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Abstract:

This study was developed to determine the effect of two liquid dairy waste loading concentrations on
wastewater nutrient removal by four north-temperate wetland species, Nebraska sedge (Carex
nebraskensis Dewey), beaked sedge (Carex rostrata Stokes), broad-leaved cattail (Typha latifolia L.),
and panicled bullrush (Scirpus microcarpus Presl); and, to evaluate the role of root aerenchyma in
wastewater treatment. Microcosms were planted with these four species and were treated with two
concentrations (30% and 70%) of liquid dairy waste. Unplanted microcosm units receiving only H20
served as controls. Plants were grown for one month prior to applications of wastewater. . Soil waters
were sampled from ceramic cups embedded in the soil medium at three soil depths (15, 30, 45 cm)
prior to each application of effluent. Water was analyzed for pH, total Kjeldahl-nitrogen (TKN), nitrate
nitrogen (N03-N) , and chemical oxygen demand (COD). Plants were harvested and measured for
biomass production, root porosity, and total nitrogen at the end of the treatment cycle. Results showed
differences (p < 0.05) in plant root porosity that corresponded to different levels of effluent
concentration. No correlation was observed between percent root porosity in the wetland species and
the level of contaminant removed. No differences were observed in soil pore water TKN at the 30 and
45 cm depths; however, significant differences were observed at the 15 cm depth. Soil surface TKN
also was significant with respect to effluent concentration and plant treatment. Microcosms receiving
the low concentration (70% dilution) showed stabilization of N level over the two month period while
units receiving the high concentration (30% dilution) showed increased levels of nitrogen (N) . The
results of this study suggested that volume of root porosity was not a determinant factor in plant
efficiency of waste modification. The effects of plant uptake on nutrient removal from applied wastes
also were inconclusive. However, wastewater modification occurred chiefly in the upper 15 cm of soil
and was affected by plant rooting depth and effluent concentration. These results suggest wetlands are
capable of removing N and organic constituents from livestock wastes provided threshold loading rates
are not exceeded.
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ABSTRACT

This study was developed to determine the effect of two
liquid dairy waste 1loading concentrations on wastewater
_nutrient removal by four north-temperate wetland species,
Nebraska sedge (Carex nebraskensis Dewey), beaked sedge (Carex
rostrata Stokes), broad-leaved cattail (Typha latifolia L.),
and panicled bullrush (Scirpus microcarpus Presl); and, to
evaluate the role of root aerenchyma in wastewater treatment.
Microcosms were planted with these four species and were
treated with two concentrations (30% and 70%) of liquid dairy
waste. Unplanted microcosm units receiving only H,0 served as
controls. Plants were grown for one month prior to
applications of wastewater. . Soil waters were sampled from
ceramic cups embedded in the soil medium at three soil depths
(15, 30, 45 cm) prior to each application of effluent. Water
was analyzed for pH, total Kjeldahl-nitrogen (TKN), nitrate
nitrogen (NO; -N), and chemical oxygen demand (COD). Plants
were harvested and measured for biomass production, root
porosity, and total nitrogen at the end of the treatment
cycle. Results showed differences (p < 0.05). in plant root
porosity that corresponded to different levels of effluent
. concentration. ©No correlation was observed between percent
root porosity in the wetland species and the 1level of
contaminant removed. No differences were okserved in soil
pore water TKN at the 30 and 45 cm depths; however,
significant differences were observed at the 15 cm depth. Soil
surface TKN also was significant with respect to effluent
concentration and plant treatment. Microcosms receiving the
low concentration (70% dilution) showed stabilization of N
level over the two month period while units receiving the high
concentration (30% dilution) showed increased levels of
nitrogen (N). The results of this study suggested that volume
of root porosity was not a determinant factor in plant
efficiency of waste modification. The effects of plant uptake
on nutrient removal from applied wastes also were:
inconclusive. However, wastewater modification occurred
chiefly in the upper 15 cm of soil and was affected by plant
rooting depth and effluent concentration. These results
suggest wetlands are capable of removing N and organic
constituents from livestock wastes provided threshold loading
‘rates are not exceeded. '




OBJECTIVES

This study was developed to investigate liquid wastes

generated by déiry cattle and the treatment of these wastes

. using constructed wetland treatment systens. First, the

removal of contaminants from simulated constructed wetland

systems planted with four wetland plant species was studied

following application of two concentrations of liquid dairy

effluents.

Second, plant rooting depth and root aerenchyma

volume were studied to evaluate the role of rhizosphere

oxygenation on transformation of N species and removal of

chemical oxygen demand (COD) under saturated soil conditions.

The objectives of this research were:

1)

2)

to evaluate the effect of two feedlot effluent
loading concentrations on nutrlent uptake by four
temperate wetland species;

to determine the role of root aerenchyma in the
removal of pollutants from dairy runoff.

Two hypotheses based on these objectives were developed.

1)

2)

Removal of water borne pollutants by wetland
systems increases with the size and volume of
cortical air tissue in the roots of wetland plants.

The level of pollutant removal by an individual
wetland plant increases with increased rhizosphere
oxygenation.
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REVIEW OF LITERATURE

Livestock Wastes Impacts on Health and Environment

Agricultural developments include areas where livestock
are concentrated for feeding and transport. Wastes generated
at these facilities are often in vulnerable hydrologic
'hééttings, and may impair water quality. Wastes include feces,
urine, unused food products, bedding material, nitrogen (N),
phosphorous (P), trace metals from mineral supplements, trace
amounts of antibiotics, detergents, and high levels of
organic matter (Viraraghavan and Kikkeri 1990). The chemical
and physical properties in the solid and liquid fraction of
livestock wastes are summarized by the USDA (1978). These
properties vary with type of animal and nutritional management
(Kirchmann and Witter 1992).

The effécts of livestock waste on water'quality are well
documented. Ammonial (NH;), a primary N species in dairy
effluents, is toxic to freshwater aquatic life and fish (EPA
1976). High levels of organic matter and biochemical ongen
demand (BOD) also are associated with fish kills. Organic
loadingi and algal growth contribufe to O? depletion
(Richardson and Davis 1987). Nutrient loading further damdges
aquatic habitat through eutrophication. The BOD of livestock
wastes is several timés,that.of human sewage (Long ahd Painter
1991). Pathogens in livestock waste can confaminate estuarine

habitats and render shellfish and fish unfit for consumption

(National Research Council 1972).
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Nitrate contamination of Qroundwatem is a potential
health threat in many industrial and agricultural areas
(Keeney 1982, Adriano et al. 1971). Additionally, there is
significant movement of NO; through soil profilee and into
groundWater(under feedlots, corrals, and heavily fertilized
fields (Adriano et al. 1971). Manure disposal on fallow
efoplands also poses a seriods hazard to groundwater
pollution.

Several sources (Barnes and Bliss 1983, National Research

Council 1972, Wright and Davison 1964) cite the health risks

of NO; including methanoglobinemia and formation of

" carcinogenic nitrosamines. Methanoglobinemia results from the

reduction of NO; to NO,. Nitrites oxidize hemoglobin to
methemoglobin, a compound that does not carry oxygen (0;) .
Mammalian infants are particularly susceptible because of low
body weight and the presence of n1trate-reduc1ng bacteria in
the upper gastr01ntest1nal tract. More complete explanatlons
of NO3 toxicity are offered by Wright and Dav;son (1964) . The
EPA standard for NQ{ in drinking water is 10 mg 1" (EPA

1976) .

Current Management of Livestock Wastes

Manures are beneficial to nutrient cycling in the plant
root zone. One method commonly used to dispose of livestock
wastes is application of manures onto eropiand.'Unfoftunately,

this approach is not a long-term solution to waste disposal.
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v

Land applications of manure increased soil surface organic
matter (Mathers and Stewart 1974, Kuo 1981, Chang et al.
1991), subsurface electrical conductivity and sodium (Kub
1981, Chang et al. 1991), increased subsurface concentrations
of NH;' (Kuo 1981), and decreased soil pH (Chang et al. 1991) .
Concentrated manures can exceed the ability of the plant-soil
system to cycle nutrients. Thus, selection of appropriate
soil types for disposal is critical for land-based disposal of
livestock wastes (Kuo 1981).

chang et al. (1991) and Mathers and Stewart (1974) found
evidence of leaéhing of soluble éalts.and Nog' beyond most
plant's rooting depths. They concluded that, in some
agricultural soils, pétential pollution exists from directly
applied manure. Repeated annual applications of manures to
soil causes a buildup of salts sufficient to lower soil
‘productivity (Wallingford et al. i975)) Mathers and Stewart
(1974) also cautioned against manure applications supplying
excess N (salts). Cleariy, land disposal of manures as a longf
term solution to livestock waste management is not advisable
‘undetr most soil conditions. Given the problems associated
with concentrated livestock production, livestock wastes must

be handled in such a way as to protect surface and groundwater

quality.
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The Wetland Alternative

s

The ﬁse of wetland and vegetated terrestrial systems to
treat wastewater has been the subject of numerous publications
and recent reéearch (Reed et al. 1988).. Young et al. (1980)
used vegetated buffer strips for reduction of coliform
organisms from feedlot runoff. Wetiands also function as
filters, anaerobic and aerobic bioreactors, and mediums for
exchange and transformation ofi waétewéter constituents._
Wetlands have key ecological features which have léd many in
" the past. ten years to investigate their potential in
providing advanced treatment or polishing of secondary
wastewater. Reed and Bastian (1979) indicated that impacts
caused by organic loading are relatively small in wetlands
receiving secondary wastewater. However, wetlands may be used
to improve water quality with respect to N, suspended solids,
VBOD, P (Kadlec 1987a, Hurry and Bellinger 1990), coliform
bacteria (Bavor et al. 1987), metals, and some organic.
pollutants (Stowell et al. 1981). Wetland plant species
concentrate and in some cases assimilate heavy metals and
radioactive materials (Wolverton 1987a).

Reéulatory\considerations under EPA for treatment of
wastewater using wetlaﬁd systems were presented in Davis and
Montgomery (1987). Cost-éomparisons of constructed wetland
systems to contempofary wastewater facilities have been made
by Crites and Mingee (1987), Duffer (1982), Wolverton (1987b),

and .Richardson and . Davis (1987). In general, wetland
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treatment systems are cheaper to build and maintain than other
types of sewage treatment systems (Cooper et al. 1989). Lower
nutrient concentrations than 'those normally attained in
conventional advanced waste téeatment processes can be
achieved using constructed wetlands ({Swindell and .Jackson
1990). In referring to wetland research as inflow-outflow
"black box" studies, Reddy and DeBusk (1987)‘6bserved that the
significance of vegetated wetlands in contaminant removal
varied with treatment system design, which in turn deéended on
* the desired contaminant removal goals. Further,. the
variability in N removal rates as reported by different
. researchers arises from differences in design criteria,
substrate of the aquatic system (Weber and Tchobanoglous 1986)

and other factors that may effect the growth of microorganisms

(Reddy et al. 1989).

Aguatic Plants in Wastewater Treatment

The role of aquatic plants in wastewater treatment
systems has been discussed by: many researchers. HIdeally,
wetland plants should have rapid growth rates, high nutrient
contents, and high standing éropA(Reddy and DeBusk 1987);
DeBusk and Rythér (1987) suggested that large biomass
production, efficient assimilation of carbon, rapid growth
rate in dense stands, and eése of vegetative propagation are
élso important'growth characteristics. However/ Reddy and

DeBusk (1987) argued that nutrient removal via plant uptake is




.
governed more by nutrient concentration in the plant tissues
than by plant productivity. Nutrient assimilative capacity of
emergent macrophyteé also 1is affected by wastewater
composition, loading rate, water depth, sediment
characteristics, O, transfer to root zone, bio- and physio-
chemistry at the root—water—sediment interface, plant density,
plant cultural practioes, and climate (Reddy and DeBusk 1987).
Aquatic plant roots provide a medium for microbial growth,
filtration of solids, translocation of 0,, and improvement of
soil permeability (Wood 1990). Bacterial activity is further
enhonced by O, release from plant roots (Armstrong and
Armstrong 1988). |

Boyd and Hess (1970) and Wolverton (1987a) suggested
that wetland plaots may be harvested as forage. Wood (1990)
stated that ménagement of wetland wastewater treatment systems
may include selective harvest to control plant community
'diVersity-and dominance. Nitrogen removal may be facilifated
by harvest of plant biomass or manipulation of hydraulic
retention (Whitehead et al. 1987). Gersberg et al. (1986) and
Wolverton (1982) also noted that artificial wetland systems

may be managed to include biomass production.',

The Wetland Svstem as a Wastewater Treatment Reactoro

A review of biogeochemical processes in wetland
ecosystems with an overview of 1littoral O, and inorganic

carbon assimilation is given by Carpenter and Lodge (1986).




8
Bacterial metabolism and physical sedimentation improve water
quality in wetlands and function much 1like convenfional
activated.sludge and trickling filters. Microbially mediated
chemical transformations largely dictate the success of.
constructed wetland systems (Gersberg et al.-1986).

Wetland and aquatic plants are not active in cﬁemicai
| fransformations, but provide a physiééi‘ structure to thé
aquatic environment that enhance robt—microbial symbiosis
(Wolverton 1987b) and wastewater treatment capability
(Tchobanoglous 1987). Aquatic plants supply O, to nitrifying:
Imicroorganisms in microzones adjacent to roots and thus play
an important role in N removal (Brix 1987). These rhizosphere’
interactions are ’perhaps best described by Reddy et al.
(1989): "Ammonium (NH;) in the anaerobic zone of the sediment
diffuses eithér into the root- zone or the overlying water
column as a r;sult of concentration gradlents. Some of the
NH: is taken up directly by aquatic macrophytes and part is
oxidized to NO3. The NO3_formed is e;ther taken up by the
plant or diffused into adjacent anaerobic zones where it is
denitrified."

Research has identified additional considerations in the
design of:wetland systems for water quality improvement. ' The
roles of evaporation (Wood 1990), substrate effects on
retention time (Wood 1990, Brix 1987, McIntyre and Rhia 1991),
and methods 6f effluent application (Wood 1990, Rogeré'et al.

1990) also have been studied. Boyd (1969) found evidence that
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aquatic macrophyte based treatment syétems‘primarily designed.
as living substfate for microbial activity were effective in
reducing suspended solids and BOD. Soils deep in the profile
are thought to have littie influence on N removal as one study :
‘(Wittgren,and Sunblad 1990) found 85% loss of N in the surface
20 cm of soii. Kadlec (1987a) stressed thé importance of
algas and retention time for particle settling. Gersberg et
al. (1986). found that treatment of N in trench type systems by
bacterial metabolism requires an additional carbon source.
System washout occurs when 1loading rate exceeds the
assimilative capacity of the nitrifying-denitrifying bacteria
in the system (Prakasam and Loehr 1972, Barnes and.Bliss
1983) .

Differences in pollutant removal efficiency causéd by
temperature variation are reviewed by'viréraghavan and Kikkeri
(1990). Brix (1989) stated that plant cover, heat from
microbial activity and influent wastewater temperature may
Help prevent the freézing of systems in the winter. Wood
(1990), however, showed the temperature variati&ns in
wastewater ‘during winter have littie -effect on effluent
quality. An increase in effluent retention time must
accompany a decrease in temperature to obtainfresults that are

similar to those observed at higher temperatures

(Tchobanoglous 1987).
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Wetland Soils and Soil Redox Status

Knowledge of the soil oxidation-reduction condition and
the measurement of redox potential (E;) are valuable tools for
interpreting soil nutrient fluxes and changes in nutrient
availability. Ponnamperuma (1984) found that the oxidation-
reduction potential of interstitial waters in flooded soils
and> eediments may -explain chaﬁges in concentration of
‘Aecologieally important ions (plant nutrients). Armetrong et
al. (1990) and Bouldin et al. (1974) related oxidation status
of soils to predicting the presence of N species and- noted
that a mosaic of oxidized and unoxidized zones may be present
in wetland soils.  Anaerobic conditions occur when the
transport processes for O, fail to keep pace with soil
biological and chemical processes (Veen 1988).

