mg H/1, the marsh could effectively remove the nitrate from 40 cm
(16 in.) of treated wastewater per week by either denitrification or
plant assimilation.

KHitrogen Fixation

Fization of nitrogen gas by algae and bacteria in the marsh
was not measured directly in this study. Few data are available for
nitrogen fixation rates in freshwater wetlands. Bristow (1973) esti-
mated that the organic sediment-plus-root system fixed roughly 10-20%
of the nitrogen requirements of a stand of Typha sp. in a freshwater
marsh in Canada. Stevenson (personal communication) determined that
about 11.4% of the nitrogen requirements of a Hibiscus sp. stand in
Maryland were supplied by nitrogen fixation. The Hibiscus grew in a
brackish marsh that had been cut off from tidal exchange by a
culvert.

Rerobic conditions (Bristow 1973) and the presence of high
levels of ammonia in surrounding waters (Ohmori and Hattori 1974;
Stewart 1973) have each been found to be inhibitory to nitrogen-
fixing activity. Dierberg (persomal communication) found fixation
rates of only 0.12 g N/mZ-yr in a Florida cypress dome recefving
treated wastewater, as compared to 0.39 g I"I,I’mz'yr in a natural
Florida cypress dome. Low rates of fixation would be expected for
the Clermont marsh wunder the dry conditions observed during the first
year due to aeration of peat and concomitant release of ammoniacal
nitrogen by oxidizing peat. The additiom of inorganic nitrogen to
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Plot H (9.6 cmfwk treated wastewater) probably inhibited nitrogen
fixation during both years. For the purposes of this report, nitro-
gen fixation was assumed to have been negligible during the dry year
in both Plots C (4.4 cm/wk fresh water) and H. Fixation was assumed
to be negligible during the wet year as well in Plot H. For the wet
year in the freshwater plot, 15% of the nitrogen observed in standing
stocks [aboveground Tive plus belowground) on the September 15, 1978
sampling date was assumed to have been supplied by mitrogen fixation.
This yielded a rate of 5.84 g N/meeyr fixed in the freshwater
plot during the second {wet) year.

Hitrogen Water Values

Belowground nitrogen water values. Results for organic nitro-
gen analyses (total Kjeldahl nitrogen minus ammoniacal nitrogen) are
graphed in Figs. 69-72 for the composite treated wastewater samples,
the samples from wells in the peat and sand layers, and the samples
taken at stations C4 and HIW (see Figs. 2 and 5.)

Nearly all of the wells exhibited high levels of organic nitro-
gen [approximately 2-4 mg N/1) at the outset of the study, Jume 1977.
The record of water table heights in the marsh plots (see Fig. 14}
shows the water table was approximately 0.5 m below the surface of
the peat at this time. The lower water table greatly increased the
availability of oxygen to the peat lying above the water table. A
ready supply of both oxygen and water promotes oxidation of peat
under the "dry" conditions. Thus, there may have been some release
of organic and inorganic nitrogen stored in the peat during the dry
period. Also, continued evapotranspiration from the marsh in the
absence of heavy rains would have tended to comcentrate any compounds
present in the interstitial waters of the peat.

The three medium depth peat wells, W22M, W24M, and W23IM,
located in the northwest cormer of the Tow (1.5 cm/wk), medium (3.7
cm/wk), and high-rate (9.6 cm/wk) treated wastewater plots, respec-
tively, exhibited similar comcentration trends during the period of
June 1977 through MNovember 1977 (see Figs. 70 and 71). The natural
levels of organic nitrogen in medium depth wells (see Fig. 69 for
wells WIM, W2M, and W8M) were comparable to those levels measured in
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the experimental plots. Analysis of variance showed no significant
difference (« = 0.01) among natural well W2M and the northwest corner
wells of Plots C (W2IM), L (W22M), M (W24M), or H (W23M) during
either the first or second years of the study. A significant (o =
0.05) removal of the organic nitrogen in applied treated wastewater
occurred in Plot H during the second (wet) year as determined by
concentration data for either well WiM, directly beneath the applica-
tion pipe, or well W23M, in the northwest corner of Plot H.

Measured concentrations of ammoniacal nitrogen for the applied
treated wastewater, the wells located in the experimental plots, the
wells in the undisturbed areas of the marsh, and the adjacent
channel and lake are plotted in Figs. 73=76. Generally, all wells,
both inside and outside of the experimental plots, exhibited concen-
trations of ammoniacal nitrogen well below those levels measured in
the applied wastewater. As shown in Fig. 73, there was considerable
variation in the concentration of NH3-N contained in the applied
wastewater from one month to the next.

Some of the major nitrogen transformations in the marsh waters
were discussed at the beginning of this chapter. In the subsurface
waters of the marsh, the concentration of ammoniacal nitrogen was
expected to be influenced by : 1. the amount of MH3~N applied in
the treated wastewater; 2. generation of MH3~N by the decomposi-
tion of litter and organic exudates of the marsh plants; 3. the
nitrification process, whereby bacteria convert ammonia first to
nitrite and then to nitrate; 4. uptake of NHz-N directly by living
plants; 5. the release of WH3-N directly from living plants; and 6.
the process of nitrogen fixation, which converts nitrogen gas from
the atmosphere into dissolved ammoniacal nitrogen.

Natural medium-depth wells WIM, W2M, and W8M all exhibit JTow
values of NH3-N compared to applied treated wastewater. Mo signi-
ficant differences (2= ,01) in ammonia content were detected among
natural well W2M and the northwest corner wells of the four experi-
mental plots for either the first or second years of the study. The
natural medium-depth wells, along with the northwest corner wells of
the plots, exhibited higher than average values for ammoniacal nitro-
gen during the initial dry period in the early summer of 1977. Pre-
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sumably, this increase was due to peat soil oxidation throughout the
marsh at this time.

The highest Tevels of NH3-N observed in subsurface waters
throuwghout the study were found in Plot H in well W3D, located
directly beneath the application pipe at the bottom of the peat
layer, on the January, February, and March, 1978 sampling dates.
Alsa in Plot H, well WM, located directly beneath the application
pipe, exhibited high (> 2 mgf1} NH3-N content on November 1977 and
July 1978. The shallow well at the center of Plot H, W35, exhibited
high NH3-N content on September 1978 and on several dates in the
spring of 1979. As discussed in the phosphorus considerations chap-
ter of this report, the data from wells W35 and W3M were less relia-
ble towards the end of the study, when leakage around these wells may
have gccurred. Thus the cbserved peaks may not be representative of
the actual MNH3-N level at these depths near the application pipe in
Plot H.

Analysis of the data for treated wastewater, well W3M, and well
We3M revealed no significant difference (o= 0.05) in ammonia content
between the treated wastewater and these well samples during the
first (dry) year. However, a significant reduction (== 0.08) din
ammonia was observed for these two wells as compared with applied
treated wastewater during the second (wet) year. Apparently, a net
removal of applied ammonia was occurring in Plot H during the second
year. The presence of standing water and algae during the second
year accounts for the different results observed between the two
years.

Measured concentrations of nitrate nitrogen and nitrite nitro-
gen were combined and graphed for applied treated wastewater, wells
in the peat substrate, wells in the sand layer, one channel station,
and Lake Hiawatha im Figs. 77-80. HNote the different scale used for
the treated wastewater bar graph as compared to all the other graphs.

Nitrate plus nitrite levels were low in all water samples from
the bottom of the peat layer on most sampling dates. The average
concentration of nitrate plus nitrite nitrogen was 0.1 maf1 in Plot

217




Bl

n

= B s

HOye MOy« H, mg/d
[

9rr 1978 (& 1]

Figure T7.

Y
:‘\i
NS

Hitrate # nitrite.concentrations in natural marsh wells {upper chart) and treated wastewater
{lower chart). See Fig. 5 for sampling lecations.




1577 __1_,”“] 178 1aTa

- AP i W2l ¢ e @ -
- [ h O WIZD FRRLEL
4 [ Wiz e
ey i 0O w2tm i
=z’ i !
] H
L ! &
£ [}
L I
Al | J' 2
= }

I

A b ok F 1
8 T

6L2

g+ Ny - N, mgfl
"
——

Figure 78, Nitrate + nitrite concentrations for wells in Plot H (9.6 cmfwk of treated wastewater),




r——

0gz

- 4 T T T T 1 T T T T T T T T T L ¥ L I
3 1877 & ean 0 1979
.3 -
=
'
g' I
.
" A
? il
o
4
&
T 1 r?',, FLETE ! IR T S e = T F 2 S
s =48 o wiop wWEZM Wz i
AN O waiu
= af i X A wWiim i E|
z ‘r’;’ L wion| .
= 3k ru{;f -
£, i
: /
‘ i
& Ap= r
= .
e B—ped |,
4+ A 5 0O W

Figure 79. Hitrate + nitrite concentrations for wells in Plot € (4.4 emfwk of fresh water), Plot L (1.5
cm/wk of treated wastewater), and Plot M (3.7 cm/wk of treated wastewater).




122

-3 T

Niby & Nﬂ, = H, mg/St

o wiho
& WiED

1979

Wity + by N, mg/ )

Hitrate + nitrite concentrations in deep matural marsh wells (upper chart), the Palatlakaha

River {lower chart, C4), and Lake Hiawatha (lower chart, HIW).

lacations,

See Figs. 2 and 6 for sampling




Hin well W23M (northwest corner well) for the first year, while the
average value was 3.92 mg/1 for applied treated wastewater during
this period. This striking reduction in nitrate plus mitrite content
was due mainly to the denitrification process as discussed earlier in
the description of denitrification studies. In denitrification,
nitrate is wtilized by microbes, which subsequently release the
nitrogen in gaseous form, thereby removing mitrogen from the marsh
system. During the second year, waters from well W23M had an even
lower average nitrate plus nitrite nitrogen concentration, 0.03 mg/1.
The treated wastewater had an average concentration of 2.88 mg/l
dang the second year.

Several other processes in addition to demitrification were
probably important in regulating the amounts of nitrate and nitrite
in subsurface waters during both years. Nitrifying microbes may
convert NHz-N to MNO3-N in the presence of oxygen.  Oxidizing
peat presumably released both organic nitrogen and ammonfa when the
water table was below the surface of the peat. Since oxygen was
readily available to the peat above the water table, released
NH3-M could have been nitrified at this time. This would account
for the higher levels of nitrate plus nitrite nitrogen observed in
the peat throughout the marsh during the late fall of 1977. Nitrate
nitrogen is readily consumed by living plants; this, too, accounts
for the high nitrate plus nitrite removal rates found in the marsh.

Natural wells WIM, W2M, and W8M exhibited no concentration of
nitrate plus nitrite nitrogen greater than 0.1 mgf1 after February
1978 (see Fig. 77). The medium depth northwest corner wells of the
experimental plots (W21M, W22M, W24M, and W23M for Plots C, L, M,
and H, respectively) and the medium-depth well directly beneath the
application pipe in Plot H (W3M) all exhibited no concentration of
nitrate plus nitrite nitrogen greater than 0.1 mg/1 after November
1977. Wells W12M and W12D, both located directly north of the appli-
cation pipe in Plot H and first sampled in March 1978, at no time
exhibited N03-N plus MNOp-N content greater than 0.1 mg/1. Well
W35, first sampled in November 1977, never exhibited a concentration
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of these two species greater than 0.2 mgfl after the November 1977
sample.

Overall, then, the most important wvariable affecting the
removal of nitrate plus nitrite nitrogen in the waters of the peat
was not the amount present in applied treated wastewater, but rather
the height of the water table. A1l medium-depth wells, both inside
and outside of the experimental plots, had higher nitrate content
during the first, (dry) year and reduced nitrate plus nitrite levels
during the second, (wet) year. When the water table was low (0.5 m
below the surface of the peat), there was still a large reduction in
the concentration of nitrate plus nitrite nitrogen observed for
waters leaving the peat, relative to the concentration observed in
applied treated wastewater.

Trends for total dissolved nitrogen content of belowground
marsh water were governed primarily by organic nitrogen, which made
up the bulk of the total on nearly all dates for all wells. The
concentrations of total nitrogen in treated wastewater, wells in
the peat substrate, wells in the sand layer, and the channel and
lake stations are shown graphed in Figs. 81-85. The bar graph for
total nitrogen in treated wastewater applied each month gives the
speciation of that total for each month. High average levels of
total dissolved nitrogen were found throughout the peat layer of
the marsh. Matural medium-depth well WEZM exhibited an average of
1.88 mgf1 total nitrogen during the first (dry) year and 0.91 mg/l
during the second (wet) year.  Mell WM, directly beneath the
treated wastewater application pipe in Plot H, had averages of 2.92
mg/1 total nitrogen during the first year and 1.37 mg/1 during the
second year. In general there was much variation in total nitrogen
content of any well from ome month to the mext. This resulted from
the many souwrces and sinks for each species of nitrogen, as
describad in the first section of this chapter.

The proportions of the different nitrogen species that contrib-
uted to the total value for treated wastewater also varied consider-
ably between months. However, the average composition of treated
wastewater was similar for both years (Table 56). During the first
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Table 56. Average yearly concentrations of nitrogen in treated wastewater.

