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ABSTRACT

WATER QUALITY AND BIOMASS IMPACTS
OF WATER TABLE MANAGEMENT

By

Andrew Charles Fogiel

Research conducted in 1990 and 1991 evaluated the influences
of water table management on (1) the fate of agricultural
chemicals in drainage waters, and (2) corn biomass production.
The treatments were '"subirrigation" (SI), ‘"subsurface
drainage" (DO), and "no subsurface drainage" (ND). 1990 had
above average seasonal rainfall, and the 1991 had below

average seasonal rainfall.

NO;-N dfainage loadings from the SI and DO treatments
increased compared to the ND treatment for both growing
seasons. The SI treatment reduced NO,-N loadings compared to
the DO treatment for both growing seasons. PO, -P drainage
loadings from the SI and DO treatments were reduced compared
to the ND treatment for above average rainfall. PO,-P
loadings from all three treatments were insignificant for

below average rainfall.

Plant biomass increased in SI compared to DO and ND during
above average rainfall. Plant biomass decreased in SI
compared to DO, and increased compared to ND during below

average rainfall.
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INTRODUCTION

Water table management is defined as any practice which
includes subsurface drainaée, controlled subsurface drainage
and/or subirrigation. Such practices provide a means of
regulating the water table at optimum depths during periods of
both drought and excessive rain. Optimum water table depths
are those which provide sufficient amounts of water in the
root zone of developing crops in order to satisfy the water
requirements. Artificial drainage removes excessive water
from the root zone during periods of heavy rainfall providing
a suitable environment for developing crops. Drainage also
ensures trafficable conditions for field operations. Water
table management has been shown to be economically beneficial
to Michigan corn and sugar beet producers (LeCureux and Boom,

1989a&b) .

Controlled drainage/subirrigation systems provide a means of
water management for agricultural lands that require both
irrigation and drainage for crop production. During drought
periods, water is supplied through fhe drainage system to the
root zone of the growing crop. Controlling drainage also
allows for the conservation of water added to the field by
rainfall. The system operates as a drainage system to remove

excessive water from the root zone during wet periods.

There is public concern over the environmental fate of

1
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agricultural chemicals in drainage water. Excessive losses of
nutrient and pesticides in drainage are detrimental to the
quality of receiving surface water bodies, and adversely
affect the surrounding ecology. In addition, mismanagement of
agricultural chemicals is a loss of resources. There are
many examples in the United States and worldwide of the
adverse impacts drainage pollution has on surface and

groundwater quality.

In the United States, over 30 million hectares of cropland
benefit from artificial drainage, with 75 percent in need of
drainage system improvement or replacement (USDA, 1987).
Along the Atlantic Coastal regions, the improvement of surface
and subsurface agricultural drainage has increased transport
of commonly used fertilizer nutrients to adjacent receiving
waters (Deal, et al., 1986) Of particular concern are the
nitrogen and phosphorus nutrients. The nitrates threaten
regional drinking water supplies, and the phosphorus threatens

the delicate wetland wildlife.

On the Pacific Coast, the San Luis Drainage in The San Joaquin
Valley of cCalifornia 1is a 1large water drainage and
distribution system which serves most of the agricultural
lands and many municipalities in California. High salinity
and nitrate contents are commonly found in groundwater beneath
irrigated 1lands, and several chlorinated hydrocarbon

pesticides have been detected in numerous wells (Schmidt, et



al., 1987).

In the north central region, fertilizer use accounts for about
70% of the total annual usage in the United States (Keeney,
1985) and nitrate nitrogen concentrations have been found to
exceed the 10 mg/l drinking water standard in many regional
groundwater aquifers (Hallberg, 1986). Commonly used
herbicides such as alachlor, atrazine, metolachlor and
cyanazine have been found in groundwater of several states

(Holden, 1986 and Ritter, 1986).

The European Community (EC) member nations have experienced an
average increase in agricultural productivity per laborer of
7 percent per year over 20 years (Du Vivier, 1986). The EC
agricultural policies have led to an intensification of
production and increased land values, and the consequences
have been increased fertilizer pollution, field drainage, and
wildlife habitat destruction (World Resources, 1987). Funding
has been made available to EC member nations for improving
agricultural productivity through field drainage. For most of
Europe, field drainage is modified or installed in existing
agricultural land, but in France, much of the field drainage

is for the conversion of wetlands (Baldock, 1984).

Within the former Soviet Union, the extent of pollution caused
by fertilizer and pesticide runoff in agricultural drainage is

staggering. Collective farming practiced in communist nations
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was often performed on a very large scale. An estimated
billion and a half tons of fertile soil are lost to erosion
each year, and indiscriminate wuse of pesticides and
fertilizers have poisoned millions of acres of farmland (U.S.
News & World Report, 1992). Thirty percent of all foods in
the former Soviet Union contain pesticides considered
hazardous and are banned in the United States and the European
Community. The full extent of the pollution problem and its
impacts are far from being realized in the former Soviet Union
and other communist block nations since researchers have not
until recently been able to investigate and report the full
extent of damage caused by agricultural production, and

agricultural irrigation and drainage practices.