Variétions iﬁ redox electrode readings may result because
of electrode construction, placement of electrodes, and
“ﬁicrosite differeﬁces (Cogger et al. 1992). While theoretical
justifications of the measurements are made by several authors
(Ives and Janz 1961, Bohn 1971), there are no wideiy accepted
methods of measuring and interpreting field redox potentials
(Cogger et al. 1992). Several researchers discuss the use of
platinum microelectrodes for in-situ redox measurements
(Mueller et al. 1985, Faulkner et al. 1989). Redox
‘measurements are more reliably interpreted in eveluating
hydric soils (Cogger et al. 1992). Thus, E, frequently is
used as an index of reducing or oxidizing condition in

wetlands and wetland sedimentst
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This measure has been particularly useful, albeit
controversial, in understanding the role of plants in
modification of sediment chemistry. Vegetation shifts between
vascular and non-vascular plants leads to corresponding‘shifts
in sediment redox (Jaynes and Carpenter 1986) . Haraguéhi
(1991) presented an argument agalnst the role of plants in
1nf1uen01ng sediment redox, and related ox1dat10n -reduction
potentials to properties of the substrate. Carpenter et al.
(1983) related E, to root zone oxygenation and corresponding
decrease 1in soil water‘ COD. Armstrong et al. (1990)
demonstrated that Phragmites can raise soil redox considerably
during a éingle growing season. Arﬁstrong (1964) suggested
redox condition may play a role iﬁ distribution éf plant
species. While Wium-Anderson and Anderson (1972) found no
seasonal variation in redox potentiél Cogger et al. (1992)
found field redox potentials varled by season and with
floodlng and draining.

Anaerobic soils are frequently phytotoxic or adverse to
plant growth. McKee et al. (1988) showed that .significantly
lower concentrations of sulfide '(a phytotoxic anion)
correspond to the presence of aerial roots in Rhizophora and

Avicennia. Oxygen release in the root zone raises sediment E,

~and causes precipitation of ferric and manganese oxyhydroxides

on or around plant roots (Wium-Anderson and Anderson 1972).

The effects of root zone modification by vascular plént root

systemns remains important since solutes_regulatéd by redox
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and pH include potentially toxic forms of aluminum, manganese,

zinc, iron, and sulfur (Jaynes and Carpenter 1986).

Aerenchyma and the Formation of Cortical Air Space

Rhizosphere oxygenation depends on certain anatomical and
physiological characteristics of wetland plants that
facilitate gas transfer into the root zone. Many wetland
'plants contain aerenchyma, a cortical air tissue that provides
a continuous system of interconnected gas-filled cavities or
lacunae (Drew'et al. 1981) in both sfems and petioles (Dacey
1980, Kawase 1981). Rhizomes and roots possess an extensive
system of air-filled cortical lacunae that are often more or
less continuous with that of the stems, petioles and leavés
(Sculthorpe 1967). Sculthorpe (1967) noted a lack of pit
membranes in aerenchyma and suggested that gas may freely
" diffuse within these tissues.

Patterns of aerenchyma development are species-specific
(Armstrong 1979, Smirnoff and Crawford 1983). Burdick (1989)
studied the effect of root age as a facﬁor in aerenchyma
development as originally suggested by Yu et al. (1969).
Luxmore et al. (1972) related aerenchyma development to light
intensity. Sojka et al. (1972) also showédhfhat air space
development is sensitive to temperature.

In the early stéges of root growth, aerenchyma forms
through premature cell lysis about 10 mm behind in the root

cortex about 10 mm behind the root apex (Campbell and Drew
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1983). Aerenchyma formation in many wetland plants responds
positively to poorly oxygenated environments (Justin and
Armstrong,1987; Kawase 1981). Das and Jat 11977) indicated
that reduced substrate aeration can promote breakdown of
cortical tissues and increase internal porosity. Justin end
Armstrong (1937) noted that some wetland plants do not form
.eerenchyma bﬁt‘survive in the wetland condition by forming
shallow root systems. Aerenchyma formation is a relatively
rapid process (Kawase and Whitmoyer 1980, Kawase 198i).

Although roots form aerenchyma in conditions ef low O,
concentrafion,_ Armstrong (i979) suggested that aerenchyma
development is not solely a response to anoxia. Atwell et al.
(1988) and Drew et al. (1979), however, showed that hypoxia
stimulates the synthesis of ethylene and that an increase in

internal ethylene concentraﬁion is closely related to

induction of cell lysis. Both endogenous (Drew et al. 1981)
end exogenous ethylene formation (He-et.al. 1992) have been
shown to stimulate formetion of aerenchyma. Further, Drew et
al. (1981) and Vaﬁ Noordwijk and Brouwer (1988) found that
aerenchyma formation was inhibited when ethylene production
was reduced in roots of some plant species.

The role of nutrient availability in aerenchyma formation
has alsofbeen noted. Aerenchyma may form under fully anaerebic
conditions with the temporary.removal of NO{ and NH; (Drew
et al. 1989, Koﬁingé and Verschuren 1980). Konings and -

Verschuren (1980) also suggested that cavity formation in
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aerated roots of maize was retarded by NO{ and NH: ions.
They attributed their observed results to a relationship
between nitrate reductase activity and NO; uptake.

Although root porosities for terrestrial plants are lower
than for aquatic or wetland plants or plants that have
undergone a period of soil saturation, Jensen et al. (1969)
"réported root porosities of 3.6% for bariey, 9.5% for corn,
and 36.5% for rice. Armstrong (1979) found that internal air
space in roots can be as high as 60% while Bristow (1975)
reported 30 to 60% air space;in wetland plant roots. In water
lilies, lacunae constitute 20 to 40 % of volume in the root

and rhizome, and 50% in the petiole (Dacey and Klug 1979).

Aerenchyvma Function

The four primary functions of aerenchyma are:

1) as a plant adaptive response to seasonal flooding
or long-term soil saturation ‘

2) as a"gas transport mechanism for oxygenation of
' root tissues and the rhizosphere

3) as a mechanism for providing O, to anaerobic soil
substrates

4) as an anatomical and morphological property of
roots providing structural resistance to saturated
soils.

Although Kawase (1981) stated that ae:énchyma contributes
to survival of wetland species, differences in aerenchyma
\formation have been noted between flood-tolerant and flood-

intolerant species (Pearson and Havill 1988b, Burdick and
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Mendelssohn 1990). Crawford (1966) described the distributioﬁ
of the genus Senecio in response to flood toierance and
anaerobic respiration. Laan et al. (1989) subsequently found
aerenchyma development was the primary factor in determining
flood tolerance 6f Rumex speciés. Smirnoff and Crawford
(1983) and Justin and Armstrong (1987) also reported
':aifferences in effective root porosities between flood-
tolerant and flood-intolerant species.

Laing (1940) described the continuity of air space in
plants for the suppiy of 0, and removal of carbon dioxide (CO,)
from root tissue. Lacunae supply 0, for respiratory processes
in anaerobic sediment (Sculthorpe 1967, Dacey and Klug 1979),
0, storage (Armstrong .1967a, Sculthorpe 1967) and gas
transport (Sculthorpé 1967). Sculthorpe (1967) stated that the
measured linear_'gradients of 0, concentration in planté
support the hypothesis that underground organs derive their O,
supply from aerial or floating portions of the plant. Lacunar
gas space improves internal ventilation (Armstfong 1979, Drew
et al. 1985), and feduces root respiratory demand (Armstrong
1 1979).

Van Raalte (1944) discussed.the dependence of roots on
shoots for O, supply and rhizosphere detoxification. Armstrong
and Boatman (1967) stated that oxidized iron precipitateé
arouhd‘the roots forming an effective bérrier againét suifide.
oxygen diffusion helps mitigate the toxic effects of reduced

soil near the root tip (Armstrong 1967b), and serves to
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immobiliée phytotoxins. (Armstrong 1972, 1979); The ability to
withstand the phytdtoxicity of sulfide is a function of a
wetland plants' ability to withstand extreme anoxia (Pearson
and Havill 1988a). Aerenchyma is not important in oxidation of
endogenous sulfide (Pearson and Havill 1988a), but is
important to flood tolerance (Pearson ;nd Havill 1988Db).
Williams and Barber (1961) staﬁed thét aerénchYma functioned
as a mechanical property in the protection of wetland plant
Iroots embedded in saturated plastic (i.e. easily deformable)

soils.

Plant Gas Exchange Mechanisms

As early as 1841, Raffeneau-Delile reported
pressurization of gasses in the leaves of lotus. Laing (1940)
observed concentrations of gasses in the internal aﬁmosphere
of the rhizomes and found that bzdecreased from shoot to root
. with increased concentrations of CO,. He also noted seasonal
differences in the gas concentration between above and
- belowground portions of plants. Schélander5 et al. (1955)
suggested that pressure changes in the roqté of Rhizophora.sp.
and subsequent O, movgment into roots through leﬁticels‘was
driven by rise and fall of tides. | |

Plant O, transport modelling was pioneered by William
Armstrong (1967b) who determined that the 0, diffusion rate in.
plants is not affected by photosynthetic production of 02;

Others have noted that gas diffusion is a function of
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concentration gra&ient and resistance in lacunae (Sculthorpe
;967). Gas exchange rates are a function of internal gas
partial pressure, route resistances, and cortical gas space.
Fick's laws of diffusion were used to describe the‘fate of gas

exchange in the roots of both wetland and non wetland plants

(A;mstrong 1979). Armstrong also attempted to explain the

“diffusive properties of O, in the roots of wetland plants, but
:recognized that some mass flow caused by temperature and
pressure differentials between below and aboveground portions

of plants must occur in aerenchyma.

.Until 1980, models of gas transport'were based on the

assumption that the gas phase in the lacunae is stationary and

that individual gasses diffuse along concentration gradients

(Hutchinson 1957). In 1980, Dacey confirmed that the sun-

supplies the energy required for a thermo-osmotic pump that
drives gas movement in lacunae of water lilies. He found that
‘the flow is not static, and that gas exchange can occur at
linear rates of up to 50 cm min'. He described gas flow from
: young leaves down petioles, through root tissue, and into
older leaf petioles. With the use of tracer studies, gas flow
within the petioles of leaves was found to be a linear
function of the observed pressure gradient. This observation
is in accordance with Darcy's law for flow through porous
media. Temperature differences between leaf and atmosphere
drive pressurization through two independent diffusive
" processes, thermal transpiration and hygrometric pressure

.(Dacey 1980). Both  operate in sunlit conditions as
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temperatures and 'vapot pressure gradients (of all gasses
including water vapor) are maintained. Variations in gas
exchange'mechanisms are based on structural dlfferences among
plant species, and historical perspectlves on the operation of
this thermo-osmotic phenomena are dlscussed.by Mevi-Schutz and
Grosse (1988) .

Gas exchange within lacunar spaces of plants not only
occurs between the shoot and root, but also from the root to
shoot. Several researchers have measured gas transfer in
aerenchyma from wetland soils. Dacey and Klug (1979) showed
37% of the methane generated in wetland sediments was removed
through the aerenchyma of Nuphar luteum. Reddy et al. (1989)
found that a significant portion of denitrified gas formed in
the rhizosphere escaped through plant tissues. The role of
aquatic plant lacunae has been recognized in promoting carbon
cycllng (Sebacher et al. 1985) during perlods of active plant
growth and dormancy (Brix 1989). Sand- Jensen et al. (1982)
suggested that CO, transport is more important than O,
transport. Constable et al. (1992) also stressed the
importance of an internal CO, source in the roots of Typha.

One of the more interesting obsetvations made about
transport in the internal lacunae of plants is that root
" length is a function of effective root porosity and length of
diffusive O, path per unit volume of respiring root (Armstrong
.1979). Armstrong (1967b) stated that lateral roots are
primary to O, diffusion and discussed the theoretical

relationship between 0, diffusion rate and root size.-
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Rhizosphere Oxygenation

An oxidized substrate is, in most cases, a favorable
" environment for root growth (van Raalte 1944, Armstrong and
Boatman 1967,q Teal énd Kanwisher 1966, Wium-Anderson and
Anderson 1972). Van Raalte (1944), and Teal and Kanwisher
(1966) noted that O, release into a reducing medium occurred
.when the internal suppiy of 0, exceeded respiratory démand.
Teal.and Kanwisher (1966) found comparable ferric hydroxide
_ deposits on the roots of Spartina and suggested that these are
produced by 0, release from roots tqrsediment, Most wetland
species modify the soil environment by transporting and
“releasing 0, into the surrounding substrate (Armstrong 1964,
Bristow 1975, Armstrong 1967a). San’d-Jeﬁsen et al. (1982)
tested eight plants from the littoral zone of oligotrophic
lakes and found evidence of 0, ‘exchange in thése‘ lake
" sediments. Submeréed vascular plants characteristic of
oligotrophic communities release O, Whilé mosses lack the root
and lacunar systems of vascular macrophytes that facilitate
02. release to sediments (Jaynes and Carpenter 1986) .
Conversely, Bedford et al. (1991) argued that given microbial,
éoil oxidative, and root respiratory demands, plants are not
' capable of oxygenating sediments.

" Armstrong (1964), used O, data and redox measurements to
explain‘différences in plant Oz'tranéport‘in roots. Armstrong

(1967a) and McKee et al. (1988) stated that diffusion-rate in
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‘ wetland plant species is species-specific and does not vary

within a particular species. Morris‘and Décey (1984) and Dacey
- (1980) also have done exﬁensive work on O, transport rates in
plant root systems. Rate of NH; uptake and root respiration
are especially sensitive to O, concentration in the
‘rhizosphere (Morris and Dacey 1984). Rates of gas transfer may
aepend on.size or biomass of the plant and volume of them
. aerenchyma. Radial O, loss from roots increases with root
porosity and decreases with' root length (Armstrong 1972),
‘varying both seasonally (Armstrong et al. ;990)_and diurnally
| (Sand-Jensen et ‘al. 1982, Sand-Jensen and Prahl 1982).

The effects of soils én plant adaptability and
rhizosphere oxygenatidn appear to be minimal. Leakage of O, by
Typha was found to be site dependant ahd varied by season.
Rhizosphere oxidation did not appear to be related to E,
(Crowder and Macfie 1985) and pH regimes &Crowder and Macfie
.i985, Maéfie and Crowder 1987). McKee ef al. (1988) explained.
that the occurrence of aerial roots of Avicennia and
Rhizophora, not the reverse, influenced soil oxygenation.