May 1, 1977 - April 30, 1978 Conc. (mg/1) % of Total
NUE-I"I + Hl]z-ﬂ 3,92 52.0
HH3-H 1.67 22.2
Org-N 1.95 25.9
Tot-H 7.54 100.0
May 1, 1978 = April 30, 1979

HU3—I'+ + HDE—H 2.88 8.6
HHS-H 2.22 29.8
Org-N 2.36 31.6
Tot-N 7.46 100.0
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year, the average applied treated wastewater consisted of 52% nitrate
plus nitrite, 22% ammonia, and 26% organic nitrogen. During the
second year, those percentages were: 39% nitrate plus nitrite, 30%
ammonia and 32% organic nitrogen. The average total nitrogen values
were similar for the first and second years: 7.54 and 7.46 mg/l,
respectively.

Overall, lower average total dissolved mitrogen values in marsh
waters resulted during the second (wet) year than during the first
(dry) year. This difference was due primarily to the Tower water
table and resultant oxidation of peat during the dry year. Since
total nitrogen averages were similar for applied treated wastewater
during the two years, a larger net reduction of nitrogen in applied
treated wastewater was found during the second year.

A summary of results for treated wastewater, northwest corner
medjum-depth wells, natural well W2M, and the medium depth well
beneath the application pipe in Plot H (WiM), are given Tables 57
and 58. Table 57 shows the average nitrogen content of northwest
corner wells for each plot and the matural well W2M.  Analysis of
variance detected no significant differences (o =0.0%5) among any of
these wells during either year for any of the nitrogen species
measured. Thus, during both years for Plots L (1.5 emfwk), M (3.7
cmfwk), and H (9.6 cm/wk}, each form of nitrogen in applied treated
wastewater was reduced to the background Tlevel by the time the
applied water reached the northwest corner of the plot.

Table 58 exhibits the changes in concentrations of nitrogen
species for applied treated wastewater 1in Plot H. Results are
given for treated wastewater, the medium-depth well beneath the
application pipe (W3M), and the northwest corner well (W23M).
During the first year, there was a significantly lower (2 = 0.05)
concentration of nitrate plus mnitrite and of total nitrogen in the
center well and the northwest corner well of Plot W as compared to
the applied treated wastewater. During the second year, all nitro-
gen species in applied treated wastewater exhibited a significant net
reduction in concentration by the time they reached either the center
well or the northwest corner well. Mo significant differences were
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Table 57. Average concentrations of nitrogen species for the natural marsh
and the northwest corner medium-depth wells of Plots C, L, M,
and H. A1T values in mg/1.

Hatural Plot C Plot L Plot M Flot H

Area

(WzM) (W21M) (W22M) (W2am) (W23M)
May 1, 1977 - April 30, 1978
NO-N + NO,-N 0.136 0.088 0.116 0.085 0.104
NH5-N 0.19 0.24 0.15 0.25 0.26
Org-N 1.56 1.52 1.83 1.96 1.80
Tot-N 1.88 1.85 2.09 2.29 2.16

May 1, 1978 - April 30, 1979%

I'-ICIS-H + NO,=N 0.023 0.036 0.032 0.028 0.031
NH,-N 0.27 0.15 0.15 0.08 0.20
Org-N 0.60 1.29 1.3 0.97 0.83
Tot-N 0.91 1.46 1.49 1.08 1.06

Azecond year averages for Plots L and M are for the period 5/1/78 - 9/30/78
only.
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Table 58. Average yearly concentrations of nitrogen species for treated
wastewater and Plot H medium depth well W3M (directly beneath
the application pipe) and W23M (in the northwest corner). ATl
values in mg/1.

Treated Plot H Plot H
Wastewater Center Northwest
(WIM) ﬁﬂﬁ;
May 1, 1977 - April 30, 1978
HGE—N + Hﬂz—H 3.92 0.22 0.10
* a b b
HHB-H 1.67 0.66 0.26
T a a a
Org=HN 1.95 2.05 1.80
] a a a
Tot-N 7.54 2.92 2.16
* a b b
May 1, 1977 - April 30, 1977
NH3-N + NOg-N 2.88 0.03 0.03
* a b b
HH3—H 2.22 0.51 0.20
s a b b
Org-N 2.36 0.82 0.83
" a b b
Tot-N 7.46 1.37 1.06
it a b b

o
Appearance of the same letter in any two columns of this row indicates

there was no significant difference detected (a=0,05 for this parameter
between the sampling stations represented by those two columns.
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detected {a= 0.05) for the concentrations of any species of nitrogen
between the center and northwest corner well of Plot H during either
year.

Aboveground nmitrogen water values. Organic nitrogen was the
largest component of the total dissolved nitrogen found in above-
ground waters. This same result was found for belowground water
samples. The measured organic nitrogen values for surface stations
directly beneath the application pipe in Plots C and H (C-1 and H-T,
respectively), near the perimeter but still within the boundaries of
Plots C and H (C-0 and H-0, respectively), and in the natural marsh,
north of the experimental plots (N, the average of values for N1 and
N2}, are plotted in Figure 86. On all sampling dates except April
1979, organic nitrogen was found to be no more concentrated in Plot H
than in the matural marsh as represented by the samples at station N.
The highest value observed in Plot H was near the perimeter; a value
of 2.4 mg/l was measured at station H-0 during April 1979. The
control plot (Plot C) exhibited unusually high erganic nitrogen
values in March and April of 1979, especially near the perimeter of
that plot. The reasons for such high values are not known.

Figure 87 illustrates the measured concentrations of ammonium
nitrogen in surface water. On certain dates the cbserved concentra-
tion near the application pipe or the perimeter of Plot H (stations
H-1 and H-0, respectively) were greater than the observed background
value at station N. The greatest increase was observed in April of
1979. The inside region of Plot H exhibited a walue of 1.0 mg/l
ammonium on this date. However, on most dates, ammonium levels were
found to be no higher in Plot H than in the natural marsh.

Measured concentrations of nitrate plus nitrite in surface
water are shown in Fig. 88.  There are no striking difference
between the values measured at particular stations, except for those
samples taken during March 1979. At this time, the values measured
for Plot C and the natural marsh were considerably higher than the
values measured for the inside or outside portioms of Plot H. This
was probably due both to rapid uptake of NO3-N and NOz-N by
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algae and rooted plants in Plot H and to the rapid denitrification
presumed to cccur in this plot. The high values observed in Plot €
and the natural marsh may have been due to increased decomposition of
litter, followed by nitrification as temperatures rose in March 1979.

Total nitrogen values for the surface water samples are graphed
in Fig. 89. The values cbserved for Plot H during the wet year were
not significantly different from the values observed for the natural
marsh. The values for Plot C, the freshwater control plot, were
significantly higher than the values for the natural marsh in March
and April of 1979. This is the same trend as observed for organic
nitrogen. Az with belowground water samples, organic nitrogen was
the main component of total dissolved nitrogen in surface waters
throughout the marsh.

A surmary of average nitrogen concentrations found in surface
samples during periods of standing water in the marsh is shown in
Table 59. Analysis of varifance revealed no significant difference
[a= .058) in mitrate plus nitrite content among the surface stations
in Plets €, H, or the natural marsh. PAsmoniacal nitrogen was found
to be significantly higher (= = 0.05) beneath the discharge pipe in
Plot H than in the natural marsh. However, the difference was not
large: 0.32 mg MNH3-N/1 compared to 0.18 mg NH3-N/1 in the natu-
ral marsh. The perimeter of the freshwater plot [Plot C) exhibited a
significantly higher (= = 0.05) average concentration of organic
nitrogen and of total nitrogen than Plot H or the natural marsh. No
significant difference in ammoniacal or total nitrogen was detected
between the surface water of Plot H and the natural marsh (a = 0.05).
Apparently, all forms of nitrogen in applied treated wastewater were
reduced to background levels by the time the applied water reached
the perimeter of the plet. Table G0 shows how all nitrogen species
in both inside and outside region surface samples from Plot H were
significantly (a= 0.05) reduced from the levels of nitrogen in
applied treated wastewater. Nitrate plus nitrite, organic nitrogen,
and total nitrogem in treated wastewater were reduced to essentially
background levels at the site of their application. Such removal

237



BEZ

¥ ] I T ] T T ] T T T T T T T T T L L r
1377 ave
e ol
E. O nt
-3 2w
=
3 sl
ez
3
I RN
) PRI T T SO AT WO O WA [N RSN, (CRN, (NN SO S WA PO e
J J4 L] 5 o] ] [ L P L] a L] d o A [+] L) [} o
2 ¥ I I T T I T T T T T T T T T -l_l
1977 T
-5 o o
H
£ QN
=
aer-
z
o
-
N8 0,42,\,@
[+ I | B [N | 1 |J L 1 1 | 1 1 1 1 1 | | |
& d a 5 L ] o F L] A u o P & 3 [} L i ] -4

Figure B9. Tetal nitrogen concentrations in surface water in Plots C, H, and the natural marsh  The inside
values (near the distribution pipe) are denoted by "I®, with "0" representing walues outside the
influence of the distribution pipe but sti1) within the plot. Ko data means no surface water

was present.



Table 59. Average concentrations of nitrogen species in surface waters of
the natural marsh and the inside and outside regions of the 4.4
cmfwk freshwater (Plot C) and 9.6 cm/wk treated wastewater
(Plot H) plots.

Plot H Plot H Plot C Plot C Natural
Inside Outside Inside Qutside Marsh
(H-1) (H-0) (c-1) (c-0) ()
August 1, 1978 - April 30, 1979
NO4-N + NO,-N 0.04 0.05 0.27 0.21 0.24
b3 a a a a a
HHSMH 0.32 0.19 0.12 0.20 0.18
® a a,b G a,b b
Org=N 0.73 1.01 1.56 3.04 0.85
* b b a,b a b
Tot-N 1.10 1.25 1.95 3.45 1.26
* b b a,b a i

*fppearance of the same letter in any two columns of this row indicates
there was no significant difference detected (o= .05) for this parameter
between the sampling stations represented by those two columns.
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Table 60. Average concentrations of nitrogen species in treated wastewater
and Plot H surface stations H-I (directly beneath the application
pipe} and H-0 (near the western perimeter of the plot). A1l
values in mg/1.

Treated Surface Surface
HWastewater Plot H Plot H
Center Perimeter
(H-1} (H-0}
May 1, 1978 - April 30, 1979
I"IEI3-H + HUE-H 2.88 0.05 0.0%
® a b b
NH,-N 2.22 0.3 0.22
* a b b
Org-N 2.36 o 0.91
® a b b
Tot-N 7.46 1.07 1.18
* a b b

*fippearance of the same letter in any two columns of this row indicates
there was no significant difference detected (a = .05) for this parameter
between the sampling stations represented by those two columns.
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occurred rapidly; as desribed in the Methods chapter, all surface
samples were collected within 24 hours of treated wastewater and
fresh water application.

Probable reasons for the rapid nitrogen removal observed
include nmitrificationfdenitrification at the peat/surface-water
interface and uptake by algae growing near the application pipe.
Algal biomass contains nitrogen and phosphorus in approximately a
10:1 molar ratio, while the treated wastewater had a nitrogen to
phosphorus ratio of approximately 2:1. Hence nitrogen was in short
supply for algal growth relative to phosphorus at the site of appli-
cation. If algal growth was limited primarily by available nitrogen,
any nitrogen applied in a useable form would have disappeared rapidly
from surface waters as it was incorporated into algal biomass.
Semescent algae, which sank to the peat substrate, would then have
constituted a net sink for nitrogen. At the peat/surface-water
interface, nitrification followed by denitrification could have
removed armonium released by decomposition of the dead algae.

Nitrogen Vegetation Values

Nitrogen aboveground wvegetation values. Although storages of
phosphorus in biomass were not large compared to phosphorus applied
in treated wastewater, such storage constituted a major net sink for
nitrogen in plots receiving treated wastewater. MNitrogen is taken wp
through the roots of growing rooted plants and is incorporated into
the cell biomass of growing algae and floating plants such as Lemna
spp. (duckweed). The potential importance of algal nitrogen uptake
was discussed in the water quality section of this chapter. This
section will deal with nitrogen storage in above and belowground live
and dead biomass of rooted plants in the marsh during the dry and wet

years.

Measured storage of aboveground Tive biomass nitrogen is surmar-
ized in Table 61 for Plots C (4.4 cm/wk fresh water), M (3.7 cm/wk
treated wastewater) and H (9.6 cmfwk treated wastewater). The net
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Table &61. Aboveground live biomass nitrogen storage for the entire regiom
of each plot (area-weighted average of inside and outside regions
of sach plot).