In the United States, the primary nutrient pollutants of
concern are nitrates and phosphorus. It was concluded that
drinking water containing high nitrate concentrations had the
potential of causing methemoglobinemia, a blood disorder in
infants that results in adverse health affects and often death
(Hammer, M.J., et al., 1981). The phosphorus anion
orthophosphate contributes to algae and aquatic plant growth
associated with eutrophication in surface waters. The maximum
contaminant level for nitrate nitrogen set by the EPA for
drinking water standards is 10 ppm, and a commonly established
maximum concentration for orthophosphate phosphorus is 1.0 ppm
(Viessman, W.J., et al., 1985). The phosphoric form of

orthophosphate phosphorus is the stable form of phosphorus and
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provides a good starting point for investigating phosphorus

reactions in soils (Lindsay, 1979).

The 1986 amendments to the Safe Drinking Water Act required
that maximum contaminant 1levels of highly water-soluble
pesticides be enforced within three years of enactment.
Examples of such pesticides are alachlor, atrazine, simazine
and carbofuran (Cook, 1989). The maximum contaminant levels
proposed for alachlor, atrazine and carbofuran are 2, 3 and 40

ppb, respectively (Benson, 1989).

Michigan has 7.9 million acres of Class I through III
cropland, and over 3 million acres requires drainage in order
to be productive (USDA, 1982). Within a five county area near
the Saginaw Bay of Lake Huron, over 1.6 million ha of land in
Michigan has the potential to utilize water table management
systems (Kittleson, et al., 1990). This has resulted in
increased concern as to the potential impact these systems may

have on the environment.

Scientists at Michigan State University have been conducting
field research on the effects of subirrigation on nutrient and
pesticide concentrations and loadings in discharge waters and

soil water since April, 1987 (Protaswiewicz, et al., 1988).

The Unionville site, the subject of this thesis, is located in

the thumb region of Michigan and within 1 km of the Saginaw
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Bay. The water table management system was installed during
the summer of 1989 by members of the Michigan Land Improvement
Contractors Association. The 13.1 ha site is on soils
representative of the soils and topography most likely to‘be
subirrigated in Michigan and the North Central Region of the

United States.

The objective of the Unionville Site project is to evaluate
and demonstrate the influences of water table management
practices on the environmental fate of agricultural chemicals,
with emphasis on nitrogen and phosphorus, for a soil type with
potential for subirrigation expansion. The effect of water
table management practices on crop biomass production was also
evaluated. The specific objectives are to:
To compare the chemical concentrations and loadings
in the soil and drainage waters, and compare the
corn biomass production, corn leaf, stem and kernel
nutrient content of a "subirrigation / controlled
drainage" treatment, a "conventional subsurface
drainage" treatment, and a "no subsurface drainage"

treatment during growing seasons with both above
and below average seasonal rainfall.



LITERATURE REVIEW
Nutrients
As stated previously, the main nutrient pollutants of concern

are nitrates and the phosphorus anion orthophosphate.

Nitrogen is one of many components that are essential for
plant growth processes. The amount of nitrogen in available
forms for plants is small, while the annual requirements by
crops is relatively 1large. Often excessive amounts of
nitrogen in readily soluble forms are lost through drainage
waters in high quantities creating the potential for surface
and groundwater pollution. It can also be lost from the soil

by volatilization.

The three major forms of nitrogen in mineral soils identified
by Brady (1984) are organic nitrogen associated with the soil
humus, ammonium nitrogen fixed by certain clay minerals, and
soluble inorganic ammonium and nitrate compounds. Many
complex transformations accompany the intake and loss of
nitrogen in soils through the course of a year. These changes
occur due to the interlocking succession biochemical reactions
in what is known as the nitrogen cycle. Plants absorb most of
their nitrogen in the ammonia or nitrate forms. Nitrate is
usually the predominant source of nitrogen due to usual higher
concentrations in the soil and its ability to freely move to

the roots by mass flow and diffusion (Brady, 1984).
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Much of the nitrogen in a soil is in organic combinations, is
protected from loss and is mostly unavailable to plants.
Nitrogen is tied up in ofganic forms by the process of
immobilization. The slow release of nitrogen occurs with the
conversion of organic to inorganic nitrogen through the
process of mineralization. Both the organic and inorganic
soil fractions can fix ammonia in forms relatively unavailable
to plants and even microorganisms. Many different mechanisms
and compounds are involved in the fixation process. Fixation

occurs by clay minerals and organic matter.

Microorganisms in the soil cause the process of nitrification
which is the enzymatic oxidation of ammonia to nitrates.
Nitrification occurs at a rapid rate under warm temperature,
aerated soil, and moist conditions. Nitrate nitrogen, whether
added by fertilizers of formed by nitrification, has four
possible fates (Brady, 1984). It may (1) be incorporated into
microorganisms, (2) assimilated into plants, (3) 1lost to

drainage, and (4) escape in a gaseous state.

In poorly drained soils with low aeration, nitrates are
subjected to reduction by the process of denitrification. The
reduction products include nitrogen gases which can be lost to
the atmosphere. This reduction occurs primarily through

microbial action, although some chemical reduction occurs.