Differences in the oxygenated rhizosphere in relation to
root size supports arguments citing genetic variation in the
62 transport mechanism operating in wetland soils. Thé
oxygenated rhizosphere is a function of O, concentration in
the root and the root 'radius, thus faVoring;.large roots
(Armstrong 1979). Armstrong (1979), however, showed that

roots with a smaller radius.had zones of oxygenation similar
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to those of larger roots and suggested that wetland plants
with smallér roots may have some competitive‘advantage. Thin
roots have a better 0, supply to _all robt cells than thick
roots and thus‘need less root porosity to provide a transport
path for'Oz. The highest 0, transport rates from aerial plant
tissue into the rhizosphere also are associated with plants
having small root mass. Older plants have large root systems
and higher 0, transport rates (Moorhead and Reddy 1988).
Armstrong et al. (1990) <demonstrated that gfeater -root
numbers, not gJgreater Oé demand, account for sediment

oxygenation.

Nitrogen Dynamics in Saturated Soils

Nitrogén additions to wetland soils consist of N
fixation, atmospheric deposition, and biomass decay. . Plant
and microbial assimilation ' (mineralization), NH;
volatilization, nitrification, and denitrification, are other
transformation. pathways that modify and remove N in wetland
treatment systems. Nitrate, the thermodynamically stable form
of N in terrestrial oxygenated aqueous systems (National
Research Council 1972), may be biéchemically assimilated from
water by growing plants or may be converted to gaseous N in
énokic situations. In surface waters, main sinks for loss of
inorganic N include NH; volatilization, and algal uptake
(Wittgren and Sundblad 1990). Ammonia is thé preferred form of

N for algae (Richardson and Davies 1987). Natural
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concentrations of NO; and NH; in soils vary ‘greatly with
season and soil aeration. Ammoﬁium diffusion, however,
proceeds more slowly than NO; diffusion because of adsorption
to_soil particles (Lorenz and Biesboer 1987).

Removal of N in wetland.wastewgter treatment systems
requires an understanding of NH; volatilization, plant
assimilation, and nitrification-denitrification processes.
Ammonia volatilization is seasonal and inconsistent (Stowell
et al. 1981), varies diurnally, and 1is affected by
temperature, pH (Beaucamp et al. 1982;,Hoff et al. 198i) and
wind speed (Hoff et al. 1981). At high pH values, bulk loss of
NH;—N occurs as NH; is volatilized from fhe water surface.
This volatilization is a function of the partial pressure of
NH; and the surface to volume ratio of the water body (Veen
1988). At a pH below 7.5 (Rogers et al. 1991, Wittgren and
Sundblad 1990), volatilization becomes less important.
Ammonium is stable at low pH values and at the normal pH of
sewage (Davies and Hart 1990).

Stengel et al. (1987) and Lorenz and Biesboer (1987)
inhibited microbial activity with acetylene and measured N,O,
as an indicator of denitrification. Additional reviews of
nitrification~denitrification.reactiohs in wetland systems are
given by Reddy et al. (1989), Valiela and Teal (1979), and
Veen (1988). The rates of these reactions are controllea by
redox potential, pH, moisture, carbon source, and temperature

(Denny 1972, - Barnes and Bliss 1983). Denitrification rates
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are also related to microbially modified soil O, status
»(Obenhuber and Lowrance 1991) and cafbon content of soil
(Burford and Bremner 1975, Bowman and Focht 1974, Firestone
1982). Obenhuber and Lowrance (1991) stated that microbial
denitrification can reduce NO; concentrations - provided
adequate energy sources and appropriate environmental
mésﬁditions éxist. Adding carbon to an équifér increases N,0
'pfoduction or denitrification. Denitrification rates may be
limited by carbon source, but not universally by soil type
(Lorenz and Biesboer 1987).

Differences exist 1in the 1literature between the
‘importance of denitrification in wetland systems and the role
’,of plant assimilation as the primary N removal mechanism.
" Most researchers contend that the nitrification-
denitrification reactions are key to N removal (Wood 1990,
5 DgBusk et al. 1983, Swindell'and Japkson.1990{ Moryis 1991,
\ﬁittgren and Sundblad 1990). Breen (19905, however, suggested
that plant uptake accounted for 80% of N removal. Kadlec
(1987b) stated that plants function primarily as ubtake‘and
transfer conduits unless there is harvest of biomass. Rogers
et al. (1991) concurred; their study showed plant nutrient
‘uptake as the dominant .removal mechanism. Heterotrophic '

fixation of N,, they argued, could also mask denitrification.

. However, they failed to note research by Oaks and Hirel (1985)

‘and Buresh et al. (1980) that indicated nitrification and

‘gacterial (N-fixing) nitrogenase was inhipited by NH;ﬂ Reddy
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et al. (1982) found that 50% of N, loss in simulated wetland
systems was through means other than plant uptake.
Denitrification rates in natural wetlands can exceed natural
N inputs by a factor‘of three (Zak and Grigal 1991); Weber
and Tchobanoglous (1986) stated that when plant density is
near a maximum, plant uptake of N is assumed to be minimal and
nitrification-denitrification is thought to be the major

pathway of N loss.

Veen (1988) evaluated the change in root activity with
respect to a reduction of root respiration in terrestrial
plants known to be unequally sensitive to O, stress. He found
that lower root O, concentrations reduced NO{ uptake. These
findings conflict with those of Lambers et al. (1978) who
showed that nitrate reductase activity enhanced in roots under
anaerobic conditions. ‘Other work by Guyot and Prioul (1985)
~indicated that plant tolerance to O, deficiency improves with
' aaditional NO;.. |

Changes in soil structure, hydrology, plant community
composition and microbial activity affect the speciation and
'dynamics of nutrients present in wetland soils. Nitrate will
'nét adsorb in soils below pH 5.5 while NH; is strongly held
on the cation exchange ét this pH. In undisturbed wetlands
with mineral soils the pﬁ equilibrates toward a neutral value.
The pH of more acidic soils increases in flooded conditions
and enhances the reduction of Fe' (IIT) to Fe (II).

Conversely, the pH of alkaline soils decreases in flooded
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conditions with an accumulation of respiratory CO,
(Ponnamperuma 1972). Further modification of pH is caused by
microbial reactions in the sediments when nitrifying bacteria
produce hydrogen ions that lower pH (Davies and Hart 1990).
Acidification blocks the N cycle by inhibiting nitrification
and leads to an accumulation of NH," (Rudd et al. 1988). Veen
1(1988) attributed an increase in nutrient'éolution élkalinity
to reduced root‘O2 concentration. Bicarbonate production of
‘the root system is a reflection 6f the NO{ feduction rate of
' the root system (CO, generation). A study by Jaynes and
;Carpenter (1986), using pots planted with mosses and vascular
plants, showed that E, and pH did not vary by sediment type
-but rather by the influence of the plants. Chen and Patrick

(1981) also found that additions of carbon additions reduced

E, and enhanced NO; reduction rate (denitrification).
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. METHODS

Experimental Design -

Forty-five microcosms (Figure 1) were planted with four"
wetland plant species - Nebraska sedge (Carex ﬁebraskensis
Dewey), beaked sedge (Carex rostrata Stokes), broad-leaved
cattail (Typha latifolia L.), and panicled bullrush (Scirpus
microcarpus Presl.), and placed. in a greenhouse. Thése
species are abbreviated throughout the tables as Cane, Caro,
Tyla, and .Scmi, reépectively. Unplanted microcosms are‘
abbreviated as Unpl. Placement of the microcosms within the
gréenhouse was randomized. The experiment was designed with
two 1levels of repeated measures. The experimenfal units
represent a five (four plants with unplanted controls) by
three (control application plus two effluent céncentrations)
by three (replicate) factorial experiment. The units were
treated with either of two concentrations of liquid dairy
effluent or a control treatment of water. Each planf species,
control, and treatment level (concentration) was replicated in
triplicate. The first level of repeated measures consisted of
the soil water at three soil depths.within each microcosm.
The second level of repeated measure occurred over time as

" each microcosm was measured at two-week intervals.

Statistical Analyses

The experimental design entailed two levels of repeated

" measure - depth in the microcosm and changes in effluent
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parameters over time. All statistical analyses were conducted
at p < 0.05. Statistical contrasts of interactions and main
effects between plant species, depth and effluent
concentration within the treatment cycle were made for changes
in TKN, COD, pH and solution NO3*using the PROC GLM procedure
in SAS (SAS Inst 1987) . Plant biomass, root porosity, and
plant N content were statistically analyzed using the ANOVA
procedure in NCSS (Hintze 1990). Comparison of treatment
means 1included ranking of means and Duncan®s multiple range

test (Mize and Shultz 1985, Ott 1984).

PVC pipe Plexiglass

Soil level

Polyethylene tube
with ceramic cup

X Support brace

Polywoven fabric

#4 screw

«8"." T-- =mnm

Figure 1. Side view schematic of microcosm experimental unit
construction, including placement of porous ceramic

cups.
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Microcosns

The microcosms uséd in this study were constructed using
PVC irrigation pipe (38 cm ID) cut to 60 cm lengths and split
laterally to form half-round columns (Figure 1). The half-
roundé were fitted with é 38 by 60‘ cm sheet of 0.32 cm
plexiglass attached to the PVC pipe with an indﬁstrial silicon
~sealant and screws spaced along each edge.
Three holes (1.0 cm diameter) were drilled into the sides
-of each microcosm at 15‘cmtincrements to allow for placement
of lehgths of 0.95 cm polypropylene tubing. Tubing was cut t§ .
23 cm lengths and attached to round end ceramic cups (1 Bar,
High Flow, Soil Moisture Equipment Corp.). The ceramic cups
were aligned in the microcosms for center placement in the
substrate. The base of each microcosm consisted of a piece of
poly-woven ground cloth covering the open end and attached
using silicon sealant. This base was not intended for
.éﬁructural support of microcosm contehts, but.served as.a
‘ barrier that allowed for exchange of air and water from the
microcosms. A standard greenhouse tray was placed to catch

water beneath each microcosm.

The microcosm units were reinfbrced with two wood and
wire braces (Figure 1) for structural support of the
plexiglass. The braces were attached at the base and center
. of each microcosm and tightened using double-threaded rod and
-bﬁtterfly nuts. . A double layer of ground clotﬁ was attached

to the plexiglass face of the microcosms to prevent light
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entry to the rhizosphere. This material could be removed for
visual inspection of root growth in the soil column.

The ceramic cups were washed with 1 N HCl solution and
then rinsed with distilled water until the pH and specific
_conductaﬁce of the rinse water equaled that of the diétilled‘
water influent (Creasey and Dreiss 1988). Cups were stored in
‘“é covered box to prevent dust accumuiétioﬁ'priOr to attachment
of the polyethylene tubing. Tubing and ceramics were attached
using an epoxy from Soil Moisture Equipment Corp. The epoxy
was allowed to dry and cure for a period of 24 hours.

Microcosms were assigned numbers and randomly located in the

greenhouse (Figure 2).

Soil Collection and Preparation .

Soils used in this study were collected from a natural
.'Wetland area located in Gallatin County, Montana (N.W. 1/4
Sec. 25 T.1 N R.3 E/ P;M). This"éife was én‘open slough
.centered in a pasture receiving seasonal use by cattle.
Vegetation in the slough included softstem bullrush (Scirpus
americanus Pers.), broad-leaved cattail (Typha latifolia L.),
plainleaf willow (Salix planifolia Pursh),‘Nebraska sedge
(Carex nebraskensis Devwey), rabbitfoof grass (Polypogon
monspeliensis L.), and smooth brome (Bromus inermis Leysser).
. Soil was collected on June 19 and July 28, 1992. The soil was
kept damp in fransit and placed in cold storage prior to -

.placement into the microcosms.
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Plant Treatment

Carex nebraskensis 0 70% Dilution
Typha latifolia I
0 30% Dilution

ql Unplanted

IScirpus microcarpus B Control
’ ‘ Carex rostrata

Figure 2. Placement and randomization of microcosms in greenhouse-.
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Sampling of the soil for baseline soil parameters was
made during the first soil collection éeriod (June 21, 1992).
Five soil cores were taken at 0-15 cm and 15-30 cm soil
depths. Samples were air dried groﬁnd, split and sieved to < -
0.2 mm and analyzed for percent organic matter, cation
exchange capacity (CEC), alkalinity, énd: N. concentration.
.Additional unground samples were used in the analysis of
particle size distribution. Organic matter was determined by
combustion of a known weight of dry sample at 450°C for 16
hours (Ball 1964). Nitrogen analyéié used methods specified
by Bremner and Mulvaney (1982). Particle size analysis
followed procedures outlined by Gee and‘Bauder (1986) . Cation
.exchange capacity and alkalinity procedures followed Rhoades
(1982) .
| Refrigerated soils were homogenated by hand to obtain
qniform soil consistency and volume in each microcosm. Soils
Qére manually placed in the wefland uﬁits on August 3. A
small volume (64 cmﬂ of autoclaved ;and was placed around
"each ceramic pore cup to facilitate removal of soil Qater
samples under negative applied pressure. Soil placement
continued until the soil level was 10 ém below the top of the
microcosms. A 5 cm head of distilled water was then applied
to fhe top of the soil column to maintain saturation and a
reduced state of the soil constituents. Saturation through
continuous application of water was maintained throughout the

experimental procedures.
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Oxidation-Reduction Potential

Twenty-sevén platinum electrodes were constructed and
calibrated for measurement of soil E, (Mueller et al. 1985,
Faulkner et al. 1989). These electrodes were standardized
against an Orion combination redox electrode in a standard
”ferrous-ferric solution (Light 1972) . Electrodeé were placed
. in several wetland microcosms to evaluate differences between
planted (C. rostrata) and unplanted units at the three soil
'debths under control and'high concentrate treatments (Table
1) . Four measurements of millivolt potenfial were made at one
week intervals beginning Noyember 1992. Measurements were
éorrected to a étandard hydrogen electrode (SHE) using the
dorrection value of +200 mV (Orion 1992).

Table 1. Experimental design for redox measurement in
greenhouse microcosns.

Unplanted controls Carex rostrata

Unit Depth (cm) Unit Depth (cm)
Treatment 15 30 45 15 30 &5
9 - - - | 33 X - X
Control 25 X X X 26 X X -
21 X X X - 17 X X X
22 X X X 40 - X X
Low Conc. 14 X X - | 4 X X X
42 - X X 27 X X -

X indicates placement of a platinum electrode at specified depth in unit
- indicates no electrode placement at specified depth in unit
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Plant Collection and Preparation

The plant species used in this study comprise a major
coﬁponent of the wetland species composition in north-
temperate fegions of North America. Plant nomenclature is
after Hitchcock and Cronquist (1981). A description of the
.plant species used, their distribution, and gross
morphological characteristics is presenfed in Appendix A.

Whole, intact plants weré collected from a wetland at the
Nixon bridge of the Gallatin River in Gallatin County, Montana
(NW 1/4 S.35 T.2 N R.3 E, P.M.). Collection of the plants was
made on August 21, 1992. Plants‘were iﬁmediately pruned and
refrigerated for 1 week prior to planting. Preparation fdr
‘planting included tagging all plants with colored teléphone
wire, and redording fresh weight biomass of each plant.
'Plants were divided by species into groupé with equivalent
welghts (100 £ 10 g). Plants were placed in randomly selected
~microcosms on August 28, 1992. Root crowns were set to their

previous soil levels and roots were extended to full length in

- the microcosms. Roots were positioned close to the upper

ceramic cup (15 cm depth). A constant head'(5 cm) of water was
maintained after planting.

Because the plants were coilected in the fall, they were
_ ailowed to grow for a period of one month while temperatures
in the greenhouse wéere increased in 5°C increments from 55°C
night and day temperature to a 60°C night and 75°C day

temperature. Supplemental lighting via metal halide lamps
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(1000 N-m/s Sylvannia M1000\c\u) suspended 1.5 m above the
plant canopy was increased in half hour increments each week

to an 8 hour dark‘cycle over the same period.