Time Plot C Plot M Plot H
Interval Sﬁragg Rate of" Etn'r'&gg Rate of" S’E-}rags Rate of"

Date (days) (g N/m") Change (g W/mZ) Change (g N/m€) Change

4/25/77 3.78 3.80 3.88

46 +26,52 +17.17 +52.39
610477 5.00 4.59 6.29

28 - 3.93 +26.07 +172.14
T8/77 4.89 5.32 11.11

34 +139.71 +77.94 +i6. 76
anuTr 9.64 7.97 12.70

35 =17.14 +17.71 + B.86
9L 9.04 10.69 13.01

79 -89.37
12/3/17 1.98 -— -—= -14.n

74 -18.48 -33.92
2720478 0.52 —== 1.30

54 +53. 33 +86.67
4/15/78 3.40 3.50 5.98

mn +70.56 +154 .65 +89.44
6/25/78 .41 14.48 12.33

a5 +21.65 -47.18 -24.82
9n18/78 10.25 10.47 10.22

a8
12/15/78 == -39.74 === - -14.87
2/17/79 i 4.21 — 7.96

3Rate of change is given in mg N/mZ.day
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rate of uptake {+) or release (-} of nitrogen from this storage
between each sampling date is given. A1l values are area-weighted
(25-75) averages of the "inside" and "outside" sampling regions in
each respective plot. Peak storage was observed on the same date in
Plets M and H during the first, dry year; 10.69 g N/m€ and 13.01 g
N/mE, respectively, on September 15, 1977. Peak storage was
attained slightly earlier in the freshwater plot (Plot C) during that
year: 9.64 g N/m? on August 11, 1977, The highest rate of mitrogen
assimilation by aboveground live biomass was exhibited by Pot H
during the first year, between June and July 1977. During this peri-
od, 1.72 g N/m?-day were removed in Plot H. Fastest net assimi-
lation occurred for the freshwater plot (Plot C) and the medium-rate
treated wastewater plot (Plot M) at a later period during that year;
1.40 g MN/m2-day and 0.77 g MN/mZ-day, respectively, between
July 1997 and August 1977. The differences between plots in timing
of peak assimilation, and in timing of peak storage, corresponded to
the different patterns of ret production in the plots during the
first year.

Second (wet) year nitrogen assimilation and storage in above-
ground Tive biomass appeared to follow similar patterns in the medium
and high rate treated wastewater plots. Both exhibited a maximum net
storage on the Jume 1978 sampling date, and both exhibited fastest
assimilation between April and June 1978 during the wet year. Peak
storage and peak assimilation rates were higher in Plot M than fin
Plot H during the second year. \Values for peak storage during the
wet year were 14,48 g N/m?Z for Plot M and 12.33 g N/m? for Plot
H; values for peak assimilation were 1.55 g HImzfday for Plot M
and 0.89 g N/mé-day for Plot H. Plot C exhibited its highest net
assimilation between April and Jume 1978 during the second year, but
attained peak nitrogen storage in aboveground live biomass in Septem-
ber 1978, which was later than for the plots receiving treated waste-
water.

Analysis of variance showed mitrogen stored in aboveground Tive
biomass in Plot H was significantly greater (o = 0.058) than nitrogen
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storage for aboveground 1ive biomass in either Plot M or Plot C
during the first year. There was a detectable difference (2 = 0.01)
between inside and outside location among the plots during the first
year; values near the pipe (inside regions) were significantly
greater [ o= 0.05) than values near the plot perimeters (outside
regions). During the second year, no significant difference was
detected among the plots for live aboveground biomass nitrogen stor-
age. However, the values near the discharge pipes were still signi-
ficantly higher (o = 0.05) than the values near the perimeters of the
plots.

Table 62 shows the storages and rate of change in storage for
dead aboveground biomass (litter). Az with Table 61, the
area-weighted average of computed values for the inside and outside
portions of each of Plots C, M, and H are given. In each of the
plots, the observed maximum storage of nitrogen in the litter
component over the two-year study period occurred on April 15, 1978,
the walue on this date was greater in Plot M than in Plots C or H.
Analysis of variance for aboveground dead biomass nitrogen storage
yielded significant [ @ = 0.058) differences between any two plots
compared for the first year. Plot H had significantly higher storage
than Plot M, which in turn had significantly higher storage than Plot
C. During the second year, Plot M had a significantly higher (2 =
0.05) storage than either Plot H or Plot C. While there was a
significantly greater storage (o = .08) of aboveground dead biomass
nitrogen near the discharge pipes in the plots during the first year,
no such difference was detected during the second year. A1l plots
exhibited a net increase in storages of nitrogen in aboveground dead
biomass during the first year (April 26, 1977 - April 15, 1978):
+16.71 g N/mZ, +10.09 g N/m2, and +7.94 g W/m2 for Plots M, H,
and C, respectively. Thus, Plot M, rather than Plot H, exhibited the
largest net increase in storage in this component during the first
year. During the second year (April 15, 1978 - February 20, 1979), a
net decrease in storage of aboveground dead biomass nitrogen was
exhibited for Plots H and C: -5.68 g N/mZ and -7.35 gq N/m2,
respactively.
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Table 62. Aboveground dead biomass nitrogen storage for the entire region
of each plot (area-weighted average of inside and outside regions

of sach plot).

Time Plot C Plot M Flot H

Interval Stnragg Rate of® StoragE Rate of° Staragg Rate of>
Date {days) {g N/m“) Change (g H/m") Change {g Nfm") Change
ar25477 9.88 8.04 5.86

46 -59.13 =58.70 #14.13
610477 7.6 5.34 6.51

28 -46.43 -80.7 +55.00
18717 5.86 3.08 8.33

34 +64.41 *56.47 +47.65
B/11/77 8.05 5.00 9.95

35 -65.14 +259.43 +37.71
9/18/77 5.77 14.08 1.27

79 +36.58
12/3/77 8.66 - -— +12.09

79 +29.49 +50.33
2/20/78 10.99 === 13.78

54 +126.48 +51.30
4/15/78 17.82 24.75 15.95

N -102.68 -137.75 -103.66
6/25/78 10.53 14.97 8.59

a5 -25.88 -85.18 +25.29
918,78 §.33 7.73 10.75

a8 +15.80 -32.95
12/15/78 9.72 - 7.85

64 +11.72 +37.81
27/79 10.47 === 10.27

%Rate of change is given as mg N/ -day.
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The composite of both live and dead aboveground biomass nitro-
gen storage is shown in Table 63. For the two-year study period,
maximum storage was attained on April 15, 1978, in Plots C and H, and
on June 25, 1978, in Plot M. Plot M exhibited the largest peak stor-
age of 1ive plus dead aboveground biomass nitrogen. Peak values were
29.44 g N/m2, 21.93 g N/mZ, and 21.22 g W/mZ for Plots M, H,
and C, respectively.

The data indicated significant quantities of nitrogen (about 10
q Hx’m?} were stored in aboveground Tive biomass as compared to the
amount applied to Plot H over one year (about 30 g H,.fmz; see nitro-
gen budget section). Thus, harvest of aboveground biomass near the
time of peak standing crop could remove significant quantities of the
applied mitrogen. The best time for harvest would depend on when
maximum nitrogen storage im this component took place. The data
suggest that peak nitrogen storage was attained earlier in the
treated wastewater plots than peak biomass was attained in the
control plot. Harvest in the early summer would be most appropiate
for maximum nitrogen removal. However, this may not result in
significantly better nitrogen renovation as calculated by nitrogen
mass outflow in exported waters. Denitrification was shown to be a
effective removal mechanism for applied nitrogen. Root growth might

ultimately be stifled by yearly biomass harvest. Since roots were .

implicated as an energy source for denitrification in the marsh, that
process might not proceed as well if plants were harvested yearly.
Harvesting might also inflict severely physical damage to the marsh
ecosystem depending on the type of harvesting method.

Nitrogen belowground wegetation wvalues. Data for nitrogen
stored in belowground live plus dead biomass are summarized in Table
64. Peak nitrogen storage in this compartment was found in August
1977 for the inside portion of Plot H (130.42 g H.fmz}l. There was
an apparent decrease in stored belowground biomass mitrogen between
August 1977 and September 1978 in Plots C and H. Whem an area-
weighted mean of the inside regiom and outside region measurements
for Plots C, M, and H was taken, a net decrease in belowground
biomass nitrogen storage was seen from April to September 1978 in
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Table 63. Aboveground live plus dead biomass nitrogen storage for the
entire region of each plot (area-weighted average of inside
and outside regions of each plot).

Time Plot C Plot M Plat H

Interval mfa Hur_agi_limfa mﬁfa
Date {days) {g N/m") Change {g N/m") Change (g M/m"} Change
4125477 13.65 11.84 9.74

46 . =32.17 -41.52 +66. 74
&/10/77 12.17 9.93 12.81

28 =50.71 -54.64 +236.43
787 10.75 8.40 19.43

KL +204.12 +134.41 +94.71
BT 17.69 12.97 22.65

i5 -B2.00 +336.86 +16.57
915,77 14.82 24.76 24,28

79 -52.M
12/3f77 10.64 ——- R -=- -62.03

79 +11.01 +16.42
220,78 11.57 A 14.48

b4 +179.81 #137.36
&/15/78 21.22 28.24 21.93

71 -32.25 +16,90 -14.08
6/25/78 18.93 29.44 20.93

85 -4.12 =132.12 + 0.47
9/18/78 18.58 18.21 20,97

88
12/15/78 -— -25.72 -— === -18.03

64
217/75 14.67 -== 18.23

&Rate of change is given as mg Hfma-day.
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Table 64. Below ground live plus dead biomass nitrogen in the inside region
of the plots.

Time Plot C Plat M Plot H
ep___ i e ISR i MEeeit Sums, Heteor
8T 56.55 —— 130.42

1493 +0.100 —— -0,259
220478 75.85 —— 80.40

54 -0.425 —— =0.927
4/15/78 5288 52.84 30.36

71 =0.093 =0.179 +0. 205
6/25/78 46. 26 40.14 44 88

85 =0.147 +(.072 +0.026
a/18/78 33.77 46.29 47 .08

152 -0.010 +0.010 -0.089
27779 32.31 47.74 33.58

Below ground live plus dead biomass mitrogen storage for the entire region
of the plots (area-weighted average of inside and outside regions of each

plot).
4515478
n
6/25/78
85
9/18/78
152
2779

55.04

-0.203
40. 65

-0.141
28.67

+0.108
45,12

51.68

-0.125
42.84

+0.040
46.27

61.92

-0.269
42.79

-0.014
41.58

-0.013
39.54

Ypate of change is expressed as g H!m2~day.
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each of these plots. Analysis of variance for belowground biomass
nitrogen storage during the second year showed no significant differ-
ences in the values cbserved among the plots {x = 0.05) and no signi-
ficant effect (a= 0.05) of proximity to the discharge pipe in the
plots. There was a significant effect of time (o = 0.01) on the
values observed during the second wyear, as indicated by the net
decrease in storage between April and September 1978 in each plot.

Nitrogen vegetation summary. Surmary graphs for above and
belowground biomass nitrogen storage for the inside portions of
Plots H and C are presented in Figs. 90 and 91. Live and dead root
storage was the major component of total biomass nitrogen in these
twa regions. The especially large storage of nitrogen in root
biomass for the inside region of Plot H in August 1977 was reflected
in the Targe total biomass storage exhibited at this time. Appar-
ently, much of the nitrogen in applied treated wastewater was assimi-
lated directly at the site of application in Plot H during the dry
year. The roots were above the water table during the growing season
of that year. The subsequent loss of total biomass nitrogen after
August 1977 implies a net transfer of nitrogen from biomass to water
and any newly deposited peat. Peat production was not measured in
this study. MNitrogen transferred to water was subject to microbial
transformation and some ultimate removal by denitrification. Dying
root tissue could have provided a readily useable carbom source for
denitrifiers; thus denitrification could have been enhanced as roots
died back. Total biomass nitrogen stocks increased between April
1978 and June 1978, indicating a net assimilation of applied
nitrogen. A slow decline in total stocks was observed after June
1978, The second-year drop in biomass nitrogen stocks was less than
during the first year. However, this does not imply that there was a
slower rate of peat production. Peat could have been continually
produced even whem biomass stocks were observed to be constant. If
loss of biomass to new peat were balanced by new biomass production,
no net change in total biemass would be observed.

The inside region of Plot C exhibited a different seasonal
trend for total biomass nitrogen than Plot H. This was due primar-
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ily to the different seasonal pattern of belowgroumd biomass im this
plot. As shown in Fig. 91, net assimilation of nitrogenm into total
biomass was indicated for August 1977 - Februwary 1978. Persistent
net release was indicated after this period.

Biomass mitrogen summaries for the entire regions of Plots H, M,
and C are given in Figs. 92-94. As shown, all exhibit a net decline
in total biomass nitrogen between April 1978 and February 1979, the
period for which the total region belowground data were available.
This seggests a net deposition of nitrogem in new peat during the
second year for each plot.

" Hitrogen in Peat

Total nitrogen content of peat was determined wsing samples of
peat taken from Plot C, Plot H, and the natural area of the marsh.
Results are given in Table 65. Analysis of variance for these
samples showed no significant difference (e = 0.10) in nitrogen
content with respect to either depth interval (0-25 cm, 25-50 cm,
50-75 ¢m, respectively) or location in the marsh.

Exchangeable ammonium of peat was analyzed for samples taken on
September 1978 and February 1979. An estimate of the total ammonium
adsorbed to the peat complex in Plot C, Plot H, and the natural area
on each of these two dates was obtained. The values obtained for the
50-75% cm depth interval at each sampling site were considered repre-
sentative of the peat layer between 50 cm and 150 cm at this loca-
tion. Area-weighted averages for Plots C and H were obtained using
samples from the inside and outside regions of each of these plots.
Results are shown in Table 66. Apparently, this storage of nitrogen
was a minor component in the total nitrogen budget of the marsh.
Furthermore, there was no significant difference (= = 0.05) in the
adsorbed ammonium value between Plot H and either Plot C or the
natural area. The nitrogen content of peat, as measured by total
nitrogen or exchangeable ammonium, was not affected by the
application of treated wastewater to the marsh during the two years
of this study.
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Table &5. Total nitrogen content of peat in the marsh as £ of dry weight.