Phosphorus is as critical in agricultural crop production as
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nitrogen. In soils, both inorganic and organic forms of
phosphorus occur and both are important to plants. The amount
of phosphorus available for plant use at any given time is
very low, seldom exceeding 0.01% of the total phosphorus in
the soil (Brady, 1984). The requirements of the plants are
supplemented through fertilizing, but much of what is applied
is converted to the less available inorganic forms. In the
inorganic form, phosphorus is released very slowly and is

usable to plants over a period of years.

The retention of phosphorus is viewed as a continuous sequence
of precipitation, chemisorption, and adsorption. With
phosphorus generally remaining at low concentrations in the
soil, adsorption appears to be the dominant retention
mechanism (Tisdale, et al., 1985). Precipitation of many
reaction products often occurs with the addition of common
phosphoric fertilizers. Due to the variety of chemical
properties of fertilizer salts and their mixtures, a great
diversity of compounds in soil systems is to be anticipated
(Tisdale, et al., 1985). Phosphorus held at the surface of a
solid is said to be adsorbed. When phosphorus penetrates more
or less uniformly into the solid phase, it is considered to be

absorbed or chemisorbed (Tisdale, et al., 1985).

Potassium is another vital plant nutrient. Potassium
activates numerous enzymes that are responsible for such plant

processes as enerdy metabolism, starch synthesis, nitrate
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reduction, and sugar degradation. Most mineral soils are
relatively high in totél potassium. But the quantity of
potassium held in an easily exchangeable condition at any

given time is usually very small.

Most of potassium is held rigidly as part of the primary
minerals or is in fixed forms that are moderately available to
plants (Brady, 1984). Factors that affect the ahount of
potassium fixed include (a) the nature of the soil colloids,
(b) wetting and drying, (c) freezing and thawing, and (d) the
presence of excess lime. Annual losses‘of available potassium
by leaching and erosion are much higher than those of nitrogen

and phosphorus.

Water Table Management

Effect on Field Runoff
Subsurface Drainage
The effects of subsurface drainage on field runoff show that
subsurface drainage reduces overlaﬁd flow from fields as
compared to similar fields that do not have subsurface
drainage. However, the overall water that leaves fields is
increased. The predominant flow to the edge of field from a
subsurface drainage system is in subsurface drain flow. But
subsurface drainage - system design, climatological,
geographical and soil conditions were all found to influence

the rate of flow from a field.
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Willard, et al. (1927), Schwab and Fouss (1967) Schwab, et al.
(1977), Bengtson, et -al. (1984 & 1988), Istok and Kling
(1983), Jacobs and Gilliam (1985), Bottcher, et al. (1981),
Skaggs, et al. (1982), and Evans and Skaggs (1989) reported
that overland flow was reduced by subsurface drainage compared
to fields with no subsurface drainage. However, these same
studies along with Schwab, et al. (1980) reported that the
overall drainage to edge of field was increased by subsurface
drainage, and that more water is removed from a field or
treatment by subsurface drains than by surface drains. This
observation was also reported by Natho-Jina, et al. (1987),
Jackson, et al. (1973), Evans, et al. (1984), and Fouss, et
al. (1987). Only Gambrell, et al. (1975) reported higher
surface drainage volumes than subsurface drainage volumes from

a field.

Controlled Drainage and Subirrigation

Controlled subsurface drainage and subirrigation has been
shown to reduce total subsurface drain flow of conventional
subsurface drained fields. The effectiveness of controlling
overland flow by controlled drainage and subirrigation systems
was dependent upon field characteristics and climatological
factors. Research on the effects of controlled subsurface
drainage and subirrigation have on field runoff is recent ahd

the data is limited.

Campbell, et al. (1985), Gilliam and Skaggs (1986), Deal, et
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al. (1986), Fouss, et al. (1987), and Evans and Skaggs (1989)
reported that controlled drainage and subirrigation system
design and management has a significant impact on the drainage
flow from agricultural fields; Campbell, et al. (1985)
reported a decrease in surface drainage to edge of field from
a subirrigation system compared to a water furrow system, but
that the total drainage was increased by the subirrigation
system. Gilliam and Skaggs (1986), and Deal, et al. (1986)
both reported that controlled drainage compared to
conventional subsurface drainage increased surface drainage to
edge of field but that the total drainage was reduced. Fouss,
et al. (1987) also reported that controlled drainage reduced
the total drainage to edge of field compared to conventional
subsurface dfainage. Evans and Skaggs (1989) reported that
total drainage to edge of field was reduced by controlled
drainage compared to conventional subsurface drainage, but
system design and management of controlled drainage affected

the amount of surface drainage to edge of field.

Effect on Pollutants
Subsurface Drainage
Subsurface ‘drainage reduces erosion and sediment bound
nutrient losses, mainly phosphorus and potaséium, by primarily
reducing overland flow. Nitrogen 1losses, particularly
nitrate-nitrogen, were generally increased in both overland
and subsurface drain flow of subsurface drained fields

compared to non drained fields, but system design and field
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characteristics influence greatly the fate of nitrate-nitrogen
transport. Pesticide losses have been cited to be decreased
with subsurface drainage, but there is very little data
reported to be able to support any firm conclusions on the

effect subsurface drainage has on the transport of pesticides.