Effluent Collection and Preparation

Fresh liquid manure from a herd of dairy cattle in
E“éallatin County, Montana was collected one day‘prior to each
effluent applicatién. The dairy cattle diet consisted of
alfalfa and barley with some supplementation of trace
| nutrients and salts. No detergents, antibiotics,.or‘iodinéted
teat washings were present in the effluent material. Manure
f75.7 1)'was collected from manure piles freshly scraped from
feeding pens. Materials were collected from the entire manure
pile at- random 1locations. Manure effluents for the
application were immediately prepared by adding 15.1 1 of
water to every 37.9 1 of origihal manure material. The slurry
wés then placed in ‘rinsed polyethylene bags, tied, and
suspended from a brace for filtration. The filtrate was
collected in 18.9 1 buckets over a period of several hours,
. sealed and cooled overnight. |

Two concentrations of the manures were made by diluting
with distilled water. The two concentrations were 30% (low
,.concentration) and 70% (high conéentration) of the original
wastewater filtrate. The dilutions were stirred, sub-sampled
for laboratory analysis and then applied to the microcosms in

2 1 volumes. These applications were made four times on a
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biweekly basis (Table 2). Placement of the liquia waste was
made to avoid stirring of the soil surface by the 1liquid
| additions. No direct application of liquid manures was made
on the plant surfaces. Any remaining volume in each microcosm
was filled with distilled water and a constant water level was
maintained between applications.

Téble 2. Waste application schedule for wetland wastewater
treatment study (1992).

Soil Water Sampling Effluent Application

‘Period Date Date
1 ‘ Sep. 18 Sep. 28

2 ‘ Oct. 3. . Oct. 13

3 Oct. 18 Oct. 27

4 Nov. 1 Nov. 10

5 Nov. 15 :

Sampling and Analysis
"Effluents

Sampling of manure effluents followed the schedule
outliﬁed in Table 2. Téble‘3 is an outline of the chemical
analyses performed on both influent and effluent samples. The
first two effluents were sampled at the time of preparation,
" refrigerated, and sent to the analytical laboratory within 24
hdurs. Samples were analyzed for NH;-N and NO{—N. Sub-
samples also were analyzed separately for IHQ-N and total
Kjeldahl nitrogen (TKﬁ), coD, and pH. Analysis of the third .

"+ and fourth effluent concentrates consisted of all parameters
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investigated in the first two sampling periods®' effluents
‘except for the analysis of NO; -N.
A companion study was utilized to determine the amount of
ﬁ removal occurring independent of the wetland units. Open
containers of eﬁfluent were placed in a ventilated hood for
two weeks (the period between effluent applications in the

Table 3. Sample analyses conducted for influent and effluent
water parameters.

Parameter Period(s) Reference

Influent TRN! 1-4 APHA 1992
NH;-N 1,2 EPA 1983 (350.2)
NH,*-N 1-4 APHA 1992
N0, -N 1,2 EPA 1983 (353.3)
COD? 1-4 - APHA, Hach 1992
pH? 1-4 " Orion 1992
Effluent TKN 1-5 APHA 1992
o NO;™-N 1,2 APHA 1992
NO;™-N 3-5 APHA 1992;
Willis 1980
NO, -N 1 APHA 1992
COoD 2,3,5 APHA, Hach 1992
pH 1-5 Orion 1992

. 1 . Keltec Auto Analyzer, Perstop Analytical, Imc., Model 1020

" 2 _ Open Reflux Method by block digestion and colorimetry, Hach Corporation
.3 . Orion Research pH meter 250A with pH combination electrode 91-57
microcosms) and subjected to similar temperatures and air flow
~environments found in the greenhouse. Evaporated volumes of

water were replaced. Measurements of pH, E,, total and NH;-N
were made before and after the two week period. Changes in pH,

E,, and total and NH;-N concentration of the 1liquid dairy

effluents were determined.
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Microcosm Soil Water Samplihg

Soil water from each microcosm at each of the three séil
depths was sampled prior to the application of the manure
effluents and two weeks after the final manure application
kTable 2). Soil water was collected from the ceramic cups by
applying a vacuum to the connective ports (Figure 1) and
gafawing aliquots of soil water into containers. Seven
milliliters of each sample were preserved with 0.5 ml 6 N
H,S0,. These samples were refrigerated until analyzed fdr TKN
ahd COD. Five of the seven ml were used for TKN. - The
remaining 2 ml were used in the analysis of cOD. The non-
.acidified remains were sent to the analytical vlabofafory
(first two ' samplings) for measurement of NO; -N and NO, -N
using anion chromatography. Soil pore water samples from the
latter three sampling periods were andalyzed for NO{—N using
a colorimetric technique (Willis 1980). Nitrite was
eliminated from the analytical program since it was not
detected above 0.05 mg 17" in any of the original 135 samples

submitted in the first sampling period.

Plant Sampling

Plant characteristics measured in this study' included
'fresh and dry weight of roots, rhizomeé, and shoots; root
"porosity; and protein content of below and aboveground
biomass. Root masses removed from the units were rinsed free

of soil. A fresh sub-sample was removed from each microcosm
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root mass, sealed- and refrigerated for root porosity
evaluation. Root porosity determinations were made using a
gravimetric test (Jensen et al. 1969, Burdick 1989, and Van
- Noordwijk and Brouwer 1988). All biomass was gravimetricélly
measured and corrected for percent moisture contenf. Protein
content of ground plant samples wasvdetermined by TKN analyses
and corrécted for dry weight. Protein analyées were conaucted

on duplicate air dried samples.

Soil Sanmpling

The microcosms were disassembled at the termination of
the experiments. At this time, soils were sampled at the
surface of each unit and at the fhreé soil depths adjacent to
the ceramic cups. Samples were air dried, ground, and paséed
through a 2 mm séreen. The samples were then anélyzéd for TKN

and NO; -N.

Quality Control/Quality Assurance

‘To improve the precision and accuracy of data collected
in this study, a quality control/quality‘asgurance program was
implemehtedf Measurements of TKN, nitrate, and COD in manures
and soil water samples included a 1:20 field replicate
sampling (blind field replicates for samples sent to the
respective labs). A cross contamination blank and a bottle
blank were included for each set of soil water ;amples.

Accuracy of both the TKN and NO;-N concentration was
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determined using EPA nutrient standards in the final two
sample sets (Periods 4 and 5). Data _precision for COD

analysis was based on regressions of known standards (Appendix

).
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RESULTS

Interpretations of statistical oﬁtputs were based on
the main effect and interaction differences observed initially
in the microcosms compared to observed differences in the
final measurement period. Results from repeated measures
‘analyses were used té interpret the ovefall effects of
pbilutant input to the wetland microcosﬁs. The statistical
outputs from ANOVA are provided in Appendix C.. Table grand
means (i) represent column or rowwise averages across

concentrétion, depth, or plant treatment for the combined

éamples (n).

General Observations

Plants grew well in the greenhouse. Root growth was
especially concentrqted in the upper 20 cm of the soil column.
Typha latifolia grew slowef than the other plant species.
| Initially, the microcosms shbwéd high hydraulic
conductivity that apparently decreased over the courselof the
experiment. Water continued to flow out of the sampling ports
and from the bases of the microcosms throughout the study.
Hydraulic conductivity of the media, overall volume of water
- applied, hydraulic residence time, and evapotranspiration*wereA
not quantified. Carex rostrata and S. microcarpus showed high
vigor in all effluent treatments through the treatment cycle.
The vigor of C. nebraskensis declined in the latter sampling
.periods as evidenced by chlorosis and some stem mQrtality.'

Prior to wastewater application, all units contained a
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number of macroinvertebrates and benthic organisms. The
origin of these organisms was presumed to be dormant 1ifé
forms in the collected soil. Several species of aquatic
annelids were observed to feed and move through the upper 10
cm of soil. Cladocéra species were seen to feed on algae that
grew in the water column. Several forms of ‘algae were
observed in both planted and unplanted wunits. Macro-
~invertebrates and benthic organisms in units réceiving high
concentrated wastes weré - killed following wastewater
additions. The same organisms thrived in the control and the
low concentrate microcosms.

A band of black céloring formed approximately 1 cm below
the soil surface. This phenomenon was presumed to be a
function of symbiotic microbial growth between sulfate-
reducing bacteria and cyénobacteria under high nutrient

concentrations (Hodges 1992).

System Parameters

The basic characteristics of the microcosms prior to
applications of liquid dairy wastes are‘présented in Table 4.
Baseline soil data with the exception of NO; -N analyses were
determined from samples taken at the time of soil collection.
The analyses were also performed on soil samples taken at the
end of the experiment; Soil was classified as a Typic
haplaqﬁoll (Soi1.Survef Staff 1987) with a sandy clay texture
(Gee and Bauder 1986). Analyses of soil water samples were

conducted prior to pollutant application.
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Microcosm Oxidation-Reduction Potential

Oxidation-reduction potentials (ORP) by depth,
concentratioﬁ level, and presehce‘ér absence of €. rostrata
are given in Table 5. The miilivolt potentials are corrected
to the standard hydrogen electrode (+200'mV at 25°C). No
hﬁgignificant differences were found within or among main
effects by plant species, concentration, of depth.

Table 4, Microcosm characteristics and baseline soil and
interstitial water parameters. ‘

Characteristic n X t S.E.
EC (mS cm?) _ | 45 1.4 * 0.20
_ pH ' ‘ 129 7.36 * 0.20
CEC (meq 100 g™%) 2. 29.65 * 1.15
" Soil TKN (%) 20 0.527 + 0.138
Soil TRN (3)2 , 60 0.476 * 0.102
~ Soil NO; -N (mg kg™l) 60 15.29 % 27.20
Soil OM (%) 10 9.90 + 2.23
"Soil water TKN (mg 17 131 © 7 1.96L & 0.702
‘Soil water NO; -N (mg 171) . 133 0.436 £ 0.268
Soil alkalinity (mg 17! as CaC0;) 4 768,13 + 68.13
 1'- Samples made from field collections
2 . Samples taken following disassembly of microcosms

Plant Characteristics

Plant Biomass
The results of the analyses of. plant biomass are
presented in Tables 6 through 14. Plant root biomass of the

four species by three effluent treatments is shown in Table 6.




5. . Microcosm oxidation-reduction potential (mV)

Table by depth, concentration and
presence or absence of Carex rostrata (Caro).
Depth (cm) (n=4) Concentration (n=6)
15 30 45 Control High Conc.
Unpl’ -77.6 + 51,2 -128.3 * 54.0 -154.,0 * 69.5 -92.5 £ 53.5 -108.9 * 48.6
Caro -111.3 + 53.0 -29.25 * 89.4 -4.91 + 35.0 -135.2 £ 21.0 -82.0 £ 40.7
i 7 -96.3 + 35.4 -128.7 * 32.3 -79.4 * 45.7 -111.8 + 29.9 -95.4 * 30.7
' . Unplanted microcosms
Table 6. Effect of effluent concentration on mean (+ S.E.) root biomass (9) .
Concentration
Plant Control - Low High X
Caro 17.76 £ 2.63 bx' 19.68 £ 0.81 ax 17.29 * 4.87 ax 18.25 £ 1.66 b
Cane 9.31 £ 1.97 bx 8.53 £ 1.14 bx 10.19 £ 0.52 ax 9.34 £ 0.72 ¢
Tyla 13.75 + 3.44 bx 14.35 * 0.39 abx 14.86 + 1.00 ax 14.32 + 1.05 ab
Semi 31.29 * 5.67 ax 21.86 + 4.48 ax 16.54 + 2.18 ax 24.07 3.35 a
X 18.02 * 2.94 x 16.11 + 1.89 x 14,55 + 1.50 x

Means (x S.E.) in columns followed by the same letter (a,b,c) are not significantly different. Means
(£ S.E.) in rows followed by the same letter (x,y,2z) are not significantly different (n=3, p £ 0.05).

194
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There were significant differences in root biomass production
‘across concentrations. Plant root biomass varied by species
in the control and low concentrate units. Scirpus microcarpus
“had the highest overall root mass.

Aboveground biomass varied by effluent concentration and
species, however, no interactions between plant and
éancentration were noted (Table 7). Aboveground biomass of C.
rostrata was higher than the other species across treatments.
Carex rostrata and S. microcarpus had significantly higher
aboveground biomass across the effluent treatﬁents than T.
latifolia and C. nebraskensis .

The interaction between plant biomass production by
species and concentration was significant (Table 8). This
differential response among species appeared in the analysis
of variance across concentration for the combined model. .
Scirpus miérocarpus showed a negative growth response to
cancentration. Carex rostrata and S. microcarpus produced
significantly greater amounts of aboveground biomass in

‘fesponse to each of the three effluent concentrations.

~ Plant Nitrogen Concentration

Concentration of N varied by plant species and effluent
concentration in units receiving the high concentration
(Tables 9 and 10). Scirpus microcarpus was the only species

‘showing a response to increased loading of nitrogenous wastes.




Téble 7. -Effect of efflueﬁt conceﬁtration on mean (+ S.E.) abovéér%und biomass (9).

7 Concentration _

Plant Controi 7 » Low . ~ High 7 X

Carc; 61.13 * 13.27 ax' 55.37 * 9.49 ax 41.87 * 7.22 a}; 52.79 £ 5.88 a
Cane 17.97 £ 6.86 bx 23.43 * 6.25 cbx 15.55 £ 2.29 cbx 18.98 + 3,00 b
Tyla 17.84 + 8.70 bx 12.66 * 4.11 cx . 6.74 + 1.90 cx 12.42 £ 3,55 b
Scmi - 58.65 £ 0.65 ax 7 47.25 * 6.18 bex 28.94 £ 0.62 bcyA 46.95 + 4.80 a
}_{ ) 38.90 £ 7.33 x 34.68 £ 5.97 - x 22.76 £ 4,73  x -

1. Means (* S.E.) in columns followed by the same letter (a,b,c) are not significantly different. Means

(£ S.E.) in rows followed by the same letter (x,y,z) are not significantly different (n=3, p £ 0.05).

Table 8. Effect of .effluent concentration on mean (+ S.E.) total plant biomass (g).

7 , Concentration
Plant 7 Con.trdl , . Low High , )_{ )
Caro  78.89 % 15.63 ax’ 75.06 £ 9.34 ax 59.16 + 11.64 ax 71.03 £ 6.93 a
Cane 27.28 + 8.81 bx 31.96 + 7.39 bx 25.74 £ 2.74 bx - 28.33 £ 3.54 b
Tyla 31.59 % 12.05 bx 27.02  3.74 bx 21.60 £ 2.51 bx 26.74 % 3.99 b
Semi. 89.94 £ 5.86ax - 69.11 * 10.83 ay 45.48+ 2.80aby  71.01 * 7.69 a
X 15,56931 9.65 x 5077+ 7.37 x 37,31 % 5.74 y |

- Means (* S.E.) in columns followed by the same letter (a,b,c) are not significantly different. Means
(¥ S.E.) in rows followed by the same letter (x,y,z) are not significantly different (n=3, p < 0.05).

sy




Table 9. Effect-of,effluent1concentration on mean (+ S.E.) nitrogen concentration in
root biomass (mg g ).