% Nitrogen n
Freshwater Comtrol Plot 2.63 16
(Plot C)
High-rate Treated Wastewater Plot 2.53 16
(Plot H)
Hatural Area 1 2.39 16

No significant difference was detected among these averages [ = 0.10).

[ e—
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Table 66. Adsorbed ammonium in the peat complex.. Values + 1 S.E. (g mez.}.

Sampling date

Location 9/15/78 n 2N17/79 n
Plot C 0.327 + .082 6 0.478 + .123 7
Plot H 0.568 + 179 6 0,501 + 113 6
Natural area 0.272 + .027 3 0.289 + .025 3

No significant difference was detected among any of these averages (= = .05).
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Plant Decomposition and Nitrogen

Nitrogen results for the decomposition experiment performed
during the first year of the marsh study are shown in Figs. 95 and
96. Three types of plant material were studied: Sagittaria lanci-
folia leaves; 5. lancifolia stems; and Panfcum, & grass. Fig. 95
presents the average concentration of nitrogen found in the material
that remained in litter bags collected on each sampling date. The
figure indicates that the concentration of nitrogen in decomposing
plant matter tended toward a constant value with time. This "uwlti-
mate" concentration value was comparable to the value observed for
peat in the marsh (see Table 65). The average concentration of

nitrogen in remaining Sagittaria Teaf matter was consistently higher
than the average concentration of nitrogen in remaining stem matter
or remaining Panicum. The latter two categories exhibited roughly the
same average concentration of mitrogen after November 1977.

The measured concentration of nitrogen in the dry matter of
each collected litter bag and the percentage of thel original dry
weight remaining in that bag were used to derive the amount of mitro-
gen present in each collected bag relative to the amount present
before any decomposition occurred. The average percentage of orig-
inal nitrogen mass remaining in the litter samples collected on each
sampling date is presented for the three plant categories described
above in Fig. 96. This figure suggests that roughly half of the
original nitrogen content of the plant samples remained after a year
of decomposition under relatively dry conditions. Very Tittle
additional loss of nitrogen or dry matter appeared to be occurring by
the end of that one-year period.

As described in the Methods chapter, the decomposition experi-
ment conducted during the second (wet) year employed subsamples of
the dead aboveground biomass collected on Jume 25, 1978. Three sets
of litter bags were set up for each of Plots C, M, and H. Litter
collected from each plot was returned to the same plot. Figure 97
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shows the average percentage of original dry matter remaining for
each of the three plots om each sampling date. A decrease to
approximately 60% of the original dry matter content was seen in each
plot after nine months of decomposition. The water table was
consistently above the surface of the peat after the first month of
this decomposition experiment. The apparent weight gain during
August 3-18, 1978, for the litter in Plot H was probably due to the
inherent error of the experimental technique. There may have been
some discrepancy between the actual wet to dry weight ratio of a
particular Titter sample and the estimated value employed to compute
dry weight loss.

Figure 98 illustrates the average concentration of nitrogen in
the decomposing litter during the wet year. The concentration
appears to head towards an average value of approximately 2.5% of
the remaining dry weight. This value i5 essentially eguivalent to
the value ebserved for peat in the marsh (see Table 65). The aver-
age concentration value for Plot H was nearly always slightly higher
than the values for either Plot C or Plot M

The average percentage of original nitrogen mass remaining in
1itter samples on each sampling date is shown in Fig. 99. Calecula-
tion of these wvalues suffered from the same uncertainties as were
involved in estimating the dry matter Toss and were discussed previ-
ously. Although the concentration of nitrogen in Titter had a nearly
constant value after the first three months (see Fig. 98), the litter
kept losing dry matter throughout the nine month observation period.
Hence, there was a noticeable met loss of nitrogen from litter occur-
ring even after nine months under wet conditions.

There is some imdication from Fig. 99 that loss of nitrogen
from dead aboveground biomass (litter) proceeded at a slower rate in
Plot M than in Plot H under wet conditions. This is consistent with
the observed larger accumulation of aboveground dead biomass and
associated mitrogen in Plot M (3.7 cm/wk treated wastewater) than in
Plot H (9.6 cmfwk treated wastewater) during the two-year study
period.
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Nitrogen Budgets for Plots H and C

Treated Wastewater Nitrogen Loading

Measured average concentrations of mnitrate plus nitrite, ammo-
nium, organic and total nitrogen in applied treated wastewater for
each month are shown in Table 67. Using the recorded volume of water
applied to Plot H (two-year average of 9.6 emf/wk treated wastewater)
each month, loadings of the nitrogen species were derived. The
computed loadings are also given in Table 67. A total of 31.%1 g
N/mE was applied during the first year, 26.7%¢ of which was bound in
organic form. During the second year, 37.57 g N/m? were applied,
34.1% of it bound in organic form.

Freshwater Nitrogen Loading

The average concentrations of nitrogen species in  applied
fresh water were computed for the periods 1977-1978 and 1979, respec-
tively. The two periods were treated separately because fresh water
supplied to Plot C (4.4 cm/wk fresh water) was pumped from a differ-
ent municipal well after December 1978. The average values are given
in Table 68. These walues, along with the measured volumes of fresh
water applied to Plot € each month, were used to obtain the monthly
nitrogen loadings in fresh water to Plot C. The loadings are given
in Table 69. Only 2.80 g N/mZ were applied during the first year,
73.0% as organic-N, and 2.11 g N/me were applied during the second
year, 70.2% of it a5 organic=N.

Rainfall Nitrogen Loading

Average concentrations of nitrate plus  nitrite nitrogen,
ammoniun nitrogen, organic nitrogen, and total nitrogen in wet
precipitation for the period 1977-1978 are listed in Table 70.
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Table 67. MWitrogen loading to Plot H in applied treated wastewater.

Treated Concentration Mass Applied
waste- (mg N1} (g N/mc-mo)
water 1'-!]3' HDE'

vol ume + +

Month  (cm)  NOp” My  Org N Tot N NDpT MH3  Org N Tot N

May 77 41.5  0.007 0.125% 0.98% 1.112 0.003 0.052 0.41 0.46
Jun 50.9 1.75% o0.088® o0.56 2.36® 0.891 0.023 0.29 1.20
Jul 40.7  3.40 0.93  3.87 8.20 1.38% 0.379 1.58 3.3
Aug 49.6  3.51¢ 0.54¢ 2,29¢ 6,33 1.741 0.268 1.14 3.14
Sep 511  3.61 0.15 0.70 4.46 1.845 0.077 0.36 2.28
Gct  42.2 2,70 0.09  4.40 7.19 1.139 0.038 1.8 3.03
Nov  41.2  2.81° 0.29C 316 6.245 1.158 0.119 1.30 2.57
Dec 50,9 2.91 0.48 1.91 5.29 1.481 0.244 0.97 2.69
Jan 78 40.7 5.78 0.08 0.9 6.80 2.352 0.033 0.38 2.77
Feb  40.7 5.05 5,06 0,12 10,23 2.085 2.059 0.05 4.16
Mar  21.8  4.60 5.10 0.21 9.47 1.003 1.112 0.05 2.06
por 414 489 s.06¢ 0198 e.2d 1731 2095 o0.08 3.8
My 46,2 3.76 5.0 0.17 8.94 1.737 2.315 0.08 4.13
Jun  45.9  0.99 0.42 5.58 6.99 0.454 0,193 2.56 3.21
Jul 41,1  0.46 3.42 4.8 B8.76 0.189 1.406 2.01 3.60
Aug  51.3  3.26 0.76 5.34 09.36 1.672 0.390 2.74 4.80
Sep  4l.1 4,98 0.89  4.42 10.29 2,047 0.366 1.82 4.23
0ct  41.1 4.35 2.54 1.76 B.65 1.788 1.044 (0.72 3.56
Mov  41.1  4.27 0.58 3.8 8.05 1.755 0.238 1.56 3.31
Dec  41.1 4,12 5,19 0.24 9.55 1.693 2.133 0.10 3.93
Jan 79 41.1  2.12 1.56 1.33 5.01 0.871 0.641 0.55 2.06
Feb 32,7 1.07 4.98 0.87 6.92 0.350 1.628 0.28 2.26
Mar 32,7 0.60 0,30 0.12 1.20 0.226 0.128 0.04  0.39
ppr 32,7 4,37 0.69 1.32 6.38 1.429 0.226 0.43 2.09

Alnfrozen samples.

baverage of July 1977 and September 1977 samples.
Chverage of October 1977 and December 1977 samples.
dpverage of March 1978 and May 1978 samples.
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Table 68. Average nitrogen content of fresh water applied to Plot C (4.4 cm/
wk) [mgf1}).

Time Period NOg -M + NOs™-d Ny =N Organic N Total N
1977-1978 0.278 0.102 1.028 1.408
1979 0.035 0.063 0.087 0.186
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Table 69. Nitrogen loading to Plot C (4.4 em/wk fresh water)

(g N/m2+mo).

Fresh water

Vol ume NOgt
Month {em) K05 HH4 Org Tot N
May 17 15.3 043 06 « 157 +215
Jun 19.8 055 020 204 -279
Jul 15.5 043 .016 L1560 218
Aug 15.8 . 044 016 162 - 222
Sep 19.1 L053 .09 196 - 269
Oct 18.1 050 018 -186 . 255
Hov 14.9 041 015 «153 210
Dec 19.2 053 020 197 270
Jdan 78 15.2 L0482 016 156 214
Feb 15.2 «042 016 156 214
Mar 15.4 043 016 .158 L2107
Apr 15.4 043 016 .158 217
May 21.7 « DB 022 223 «306
Jun 16.0 044 016 164 - 225
Jul 15.4 .43 016 . 158 217
Aug 19.3 054 - 020 198 272
Sep 15.4 043 .016 .158 .217
Oet 15.4 .043 .016 .158 .217
MNow 15.4 .043 016 .158 217
Dec 15.4 .043 016 158 217
Jan 79 15.4 . 005 L010 013 LO20
Feb 34.9 .02 022 .030 065
Mar 34,9 02 22 «030 065
Apr 34.9 012 L022 .030 . 065
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Table 70. HNitregen in bulk precipitation.

NO.-M +
' NO3-N NH 5= Organic N Total N
' Wet precipitation® 0.202 0.108 0.331 0.641
: {mg.f1)
|
Dry Pnout‘" 0.007 0.004 0.015 0.026

[ 2yalues were obtained from data collected for Lake Apopka, 20 km to the
. west of Clermont (Hendry, pers. comm.).
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Also listed in Table 70 are the average values for dry fallowut of
nitrogen during this period. Using the measured rainfall for each
month in the research marsh and the average concentration of nitro-
gen species in wet precipitation givem in Table 70, estimates of
monthly nitrogen loading by wet precipitation were obtained. The
average dry fallout value from Table 70 was then added to obtain
bulk precipitation loading values for each month. Results are
chown in Table 71. During the first year, 1.03 g N/mZ were
supplied to the marsh in bulk precipitation and 1.20 g N/mZ were
supplied during the second year. This was a significant input as
compared to the freshwater loading of Plot C, but insignificant as
compared to the treated wastewater loading of Plot H.

Nitrogen Fixation

Az discussed in the Nitrogen Considerations section, nitro-
gen fixation was assumed to be negligible in Plot H during both
years of this study. Fixation was asswmed to be negligible in Plot
C during the dry year, with a value of 5.84 g MN/mZeyr during
the wet year. Values derived for the growing season and dieback
periods of the wet year assumed this rate to be uniform throughout
the wet year.

Changes in Aboveground Biomass Nitrogen

Averages of nitrogen in total Tive, total dead, and total
live plus dead aboveground biomass for the inside and outside
regions of Plots H and C were weighted by area to yield average
values for each entire plot (see Methods). Results were given in
Tables 61, 62, and 63. Also shown were the rate of change in total
nitrogen storage for each of these categories between successive
sampling periods. This provided an estimate of net flux of nitro-
gen fnto these compartments between samplings. Shown in Table 72
iz a summary of the net changes in aboveground biomass nitrogen
storage in Plots H and C for the growing season and dieback period
of the first and second years of the study, respectively.

As discussed in the Nitrogen Considerations section, a net
increase for nitrogen stored in  aboveground dead biomass was
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Table 71. MNitrogen loaging 1n bulk precipitation throughout the research
marsh (g N/m=-month).
Rain Hﬂa

Month {em) NO, NH4 Org N Tot N
May 1977 2.1 on .00 022 038
June 5.5 018 010 033 061
July 21.8 .051 .0z8 087 . 166
August 16.2 040 .021 . 069 130
September 13.9 .035 .09 .081 115
October 2.B 013 .0o7 024 044
Hovember 8.2 .024 .013 .04z .079
December 10.4 . 028 .015 .04g .093
January 1978 7.2 022 .mz2 .039 072
February 14.9 .037 L020 064 22
March 6.6 . 020 .om . 037 .068
April 1.8 0N .006 .021 .038
May 14.4 .036 L020 . 063 L8
June 27.6 . 063 .034 106 L203
July 32.8 073 .039 124 L2356
August 6.5 020 .m .037 . 068
September 7.9 023 013 041 077
Dctober 4.6 .06 .009 030 .055
November 0.0 000 000 000 000
December 8.9 . 025 014 044 . 063
January 1979 17.8 043 .023 074 .140
February 5.0 017 .0og .03z .058
March 10.0 L0237 015 .048 .0ao
April 13.3 .03 .01a L0549 11
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Table 72.