In the Istok and Kling (1983) study on the effects subsurface
drainage had on overland flow from a watershed, the effects on
suspended-sediment loads transported to the edge of field were
simultaneously studied. The principle soil series within the
watershed is Willakenzie silt loam, a member of the fine-silty
mixed mesic Ultic Haploxeralfs. These soils are moderately
deep well-drained deposit of silty material overlying either
a palesol or weathered tuffaceous sandstone. The watershed
had no subsurface drainage for the first two years of thé
study, and then was subsurface drained the last two years of

the study.

A reduction in watershed (pverland) sediment loss of
approximately 55% was observed on the watershed after the
subsurface drainage syétem was installed. The authors
concluded that the reduction in sediment loss was céused by

the reduction of watershed runoff observed in the study.

The Schwab, Nolte and Brehm (1977) study of the effects

subsurface drainage had on total flow from a field also
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studied the effects on sediment transport (erosion) from a
field. Three treatments compared were no subsurface drainage,
subsurface drainage only, and combination surface and
subsurface drainage, The treatments were 1located in a

predominantly Toledo silty clay lakebed soil.

The no subsurface drained treatment had annual average
sediment transport to edge of field of 3687 kg/ha. The
subsurface drained only treatment had annual average sediment
transport to edge of field of 2539 kg/ha. The combination
treatment had annual average sediment transport to edge of
field of 2672 kg/ha. The authors concluded that subsurface
drainage reduced soil trénsport due to the reduction in

overland flow measured.

Skaggs, Nassehzadeh-Tabrizi and Foster (1982) coupled the
drainage simulation model DRAINMOD with the CREAMS model for
simulating erosion and evaluating the effects of combination
subsurface/surface drainage systems on erosion. The
simulations were performed on a Goldsboro sandy loam (fine-

loamy, siliceous, thermic Aquic Paleudults).

Changing the drainage system from one with good surface
drainage and poor subsurface drainage to one with poor surface
drainage and good subsurface drainage caused predicted average
annual rates of erosion to be reduced from 9 to 0.9 metric

tons/ha. Increasing the subsurface drain depth from 0.75 m to
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1.25 m for a drain spacing of 30 m reduced predicted erosion
over a 5-year period from 33 to 23 metric tons/ha. The
authors concluded that the reduction overland flow observed

had reduced erosion.

Schwab, Fausey and Kopcak (1980) studied the effects
subsurface drainage has on sediment, nitfate-nitrogen,
phosphorus and potassium transport to edge of field from the
same three drainage treatments used to study the effects on

flow.

The no subsurface drainage treatment had annual average
sediment losses of 2548 kg/ha. The deep subsurface drainage

only treatment had annual average sediment loss of 1529 kg/ha.

The no subsurface drainage treatment had an annual average
nitrate-nitrogen carried to edge of field of 12.1 kg/ha with
annual mean concentrations of 3.4 ppm ranging from 0.4 to 11
ppm. The deep subsurface drainage only treatment annual
average nitrate-nitrogen carried to edge of field of 18.7
kg/ha, with annual mean concentrations of 8.2 ppm ranging from

5.0 to 23.0 ppm.

The annual average phosphorus carried to the edge of field
from the no subsurface drainage treatment was 2.2 kg/ha, with
annual mean concentrations of 0.9 ppm ranging from 0.4 to 2.0

ppm.  The deep subsurface drainage only treatment had annual
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average of phosphorus carried to edge of field of 1.2 kg/ha,
with annual mean concentrations of 0.7 ppm ranging from 0.5 to

1.0 ppm.

The annual average potassium carried to edge of field from the
surface drainage only treatment was 31.6 kg/ha, with annual
mean concentrations of 22.0 ppm ranging from 6.0 to 34.0 ppm.
The deep subsurface drainage only treatment had annual average
potassium carried to edge of field of 22.5 kg/ha, with annual
mean concentrations of 14.2 ppm ranging from 3.0 to 26.0 ppm.
The authors concluded that subsurface drainage caused a
decrease in sediment, phosphorus, and potassium carried to

edge of field, while .nitrate-nitrogen was increased.

In the Bengtson, Carter, Morris and Bartkiewicz (1988) study
of subsurface drainage effects on flow to edge of field, the
effects on sediment, nitrogen and phosphorus carried to edge

of field were also studied.

The annual average total soil carried to edge of field from
the treatment without subsurface drains and the treatment with
subsurface drains was 4986 and 3482 kg/ha, respectively. Of
the 3482 kg/ha of total soil carried from the subsurface drain
treatment, 3117 kg/ha was from overland flow and 365 kg/ha was

from subsurface drain flow.

The annual average total ammonia and nitrate-nitrogen (total



17
nitrogen) carried to edge of field from the treatment without
subsurface drains and the treatment with subsurface drains was
7.3 and 6.0 kg/ha, respectively. Of the 6.0 kg/ha of total
nitrogen carried to edge of field from the subsurface drain
treatment, 4.2 kg/ha was from overland flow and 1.8 kg/ha was

from subsurface drain flow.

The annual average total phosphorus carried to edge of field
from the treatment without subsurface drains and the treatment
with subsurface drains was 7.8 and 5.0 kg/ha, respectively.
Of the 5.0 kg/ha of total phosphorus loss from the subsurface
drain treatment, 4.7 kg/ha was from overland flow and 0.3

kg/ha was from subsurface drain flow.