Concentration
Plant _ Control Low | High - X
Caro 71.40 + d.l7 ax{ . 1.39 £ 0.06 ax 1.82 £ 0.24 abx r 1.54 + 0.11 a
Cane 1.67 £ 0.36 ax 1.82 + 0.32 ax 1.91 £ 0.10 abx 1.80 £ 0.15 a
Tyla 1.29 + 0.19 ax 1.59 £ 0.06 ax 1.34 £ 0.20 ax 1.40 £ 0.09 a
Scmi 1.56 £ 0.17 ax 1.58 £ 0.15 ax 2.44 £ 0.19 by 1.64 £0.21 a
X . 1.38 £ 0.12 x o .,; 1.59 i 0.09 x&r 7 7,1.83 +0.14 vy B

- Means (% S.E.) in columns followed by the same letter (a,b,c) are not significantly different. Means
(£ S.E.) in rows followgd by the same letter (x,y,z) are not significantly different (n=3, p £0.05).

Table 10. Effect of effluent conceq;ration on mean (+ S.E.) nitrogen concentration in
aboveground biomass (mg g ).

) Concentration B i

Plant Controi Low - High . . X

Caro 1.84 £ 0.07 ay' 2,04 £ 0.08 by 2.34 £ 0.08 ax 2,08 £0.08 b

Cane 2.33 £ 0.38 ax. . 2.37 £ 0.07 abx 2.92 + 0.00 ax . 2.54 +0.15 a

Tyla 1.80 £ 0.34 ax 2.71 + 0.15 ax 2.66 * 0.34 ax 2.39 £ 0.21 ab

Scmi” 1.85 £ 0.19 ay 2.32 i 0.15 aby . 3.38 £ 0.18 ax ) 2.41 * 0.24 ab
X .1.96£0.13 7 2,36 £0,00 vy 2774014 x ’

1. Means (X S.E.) in columns followed by the same letter (a,b,c) are not significantly different. Means

(£ S.E.) in rows followed by the same letter (x,y,z) are not significantly different (n=3, p < 0.05).

9¥
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Carex rostrata and S. microcarpus had higher concentrations ofn

N in aboveground tissues than C. nebraskensis and T. latifolia

(Table 10).

Plant Assimilated Nitrogen

Total assimilated N by effluent for the plant species is
_p;gsented in Tables 11 to 13. Table 11 data represent root N
assimilation. No significant differences were found with
respect to effluent concentration but significant differences
'in N content were observed among the four plant ;pecies.
These differences in plant N occurred chiefly in the control
_éoncentration.

The response relations between ﬁ assimilation and
aboveground biomass and whole plant response to effluent
concentration are presented in Tables 12 and 13, respectively.
Carex rostrata and S. microcarpus had higher N uptake than C.
nebraskensis and T. latifolia across all concentrations.
Tﬁeéé responses were independent ‘of 'épplied effluent

concentration.

Plant Nitrogen Summary

Effluent concentration affected plant assimilatory
_response of the roots. Total plant biomass also was affected
by effluent concentrations. ‘There were, however, no
Asignificant interactions between effluent concentrations and
plant species. ‘Scirpus microcarpus and C. rostrata had
consistently higher pr?ductivity and tissue N concentrations

.. than C.nebraskensis and T. latifolia.
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Root Porosity

Results of gravimetric measurements of root porosity are
presented in Table 14 and are displayed graphically iIn Figure
3. Differences were noted across concentrations and among
plant species, however, there was no significant interaction.
Root porosity tended to decrease with increased concentration,
but was only significant 1in C. nebraskensis. Despite
similarities in plant N concentration between S. microcarpus
and C. rostrata (Table 13), root porosity response of the two
species was significantly different (Table 14). The large
standard errors of mean root porosity attest to the inherently

large variation iIn this plant characteristic.

Carex rostrata
I | Carex nebraskensis
MIIX Typha latifolia

Control Low Cone. High Cone.

Concentration

Figure 3. Root porosity () versus effluent concentration for
four wetland plant species.



Table 11. Effect of effluent concentration .on mean (+ S.E.) nitrogen in root biomass

(mg) .

Concentration . 7
Plant 7 Control ] o Low N - High X
Caro 23.94 * 1.06 abx’ 27.40 £ 1.83 ax - 30.77 + 8.07 ax 27.37 £ 2,60 b
Cane 16.92 + 7.03 bx 16.19 + 4.86 ax 19.37 + 0.36 ax 17.49 + 2,52 ¢
Tyla i6.18 + 1.38 bx 22.72 £ 0.48 ax 19.92 + 3.22 ax 19.61 £ 1.39 ¢
Scmi 34.38 £ 0.51 ax ' 33.29 + 5.42 ax 40.01 £ 2.16 ax . 35.38 £ 2.10 a
X 22.86 £ 2,69 x 24,90 + 2,48 x - 26.38 £3.25 x

- Means (* S.E.) in columns followed by the same letter (a,b,c) are not significantly different. Means
(£ S.E.) in rows followed by the same letter (x,y,z) are not significantly different (n=3, p < 0.05).

(e}

Table 12. Effect of ‘effluent cohcentration on mean (* S.E.) hitrogen in aboveground
‘biomass (mg).

Concentration

Plant .Céntrol 7 . o Low o . High - 7 27

Caro 111.31 + 20.57 ax’ 112.54 + 19.96 ax  98.11  19.06 ax - 107.52 * 10.18 a
Cane 46.64 + 24.93 bx 54.81 * 13.30 bx 45.45 £ 6.72 bx 48.97 + 8.51 b
Tyla 33.65 + 15.24 bx 35.42 % 12.29 bx 18.53 + 5.82 bx 29.20 + 6.48 b
Semi 108.38 * 10.85 ax_  108.08 + 9.22 ax 97.67 + 3.01 ax 105.56 + 5.0l a
X ©75.00 + 13.26 x 7771+ 11.75 x 62,11 +11.96 x '

- Means (* S.E.) in columns followed by the same letter (a,b,c) are not significantly different. Means
(x S.E.) in rows.followed by the same letter (x,y,z) are not significantly different (n=3, p < 0.05).
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- ‘Table 13. Effect of effluent concentration on mean ( S;E) total ni#rogen uptake (mg).

Concentration
Plant Control , ) Low High X
Caro 135.26 + 21.58 bx’ 139.94 + 21.14 ax 129.48 + 27.07 ax 134.89 + 11.81 a
Cane 63.57 * 31.95 bx 71.00 # 18.00 bx 64.82 £ 6.97 bx 66.46 * 10.84 b
Tyla 49.83 £ 16.57 bx 58.14 + 12.28 bx 38.45 + 3.39 bx 48.81 + 6.67 b
Scmi 142.77 £ 10.42 ax - 141.37 * 14.40 ax ; 137.57 £ 0.86 ax 140.95 + 5.87 a
X _97.86 % 15;557 X 102.61 £ 13.59 x _88.49 £ 14.71 x

- Means (£ S.E.) in columns followed by the same letter (a,b,c) are not significantly different. Means
(£ S.E.) in rows followed by the same letter (x,y,z) are not significantly different (n=3, p < 0.05).

(8
o

Table 14. Mean (* S.E.) percent root porosity of four wetland plant species receiving
biweekly applications of dairy effluent. ‘

Concentration
Plant Control ‘ wa Conc.. High Conc. X 7
Caro 32.35 i 3.01 ax 37.51 £ 4.17 ax 27.10 * 5.17 ax 32.32 £ 2,59 a
'Cang 30.81 + 1.75 ax 26.25 * 2.65 axy 21.47 * 3,14 ay 26.17 * 1.87 ab
Tyla 32.15 £ 1.78 ax 23.26 £ 7.59 ax 20.58 * 3.98 ax 25.33 * 3.07 ab
Semi 7 31.49 + 5.33 ax 19.68 * 1.61 ax 20.73 + 3.26 ax 23.96 £ 2.65 b
X 31.70%1.42 x 26.67 % 2.81 xy 22.47 £ 1.88 2

- Means (¥ S.E.) in

columns followed by the same letter (a,b,c) are not significantly different. Means
(£ S.E.) in rows followed by the same letter (x,y,z) are not significantly different (n=3, p < 0.05).
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Liquid Dairy Effluents

The liquid dairy effluents were applied within 24 hoﬁrs
of preparation (Table 2). Wastes were analyzed for NH;-N and
TKN within 48 hours of preparation. Reéulté of fhése ana1§Ses
are given in Table 15. The companion experiment used to
Qdetermine non—weﬁland-relatedr_N loss, change 1in pH, "and
effluent redox for low concentrate wastewater is summarized in
Table 16. Theée same parameters are summarized for the high
concentrate méterials in Table 17. : ;

Mean loading rate for high concentrates was 139.76 mg_lql

-1

(* 45;17) N and 14605.6 mg O, 1 = (¥ 3375) COD. Mean loading

_fate for the low concentrates was 47.37 mg 1! ( 29.75} N and
7320.60 mg O, 1" (+ 528.78) COD. These values are equal to a
bi4ﬁeekly fertilization rate of 45.92 kg N ha™' (high conc.)
and 21.07 kg N ha' (low. conc.). Ammonia nitrogen

concentration in all wastewaters applied was 35% (+ 0.04) of

total nitrogen.

Tables 16 and 17 demonstrate the changes in manure
éonstituents‘that occurred over a two week period in the two
concentrate preparations. Sixty;four and sixty-one percent of.’
thé original NH;-N present in the manures was lost in the low
and high concentrations respectively over a two week period.
This loés was reflected by the change in TKN, which fell 30%
and 31% in the 1low and high cohcentrate preparations.

Effluent pH increased an order of magnitude. The buffering




Table 15. Composition of iiquid dairy effluents (n=2) applied to microcosms based on a
biweekly basis.

TKN NH,*-N EC coD

(mg 1) (mg 1)  (mS cm) (mg 0, 1)

CONC. & H | L H L W L H

App. 1 58.79 140.11 19.44 46.03 2.98 6.13 8090.4 18056.0
App. 2 40.92 86.24 12.55 31.37 2.73 5.86 6816.0 11054.0
App. 3 49.20 126.49 19.77 4. 24 3.85 '7.52 7531.9 11412.4
App. &4 81.47 206.19  29.35 72.11 4.08 8.48 68446 17899.0
X 47.37 » 139.76 20.28 48.46 3.41 6.99 7320.7 i 14605.6
+S.E.  29.75 © 43,17 5.98 14.83 | 0.57 1.06 528.7821 :7 73375.0 .

T - Low concentration liquid dairy effluent, direct 70% dilution of prepared filtrate dairy effluent
2 . High concentration liquid dairy effluent, direct 30% dilution of prepared filtrate dairy effluent




Table 16. Change in effluent characteristics in non-wetland condition. Data are for low
concentrate preparation (n=2).

TKN (mg 1)

NH;-ﬁ (mg 1) pH ORP (mV)?

‘ Pre Post Pre l;c;st Pre 7 Post Pre | Post
App. 58.79 31.30 19;44 7 '5.54 7.00 8.157 -2?5.2 -388.3
App. 40.92 26.00 12.55 6.68 7.10 8.15 -328.3 -385.3
App. 49.20 .47.59 19.77 4.79 7.05 8.28 -321.9 -372.0
App. 4 81.47 52.05 29.35 11.31 6.60 7.88 -300.3 -349.0
X - 47.371 —32.74 26.25 7.68 6;947 8.1i- -306.3 <373.6
+ S.E. 29.75 20.42 5.587 2.54 0.20 7 0.15 20.7 iS.A
% rr>errn0ved 66 + 11 )

31 * 16

1

- Values corrected to the Sfandard Hydrogen electrode value (+200 mV @ 25°C)

[

&)
w




Table 17. Change in effluent characteristics in non-wetland condition. Data are for high
concentrate preparation (n=2).

TKN (mg 14)7 NH;lNi(mg 14) ' pH T ORP (mV)?

Pre 7 Post Pre Post Pre Postr i Pre Post
CApp. 1 1@0;11 75.06 46.03  18.48 V 7.05 é.zd ' -312.§ 7;402.0
App. 2 © o 86.24 62.68 31.37 15.58 7.20 8.48 -309.7 -405.1
App. 3 126.49 113.06 44,24 13.27 6.85 8.28 -327.7 -389.7
App. &4 206.19 52.05 72.21 ‘26,40 6.55 7.44 -291.1 -346.7
X 139.76 96.82 48;46 18.437 | 6.91 B 8.10 ;310.3 -385.§
ri S.E. 43.17 29.48 14.83 496 0.24 0.40 13.02 | 23.3

% removed -  30%13 o oe1x7 B - -

7 - Values corrected to the Standard Hydrogen electrode value (+200 mV @ 25°C)

14°]
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ﬂ'éépacity of these effluehts measured at 3150 and 7350 mg 1t
as CaCO; for high and low concentrates, respectively, and may
have accounted .for this increase. Oxidation-reduction
potential of the wastewaters decreased (< =-370.0 mV iﬂ both

preparations).

Soil Water. Samples

Soil Water pH

Concentrations and depth showed significant interaction
‘within repeated measures main effects for microcosm pH.
édncentration and plant species also showed significant
interaction through time. The pH of soil waters in both the
high and the low concentrations was different from the pH of
the controls (Table 18). Differeﬁces between upper and lower
soil depths in thée initial sampling period were not evident
‘across concentration in the final sampling period:(Table 19).
Plént influenée on microcpsm pH was observed in sample periods

2 and 5 (Table 20).

Soil Water COD

Results of repeated measures analysis of variance for COD
-déta are shown in Tables 21, 22, and 23. The data from the
COD analyses were highly variable. Concentration was the only
main effect that affected COD. Differences in soil water COD
concentration were noted during sampling periods 2 and 3, but
- did not occur in the final sampling period (Table 21). Over

the length of the entire experiment, depth was the only




Table 18. Mean (+ S.E.) microcosm pH by effluent concentration for five sampling periods

(n=45)i
Sampling Period
Conc. 1’ 7 | 2 3 4 5
High 7.377i70.19 a? 17.68 +* 0.21 ab ‘77.62 +0.24 a 7.84 £0.21 a 7.84 % 0.25 a
Low 7.37 £ 0.16 a 7.70 £ 0.22 a 7.60 £ 0.28 a 7.79 £ 0.23 a 7.77 £ 0.25 a
Cont. 7.37 2 0.20 a %.60 +0.23 b 7.46 £ 0.23 b 7.59 £0.29b 7.42 £ 0.30 b

.1 =Sep. 18, 2 =Oct. 3, 3 = Oct. 18, &4 = Nov. 1, 5 = Nov. 15.

2 - Means in columns followed by the same letter are not significantly different (p < 0.05).
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Table 19. Mean (* S.E.) microcosm pH by soil depth for five sampling periods (n=45).

Sampling Period

Soil depth 17 2 3 4 5

15 cm 7.26 £ 0.13 b? 7.70 £ 0.24 a 7.64 £ 0.29 a 7.77 £ 0.29 a 7.71 £ 0.39 a
30 cm 7.40 £ 0.19 a 7.60 £ 0.21 b 7.47 £ 0.23 b 7.68 £0.24 a 7.65 £0.28 a
45 cm 7.45 * 0.16 a 7.67 £ 0.21 ab 7.58 £ 0.23 a 7.78 £0.25 a 7.68 £ 0.28 a

' .1 =1Sep. 18, 2 = Oct. 3, 3 = Oct.. 18, 4 = Nov. 1, 5 = Nov. 15,
- Means in columns followed by the same letter are not significantly different (p < 0.05).




Table 20. Mean (% S.E.) microcosm

pPH by plant species for five sampling periods (n=36).