Changes in aboveground biomass nitrogen storage for Plots C

(4.4 co/wk fresh water) and H (9.6 cm/wk treated wastewater)

{g N/mZstime period).
otk Live & kg Live &
Live Dead Dead Live Dead Dead
Dry Year
Growing season
(4/25/77-8/11/77) +5.B6 -1.83 +4,04  +8.82 +i, 04 +12. 90
Dieback
(B/11/77-2/20/78) -0,12 +2.04 -6.18 =11.40 +3.23 -8.17
Entire year
(4/25/77-4/15/78) =0.38 +7.94 +7:.57 +2.10 +410.09 +12.19
Het Year
Growing Season
(4/15/78-9/15/78) +6.85 =0.49 -Z.68 +1.24 =5.21 =0.96
Dieback
{9/15/78-2/17/79) -6.04 +2.14 =3.90 -2.26 =-0.48 -2.74
Partial year
(4/15/78-2/17/79) +0,81 -7.35 -6.54 41,98 =5.69 =3.70
Both Years
(4/25/17=-2/17/79) +0.43 +0.59 +1.02  +4.08 +4,40 +8.49
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exhibited in both the freshwater plot and the high-rate treated
wastewater plot during the first (dry) year. PReasons for such a
net accunulation throughouwt the marsh were given. The most impor-
tant factor contributing to the net storage appeared to be the dry
conditions; decomposition was probably limited by insufficient
water during part of that year. Much of the net gain of above-
ground dead biomass nitrogen in Plots H and C was lost during the
second year, when the water table was above the surface of the
peat. Part of the observed loss was due to deposition of new peat,
as well as Toss of nitrogen to surrounding waters.

Changes in Belowground Biomass Nitrogen

Area-weighted average wvalues for nitrogen  stored  in
belowground biomass (i.e., live and dead roots) for Plots H and C
were used to estimate uptake and release of nitrogen by this
compartment. Results are shown in Table 73. Yearly data were
available only for the second year, during which time a net loess of
nitrogen from belowground biomass was observed. Az with
aboveground dead biomass, at least some of the observed Toss
represented transfer of nitrogen as newly deposited peat.

Nitrogen Adsorption by Soil

Additiomal wuptake of nitrogen by marsh peat may have
cccurred due to adsorption of ammonium ions onto cation exchange
sites of the peat. The data presented in Table 66 showed the
adsorption process to be an insignificant component in the nitrogen
budgets of Plots H and C. Thus, adsorption of ammonia by peat soil
did not constitute a significant net sink for applied nmitrogen in
this marsh. Also, ammonia content of marsh waters was not
influenced seasonally by such adsorption.

Potential Denitrification

The potential denitrification rate of Plot H was derived
from column studfes, using the columm of peat comtaining no plants
and 15 cm of overlying nitrate-amended treated wastewater. This
value was 0.6 g N/mZ-day (see Table 54) and was utilized for
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Table 73. Changes in nitrogen storage of belowground biomass (g mez-
time period).

Plot C Plot H

Ory Year

Growing season® i A
(4,25/77-8/11777)

Dieback -19.30" il
(8/11/77-2/20/78)

Entire feard s o
(4/25/77-4/15/78)

Wet Year

Growing Season -26.37 -20.34
(4/15/78-9/15/78)

Dieback +16.45 - 2.04
(9/15/78-2/17/79)

Partial year - 9,492 -22.38
(4/15/78-2/17/79)

3pata not available.
Byalue obtained from inside region of Plot C.
CYalue obtained from inside region of Plot H.

dDﬂtﬂ not available.
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both wet and dry years. The potential denitrification rate for Plot
C was determined from the 9in situ studies of denitrification
conducted in the natural marsh. Using results obtained for mitrate-
amended bags of soil placed at 8 cm and 30 cm depths, respectively, a
value of 1.8 g W/mZ+day was derived for the upper 45 cm of peat.
This depth corresponds to the 45 cm length of peat columns used dn
column studies. The calculated rate was higher than the rates
observed for columns with overlying treated wastewater. This
occurred because the rate of nitrate diffusion through overlying
water was limiting to denitrification in column studies. Hence, the
potential rate of 1.8 g N/mZ was more accurate for periods of low
or absent standing water in Plot C than for periods of high water in
this plot.

Export of Nitrogen in Outflowing Water

Outflow of water per monthly period in Plots H and C was
computed as described in the Methods chapter. These results are
reported in Tables 74-76. Calculated water outflows and representa-
tive concentrations of nitrogen for the outflowing water were wuti-
lized to get hydrologic export of nitrogen in each plot for each
month. For the freshwater plot (Plot C), well W2IM, located in the
northwest corner at medium depth, was utilized for representative
nitrogen content of exported water. Results are given in Table 76.
For the high-rate, treated wastewater plot (Plot H), separate mass
outflows of nitrogen during each month were computed using data from
wells W3M and W23M.  Well W3M was located at medium depth, directly
beneath the treated wastewater discharge pipe in Plot H. If most of
the applied treated wastewater flowed out of the peat and into the
sand layer directly beneath the discharge pipe, nitrogen content of
well WM samples would have been representative of exported waters.
Well W23M was located at medium depth in the northwest corner of Plot
H. If most of the applied treated wastewater traveled horizontally
and was uniformly distributed throughout the peat layer, nitrogen
content measured in well WEZ3M samples would have been representative
of exported water. Chloride Tevels in water samples were wbilized
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Table 74. MNitrogen export from Plot H (9.6 cm/wk of treated wastewater) in
outflowing water (well W3M used).

Concentration (mg/1) Mass Outflow { g N/m?)
Qutflow

olume  NO4+ NOg*
Month (em) N0, NHy; Org N Tot N ND, HNH; OrgH TotN

May 77 32.3  0.023% 0.06® 1.99%® 2.07* .007 .019 .643  .660

Jun 4.1  0.023 0.06 1.99 2,07 .010 .025 .838 .87
Jul 30.6 0.0018 0.38 2.52 2.92 .006 .116 .771  .B94
Bug 36.8  0.018 1.11 3.09 4.22  .007 .408 1.137 1.553
Sep 39.9  1.500 0.40 3.70 5.60  .599 .160 1.476 2.234
Oct 27.7  0.350 2.10 3.15 5.60 .097 .582 .873 1.551
Nov 98.3  0.1782 1.20P 1.820 3.20® o050 .339 .515  .908
Dec 50.5 0.005 0.30 0.48 o0.79 .003 .150 .242 399
Jan 78 44.2 0.008 0.35 1.50 1.86 .004 .155 .663  .B22
Feb a8.1  0.014° 0.46° o0.82° 1.30° .007 .221 .394  .625
Mar 25.1  0.019 0.57 0.13 0.73 .005 .143 .033  .183
Apr 39.3  0.013 0.65 1.86 2.52  .005 .25 .731  .990
May 37.6 0.009 0.25 0.74 1.00 .003 .094 .278  .376
Jun 32.8 0045 2.53 1.13 3.89 .015 .830 .371 1.276
Jul 25,9  0.057 0.51 2.01 2.5 .015 .133 .521  .668
Aug 22.0 o0.0529 .70 1.:19 2.069 .o .154 .288  .453
Sep 36.5 0.046 0.89 0.60 1.5  .017 .325 .219  .562
oct 40.5 0.013 0.07 0.39 0.47 .005 .028 .158  .190

Dec 79 40.4 0.027 0.5 0.35 0.88 011 L2021 . 356
Jan 40.7 0.022 0.02 0.74 0.78 .009 008 L300 317
Feb 3.0 0.007 0.09 0.25 0.34 002 .026 .078 105
Mar 25.5 0.037 0.17 1.05 1.25 .009 .042 .268 118
Apr 35.6 0.041 0.48 0.38 0.90 015 17 G135 . 320

0
0
0
Naov 36.2 0.8 0.11  1.35 1.48 .007 .040 489 536
0
0
0
0

dJune 1977 values used.

bﬂverﬁge of October 1977 and December 1977 values.
Chverage of January 1978 and March 1978 values.
average of July 1978 and Septenber 1978 values.
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Table 75. MNitrogen export from Plot H (9.6 cm/wk of treated wastewater)
in outflowing water (well W23M used).
Concentration (mg/1) Mass Outflow (g ijz}
Outflow
Volume H03+ N03+

Month {cm) r'«II:II2 HHE Org N Tot N IhIEII2 NH, Org N Tot N
May 77 32.3  .006 0.47 3.98 4.46  .002 .152 1.286 1.441
Jun 421 .027 0.93 2,42 3.38 .011 .392 1.019 1,423
Jul 30.6 .024 0.14 1.76 1.92  .007 .043 .539 588
Aug 3.8 .018 0.06 2.04 2.12 .007 .022 751  .780
Sep 39,9 ,795 0.03 0,52 1.35 .37 .012 .207 .539
Oct 27.7 .190 0.63 1.72 2.54 .053 .175 .476 ..704
Nov 28.3  .101* 0.35° 1.21* 1.67* .029 .00 342  .473
Dec 50.5 .012 o©0.08 O0.70 0.79  .006 .039 .354 399
Jan 78 44.2  .00B 0.04 0.69 0.74  .004 .018 .305  .327
Feb 881 .on® 0.02® 1.97® 2.00° .005 .01 ..9a8 .96z
Mar 25.1 .014 0.01 3.24 3.26 .004 .002 ..813  .818
Apr 39.3  .024 0.22 1.35 1.59  .009 .084 .531  .625
May 37.6 .009 0.30 0.54 0.85 .003 .113 .203  .320
Jun 32.& .010 0.06 1.60 1.67  .003 .020 .525  .548
Jul 25.9  .073 0.07 1.62 1.76  .019 .017 .420  .456
Aug 22,0 .062° 0.07° 1.60° 1.73°% .o14 .015 .35z .381
Sep 3.5 .050 0.07 1.57 1.69 .018 .025 .573  .617
Oct 40.5 .018 0.12 0.70 0.84  .007 .050 .284  .340
Nov 36.2  .008 0.12° 0.88  1.10 003 .076 .319  .398
Dec 40.4  .056 0.20 0.45 0.7  .023 .081 .182  .287
Jan 79 40,7 .05 0.67 0.76 1.49 023 .273 .309  .606
Feb 3.0 .0l10 0.16 0.20 0.37 .003 .048 .062  .115
Mar 25.5 .019 ©.13 0.00 0.15  .005 .034 .000  .038
Apr 3.6 .03 0.05 0.6 0.69 .012 .016 .217  .246

“pverage of October 1977 and December 1977 values used.

bAverage of January 1978 and March 1978 values used.

CAverage of July 1978 and September 1978 values used.

277




Table 76. MNitrogen export from Plot C (4.4 cmfwk of fresh water) in

outflowing water.

Concentration (mg/1) Mass Outflow (g Hfmzj
Outflow
Yolume H03 + N03+
Month (cm) NO NH, Org N Tot N NO; MHy OrgN Tot N
May 77 5.9 .012 .020 3.03 3.06 .001 .001 .179 .18
Jun 1.4 057 .180 2.47 2.71  .006 .021 .282  .300
Jul 15.4  .017 .400 2.30 2.72  .003 .062 .354  .419
fug 7.4 .05 .060 ©.94 1.02 .00 .004 .070  .0O75
Sep 13.9  .480 .020 0.58 1.08  .067 .003 .081  .150
Oct 9.3 .280 .030 2.27 2.58  .026 .003 .211  .240
Nov 6.9 .1a8 054 1.49® 1.69° 010 .004 .703 .N7
Dec 19.0 .06 .078 ©0.70 0.80  .003 .015 .133  .152
Jan 78 22.0 .004 .080 1.38 1.46  .001 .018 .304 .32
Feb 22.0 .02 .os0® 1.19° 1.28® .00 .m8 .262  .282
Mar 19.9 .019 .080 1.00 1.10 .004 .016 .199  .219
Apr 15.0 .036 .827 1.02 1.38  .005 .124 .153  .207
May 6.3 .011 .140 1.40 1.55 002 .023 .228  .253
Jun 8.4 .007 .097 0.65 0.78  .001 .008 .055  .0G6
Jul 3.9 .084 .113 0.88 1.06 .002 .004 .034 .04
Aug -13.1 .063° .098% 1.95° 2.11° -.008 -.013 -.255 -.276
Sep 2.1 .061 .083 3.02 3.16 .001 .002 .063 .06
Oct 9.6 .026 .41 0.42 0.59  .002 .014 .040  .057
Nov 8.7 .009 .37 1.35 1.74 .001 .033 .17 .15
Dec 15.0 .047 .129 0.64 0.81  .007 .019 .096  .122
Jan 79 15.6  .009 .005 0.45 0.46  .001 .001 .070  .072
Feb 33.5 .106 .505 0.19 0.76 .036 .169 .064  .255
Mar 28.3 .021 .002 3.91 3.93  .006 .001 1.107 1.112
Apr 39.0 .032 .005 1.25 1.20 .012 .002 .488  .503

%verage of October 1977 and December 1977 values.
hﬁverage of January 1978 and March 1978 values.

cAvErage of July 1978 and September 1978 values.
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as a tracer for applied treated wastewater (see Hydrologic
Considerations). Results of tracer studies indicated that applied
treated wastewater passed both wells W3M and W23M. It was not
possible to determine the relative proportions of applied water
passing either well dn Plot H, however. Results calculated
separately for both of the wells will be presented henceforth in
this chapter. Manthly outflows determined using well W3M are
presented in Table 74. Monthly outflows determined using well W23M
are presented in Table 75.