The authors concluded that sediment 1loss was reduced by
subsurface drainage primarily due to reduced overland flow.
It was thought that nitrogen transport was restricted by a
dense clay layer in the top meter of the soil profile, typical
of the local Mississippi flood plain and reduced nitrogen
carried to edge of field from the subsurface drained plots.
Phosphorus losses were observed to be influenced mainly by
time after application of phosphorus fertilizer, monthly
amount of sediment loss, rainfall amounts, amount of surface

runoff and drainage discharge.

Bottcher, Monke and Huggins (1981) studied the effects

subsurface drainage had on sediment, nutrient and pesticide
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transport to edge of field from the 17 ha subsurface drainage
system used to study the effects of subsurface drainage on
flow to edge of field.

The annual average sediment carried to edge of field from the
subsurface drained treatment was 94 kg/ha. Annual average
total phosphorus and nitrate-nitrogen carried to edge of field
were 0.2 and 6.5 kg/ha, respectively. Annual mean phosphorus
and nitrate-nitrogen concentrations of 0.28 and 7.5 ppn,

respectively.

The authors concluded through comparing the subsurface drained
treatment to a more normal situation with partial subsurface
drainage and greater overland flow, the total sediment losses
and sediment-bound nutrient loadings were substantially less,
but no data of the more normal drainage treatment was
presented. Nitrate-nitrogen and other soluble nutrients were
higher in the overland flow of the subsurface drained
treatment. Overland flow had a direct impact on sediment and

sediment bound nutrient loadings.

The Jacobs and Gilliam (1985) study of the effects subsurface
drainage had on flow from field also studied the fate of
nitrogen carried by drainage flow through examining measured
nitrate concentrations in shallow groundwater beneath
cultivated fields and in the overland drain flow from those
fields. Nitrate-nitrogen losses in subsurface drain flow and

overland flow were estimated using DRAINMOD for a Middle
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Coastal Plain watershed.

The natural stream and no improved drainage treatment fields
had mean nitrate-nitrogen concentrations in subsurface wells
of 7.6 ppm (mg/l). The mean nitrate-nitrogen concentration in
the overland flow at the edge of the fields was meﬁsured to be
1.1 ppm. The estimated annual nitrate-nitrogen carried by

overland flow at the edge of the fields was 1.0 kg/ha.

The surface ditch treatment had a measured mean nitrate-
nitrogen concentration from subsurface wells of 7.7 ppm and an
estimated annual 9.9 kg/ha carried in subsurface flow. The
mean nitrate-nitrogen concentration measured in overland flow
at the edge of the field was 1.7 ppm and an estimated annual

3.8 kg/ha carried in overland flow.

The subsurface drain treatment had a mean nitrate-nitrogen
concentration measured from the subsurface drain flow of 14.8
ppm with an estimated annual 54.9 kg/ha carried in subsurface
drain flow. The mean nitrate-nitrogen measured from overland
flow at the edge of the field was 1.2 ppm with an estimated

annual 0.3 kg/ha carried in overland flow.

The authors concluded that subsurface drainage caused more
nitrate-nitrogen to be carried to edge of field. The highest
amounts were carried in subsurface drain flow. Subsurface

drainage caused a reduction in nitrate-nitrogen carried in
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overland flow.

In the Jackson, Asmussen, Hauser and White (1973) study,
nitrate-nitfogen carried to edge of field was monitored in
both the overland and subsurface drain flow from a subsurface
drainage system. Water samples from both overland flow and
subsurface drain flow>‘were collected during each natural
rainfall event that caused overland and subsurface drain flow.
Water samples taken from the site before any agricultural
practices were initiated showed appreciable nitrate-nitrogen

concentration.

The total annual average nitrate-nitrogen carried to edge of
field was 43.64 kg/ha, with 0.30 kg/ha by overland flow and
34.34 kg/ha by subsurface drain flow. The authors concluded
that the high proportion of nitrate-nitrogen carried in the
subsurface drain flow can be accounted for by the high

leaching potential of the sandy soil.

Baker, Campbell, Johnson and Hanaway (1975) made measurements
of nitrate-nitrogen, sulfate, orthophosphate, and total
phosphorus concentrations and loads carried to edge of field
from four subsurface drained plots 0.42, 0.46, 0.41 and 0.46
ha in size, at a study site in Iowa from 1970 to 1973. The

soil type was a silty loam with a maximum slope of 2%.

Average subsurface flow for all four plots was measured on a
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daily basis for the individual flow periods. The average
daily flow ranged from 0.05 to 2.62 mm/day. The annual
average nitrate-nitrogen carried to edge of field by
subsurface drain flow was 30.6 kg/ha. The mean nitrate-
nitrogen concentration in subsurface drain water for

individual flow periods was 21.0 ppm, ranging from 8.2 to 36.2

Ppm.

The annual average orthophosphate carried to edge of field by
subsurface drain flow was 0.003 kg/ha. The mean
orthophosphate concentration in subsurface drain water for
individual flow periods was 5 ppm, ranging from 2 to 13 ppnmn.
The annual average total phosphorus carried to edge of field
by subsurface drain flow was 0.018 kg/ha. The mean total
phosphorus concentration in subsurface drain water for

individual flow periods was 24 ppm, ranging from 16 to 103

Ppm.