Sampling Period

Plant 17 2 , 3 , 7 4 5

Cato 7.39 + 0.16 a? 7.65+0.17 ab 7.57 £ 0.28 a  7.77 * 0.23 a 7.67 % 0.27 ab
Cane 7.36 £ 0.18 a 7.69 £ 0.17 ab  7.60 £ 0.31 a  7.74 % 0.22 a 7.71 + 0.38 ab
Tyla 7.35 £ 0.19 a 7.510+0.19 a 7.56*0.22a 7.76 + 0.32 a 7.57 £ 0.36 b
Scmi 7.40 £ 0.21 a 7.72 £ 0,28 ab 7.59 £0.20a  7.76 £ 0.23 a 7.70 £ 0.31 ab
Unpl 7.45 + 0.15 a_ 7.65+ 0.25ab 7.50 + 0.28 a  7.68 + 0.31 a 7.74 + 0.27 a
; - 1 = Sep. 18, 2 = Oct. 3, 3 - Oct. 18, 4 = Nov. 1, 5 = Nov. 15.

- Means in columns followed by the same letter are not sigﬁificantly different (p < 0.05).

LS
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Table 21. Mean (* S.E.) ' microcosm COD (mg 0, l-) by
concentration for three sampling perlods (n=45).

Sampling Period

-Conc. 7 _ 21 3 : .5
High 288.67 * 102.07 a? 375.06 * 167.42 a 392.72 + 248.98 a
Low 307.83 * 93.25 a 349.58 + 98.54 a 416,92 * 331.56 a

Cont. 236.72 =+ 78.80 b 288.61 £ 108.79 b 315.50 * 116.82 a

. 2 =0ct. 3, 3 =0ct. 18, 5 = Nov. 15.
2 . Means in columns followed by the same letter are not significantly

different (p < 0.05).

Table 22. Mean (* S.E.) microcosm COD (mg 021“5 by soil depth
for three sampling periods (n=45).

Sampling Period

Depth 2t 3 : 5

15 cm 248.69 + 134.90 a? 330.95 * 186.17 ab 457.33 £ 399.84 a
30 cm 292.76 £ 65.30 b 229.30 £ 77.04 Db 319.24 + 95.67 b
45 cm 294.20 £ 60.77 b 373.09 * 96.75 a 343,05 * 140.14 ab

. 2 =0ct. 3, 3 =0cy. 18, 5 = Nov. 15.

"2 . Means in columns followed by the same letter are not significantly
different (p = 0.05).

- Table 23. Mean (* S.E.) microcosm COD (mg O, 1 ) by plant
species for three sampling periods (n=36).

Sampling Period

'flant C 2t - 3. | 5
Caro 288.02 + 104.29 ab? 355.28 + 158.93 a 389.24 + 351.92 a
Cane 307.50 £ 119.17 a 346.55 £ 176.81 a 578.66 * 130.64 a
Tyla 240.87 £ 64.01 b 319.51 * 74.42 a 305.63 + 138.98 a
SCmi 286.97 £+ 87.87 ab 336.57 + 141.31 a 443,15 % 379m87 a
. Unpl 270.39 £ 93.68 ab 7332.89 + 101.12 a 363.17 * 181.17 a

‘L. 2 =0ct. 3, 3=0ct. 18, 5 = Nov. 15.
2 . Means in columns followed by the same letter are not significantly

different (p = 0.05).
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variable that showed significant differences between effects.
Significant differences in COD 1eve1:occurred among the three
depths throughout the study period (Table 22). A significant
interaction between concentration and depth was observed‘in
the second and third sampling periods. Although the response
of plant species to the treatments did not differ in sampling
wgégiods 3 and 5, the interaction among plants and depth was
significant. Plant influences on soil water characteristics
early in the experiment were most clearly evident during the

second.sampling period (Table 23).

Soil Water NO, -N

| Concentration treatment had a significant effect on soil
Qater No;-N. This treatment effect was most apparent during
the third sampling period (Table 24). The significant
interaction between depth and concentration also affected.ﬁog—
'N,~with the highest concentrations occurring in the second
sampliné period 2 increasing with depth (Table 25). There was

no interaction between plant species ‘and soil water NO{-N

' level (Table 26).

Soil Water TKN

'ReSults of the analyses of TKN are given in Tables 27
through 29. These data showed significant inte;action between
coh&entration and depth. The interacfion between TKN level
and effluent concentration is shown in Table 27. Units

_repeiving the high concentrated wastes had progressively




Table 24. Mean (+S.E.) microcosm NO; -N (mg 1) by concentration for five sampling periods

(n=45).
B o 7 o Sampling Period 7 7
Conc. 7 » 11 7 2 - 3 4 5
High ‘ 0.45 + 0.27 a2 0.70 £ 0.35 a 0.36 £ 0.22 abv 0.18 £+ 0.11 a 0.25 £ 0.20 a
Low 0.46 £ 0.24 a 0.61 + 0.33 a 0.51 £+ 0.59 a 0.22 + 0.20 a 0.30 £ 0.27 a

Cont. 0.44 £ 0.26»a ' 0.70 £ 0.21a  0.33 +£0.18 b 0.21 £ 0.12 a 0.34 £ 0.18 a

- 1=Sep. 18, 2 = Oct. 3, 3 = Oct. 18, 4 = Nov. 1, 5 = Nov. 15.
- Means in columns followed by the same letter are not significantly different (p < 0.05).

Table 25. Mean (+ S.E.) NO; -N (mg 14) by soil depth for five sampling periods (n=45).

Sampling Period

Depth ‘ 11 . 7 2 3 7 ‘ 4 o 5

15 cm 7 0.45.i70.27 a? ‘ 0;55'i 0.37 b 7 0.3§ + 6.23 a 0.26 + 0.18 a 0.25 £ 0.20 a
30 cm 0.48 £ 0.23 a 0.73£0.29a  0.41%0.57a  0.21£0.12a  0.33+0.19 a
45 cm 0.42 +0.26 a 0.74 +0.19a  0.40£0.26a  0.20+0.14a  0.32 +£0.27 a

' .1 -Sep. 18, 2 = Oct. 3, 3 = Oct. 18, 4 = Nov. 1, 5 = Nov. 15.

2 - Means in columns followed by the same letter are not significantly different (p < 0.05).

09




Table 26. Mean (% S.E.) midrocosm‘NO{—N (mg 1Y by plant species for five sampling
periods (n=36). :

Sampling Period

Plant 1’ . 2 7 3 4 5

Unpl 0.36 + 0.29 a? 0.72 £ 0.23 a 0.39 £ 0.25 a 0.26 £+ 0.25 a 0.39 £0.32 a
Cane 0.40 * 0.26 ab 0.70 £ 0.27 a 0.34 £ 0.18 a 0.18 £ 0.09 b 0.29 £ 0.19 ab
Scmi 0.46 £ 0.28 ab 0.60 £ 0.41 a 0.38 £ 0.22 a 0.17 £ 0.11 b 0.26 £0.15 b
Cane 0.49 + 0.23 ab 0.65 £ 0.27 a 0.40 £ 0.28 a 0.18 £ 0.12 b 0.25 +0.19 b
Tyla 0.54 £ 0.19 b 0.69 £ 0.31 a 0.50 £ 0.72 a 0.22 £ 0.19 ab 0.30 + 0.21 ab

' .1 -Sep. 18, 2 =0Oct. 3, 3 = Oct. 18, &4 = Nov. 1, 5 = Nov. 15.
2 . Means in columns followed by the same letter are not significantly different (p < 0.05).

Table 27. Mean (* S.E.) microcosm TKN (mg 14) by concentration for five sampling periods

(n=36) .
7 Sampling Period
Conc. 7 1’ . 2 3 4 5
High 1.97 £ 0.65 a? 2.33 £ 0.66 ab 3:.47 £ 0.85 a 3.72 £ 1.95 a 4.34 * 2,47 a
Low 1.98 + 0.83 a 2.48 +* 0.48 a 3.25 £ 0.63 ab 3.16 £ 1.07b 3.03 £0.83b
Cont. _ 1.98 £ 0.67 a 2.14 £ 0.60 b 2.97 £ 0.67 b 2.57 £0.95c 1.82 i‘0.90 c

'.1=Sep. 18, 2 = Oct. 3, 3 = Oct. 18, &4 = Nov. 1, 5 = Nov. 15.

2 . Means in columns followed by the same letter are not significantly different (p £ 0.05).

19
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higher concentrations of totél soil water‘N over time. Low
concentrate units showed an initial increase in soil water N
that leveled off in the final two éampling periods. Control
units showed a slight decrease in TKN values at the fOurthvand
fifth sampling periods. iable 28 is a presentation of TKN
data agaiﬂst depth in-fhe soil profile. Soil water TKN levels
" were significantly different in the wupper soil zone from
‘.those at 30 and 45 cm. At lower soil depths, TKN levels did
not differ from controls and those of the measurements made
.during the initial sampling period.

Total N level as a function of depth in the soil profile
écross plant and concentration treatments is presented in
'Figure 4. The control treatment showed a lower TKN levél at
the surface 15 cm, while the low concentrate TKN level was not
- significantly different among the three depths. High
concentrate TKN levels were markedly higher at the 15 cm depth
'lfhaﬁ the 30 and 45 cm depths. Total N levels in the.
interstitial water samples did not significantly differ at the
3p,and 45 cm depths with respecf to effluent treatments.

A graphic representation of the changes in TKN over time
in the 15 cm sqil zone is presented in Figure 5. The slope of
the relationship between TKN and depth in low concentrate
‘microcosms at the end of the experiment was negative. A
bdsitive slope was present in the corresponding curve for the
‘units receiving high concentrate. Total N levels in unplanted

units were only different from units planted with T. latifolia




- Table 28.

(n—36)

Mean (+ S.E.) mlcrocosm TKN (mg l ) 'by soil depth for flve sampllng periods

Depth

Sampling Period

11

3

2 5
15 cm 1.49 + 0.47 a® 2.03 + 0.54 a 3.23 £ 0.94 a 3.87 *2.10 a 3.7l i 2.70 a
30 cm 2.16 £ 0.56 a 2.41 £ 0.51 a 3.44 * 0.67 ab 2.93 £ 0.78 b 2.68 1,271
45 cm 2.33£0.81 b 2.54 +0.63b 2.97 % 0.44 b 2.58 £ 0.64 b 2.74 £ 0.95 b
R Sep. 18, 2 = Oct. 3, 3 = Oct. 18, 4 = Nov. 1, 5 = Nov. 15.

2

- Means in columns followed by the same letter are not s1gn1f1cant1y different (p < 0.05).

Table 29. Mean (+ S.E.) microcosm TKN (mg 1 ) by plant species for five sampling periods

(n—36)
Sampling Period
Plant 1 _ 2 i 3 . 4 5
ﬁnpl 2.21 + 0.68 a? 2.46 + 0.56 a 3.45 £ 0.48 a 3.40 % l:53 a 3.30*x1.53 a
Cane 2.01 £ 0,78 a 2.46 £ 0.52 a 3.30 £ 0.89a 3.41 £1.82 a 3.40%2.33 a
Scmi 1.95 £ 0.80 a 2.39 £ 0.58 a 3.18 i‘0.94 a 3.29 £ 1.51 ab 3.09 £ 2,03 ab
Cane 1.88 £ 0.76 a 2.22 £ 0.70 ab 3.11 £ 0.70 a 3.ll +1.44 ab 2,99 % 2:22 ab
Tyla 1.84 £ 0.54 a 2.06 £ 0.56 b 3.10 £ 0.61 a 2.57 £0.78 b 2.51 £1.15 b

o1 = Sep. 18, 2 = Oct. 3, 3 = Oct. 18, 4 = Nov.

2

1, 5 = Nov. 15.

- Means in columns followed by the same letter are not significéntly different (p < 0.05).

€9
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(Table 29) at the end of the study. Unplanted units and units
relative

planted with C. nebraskensis had higher

concentrations of total N at each sampling period. Units

planted with C. nebraskensis had significantly higher total

N than the other three plant species.

Soil Water TKN (mg M)

15 =
E
(0]
CL
D
Q
Control
Low Cone.
_________ High Cone.
45 1 HH— = H
Figure 4. Soil water TKN level (mg 1) versus depth for

three effluent concentrations.
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Soil Nitrogen Levels

Soil samples were taken for NO{-N and TKN analysis upon
disassembly of the microcosms. Nitrate analyses show unequal’

variance, thus an analysis of variance was not performed to
compare plant apd concentration treatments. Total soil N

;ievels are shown in Tables 30 and 31. Significant differences
ogcurred between concentrations and withiﬁ‘depth by plant and

ébncentration. Differences inftotal soil N by plant species
(Table 30) were observed at the surface 2 cm. sSoil N

concentration was highest in units planted with S. microcarpus

and loweét in micrdcosms'containing C. rostrata. Table 31
" shows that differences by depth across effluent concentration
differed only in the surface 2 cm. Analysis of vafiance

showed no interaction between plant and concentration by depth

in the microcosm profile.
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Figure 5. Soil water TKN level (ng 1 1) versus sampling date for three
effluent concentrations.
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.Table 30 "Mean (+ S.E. ) total nltrogen (%) "in microcosm s011 by plant species upon‘

completlon of effluent appllcatlon (n=3).

Depth (cm)
0-2 7 157 '7 30 7 45
Caro ‘ 6.648 +0.115 ¢ » 0.449 i 0.082 a 0.4527i 0.078 ab - 0.469 * 0.067 a
Cane 0.803 * 0.237 ab 0.495 * 0.090 a O.Sil + 0.080 a 0.504 £ 0.076 a
Tyla 0.764 * 0.174 abce 0.439 + 0.082 a 0.422 + 0.073- b 0.467 + 0.084 a
Semi | 0.887 * 0.326. a 0.440 + 0.082 a 0.468 £ 0.070 ab 0.460 * 0.089 a
~Unpl A 0.682 % 0.154 be 0.432 + 0.071 a 0.459 i 0.060 ab 0.471 £ 0.063 a

' _ Means in columns followed by the same letter are not significantly different (p £ 0.05).

. Table 31. Mean (* S.E.) total nitrogen (%) inh microcosm soil by effluent concentration
upon completion of effluent appllcatlon (n—3)

Depth (cm)
0-2 | 15 30 T s 7
Coritrol 0.624 + 0.166 .c' 0.419 £ 0.091 a | 0.448 + 0.086 ar 70.459 * 0.083 a
Low 0.729 £ 0.148 b 0.461 £ 0.069 a 0.473 £ 0.068 a = 0.484 + 0.080 a
High 0.938 + 0.230 a : 0.472 f 0.076 a 0.469 * 0.070 a 0.484 + 0.058 a

1 . Means :in columns followed by the same letter are not significantly different (p £ 0.05).

L9
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DISCUSSION

The .micro’cosms used in this study represent a model
system simulating the‘ mineral éoil response of northern
‘temperate wetland ecosystems. Conditions of 1light and
temperature Were controlled to approximate climatic conditions
typical of the month of June in Montana. Soil-borne
invertebrate and zooplankton organisms were present in many of
the microcosms and suggest the micro— and‘macrofauna component
of north temperate weﬁiands were intact at the initiation of.
this study. Microcosm pH was consistent with soil pH values
' for wetlands with mineral soils (Ponnamperuma 1984). These
microcosms had the capacity to buffer écidity given the soil

alkalinity and cation exchange found in the native soils.