Nitrogen inputs, outputs, and flows within Plots H and € are
summarized for the first (dry) year in Tables 77 and 78, respec-
tively, and for the second (wet) year in Tables 79 and 80, respec-
tively. Treated wastewater, fresh water, precipitation, and hydro-
logic export represent total nitrogen wvalues (NO3-, MOz,
MH3, and organic nitrogen). Mitrogen in bulk precipitation
comprised only 3.14% of the known inputs to Plot H (wastewater plus
precipitation) during the first year, and 8.11% during the second
year. In Plot C, however, nitrogen in bulk precipitation comprised
26.85% of the measured inputs (fresh water plus precipitation)
during the first year, and 23.08% of measured and estimated inputs
{fresh water plus precipitation plus fixation) during the second
year. The potential denitrification value provides am upper limit
to the amount of nitrogen that could have been removed yearly by
this process. As shown for both years in either Plot H or Plot C,
greater than 100% of nitrogen inputs could potentially have been
removed by denitrification.

The "observed net removal" wvalues shown for Plot H in Tables
77 and 79 were derived by taking the difference between the treated
wastewater input and the mass export in outflowing waters. Percent
removal was then derived by taking the net removal wvalue as a
percentage of treated wastewater input. A1l values given in paren-
theses utilized the mass cutflow data for well station WM, located
directly beneath the discharge pipe in Plot H. The values not in
parentheses are for the well station W23M, located in the northwest
corner of Plot H. As shown, there is only & slight difference
between the values for W23M and the values for WIM. This indicates
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Table 77. MNitrogen budget for the dry year in Plot H (9.6 em/wk treated
wastewater).

Seasonal Budgets Tearl:,r"'
Growing® Digback” Bugget % of

Flows Segsun (g N/m" season) (g M/m" year) Inputs
(g N/m<-season)
Inputs
Treatedd
Wastewater 8.14 17.50 31.51 96.83
Precipitation®  0.40 0.53 1.03 3.17
F‘ixat‘[anF a 0 0 0
Totals .54 18.03 32.54 100.00
OQutputs
Export?
{W3M) (3.99) {6.54) (11.70) (35.96)
WZ3M 4.23 3.40 9.08 27.90
Litterh 4.09 3.23 10.09 31.01
Abwegmundi
Tive 8.82 -11.40 2.10 6.45
Roots” - -50.02 --- -
Soil adsorption® © 0 0 0
F‘i:lli:nantia'l1 64, 80 115.80 £19.00 673.02
denitrification
Total =100.00
Observed net removal™
{W3m) (4.15) (10.96) {19.81)
W23 3.91 14.10 22.43
% Removal®
(W3n) (51.02) (62.65) (62.88)
W23M 43.01 80.55 71.19

%The growing season is here defined as 4/25/77-8/11/77.
brhe dieback period is here defined as 8/11/77-2/20/78.
‘:The yearly period is here defined as 4/25/77-4/15/78.

dueriued from values in Table &7.
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Table 77. Footnotes (continued)

®Derived from values in Table 71.
fSee text.

9perived from values in Tables 74 and 75. Well W3M was located beneath
the discharge pipe. Well W23IM was lecated in the northwestern corner.

Pevom Table 72.

TErom Table 72.

jFrnm Table ¥3. Mo value available for &4/25/77-8/11/77.
kSee text.

lFrﬂm column studies. See text.

Mrreated wastewater input minus export.

Mobserved net removal as percentage of treated wastewater input.
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Table 78. HNitrogen budget for the dry year in Plot C (4.4 em/wk freshwater).

Seasonal Budgets

Growing? Diebackb Yearly© % of
Season Budget Inputs
Flaws {g N/mE-season) (g N/m2-season) (g N/mé-year)
Inputs
Freshwaterd 0.94 1.43 2.80 73.11
Pracipitation® 0.40 0.53 1.03 26.89
Fixationf 0 0 0 0
Totals 1.3 1.96 3.83 100.00
OQutputs
Exportd 0.98 1.26 2.67 £9.71
H21M
Litterh -1.83 2.94 7.94 207.31
Aboveground | 5.86 -9.12 -0.38 -9.92
Tive
Roots J 5 -19.30 -
soilk 0 0 0 0
adsorption
Potential!  200.90 359.00 678.90 17,725.85
denitrification
Totals >100.00

alThE growing season is here defined as 4/25/77-8/11/77.
BThe dieback period is here defined as BfL1/77-2720778.
CThe yearly period is here defined as 4/25/77-4/15/78.
Derived from values in Table g9,

€Derived from values in Table 71.

fSee text.

90erived from values in Table 76. Well W2IM was located in the north-
western corner.

bFram Table 72.

TFrom Table 72.

JFrom Table 73. Mo value available for 4725/ 77-8711777.
kSee text.

TFrom in situ studies. See text.
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Table 79.

Nitrogen budget for the wet wear in Plot H (9.6 cmfwk treated
wastewater).

Seasonal Budgets

Growing® Dieback® Yearly® % of
Segson > Budggt Inputs
Flows (g N/m" seasan) {g N/m" season) (g W/m" year)
Inputs
Treatedd

wastewater 23.78 15.12 37.57 96.90
Precipitation®  0.74 0.34 1.20 3.10
Fixation' 0 0 0 0.00
Totals 24,52 15.46 38.77 100.00

Qutputs
Exportg

[W3M) (4.33) (1.50) {5.48) {14.13}

W23M 2.495 1.75 4.35_ 11.228
Litter  -5.21 -0.48 -5.69" -14.65
hbuv&gruundj ;

Tive 4,24 -2.26 1.981 - 5.1
Roots® -20.34 -2.04 -z2,381 -57.73
Soil adsorption O 0 0 0
Potential™ 93.60 91.20 219.00 564.87

denitrification
Total. =100.00

Observed net removal”
{N3N) {19.45) (13.82) (32.00)
W23M 20.83 13.37 33.22
% Removal®
(W3M) (81.81) {90.08) (85.42)
WZ3M 87.61 88.45 as. 42

3Growing season is here defined as 4/15/78-9/18/78.

hﬂieback period is here defined as 9/18/78-2/17/79.

“The yearly period is here defined as 4/15/78-4/15/79.

duerived from values in Table 67.
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Table 79. (Footnotes continued),

Bharived from values in Table 71.
FSEE text.

9nerived from values in Tables 74 and 75. Well W3M is located beneath
the discharge pipe. Well W23M is Tocated in the northwestern cormer.

Perom Table 72. See .
iThEse values are for 4/15/78-2/17/79 only.

JFrom Table 72. See i.

KErom Table 73. See 1.

lSee text.

"From column studies. See text.
Mreated wastewater input minus export.

O0bserved net removal as percentage of treated wastewater input.
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Table 80. MNitrogen budget for the wet year in Plot C (4.4 cofwk freshwater).

Seasonal Budgets

Growing @ DiebackD YearlyC % of
:’-‘veisun Budget Inputs
Flows {g N/m¢.season} (g N/mZ.season) (g N/mZ.year)
Inputs
Freshwaterd 1.45 0.74 2.11 23.06
Precipitation® 0.74 0.34 1.20 13.11
FixationT 2,50 2,43 5.84 63.83
Totals 4.69 1.51 9,15 100.00
Outputs
Export 9 0. 36 0.66 2.42 26,45
W21M
Litterh -9.49 2,14 -7.351 -80.33
fbovegroundd 6.85 -6.08 -p.811 -8.85
live
Rootsk -26.37 16,45 -9,9z1 -108.42
5011 0 0 0 0
adsarption
Potential™ 290.20 282.70 678.90 7419.67
denitrification
Total »100.00

AGrowing season is here defined as 4/15/78-9/18/78.
bpieback pericd is here defined as 9/18/78-2/17/79.
CThe yearly peried is here defined as 4/15/78-4/15/79.
dperived from values in Table 69.

€perived from values in Table 71.

fSen text.

9perived from values in Table 76. Well WZIM was located in the north-
western corner.

hFrom Table 72. See i.

1These values are for 4/15/78-2/20/79 only.

JFrom Table 72.

KFrom Table 73.

1S text.

MErom in situ studies. See text.
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that considerable removal of nitrogen from applied treated waste-
water had been occcurring even if most of the applied water flowed
out directly beneath the application pipe.

Less total mitrogen was exported from Plot H during the second
year than during the first year. This it is presumed was due
primarily to the effects of a lower water table during the first
year, as compared with the presence of standing water during the
second  year. Considerable removal of applied total nitrogen
gecurred in Plot H even during the dry year, however. A total of
71.19% of the applied total N was removed during the first year,
while B88.42% of the applied total N was removed during the second
year in this plot.

Shown in Fig. 100 are the amounts of nitrate plus mitrite,
ammonium, and organic nitrogen that were applied to Plot H in
treated wastewater during the growing season and dieback period of
each year. Also shown in Fig. 100 are the export of nitrate plus
nitrite, ammonium, and organic nitrogen in outflowing waters from
Plot H for each time period. Mass outflow values in parentheses
were computed using the data for well W3M, which was located in the
center of Plot H directly beneath the discharge pipe; mass outflow
values not in parentheses were computed using data for well W23M,
which was located in the northwest corner of Plet H.  Somewhat
larger outflows of all nitrogen forms were computed for Plot H by
using the center well (W3M) data than by using northwest corner
well (W23M) data for the dieback period of the first year. Also, a
larger outflow wvalue for ammonium was obtained wsing the center
well (W3M) data for the growing season of the second year than was
obtained using the northwest corner well (W23M) for this period.

Figure 101 exhibits mass inflows of bound nitrogen species in
applied fresh water and mass outflows of those species in exported
water for Plot . The same growing seasons and.dieback periods are
depicted as for the treated wastewater plot (see Fig. 100). The
outflow values were computed using data for well WZIM, located in
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the northwest corner of Plot C. Mass outflow values for nitrate
plus nitrite nitrogen were consistently lower than mass inflow
values for applied fresh water. Mass outflow values for asmonia
nitrogen in the control plot were slightly higher than the fresh-
water aplication wvalues on all occasions except for the dieback
period of the first year. Organic nitrogen export from the control
plot was slightly greater than the amount applied in fresh water
during the growing season and dieback period of the first year.
However, export was smaller tham the amount applied in fresh water
to the control plot during the growing season and dieback period of
the second ([wet) year.

Mass application and hydrologic export of bound nitrogen
species for Plots H and C are given for each of the two entire
years in Fig. 102. Considerable net removal of inorganic nitrogen
species occurred in Plot H during both years, as computed by either
the center well (W3M) data or the northwest corner well (W23M)
data. Significant net removal of organic nitrogen occurred during
the wet year for Plot H, but mot for the dry year. Application and
export of ammoniacal and organic nitrogen were roughly equivalent
in Plot C during both years; perhaps a slightly greater amount was
exported than was applied during these two years. Applied nitrate
plus nitrite nitrogen was apparently removed by Plot C during both
years, as it was in Plot H during both years.

Using the application &nd outflow mass values summarized in
Figs. 100 and 102 for Plot H, percentage removal of the measured
forms of bound nitrogen were computed for this plot during selected
time intervals. FResults are thown in Table 81. Values in paren-
theses were derived from the data for center well W3M; all other
values were derived from the data for northwest corner well W23M.
Efficiency of nitrate plus nitrite removal remained extremely high
throughout the entire study period. fAsmoniacal nitrogen removal
was least efficient during the growing season of the dry year, but
was highly efficient throughout the wet year. Both organic
nitrogen removal and total nitrogen removal were least efficient
during the growing season of the dry year, and were more efficient
during the wet year than during the dry year. Overall, the
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located in the northwest corner of Plot H. These values were derived in Table 75.



Table 81. Percentage removal of nitrogen from treated wastewater applied

to Plot H (9.6 cmiwk).

Percent Removal

Hﬂa—ﬂ+

Time Period HUE-H HH3-H Org-N Tot-N
Dry Year:

Growing season  99.33 15.65 -5.26 48.01

S TT-8430577 {99.25}a (21.33) (0.88) (51.02)
- Dieback 95,87 86.19 46.54 80.55
T 9/ /77-2/20/78 (92.42) {37.47) {15.45) (62.65)
. Entire year 97.29 83.84 10.61 71.19

5/1/77-4/30/78 (95.23) (60.41) (1.82) {62.88)
Wet Year:

Growing season  99.16 95.95 1nz.m 87.61

a441/78-9/30/78 (99.18) (73.53) (74.08) {81.81)

Dieback 99,09 90.71 63.B6 88,45

10/1,/78-2/28/79 (99.47) (94.65) (63.55) {90.05)

Entire Year 99,06 92.83 73.27 Ba.42

5/1/77-4/30/79 (99.186) (80.83) {74.81) (B5.42)

3117 numbers in parentheses utilize mass outflow values derived for well
WiM, located in the center of Plot H directly beneath the treated waste-

water discharge pipe. These values were derived in Table 74.

A1l other

numbers utilize mass outflow values derived for well W23IM, located in

the northwest corner of Plot H.