The authors concluded that nitrate-nitrogen concentrations
increased with increased flow to end of field from rain
events. But similar intensity events did not yield similar
amount of nitrate-nitrogen. This was accounted for by
differences of nitrate-nitrogen concentrations in the water
that passed through the so0il profile, soil moisture
conditions, depth and amount of organic matter, temperature,

tillage, and timing and amounts of fertilizer applied.
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Willardson, Meek, Grass, Dickey and Bailey (1972) studied the
process of denitrification in an agricultural field by the
submergence of drains in the San Joaquin Valley of California.
The soil around the subsurface drains, groundwater from the
center of the experimental field, and subsurface drainage flow

were tested for nitrate-nitrogen concentrations.

The highest nitrate-nitrogen readings ranging from 330 to 364
ppm were found in the soil around the bottom of the subsurface
drains while the soil at the top of the drains had 1lower
readings ranging from 10 to 218 ppm. The highest
concentrations found in all measurements were around the
drains. While nitrate-nitrogen concentrations remained the
same over a measured period of time, subsurface drain flow
concentrations decreased over the same period. From this
data, the authors concluded that denitrification was

occurring.

Benoit, Grant, Bornstein and Hepler (1989) measured
concentrations of carbon and nitrogen in subsurface drain flow
from different subsurface drainage plots to study the long-
term changes in soil carbon and nitrogen, and determine
nitrogen levels in soil water and subsurface drain flow. Each
plot was 36 x 36 m (118 x 118 ft) and located on a poorly
drained silty clay loam soil in Maine. Measurements were made
from 1978 through 1983. Three treatments were studied. The

first treatment was three plots with subsurface drains spaced
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3 m, the second treatment was three plots with subsurface
drains spaced 6 m, the third treatment was three plots with
subsurface drains spaced 12 m, and the forth treatment was

three plots with no drains.

Data Qraphically presented showed that subsurface drainage
caused a decrease in organic carbon and loss of nitrogen in
the 0- to 0.15-m soil layer. Nitrate-nitrogen concentrations
in subsurface drain flow averaged as high as 33 ppm (range of
29-36 ppm) for all drain spacings in July of 1980 but
decreased to less than 1 ppm by November of 1984. The authors
concluded that long term potential for nitrogen 1loss to
overland or subsurface drain flow from drainage of these soils
was small, and that proper management of cropping and

fertilizer practices can keep the potential at minimum.

The model Kanwar, Johnson, and Baker (1983) developed to
simulate the major water processes occurring in a typical
agricultural watershed also simulated the nitrogen-transport

processes.

The measured and predictedAnitrogen carried by subsurface
drain flow was 30.84 and 30.47 kg/ha. The model provided
satisfactory simulation results. Differences between measured
and predicted values were caused by lack of a completely
accurate hydrologic predictions. The authors concluded that

the processes of nitrification, mineralization, nitrogen
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uptake, and denitrification are areas that need to be better

investigated for better representation.

Muir and Baker (1976) monitored the herbicides cyanazine,
cyprazine, atrazine, and metribuzin which were applied
separately to four subsurface drainéd experimental plots 1.75,
1.16, 1.30 and 0.60 ha in size, located in southern Quebec,
Canada, from 1973 to 1974. Initial levels of atrazine and its
degradation products were detected in subsurface drain flow
from all four plots before pesticide applications were made.

Atrazine had been used on a yearly base since 1968.

Atrazine concentrations from the subsurface drain water ranged
from 0.30 to 1.49 ppb (ug/l), 0.00 to 0.68 ppb for cynazine,
and 0.00 to 0.57 ppb for cyprézine. Metribuzin was applied
during the second year and was found in the subsurface drain
water in concentrétions ranging from 0.00 to 1.65 ppb.
Atrazine levels were consistently higher than all other
herbicides because of residuals 1left from previous
applications. Overall analysis showed that about 0.15% of the
applied chemicals appeared in the subsurface drain water

either in the unchanged form or as degradation products.

Southwick, et al. (1990) measured atrazine and metolachlor
carried in subsurface drain flow over a period of 243 days.
The herbicides were applied preemergent to corn grown on

subsurface drained treatment plots, and on undrained treatment
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plots. The subsurface'drainage treatment consisted of three
4 ha (9.9 ac) and, two 2 ha (4.9 ac) plots. The no subsurface
drain treatment plots consisted of two 4 ha (9.9 ac) and, two
2 ha (4.9 ac) plots. The plots were located on a clay loam

near Baton Rouge, Louisiana.

Atrazine was applied at a rate of 1.63 kg/ha, and a total of
0.00623 kg/ha was measured in subsurface drain flow.
Metolachlor was applied at a rate of 2.16 kg/ha, and 0.02760
kg/ha was measured from subsurface drain flow. Concentrations
for atrazine ranged from 0.015 ppb (243 days after
application) to 3.53 ppb (12 days after application).
Concentrations for metolachlor ranged from 1.92 ppb (58 days
after application) to 29.3 ppb (12 days after application).
All of the metolachlor carried in the subsurface drain water

was 6bserved within the first 59 days after application.

Bengtson, et al. (1990) reported on the amount of metolachlor
and atrazine carried to edge of field from a subsurface
drained treatment and in flow from the no subsurface drainage

treatment over a 243 day period.