Oxidation-Reduction Potential

The lack of éignificance in redox data is perhaps best
éxplained by the unbalanced design and highly variable
re;dings. Equilibration of the platinum electrodes. in the
soil medium.prior to reading, coﬁstruction of the electrodes,
“and microenvironmental effects of electrode placement may have
contributed to measurement variability (Cogger et al. 1992).

Perhaps the most appropfiate interpretation of the ORP
results lies in evaluating the trends with respect to the
'different treatments. Planted microcosms had larger mean
ﬁillivolt potentials than unplanted microcosms. Given the

 cépacity for plants to transport O, to their rhizospheres, a
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_more oxidized state in planted microcosms was expected.
Trends in ORP‘by depth.are also consistent with expected
'éxidative states. The microcosms, open at the top and bottom .
and thefefore exposed to the atmosphere at 'both ends, had
‘higher ORP values at these locations.

The relative differences in redox by concentration in
pianted and unplanted units is interpreted using the Nernst °
equation, which relates the ORP to the activitieé of  the

reactants in the process reaction:

° A
E,=E +2.3 ieIlog—‘ﬂ
. T]F Ared‘

Where:
E = ORP(mV),
E° = Reference electrode constant(mV),
R = gas constant, :
T = absolute temperature, °K,
. n = number of reaction electrons,
F = Faraday constant, )
A(,= activity of reactants: oxidiZeIS .., reducers tqq

Systems pontaining greater activity of reduced species
have more negative values than systems éontaining greater
activity of oxidized species. In unplanted micfocosms
receiving concentrated wastes, the ORP approached a ‘more
reduced state than planted units receiving O, through plant

roots. Further comparisons beyond‘théoretical evaluation may
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be made from these data given the absence of statistically

" significant differences between the treatments.

Plant Characteristics

Plant Nutrient Assimilation

Nitrogen concentration in belowground biomass of S.
""Eibrocarpus_was affected by effluent cénceﬁt:ationu Nitrogen
concentration in aboveground biomass of S. miqrocarpus and C.
- rostrata also changed under high concentrate treatment. A
reduction in aboveground biomass accompanied the increased N
uptake in S. microcarpus. Despite these changes, total N
ﬁptake was a function of species-specific  nutrient uptake
characteristics  (Table 13) and not of effluent concentration.

The four plant species clearly differed in N assimilative
capacity. Scirpus microcarpus and C. rostrata assimilated
éignificantly greater amounts of N than C. nebraskensis and T.
‘”igtifolia. Total plant weight (Table 8)‘ was lower in C.
nebraskensis and T. latifolia across all concentrations.
These differences have been caused by facto;s related to
species-specific ‘chafacteristics and the growth of these
plants in the microcosms. Carex nebraskensis grew with great
vigor but declined over the latter half of the experiment. It
is nof known whether this decline was caused by nutrient
-loading or decreased plant survival under continuously
saturated conditions. Carex nebraskensis is oftenriocated in

_.slightly drier sites than the other three species. Typha
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latifolia lacked vigor which may be explained by the 1late
planting date (August 1992) and slow initial respohse in the
greenhouse. Edaphic influences were not thought to be
important in plant performance because the plant community at
the soil collection site contained all species used in this
study except S. microcarpus. Differences in total N uptake at
low and high concentrations, however, suggest nutrient loading
may play a role in .reduced N assimilation by T. latifolia and
C. nebraskensis (Table 13). écirpus microcarpus, the plant
species with the largest root biomass in 'the control

microcésms, also had greater root N concentration (Tables 6

“and 11).

Plant Root Porosity

Root porosity in C. rostrata, T. latifolia and S.
_:ﬁicrocarpus was not sigﬁificantly different across effluent
cSncentration levels. Carex nebraskensis showed a significant

'deéline in rdot pofosity, a finding that mirrored the
previously mentioned decline in plant vigor with increased
concentration. Carex rostrata had the highest percentage root
porosity while S. microcarpus had the lowest percent root
porosity (Table 14). In general, aerenchyma formation
dééreasedmwith increased effluent concentration. The negative

~response of aerenchyma to additions of nutrient was noted by

Drew et al. (1989).

.,
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Basic differences in root size, number, and volume may

‘explain the differences in root porosity observed between C.

rostrata and S. microcarpus. The root masses of S.

' microcarpus largely consisted of numerous small diameter

roots. C. rostrata had few larger diameter roots. The

response in root porosity formation of these two species to

applications of effluent did not affect plant biomass response

to effluent application. Performance of both.C. rostrata and
S. microcarpus, given the differences in root porosity,

suggest that plant survival under high nutrient loading may be

"a function of relative root size and number (Armstrong 1979},
~root mass (Chapin 1980), and carbon allocation (Watson and
- Casper 1984). Based on these results, the hypothesis that

increased plant root aerenchyma formation results in increased

N removal must be rejected. Total N 1levels in units -
containing S.'micfocarpus and C. rostrata did not differ over
the study period (Table 29) despite differences noted in
overali root porosity. Similarly,; COD levels did not differ
by plant species in a pattern consistent with ranked mean root

porosity (Table 23). .The suggestion that greater plant root

porosity enhances pollutant removal capacity in wetland

" treatment systems is not supported by the data presented in

. this study.

Liquid Effluents in the Non-Wetland Condition

-

More than 60% of NHg?N in the liquid dairy effluents was

lost from open containers placed under a fume hood in a two
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week period (Tébles 16 and 17). Total N fell by 30% during
this time. This N loss suggests that NH; volatilization is a
maﬁor N removal pathway in open watef application of dairy.
_wastes to wetlands. Denitrification also may occur under’
these same conditions. The absence of oxidation in the manure
samples implied low diffusion of O, into the effluents.
Similarly, crusting of the surface by solids could contribute
'to slower O, diffusion rates in a column of liquid effluent.
The decrease in oxidation-reduction potentiél' provides
additional evidence for nitrification in the effluent, as
nitrification consumes 0, in the conversion of NH," to NO; .

The observed increase in pH of effluents may be egplained
in two ways. Carbon in the effluent materials imparts CO, to
»bicarbonate buffering‘capability. Denitrification and the
 production of OH would also increase pH. The pH and low ORP
‘of the effluents were favorable for nitrifying and
denitrifying bacteria. Carbon was readily available for
‘microbial carbon assimilation. Nitrification and
'denitrificétion yield 1 mole of H for every mole of ﬁH;
nitrified (Barnes and Bliss 1983). Alkalinity of the effluent

material buffered H' 1liberated by nitrification and NH;

volatilization.

Soil Water Characteristics

Soil Water pH
Statistical analysis of the soil water sampleé taken

‘prior to effluent‘application showed significant differences
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in pH by soil depth. The pH in the upper 15 cm was
significantly lower thaniat the two lower depths (Table 19).
This result indicated production of H or reduction in
buffering capability in the rhizosphere. Plant modification
of soil water pH was supported by the significant two way
interaction of plant and depth.

Significant differences in microcosm pH at the fifth
sémpling period were governed by effluent-application (Table
18). All microcosms receiving effluent had pH values that
. were significantly highér than the controls.  These data
further indicated that microbial nitrification ana
denitrification occurred in the microcosms. The results of
repeated measures analysis showed differences in pH that were
influenced by the main effects of concentration_and depth. -
'Significant changes in pH at 15 cm soil depth, in microcosms

receiving liquid dairy wastes, indicated that this layer was

' the most biologically active.

Soil Water COD

Soil depth and effluent treatment controlled the
aifferences ébservea in coOD. Concentration was the‘only
"siénificant main effect, and COD level changed over time by
soil depth. At the end of the experiment the upper 15 cm soil
depth of both concentration treatments generally had greatér
COD values (Table 22) but was not significantly different than
the control concentration '(Table 21). This result may

indicate that the upper 15 cm layer of soil in the microcosms
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played the greater role in reducing chemically degradable
organic compounds in the dairy effluent.

The significant effects of concentration during the
second and third sampling periods, followed by a lack of .
' ‘'significant difference in the final sampling périod, is
explained as follows (Table 21). Given the two week increment
between efflﬁent application, it is unlikely that soil’
" chemical equilibria were established. A trend toward
‘increased COD levels over time was also evident, yet this
phenomena occurred in both control and treated microcosms.
Although chemical equilibria may not have been established by
:ﬁhe end of the treatment cycle, microbial growth rate may have
.attained a maximum associated value with effluent
concentration (Barnes and Bliss 1983).

The large amount of variation in COD measureﬁents may
ﬁéve been caused by non-uniform organic matter distribution in
the soil media. Soils from the collection site contained
" undecomposed plant matfer‘ that could have éontributed-lto-
‘variation in the cOD af microcosm aliquots. Root channels and
pores formed by the activity of macrofauna also may have
created avenues for movement of organics.within the profile.
_éontrol microcosms (Table 21) consistently had higher baseline
"coD values than treated microcosms.

Comparison of the dairy effluent COD with soil water COD
indicated a substantial reduction in oxidizable organic

materials in those microcosms receiving effluent concentrates.
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Under these conditions removal pathways may include microbial
and faunal assimilation, respiratory oxidation of organic
matter to CO, and H,0, and filtration of solid phase organics
at the soil-water interface. However, 0, requirements for
these transformations must have been met in both unplanted and
planted microcosms since there were no differences in COD
éﬁong the four plant species’ treatment'(Table 23). This
fesult follows the evidence that the 30 and 45 cm soil depths
were not important in COD removal. Macrofauna and algal
growths at or near the .soil surface were probably more

effective in the decomposition than plant oxygenation of the

root 2zone.

Soil Water NO; -N

Analysis of soil water NO; did not provide additional
" evidence for evaluating the relationship between root zoﬁe
oxygenation and N removal. However, the low NO{ levels
observed were consistent with the reducea soil conditions
(Table 5). Although rhizosphere oxygenation may have enhanced
transformation of effluent NH;-N to NOj there was no clear
relation between NO; and ranked root‘ porosity. Plant
assimilation and denitrification at aerobic-anaerobic soil
inteffaces, however, could quickly consume any NO{ produced.

The consistently low NO{ levels in soil watér samples
“"indicate that wetlands may be wused to prevent. NO{
contamination of receiving streams. Nitrate concentrations

were well below EPA limits (EPA 1976). The 1lack of
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significance at the 30 and 45 cm soil depth also suggests

little if any NO; was removed from the microcosm through soil

leaching.

- Soil Water TKN
The effects of plant growth on soil water TKN was
.T,ﬁ;Qnificant. Typha latifolia affected‘Qreqter total N removal
than C. nebraskensis and unplanted units (Table 29). This
removal, however, was not the result of plant uﬁfake because
- T. latifolia assimilated less N than S. microcarpus and C.
 rostrata (TabLé 13). Further, rooting characteristics and
aerenchyma formation in the units planted with T. latifolia
éould not be used to explain this difference (Table 14).
Differences in microbial and macrofaunal assocliations between
plant species serves as a possible explanation that may
warrant further investigation. |

The interaction of soil depth and effluent concentration
WAS also evident in the ahalysis of TKN (fables 27 and 28,
Figure 4). Différences between concentrations at the soil
‘ _surface clearly demonstrated that N transformation, soil
adsorption, and assimilation occurred in the plant rooting
zone. Control unit soil water TKN levels at the 15 cm soil
depth indicated translocation or plant uptake to the degree
that N was significantly lower in this portion of the soil.
High concentration effluent had higher TKN values compared to
lower depths of the soil profile (Figure 4). Although the

“presence of plants reduced soil water TKN levels (Table 29),
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unplanted units also remained effective in remoﬁing N from
1iquid dairy wastes. |

| Inspection of soil water TKN values by sampling period
(Figure 5).reveals further system specific information in the
dynanics of nutrient removal. As mentioned previously in the
_general description of the microcosms, macrofauna and water
célumn zooplankton were killed under high concentraté

A wastewater applications. In Figure 5, the curve for high
. concentrate effluents shows an increase in TKN with each
effluent application at the 15 "em  soil depth. Two
éxplanations are plausible. fhe faunal component may have
been necessary to effect nutrient cyqling and N removal, or
the concentration destroyed the removal capability of the
:system. Low concentrate applications did not significantly
increase soil water TKN between the third and fifth sampling
- periods. The depletion of total N in control units shown in
Figure 4 is also evident in Figure 5. Control concentration

of soil water TKN declined during the latter half of the

study.

Soil Nitrogen Levels

Nitrogen in the surface 2 cm of soil was significantly
 greater than percent TKN at lower sampling depths (Table 30
énd 31). This relationship held across both plant and
concentration treatmenté; Soil N at 15, 30, and 45 cm depths

Were not significantly different from initial field soil
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samples (Table 4). Plant‘specieé had a significant.effect on
surface soil N (Table 30). as did concentration of effluent
(Table 31). Thus, application of concentréted dairy effluents
affects soil surface adsorbed N in saturated soils and does
nof influence the total N content at depth. Observed
differences 1in plant response are 1likely the result of
“differences in rooting‘characteriétics or microbial and faunal
plant-host relationships. The similarity between planted and
unpianted units with respect to depth suggested that the

faunal component was independent of plant activity.
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CONCLUSIONS

The reduction of N and organic constituents in
constructed wetland microcosms is sufficient to meet EPA water .
quality requirements. Consistent significance in the
interaction of depth and concentration on nitrogen, COD, and
JgoillpH indicatea‘that the upper 15 cm of soil is the zone of
active pollutant modification. The results of this study
indicate that constructed wetlands may be used for treatment
of high organic livestock wastes.
| Although the presence of healthy plant growth in wetland
'microcosms showed higher nutrient removal, the absence of
significant. statistical difference between planted and
unplanted microcosms leaves the role of aquatic macrophytas in
wetland treatment systems in question.  Nutrient uptake varied
by species and did not clearly influence total nutrient
removal efficiency. Wetland plants, however, vary in‘thair N
"assimilative capacity and species-specific characteristics not
associated with the nu£rient availability may constrain plant
response (Chapin 1980). |

Root porosity response to additions of high organic
wasfes also varied according to  species-specific
characteristics. Survival of the plant species under high
" nutrient and organic loading was not dependant on aerenchyma
volume. Changas in aerenchyma volume were not related fo the

plant assimilatory capacity of N or the level of wastewater

treatment in simulated wetland microcosnms.
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Given the observed plant performance in this experiment,
' both.planted and unplanted constructed microcosms sufficiently
.reduce pollutants from livestock waste. Carex rostrata and S.
. microcarpus grow well in wetland treatment systems. Typha
latifolia performance warrants further investigation'using
plants collected and grown shortly after vernalization. Use of
‘C?:hebraskénsis is not recommended as it éﬁpears the tolerance
of this plant to dairy effluent loading is limited.

| Nitrogen removal doeshnot appear to depend on plant
uptake dapaéity. Other mechanisms, such as‘ NH;
volatilization, nitfification and denitrification, and the
.adsorption of reduced NH; in the solid phase of the soil
system may be important. Nitrification and denitrification
required an O, source, a requirement presumed to have been met
.by plant root zone oxygenation and the activity of faunal
qrganisms.

o Continuity .of reduced conditions in. the wetland
microﬁosms facilitated nutrient removal in low concentrate
effluents. Applications of high concentrate liquid dairy
effluent appeared to overload the remo§al capacity in this
wetlana treatment system. This loss of capacity may‘be
attributed to washout of the microbial populations, mortality
. of fauna, decrease in plant-soil oxygenation and nutrient
assimilation. Clearly, some optimum levels of dilution of the
liquid dairy effluents exist between the two dilution ratios

used in this experiment.
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Mortality of faunal organisms under high concentrate

applications associated with increasing N level suggest that '

"wetland fauna play an important role in nutrient cycling and

surface soil oxygenation. Maintenance of these wetland
organisms could serve as a basis for further investigation.
The implication that the faunal component is an important
fécfor in the treatment of wastewater hés been granted little
attention in the literature.