291

These values were derived in Table 75.



Clermont marsh appears to provide wvery efficient removal of inor-
ganic nitrogen applied in treated wastewater, especially during wet
periods.

Total Organic Carbon, Suspended Solids,
and Pathogenic Quality

Total Organic Carbon

Total organic carbon (TOC) samples were collected from May
1977 to December 1978. TOC was measured rather than biochemical
oxygen demand (BOD) because the test was faster, more accurate, and
more representative of the actual organic carbon content of the
water sample. During the entire period that TOC was measured there
were no clear trends observed among the wells, marsh water, and
channel stations sampled. In particular, no common trend was seen
between any two of the northwest corner wells (WZIM, W22M, W23M,
and W24M) in the plots. Similarly, no common trend was evident
between any two of the wells in the "natural" areas of the marsh
{wells W1M, W2M, and W3M). TOC values for sampling statiomns C-1,
C-3, and HIN wsually a1l fell within the 10-30 mg/1 range.

Since the Clermont Sewage Treatment Plant achieved very good
BOD removal, periodically %8% or better but always above 90%, there
was no reason to expect any problem with organic carbon loading in
the marsh. Quite often the TOC value for the applied treated waste-
water was lower tham the TOC value measwred in the natural marsh or
in the Palatlakaha River. It was therefore concluded that when a
good quality secondarily treated wastewater (better than 90% BOD
removal) is applied to a marsh similar to the experimental site, mo
problems associated with organic carbon will be present.

Suspended 3olids

@

Suspended solids (53] samples were collected from May 1977 to
December 1978. During the entire period of S5 collection, there
were ne trends observed amomg the wells, marsh water, and channel
for lake stations sampled.
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55 concentrations in a marsh depend on several factors.
Particulate matter enters a marsh as runoff from surrounding
upland, Titterfall of particulate matter from the emergent vegeta-
tion, and transport via channel tide or wave action. Im the Cler-
mont marsh the suspended solids in the treated water applied to
the test plots consisted largely of algal cells and debris due to
the long detention time in the treatment plant chlorination pond
and percolation pond (approximately 10 days).

Nute (1977) determined 5SS in the inflow, standing water, and
outflow from a marsh treatement system and concluded that S5 were
an insufficient test to determine the nature of the particulate
matter in the water. The 55 in discharge from the marsh consisted
of unsettled humus. In some cases the marsh appeared to be a sink
for suspended matter, and in other cases it appeared to be a net
exporter of S55.

55 values in the wells ranged from 2 mg/1 to as high as 158
mgf1. The high variability was probably a function of the way the
well was pumped, the age of the well, and the degree of sampling
distuwrbance. In the process of well sampling it was necessary to
walk up close to the well. This may have loosened peat surrounding
the well screen and caused fine sediment to enter the well through
the screen. Althouwgh care was taken to minimize this effect, it
was impossible to eliminate completely, especially as the project
progressed and the peat became more trampled. Generally, the 535
values in the wells were in the 20-40 mg/1 range. The 55 values in
the standing water were uswally in the 15-30 mg/1 range, with the
S5 values in the Palatlakaha River in the 10-20 mg/1 range. At no
time in the study were there any problems observed in the test
plots that could have been associated with 35 in the applied
treated wastewater.

Pathogenic Quality

The two paremeters of interest in this category are bacteria
and viruses. Historically, fecal coliforms have been an indication
of pathogenic contamination of water. Unfortunately, past research
has not been definitive concerning coliform concemtrations in a
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wetlands situation. In a marsh study where the coliforms were
measured in the water as it passed through the swamp (Kadlec and
Fadlec 1978), the total coliforms were found to increase from
1300/100 m1 at the input site to 18,000/100 ml at the output. The
fecal coliforms decreased from 148/100 m]l to 50/100 ml, and the
fecal streptococci increased from 1457100 ml1 to 9107100 m1. Appar-
ently, phenomena were occurring for which there was no simple
explanation. The researchers determined an increasing ratio of
fecal streptococci to fecal coliform as the water proceeded from
input to output. This is surprising, in view of the fact that a
high ratio is indicative of human pollution.

Odum et al. (1974) found that the organic soil in a cypress
dome effectively filtered out nearly all of the applied coliforms.
Similar reductions were observed by Stanlik (1978) in- a study of
the treatment of secondary effluent using wertical flow through a
peat bed. This study showed that 99.99% of the coliform bacteria
were prevented from reaching groundwater, and that at no time over
a two-year period did any fecal coliform reach groundwater. One
can conclude that the soil substrate presents a rather attractive
attachment site that effectively removes coliforms which contact
it.

Virus contamination is a relatively new concern that has
become more heavily researched with the advent of better analytical
proceduras. Unfortunately, the cost per wirus analysis is approxi-
mately %500, with no assurance of exactly what is being measured.
Reproducible results are very difficult to achieve due to sample
collection and concentration techniques. Fortunately, some
research has been conducted by virologists that indicates there is
only & slight need for concern. Wellings (1975) conducted an
extensive study of a cypress wetland receiving treated wastewater
and found very few viruses in the input water and mo virus contam-
ination in the wetland receiving water bedy. Bitton et al. (1975)
determined from laboratory studies that the sandy clay loam that
underlined certain cypress domes adsorbed 99% of added polio virus.
Further, adsorbed virus could not significantly be eluted with
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rain water. Dubois et al. (1976) also determined that clay soils
were excellent adsorbers for viruses.

Throughout this study coliforms and viruses were not analyzed
due to the high cost involved and the very high quality of the
treated wastewater being applied to the test plots. No pathogenic
contamination difficulties were reported in the literature for
wetland disposal of secondarily treated wastewater, and no health
problems were observed in this study even though the researchers
came in intimate contact with the applied treated wastewater for
over a two-year period.
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ABILITY OF THE MARSH TOD ASSIMILATE PHOSPHDRUS AKD
NITROGEN FROM SECONDARILY TREATED WASTEWATER

Comparison with Other Research

The results of this study verified that the freshwater marsh
at Clermont, when managed properly, is capable of removing nitrogen
and phosphorus from treated wastewater. These results are
consistent with the results of some other experiments in wetlands
throughout Florida and other parts of the country. Several of
these studies were discussed earlier, in the Overview section of
this report. The highly organic substrate of the Clermont marsh
may be a key factor in the ability of this wetland to renovate
treated wastewater (Whigham and Bayley in press).

Results for surface water phosphorus content in this study
were similar to results of a phosphorus assimilation study
conducted in the Everglades. In that study, Steward and Ornes
{1975a) found eventual enrichment of phosphorus in the surface
waters of enclosed plots of sawgrass (Cladium jamaicense Crantz)
receiving weekly additions of phosphorus. The study in the Cler-
mont marsh alsoe found eventwal enrichment of phosphorus in surface
waters within experimental plots. However, a marked reduction inm
the phosphorus content of applied water was evident once such water
had been forced through the peat.

Kadlec et al. (1979) recently reported on the results of the
full-scale application of 65 million gallons of secondarily treated
wastewater at a rate of 1 mgd to a peatland near Houghton Lake,
Michigan, in the summer of 1978. The water was distributed evenly
across the width of the peatland through small gated openings in a
discharge pipe. Each gate discharged approximately 16 gpm.
Average water depth was 10-20 cm above the marsh surface. Roughly
90% of both nitrogen and phosphorus applied to the peatland was
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removed within 100 m of the discharge pipe. Plant growth and chlo-
rophyll content were increased within 30 m of the discharge pipe.

Model of the Study System

A model of the Clermont experimental marsh system is given
for wet and dry years for Plots H (9.6 emfwk treated wastewater)
and ¢ (4.4 cm/wk fresh water) in Figs. 103-106. A description of
the symbols used in these models is given in the Appendix. Some of
the flows of nitrogen and phosphorus are not directly coupled to
one another (e.g., denitrification and adsorption of phosphorus by
peat), while others transfer these two nutrients in a relatively
constant ratio (e.g., nutrient assimilation by plants). MNutrients
bound up in Tive biomass are deposited as aboveground dead biomass
(litter} or belowground dead biomass (included in the “"roots"
compartment in the diagram). Part of the nitrogen and phosphorus
are released to the waters of the marsh as decomposition proceeds.
However, a certain fraction of each is so resistant to decomposi=-
tion that it remains bound up in the newly deposited peat. Eventu-
ally, dead biomass may even assimilate additional nitrogen, due to
microbial acitivity.

By far the most significant pathways for nutrient removal
appeared to be: 1. release of inorganic nitrogen to the atmosphere
by nitrification/denitrification, and 2. absorption of phosphorus
by the peat soil complex. Deposition of new peat trapped an unde-
termined but possibly significant quantity of applied nitrogen.

General Considerations

Loading Rate
The results of this study indicated that the application of
9.6 cmfwk (3.8 in.fwk} of treated wastewater could be applied to
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Figure 104, Summary of sources and changes in storase of nitrogen and phaspharus [in a/e.vear) in Plot ©
Bracketed walues are average comcentrations

.~
e o

(in mg/1). See Appendix for a description of symbols.

(4.4 cmfuk of frash water) during the "dry" year.
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the Clermont freshwater marsh with very high removal of phosphorus
{97%) and inorganic nitrogen (95%) cccurring during the first two
YEars. It has been established by past studies that suspended
solids in treated wastewater applied to a marsh were completely
removed due to the very large surface area, and therefore good
settling characteristic of the wetland. It has also been estab-
lished that pathogens present no problem when aood quality second-
arily treated wastewater is applied to a marsh. The TOC in the
treated wastewater of this study was approximately equal to the TOC
in the standing water of the marsh and therefore had little effect
on the marsh itself.

The 9.6 cm/wk Toading rate was found to have a slight impact
on the marsh ecosystem, particularly during the first (dey) year.
Semiwoody plants such as marsh hibiscus were found to grow rapidly
near the distribution pipe during the first year, substantially
more so tham in the rest of the enclosed test plot. Total biomass
was also found to be greater near the distribution pipe during the
dry year. However, none of these observations indicated that the
marsh system was being grossly affected. During the second, wet
year there was no significant difference in the biomass found near
the application pipe in the high rate loading test plot as compared
to the area further away from the pipe in that plot. However,
there was an increase in algal biomass near the distribution pipe,
with a similar increase in duckweed (Lemna sp.] near the pipe.
Less of this effect was noted for the medium-rate loading plot (3.7
emfwk) or the low-rate loading plot (1.5 emfwk).

The increased growth of hibiscus during the dry year and of
algae and duckweed during the wet year were in fact beneficial
changes 50 far as nutrient removal was concermed. As a semiwoody
plant, hibiscus 15 slower to decompose than herbaceous plants.
Thus nutrients tied up in senescent hibiscus will be trapped for a
longer period before release to marsh waters. The net effect of
slower decomposition would be the increased deposition of nutrients
a5 new peat. Algae and duckweed near treated wastewater distri-
bution pipes served to trap some nutrients present in marsh waters
by their continued growth amd senescence, followed by sinking to
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the marsh peat surface as particulate matter. At the marsh peat
surface, carbon in such particulate matter could serve as an energy
source for denitrification, enhancing the rate of that nitrogen
removal mechanism.

Since it is standard engineering practice to design a system
with a factor of safety, it is recommended that the prototype
treated wastewater treatment system to be adopted by the city of
Clermont wtilize the loading rate of 3.8 cmfwk (1.5 in./uk}. The
results of this study indicate that there will be acceptably slight
changes in the marsh ecosystem with this loading and that nitrogen
and phosphorus removal will be good enough to reduce the nitrogen
and phosphorus in the exported groundwater to background levels.

Application System

It is recommended that the marsh treatment system adopted be
designed in such a manmer that the applied treated wastewater is
forced to pass through the peat so0il into the underlying sand aqui-
fer to ifnsure maximal removal of phosphorus. Nitrogen was effec-
tively removed to background levels in the surface water, so it is
possible that impoundment is not necessary for effective nitrogen
removal .

Many reactions cccurring in the marsh are of the first order
type, which means that higher applied concentrations of nitrogen
and phosphorus could result in faster degradation. There are many
different possible modes of treated wastewater effluent applica-
tion. It might be very beneficial to apply the treated wastewater
periodically rather than continuously, which would then result in a
faster rate of degradation. A sufficient "rest period" between
applications would be necessary to insure that background Tevels of
nutrients were reached. In this study the treated wastewater was
applied once per week during a 24-hour period, with the marsh
"resting" for six days before the next application. A similar
application procedure is recommended for the prototype system,
although several other procedures might be effective. Due to the
high rate of evapotranspiration in the marsh during daylight hours
in the summer, it may be possible to apply the treated wastewater

303




during the daylight hours once per week and have better removal
compared to a 24-howr application time with a six-day rest.
Evapotranspiration would tend to concentrate the nutrients in
applied waters, which could result in faster removal. 1[It is also
very possible that a uniform application during the daylight hours
of each day would result in effective nutrient removal in an
impounded marsh. It is recormended that the ultimate design for
the application of the treated wastewater be of such a nature that
various application procedures can be attempted in order to
determine the one that presents the fewest operational problems and
is the most effecient.