The total amount of atrazine and metolachlor measured in flow
to edge of field from the subsurface drainage treatment was
0.02347 kg/ha and 0.02584 kg/ha, respectively. The total
amount of atrazine and metolachlor measured in overland flow

to end of field from the no subsurface drain treatment was
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0.05164 kg/ha and 0.05268 kg/ha, respectively. Subsurface
drainage reduced the amount of atrazine and metolachlor

carried to end of field.

Smith, et al. (1990), reported on the movement of atrazine and
alachlor within the soil profile and a shallow water table
aquifer following surface application. Concentrations of
atrazine in the soil water at a depth of 0.61 m reached 350
ppb 19 days after application, but no alachlor was detected in
the soil below a depth of 0.36 m. Atrazine concentrations as
high as 90 ppb were found in the shallow ground water six

months after application while no alachlor was detected.

Protasiewicz, et al. (1988), reported to the Miéhigan
Department of Natural Resources the results of a 1 year water
quality pilot study from 1987 to 1988. Atrazine carried to
the edge of field by the subsurface drain flow from the
conventional subsurface drainage treatment was 0.00126 kg/ha.
The maximum concentration of atrazine observed in the

subsurface drain water was 0.8 ppb.

Controlled Drainage and Subirrigation

Properly designed and managed controlled drainage and
subirrigation systems have the potential to reduce the
transport of accumulative plant nutrients and applied
herbicides. 1In addition to désign and management factors,

site characteristics influence the fate of transport of
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nutrients and applied herbicides. No data was provided on the
sediment transport in controlled drainage and subirrigation
systems and little has been reported on the fate of potassium

transport.

Gilliam, Skaggs and Weed (1979) compared the amount of
nitrate-nitrogen carried to edge of field from conventional
drainage and controlled drainage treatments. Controlled
drainage was maintained by using flashboard riser-type water
level control structures installed at two 1locations
representative of so0il conditions of large areas of
artificially drained soils of the North Carolina Coastal
Plain, both well and poorly drained. Eaéh location had 2
fields, one which was under conventional drainage while the
other was under controlled drainage. The treatments of each

field were changed periodically.

Nitrate-nitrogen reductions in subsurface drain flow from an
average 32.5 to 4 kg/ha by controlling subsurface drainage in
the moderately well drained soils was observed. The nitrate-
nitrogen concentrations tended to be a constant 15-20 ppm year
round. In the moderately well drained soils, there was no

sign of increased denitrification.

The average total nitrate-nitrogen carried to edge of field
from the conventional drainage treatments was 27.5 kg/ha and

slightly half that was found at the edge of field for the
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controlled drainage treatments in the poorly drained soils.
The authors concluded this reduction was due to increased
water movement into and through deeper soil horizons which
underwent denitrification. High water table control could
have a long-term effect on structure in some soils but this

phenomena was not studied.

The Campbell, Rogers, and Hensel (1985) study on flow to edge
of field from a subsurface drainage-irrigation system with
drainage control and a water furrow-irrigation system also
studied nutrient tranéport to edge of field from both systems.
Nitrate-nitrogen losses were the predominant nitrogen form
detected from both systems, and orthophosphate was measured as

well.

The total nitrate-nitrogen carried to edge of field from the
water furrow system was 4.53 Kkg/ha. The total nitrate-
nitrogen carried to edge of field was 2.75 kg/ha, with 0.83
kg/ha carried in overland flow and 1.91 kg/ha carried in

subsurface drain flow.

The total orthophosphate carried to edge of field from the
furrow system was 1.10. The total orthophosphate carried to
edge of field was 0.43 kg/ha, with 0.26 kg/ha carried in

overland flow and 0.17 kg/ha carried in subsurface drain flow.

The greater loss of nitrate-nitrogen in the water furrow
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system was unexpected by the researchers. The authors
concluded that the combining of a controlled high water table
and raised row-beds created conditions resulting in interflow
through the row-beds to the alleys instead of leaching

downward to the drains.

Gilliam and Skaggs (1986) determined the effects of drainage
system design and management upon water quality of drainage
water through use of the DRAINMOD computer model on two
experimental Atlantic Coastal Plain soils. Nitrate-nitrogen
loads carried to edge of field were compared between
conventional drainage treatments and controlled drainage

treatments.

The annual average'nitrate-nitrogen carried to edge of field
from the conventional drainage treatments was 33.5 kg/ha. The
annual average nitrate-nitrogen carried to edge of field from
the controlled drainage treatments was 22.8 kg/ha. The annual
average phosphorus carried to edge of field from the
conventional drainage treatments was 0.12 kg/ha. The annual
average phosphorus carried to edge of field from the
controlled drainage treatments was 0.22 kg/ha. Controlled
drainage reduced the nitrate-nitrogen carried to edge of field

but increased the phosphorus carried to edge of field.

Deal, Gilliam, Skaggs and Konyha (1986) used the DRAINMOD

computer simulation to predict nutrient losses under various
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drainage designs from 6 different soils over a 20 year period.
Nitrate-nitrogen and total phosphorus carried to edge of field
from conventional drainage treatments and controlled drainage

treatments were compared.