In north temperate climates thé‘ use of wetlands in
wastewater treatment is limited by long winters and cold

temperatures. Further, the effect of continual application of

_ wastes over long periods (beyond the two month cycle used in

:this study) is°- unknown. These questions should be

investigated prior to wide-scale application of high organic

wastes to natural wetlands.
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Plant Descriptions
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‘Carex nebraskensis Dewey. Nebraska Sedge;

An important forage plant found in wet meadows, seeps,
swanps, and along ditches at elevations'from 1000 to 3300 m
throughout the Western United States. Plant is tolerant of
some alkali. Stout horizonal rootstocks emanate from basally
reddish tinged leaves extending to distinctly blue-green bi-
deﬁ£ate leaves standing 2-12 dm tall. Rhizomes long, creeping
scaiy from which culms rise singly. Leave sessile, 3-11 mm
wide borne on lower quarter of the culm, persiétent and yellow
brown with age (Welsh et al. 1987, Hitchcock and Cronqﬁist

1981, USDA 1970).

Carex rostrata Stokes. Beaded Sedge, Beaked Sedge.

Plgnts 6-14 dm tall on spongy, bluntly triangular culms
rising in groups from robust, scaly, long-creeping rhizomes,
often spongy thickened and to one cm thick neaf base. Rpots
consisting oflboth long; deeply extending primary rootéAand
short roots densely situated in the upper rooting zone (15
cﬁ). Plants are circumboreal in ponds, lakes, along streéms
and swampy meadows generally in quiet water. Elevation range
'is 1200 to 3500 m (Welsh et al. 1987, Hitchcock and Cronqﬁist
1981, USDA 1970). Bernard and Hankinson (1979) found C.
rbstrata nutrient levels in roots and shots to vary by season -
and.age. Percent N in robts ranged from 0.7 to 1.5% and 2.3 to

5.5 % in shoots. Underground portions of C.
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rostrata obtain an abundant supply of 0, via the parent plant

(Armstrong and Boatman 1967)

Scirpus microcérpus Presl. Panicled Bulrush.

Plants 6-15 dm tall from curved robust rhizomes. Culms
are obtusely triangular thick and rigid toward base and have
“; fea to purple tinge on base of culmé./ Roots are small_'
diametered, plastic, with large amount of adventitious growth.
Prefers streambanks and wet meadows 1300-2800 m in elevatio%
(Welsh et al. 1987, Hitchcock and Cronquist 1981). Rooting is
deﬁse at surface with thin roots, the large diametered robts

extending deep into substrate.

Typha latifolia L. Broad-leaved Cattail.

Plant~1 to 3 m tall»with-12 to 16 7-16 mm wide leaves.
A plant of circum global distribution found in slow moving
- often brackish waters at elevations from 500-3000 m. Roots are
 from long 4—16 mm'diametered rhizomes in upper 20 cm soil.
Roots form thick rootstocks (Welsh et al. 1987, Hitchcock and
Cronquist 1981). This plant often forms pure stands (Kadleé
i987) in which the plant biomass of the roots comprise some
45-60% of total (as opposed t6 an average 1-10% in most
aéuatic plants) biomass. Nutrient 1levels in cattail are
influencea by soil type (Boyd and Hess 1970) with tissue
concentrations of N ranging from 5~-24 g kg'1 (Reddy and’Debusk,

1987) .
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APPENDIX B.

COD Regression
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Regression Information for COD Standards
J o

Standard solution curve based on serial dilutions of
potassium hfdrogen phthalate standard with a theoretical COD
of 500 g O, ml~'. Standard solutions were digested by opeh
reflux method (APHA 1992) with zero standard of distilled

water. Absorbance (620 nm) was read on Milton Roy Spectronic

1201.

Table 32. Regression output for COD

standards
Constant : ' 0
std Exr of Y Est 102.8893
R Squared 0.959936
No. of Observations 9.
Degrees of Freedom 8
X Coefficient(s) 2863.845

std Err of Coef. 133.6214
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APPENDIX C

ANOVA Output
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Table 33. Analysis of variance output for redox measurements
in planted and unplanted wetland microcosms.

Source DF Ss MS 'F Value P>F
DEPTH 2 3574.46 1787.23 0.09 0.9115
PLANT 1 29804 .93 29804 .93 1.56 ©0.2314
DEPTH*PLANT 2 43153.77 21576.88 1.13 0.3502
CONC 1 2727 .48 2727 .48 .0.14 0.7112
DEPTH#*CONC 2 5760.27 2880.13 0.15 0.8617
PLANT*CONC 1 18428.12 18428.12 0.96 0.3423
DEPTH*PLANT*CONC 2 19529.25 9764.57 0.51 0.6108
Error 15 287399.00 19159.93

Table 34. Analysis of variance output for biomass of plant

ERROR 2

roots.
Source DF ss MS F-Ratio P > F
CONC 2 63.61 31.80 1.14 0.3371
PLANT 3 899.90 299.90 10.76 0.0001
CONC*PLANT 6 272.95 45.49 "1.63 0.1838
ERROR 23 641.47 27.89
' Table 35. Analysis of variance output for aboveground
. biomass.
Source DF Ss "MS F-Ratio P>F
CONC 2 1504.72 752.36 5.30 0.0128
"PLANT 3 9955.71 3318.57 23.39 0.0000
CONC*PLANT 6 623.40 103.90 0.73 0.6286
3 3263.22 141.87

Table 36. Analysis

of variance output for total plant

biomass.
Source DF Ss MS F-Ratio P>F
CONC 2 2149.22 1074.61 4.45 0.0233
PLANT 3 15340.03 5113.34 21.15 0.0000
CONC*PLANT 6 1536.17 256.02 1.06 0.4147
ERROR 23 5560.00 241.73
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Table 37. Analysis of variance output for nitrogen
concentration in root biomass.

Source .DF Ss MS F-Ratio P>F

CONC 2 1.46 . . 734 ' 5.93 0.0084

PLANT 3 .86 .289 2.34 0.1001

CONC*PLANT 6 1.59 .266 2.15 0.0861
3 2.84 .123 :

ERROR 2

Table 38. Analysis of variance output for nitrogen
concentration in aboveground plant biomass.

Source DF ss MS F-Ratio P>F
CONC 2 4.35 2.17 - 17.24 0.0000
PLANT 3 1.17 0.39 3.11 0.0463
CONC#*PLANT 6 1.66 0.27 2.20 0.0798
ERROR 23 2.90 0.12

Table 39. Analysis of variance output for total nitrogen
content of root biomass.

Source DF ss MS ' F-Ratio P > F
CONC ' 2 125.64 62.82 1.29 0.2940
PLANT 3 1812.14 604,04 12.42 0.0000
CONC*PLANT 6 94.37 15.72 0.32 0.9179
ERROR . 23 1118.57 48.63

Table 40. Analysis of variance output for total nitrogen
content of aboveground blomass

Source DF Ss MS F-Ratio P>F
CONC 2 1021.49 510.74 0.74 0.4888
PLANT 3 40526.29 13508.76 19.53 0.0000
CONC#*PLANT 6 180.39 30.06 0.04 0.9995
ERROR 23 15907.56 691.63 ’
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Table 41. Analysis of variance output for total plant
nitrogen uptake. B

Source DF Ss MS F-Ratio P > F

"CONC 2 580.19 290.09 0.29 0.7485
PLANT 3 56919.22 18973.07 19.18 '0.0000
CONC*PLANT 6 273.56 45.59 0.05 0.9995

3 22749.41 989.10 :

ERROR 2

Table 42. Analysis of variance output for root porosity of
four wetland plant species.

Source DF SS MS F Value Pr > F
PLANT 3 354.29 118.09 2.93 0.0542
‘CONC 2 437.49 218.74 X 5.42 0.0114
PLANT*CONC 6 158.91 26.48 0.66 0.6847
Error 24 967.91 40.32

Table 43. Repeated measures analysis of variance <among
subject effects on pH of sqil water samples.

Soutce DF SS MS F Value Pr > F
CONC 2 3.92 1.96 23.05 0.0001
PLANT 4 0.46 0.11 1.36 .0.2535
CONGC*PLANT 8 0.75 0.09 1.11 0.3629
- DEPTH 2 0.54 0.27 3.18 0.0464
CONC*DEPTH 4 1.03 0.25 3.05 0.0212
PLANT*DEPTH 8 0.40 0.05 0.59 0.7833
CONC*PLANT*DEPTH 16 1.80 0.11 1.33 0.2006
Error 85 7.23 ' 0.08
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Table 44. Repeated measures

subject effects on

analysis

of variance within

pH of soil water samples.

Source DF SS MS F Value Pr > F
TIME 4 10.67 2.66 64,68 0.0001
TIME*CONC 8 2.63 0.32 7.99 0.0001
TIME*PLANT , 16 0.64 0.04 0.98 . 0.4808
TIME*CONC*PLANT 32 2.38 0.07 1.80 0.0059
TIME*DEPTH 8 1.52 0.19 4.63- 0.0001
TIME*CONC*DEPTH 16 0.59 0.03 0.90 0.5642
. TIME*PLANT*DEPTH 32 1.22 0.03 - 0.92. 0.5890
TIME*CONC*PLANT*DEPTH 64 2.04 0.03 0.78 0.8914
Error(TIME) 340 14.03 0.04

Table 45. Repeated measures analysis of variance among

subject effects on COD of soil water samples.

Source DF SS MS F Value Pr > F
CONC 2 443732.56 221866.28 7.27 0.0013
PLANT 4 199256.08 49814.02 1.63 0.1741
CONC*PLANT 8 210574.34 26321.79 0.86 0.5511
DEPTH 2 95110.01 47555.00 1.56 0.2167
CONC*DEPTH 4 249570.55 62392.63 2.05 . 0.0959
PLANT*DEPTH 8 410530.51 51316.31 1.68 0.1157
CONC*PLANT*DEPTH 16 579361.55 - 36210.09 1.19 0.2967
Error 79 2409447 .44 30499.33 . B

Table 46. Repeated measures analysis of variance within
subject effects on COD of soil

water samples.

Source DF SS MS F Value Pr > F
TIME 2 555874.95  277937.47 8.90 0.0002
TIME*CONGC 4 ' 31707.21 7926.80 0.25 0.9070
TIME*PLANT 8 109133.91 13641.73 0.44 0.8974
TIME*CONC*PLANT 16 302888.46 18930.52 0.61 0.8756
 TIME*DEPTH 4 492312.64 123078.16 3.94 0.0045
TIME*CONC*DEPTH - 8 280860.47 35107.55 1.12 0.3497
TIME*PLANT*DEPTH 16 197442 .30 122340.14 0.40 0.9822
TIME*CONC*PLANT*DEPTH 32 553556.36 17298.63 0.55 0.9743
Error (TIME) 158 4933128.41 31222.33
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Table 47. Repeated measures analysis
‘ subject effects on nitrates in soil water samples.

of wvariance

among

Source DF SS MS . F Value Pr > F
CONC 2 0.12 0.06 "0.83 0.4401
PLANT 4 0.52 ©0.13 - 1.77 0.1420
CONC*PLANT 8 0.61 0.07 1.02 0.4236
.DEPTH 2 0.51 0.25 3.43 0.0368
CONC*DEPTH 4 0.74 0.18 2.50 0.0483
PLANT*DEPTH 8. 0.52 0.06 0.88 0.5386
CONC*PLANT*DEPTH ' 16 1.07 0.06 0.90 0.5764
Error 88 6.57 0.07

Table 48. Repeated measures analysis
subject effects on nitrates in soil water samples.

of wvariance within

Source . DF SS MS F Value Pr > F
TIME 4 16.56 4.14 57.06 0.0001
TIME*CONC 8 1.15 0.14 1.99 0.0472
TIME*PLANT 16 1.08 0.06 0.93 0.5345
. TIME*CONC*PLANT 32 2.26 0.07 0.97 0.5107
" TIME*DEPTH 8 0.86 0.10 1.49 0.1608
TIME*CONC*DEPTH 16 .1.00 0.06 0.86 0.6133
TIME*PLANT*DEPTH 32 1.76 0.05 0.76 0.8254
TIME*CONC*PLANT*DEPTH 64 5.15 0.08 1.11 0.2754
Error(TIME) 352 25.54 - 0.07

Table 49. Repeated measures analysis of variance among

subject effects on TKN of soil water samples.

Source DF SS MS F Value Pr > F
CONC 2 70.23 35.11 23.15 “0.0001
PLANT 4 20.79 5.19 3.43 0.0125
CONC*PLANT 8 22.69 2.83 1.87 0.0772
DEPTH 2 5.64 2.82 1.86 0.1628
CONC*DEPTH 4 63.22 15.80 10.42 0.0001
PLANT*DEPTH 8 4.67 0.58 0.39 0.9252
CONC*PLANT*DEPTH 16 15.37 0.96 0.63 0.8467
Error 76 115.29 1.51
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Table 50. Repeated measures analysis of variance within
subject effects on TKN of soil water samples.

Source DF - - 88 MS F Value Pr > F
TIME 4 137.49 34.37 54.91 0.0001
TIME*PLANT 16 81.86 10.23 16.35 0.0001
TIME*CONC*PLANT 32 7.38 0.46 0.74 0.7552
TIME*DEPTH 8 23.60 0.73 - 1.18 0.2397
TIME*CONC*DEPTH 16 85.50 5.34 8.54 0.0001
TIME*PLANT*DEPTH 32 20.23 0.63 1.01 0.4565
. TIME*CONC*PLANT*DEPTH 64 29.09 0.45 0.73 0.9384
0.62 :

ERROR (TIME) 304 190.29

i
Table 51. Repeated measures analysis. of variance between
subject effects on soil nitrate concentration.

Source DF - SS MS F Value Pr > F
PLANT 4 378.80 94.70 0.08 0.9872
CONC 2 6163.12 3081.56 2.68 0.0853
CONC*PLANT 8 5121.08 640.13 0.56 0.8035
Error 29 33316.56 1148.84

Table 52. Repeated measures analysis of variance within
subject effects on soil nitrate concentration.

Source DF © 88 MS F Value Pr > F
TIME 3 8075.45 2691.81 3.21 0.0268
TIME*PLANT 12 14077.36 1173.11 1.40 0.1810
TIME*CONC 6 9621.02 1603.50 1.91 0.0873
TIME*CONC*PLANT 24 12101.04 504,21 0.60 0.9208
Error (TIME) 87  72854.31 837.40 -
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Table 53. Repeated measures analysis .of variance between
subject effects on soil TKN levels. :

Source, DF SS MS F Value Pr > F
PLANT 4 0.16 0.04 2.35 0.0764
CONC 2 0.41 0.20 12.07 0.0001
CONC*PLANT 8 0.26 0.03 1.90 0.0971
Error- 30 0.51 0.01

Table 54. Repeated measures analysis of variance within
subject effects on TKN levels.

Source DF SS MS F Value Pr > F
TIME . 3 2.94 0.98 167.45 0.0001
TIME*PLANT 12 0.24 0.02 3.44 0.0003
TIME*CONC 6 0.66 - 0.11 19.00 0.0001
TIME*CONC*PLANT 24 0.15 0.01 1.12 0.3360
Error(TIME) 90 0.52 0.005