In this study the treated wastewater was applied by jetting it
through small holes in PVC pipes in a downward direction onto the
marsh. This system was adopted in order to minimize evaporation
so that a hydraulic mass balance could more easily be constructed.
The prototype treatment system need not be designed in the same
configuration; nmevertheless, it is dimportant that relatively
uniform distributifon be attaimed throughout the entire impounded
marsh. When there is standing water in the marsh it is easier to
attain uniform distribution because the applied treated wastewater
will mix with the standing water. The results of the chloride
tracer experiment in this study indicated that the applied waste-
water did reach the far corners of the test plots, even under dry
conditions; however, it was impossible to determine exactly how
much flow reached these far corners. It is therefore recommended
that every attempt be made to ensure uniform distribution in the
area of application, particularly when the marsh 5 in a dry cycle.

Fluctuating Water Table

The standing water in the test plots was observed to be
primarily a function of the lake water elevation, which in turn was
controlled mainly by the elevation of the downstream dam and the
amount of rainfall. The natural marsh undergoes structural changes
depending on whether or not standing water is present. The rela-
tive dominance of different plant species iz altered during the
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dry phase as compared to the wet phase. Long dry periods result in
substantial decomposition of peat, with the organic-matter being
lost to the atmosphere as carbon dioxide. Denitrification may
proceed fastest when the water table is mear the surface of the
peat. [t was fortunate that a relatively dry period was observed
during the first year of this study, and a wetter period was
observed during the second year of the study. This enabled the
comparison of the differemt phenomena that occurred under wet and
dry conditions. Buildup of new peat in wetter years raises the
average elevation of the peat surface only slightly over a period
of decades. There would be no great change in the proportion of
time the marshland was inundated as opposed to being dry due to
peat buildup alene. Data presented earlier in this report (see
Figs. 15 and 16) showed the water surface was above the present
surface of the peat in the experimental marsh roughly B0% of the
time over a twenty-year period.

Prototype Marsh Similarities as Compared
to the txperimental Marsh

The prototype marsh treatment system proposed by the city of
Clermont is tentatively plamned in an area south of SR 50. It is
important to determine whether this proposed site will have nutri-
ent remgval characteristics similar to the marsh used in this
study. The similarity of any two marsh systems in their ability to
assimilate nutrients from treated wastewater will depend on several
factors. The most important of these are: 1. depth of peat; 2.
chemical composition of the peat; and 3. plant community. The
depth of peat indicates how much substrate is available for chem-
ical adsorption and microbial activity, both important for nutrient
removal. The specific plant species present in the marsh during
the growing season will influence long-term retention of nutrients
assimilated in biomass. Certain species may also be more stimula-
tory of desirable microbial activity (such as denitrification) in
the substrate, their root tissue providing energy or favorably reg-
ulating the chemical environment of the peat where such microbes
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are living. Oxygen content, pH, and redox potential of intersti-
tial peat waters can all be influenced by plant growth and subse-
guent root decay.

Peat is formed through the long-term interaction of senescent
and Tiving plants with the water in which they are submersed.
Since similar vegetation 15 present in the experimental marsh
adjacent to the sewage treatment plant and in the marshland south
of Sk 50, then similar composition of peat would be expected for
both marshes. Since both marshes are part of the same wetland
area, being artificially divided by 58 50 and the channelized
Palatlakaha River, it is expected that nutrient removal character-
istics will be very similar if not identical.

Hutrient Export
Nitrogen and phosphorus in applied treated wastewater were

found in this study to be reduced nearly to background Tlevels.
This has two important ramifications concerning the use of this
marsh for tertiary treatment. First, significant removal of total
nitrogen and total phosphorus occurred.  Second, the ratios of
organic nitrogen to total nitrogen and of organic phosphorus to
total phosphorus both increased as the applied treated wastewater
passed through the marsh system. The export of organic forms of
nitrogen and phosphorus to lakes is more desirable than the export
of inorganic forms of these nutrients. The organic forms are much
less easily assimilated by algae and aguatic weeds (e.g., Hyacinth)
than are the inorganic forms. Whether the marsh was dry or wet,
the bulk of the nitrogen and phosphorus exported from the high-rate
loading plot was bound in organic form. Eighty-three percent of
the total nitrogen exported during the dry year from the high-rate
loading plot was in organic form, and 61% of the exported phos-
phorus was in organic form during that year. ODuring the wet year,
79% of the total exported nitrogen and 66% of the total exported
phosphorus were in organic form. These values assume that most of
the applied treated wastewater flowed out laterally past northwest
corner well W23M in Plot H.  Percentages of organic to total
nitrogen and phosphorus applied to and exported from Plots H
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and C are summarized in Table 82, MWhile inorganic forms of nitro-
gen and phosphorus predominate in  applied treated wastewater,
organic forms predominate in exported waters.

Another parameter reflecting the water quality changes that
occurred as the applied treated wastewater passed through the marsh
system is the molar nitrogen to phosphorus ratio. The ratio of
average total nitrogen to average total phosphorus in  applied
treated wastewater was 1.41:1 during the dry year and 1.98:1 during
the wet year. The values cbserved for outflowing waters in Plot H
were 28.3:1 for the dry year and 33.2:1 for the wet year, using data
for the northwest corner well of that plot. These are similar to
the values for the adjacent channel. The low N:P ratio of the sur-
face waters of Plot H during wet periods indicated that phosphorus
was not Timiting to growth in these standing waters. The average
natural M:P ratio of surface waters in the marsh was 16.6:1, while
in Plot H the average value was 0.33:1 near the distribution pipe
and 0.54:1 near the perimeter. Results of N:P ratic calculations
are shown in Table 83. Reduction in the phosphorus content of the
applied treated wastewater would bring its nitrogen to phosphorus
ratio closer to the natural level of marsh waters. 'This might
result in fewer structural changes in the marsh. Specifically, less
growth of algae and duckweed in the marsh might result if less phos-
phorus were present in applied treated wastewater. Such a reduction
would probably not affect the efficiency of nitrogen removal by
denitrification, since the microbes responsible for denitrification
are not generally limited by phosphorus.

Summary and Conclusions

1. Outflow of water from the experimental plots was usually a
large percentage of the applied fresh water or secondarily
treated wastewater, depending on the time of year and the accom-
panying rate of evapotransporation.

2. The application of wastewater had no major effect onm the stor-
age of water in the peat soil within the plots. The water
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Table B2. Organic N:Total N and Organic P:Total P ratios for applied
treated wastewater, freshwater, and exported water from Plots H
(9.6 cm/wk treated wastewater) and C (4.4 cm/wk freshwater).

Flot C Plot H
Applied®
Applied @ Exported b Treated ?PDT‘tEd 3
Freshwater  WZIM  Wastewater  (W3M) W23

Organic N:Total N (as %)

Dry year 72.98 24.76 26.68 (74.14) 83.43
Wet year 70.18 86.60 24.09 {52.92) 9.2

Organic P:Total P [as %)

Dry year 48.00 69.87 42.05 {42.17) 61.38
Wet year 56.59 72.62 38.78 (57.54) 66.14

ADerived from values in Tables 36 and 69,

bperived from values in Tables 39 and 76.

Cherived from values in Tables 35 and 67.

A1 numbers in parentheses utilize mass outflow values derived for well
W3M, Tocated in the center of Plot H directly beneath the treated
wastewater discharge pipe. These values were derived in Tables 38 and 74.
AT other numbers utilize mass outflow values derived for well W23NM,
located in the morthwest corner of Plot H. These values were derived in
Tables 38 and 75.
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Table 83. Average molar total N:total P ratios for treated wastewater,
exported water from the high rate Toading plot (Plot H: 9.6 cm/
wk treated wastewater), surface water in the high rate loading
plot, natural marsh surface, and adjacent chanmel waters.

N:P ratio (as moles Total MN:moles total P)

Haturald
Time Treated? Plot HP Plot H®  Marsh  Adjacent®
Periods Wastewater Export Surface Surface Channel
(W3M) W23M  H-1  H-0
Dry Year 1.41 {25.89) 28.29  —-n  -m- -_— 26.31
Het Year 1.93 (4.54) 33.19 0.33 0.54 16.59 26.20

Merived from values given in Tables 35 and 67.

BA11 numbers in parentheses utilize mass outflow values derived for well
WiM, Tocated in the center of Plot H directly bensath the treated
wastewater discharge pipe. These values were derived in Tables 38 and 74.
A1l other numbers utilize mass outflow values derived for well W23M,
located in the northwest corner of Plot H. These values were derived in
Tables 38 and 75.

Cherived from averages of the concentrations illustrated in Figs. 39 and
B89 for the periods of standing water. H-I was a composite of samples

collected directly beneath the wastewater discharge pipe in Plot H. H-0
was a composite of samples collected near the inside perimeter of Plot H.

dperived from averages of the concentrations illustrated in Figs. 39
and 89 for the periods of standing water. Sampling station N was located
north of the experimental plots.

lerived from averages of concentrations for station C-4, illustrated in
Figs. 41 and 85 for total mitrogen.
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table height in the plots and in the adjacent marsh was
controlled by evapotransporation, rain inputs, and adjacent
lake Tevels.

Application of treated wastewater did not significantly
increase the phosphorus concentration measured in the medium
and deep wells within the experimental plots as compared to the
levels found in background control wells. All corner medium
depth wells within the experimental plots exhibited phosphorus
concentrations approximately 97% less than the concentrations
in applied treated wastewater.

A phosphorus mass balance indicated that only a small amount of
the phosphorus applied to Plot H (approximately 3%) was
exported by groundwater from the plot during the study. The
average two-year loading rate for Plot H was 9.6 cm/wk of
treated wastewater. The remainder of the phosphorus appears to
have been stored in the peat soil complex.

A very small portion of the applied phosphorus (a few percent)
was stored in the aboveground live plants and litter during
the first year.

Harvesting at peak standing crop would remove at best approxi-
mately 10% of the phosphorus applied during the growing season.
However, harvesting would undoubtedly have a severe impact on
the marsh system and is not recommended.

Application of treated wastewater did not significantly
increase the nitrogen concentration measured in the medium and
deep wells within the experimental plots as compared to the
levels found in background control wells.

A nitrogen mass balance indicated that 98.5% of the nitrate
plus nitrite nitrogen applied in the treated wastewater to Plot
H was removed by the marsh system during the study; only 1.5%
was exported. A mass balance for ammonium indicated 88%
removal. A mass balance for organic nitrogen indicated 43%
removal .

Belowground biomass (live and dead roots) acted as a sink for
nitrogen in both Plots H and C during the growing season of the
first year (dry year). The average two-year loading rate for
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Plot € was 4.4 cm/wk of freshwater. Between the first and

second year (wet year) there was a net loss from this component

for Plot H. Some of this loss may have been accounted for by
production of new peat.

10. Litter (aboveground dead biomass) acted as a sink for nitrogen
in Plot M (3.7 cm/wk of treated wastewater) over the two-year
study.

11. During the first year, the net annual aboveground production of
emergent plants measured in Plot H was sfqnificantly higher than
Plot L (1.5 cmfwk of treated wastewater) or Plot C. During the
first year, there was no significant difference detected between
the production of Plot € and Plot L. During the second year,
there was no significant difference detected in the biomass
production among Plots H, M and C. (Plot L was not sampled for
production during the second year.)

12. During the growing season of the first year, there was a signif-
icantly higher belowground standing crop (1ive and dead roots)
under the high loading rate (Plot H) as compared to the fresh-
water control (Plot C). ODuring the second year, there was no
significant difference.

13. Plot M had a higher rate of buildup of litter than Plot H.
This indicates that the higher rate of treated wastewater appli-
cation may not reswlt in a higher rate of new peat production.
Different rates of decomposition could be the cause of this
phenomenan.

In conclusion, three main findings support the wiew that the
marsh system has functioned successfully as a tertiary treatment
facility during the two years of treated wastewater application: 1.
The phosphorus and nitrogen concentrations in the renovated treated
wastewater effluent leaving the low-, medium-, and high-rate plots
were within the range of background levels; 2. of the total
phosphorus applied te the high-rate plot, 3% of the phosphorus was
exported in the groundwater; 3. of the total nitrate plus nitrite
nitrogen applied to the high-rate plot, 98.5% of the nitrogen was
denitrified or stored in dead biomass and new peat.
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Figure Al.

da

d.

f.

g

Symbols of the energy circuit language
(Odum 1971).

A Pathway whose flow is proportional to
the quantity im the storage or source
upstream.

Source: an outside source of energy daliw-
ering forces according to a program con-
trolled from outside; a forcing function.

Passive Storage: a compartment of energy
storage within the system storing a quan-
tity as the balance of inflows and out-
flows; a state variable.

Heat S5ink: dispersion of potential emergy
intoe heat that accompanies all real pro-
cesses; lossof potential energy frem fur-
ther use by the system.

Work Gate: interaction of two pathways,
which produces an outflow in proportion to
some funmction of both.

Self-Limiting Energy Receiver: a unit that
has a self-limiting output when input
drives are high because there is a limit-
ing constant quantity of material reacting
on a circular pathway within; e.g.,
cycling receptor module of chlorophyll
extraction in green plants.

Self-Maintaining Consumer Unit: unit in
which the storage feeds back some of its
enerqgy to enhance its uptake.

Producer: green plant or plant community,
which combines cycling receptor (f) with
self-maintaining consumer wnit {g).

Two-way Work Gate: similar to e: an inter-
action of two pathways resulting in flow
in either direction, or in both directions
simultaneously (as in mixing). Flow is in
proportion to some fumction of both
pathways. .
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