The predicted annual average nitrate-nitrogen carried to edge
of field from the conventional drainage treatments was 19.30
kg/ha, with 1.42 kg/ha in’overland flow and 17.88 kg/ha ‘in
subsurface drain flow. The predicted annual average nitrate-
nitrogen carried to edge of field from the controlled drainage
treatments was 14.49 kg/ha, with 1.93 kg/ha in overland flow

and 12.56 kg/ha in subsurface drain flow.

The annual average total phosphorus carried to edge of field
from the conventional drainage treatments was 8.30 kg/ha, with
1.60 kg/ha in overland flow and 6.70 kg/ha in subsurface drain
flow. The annual average total phosphorus carried to edge of
figld from the controlled draihage treatments was 8.00 kg/hg,
with 2.00 kg/ha in overland flow and 6.00 kg/ha in subsurface
drain flow. Controlled drainage reduced nitrate-nitrogen and
phosphorus carried fo end of fiéld, but increased both amounts

carried to edge of field by overland flow.

Skaggs and Gilliam (1981) modified the computer simulation
model, DRAINMOD to predict nitrate-nitrogen movement from
artificially drained soils with high water tables.

Conventional drainage, cbntrolled drainage during the winter
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and controlled drainage all year were simulated for both good

and poor surface drainage systems.

The good surface drainage system had predicted nitrate-
nitrogen carried to edge of field from the conventional
subsurface drainage treatment of 20.0 kg/ha. Nitrate-nitrogen
carried to edge of field from the controlled drainage
treatment was 14.5 kg/ha for controlled drainage during the

winter, and 12.2 kg/ha for controlled drainage all year.

The poor surface drainage system had predicted nitrate-
nitrogen carried to edge of field from the conventional
drainage treatment of 38.9 kg/ha. Nitrate-nitrogen carried to
edge of field from the controlled drainage treatment was 33.0
kg/ha for controlled drainage during the winter, and 39.0

kg/ha for qontrolled drainage all year.

The Evans and Skaggs (1989) study on the effects water table
management strategies have on flow to edge of field also
studied average annual nitrate-nitrogen and total phosphorus
carried to edge of field. Subsurface drain and overland flow
were compared between conventional and controlled drainage

treatments.

The average annual nitrate-nitrogen carried to edge of field
from the conventional drainage treatments was 35.0 kg/ha, with

8.5 kg/ha in overland flow and 26.5 kg/ha in subsurface drain
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flow. The annual mean concentrations were 3.0 ppm in overland
flow ana 8.7 ppm in subsurface drain flow.
The average annual nitrate-nitrogen carried to edge of field
from the controlled drainage treatments was 18.7 kg/ha, with
4.5 kg/ha in overland flow and 14.2 kg/ha in subsurface drain
flow. The annual mean concentrations were 2.6 ppm in overland

fiow and 6.8 ppm in subsurface drain flow.

The average annual total phosphorus carried to edge of field
from the conventional dfainage treatments was 0.69 kg/ha, with
0.48 kg/ha in overland flow and 0.21 kg/ha in subsurface drain
flow. The annual mean concentrations were 0.14 ppm in

overland flow and 0.05 ppm in subsurface drain flow.

The average annual total phosphorus carried to edge of field
from the controlled drainage treatments was 0.45 kg/ha, with
0.28 kg/ha in overland flow and 0.17 kg/ha in subsurface drain
flow. The annual mean concentrations were 0.12 ppm in

overland flow and 0.07 ppm in subsurface drain flow.

In the Protasiewicz, et al. (1988), report to the Michigan
Department of Natural Resources, the total atrazine carried to
the edge of field by the subsurface drain flow from the
subirrigation treatment was 0.00277 kg/ha. The maximum
concentration observed in the subsurface drain water was 1.8
ppb. The subsurface drain atrazine loading from the

subirrigation treatment was 120% greater than from the
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conventional subsurface drainage treatment.

Effect on Groundwater Quality

Subsurface Drainage
Little published studies are available that 1look at the

effects subsurface drainage practices have on groundwater
quality. The cost of studying groundwater aquifers is high
and studies are focused more on impacts to surface water
quality. only until recent growth in concern of groundwater
aquifer contamination has created a demand to research the
impacts of subsurface drainage on groundwater quality. Many
of the studies cited describe the potential problems that
exist wunder agricultural practices and the needs of
investigating agricultural water management practices. But
for most soils that are drained, a low permeable soil protects

the deeper groundwater aquifers that are used by the public.

Schmidt and Sherman (1987) summarized numerous research
findings on the effects of irrigation and on groundwater
quality in California. The authors concluded that
contamination of groundwater aquifers by nutrients and
pesticides is dependent on the soil structure within a
profile. The presence of sandy soils and shallow groundwater
was found to contain the highest amounts of pesticides and
nitrate levels. Where hardpans were present, no significant
amounts of pesticides and nutrients used in agricultural

production have been found.



34
Mossbarger and Yost (1989) reviewed available case studies
from the Central Sand Plain of Wisconsin and discussed present
and potential problems associated with irrigation and
groundwater quality. These soils are characteristically low
in moisture holding capacities where heavy irrigation and
applications of herbicides and pesticides are practiced in
order to achieve substantial crop yields. Because of the high
hydraulic conductivities and 1leaching potential of sandy
soils, shallow groundwater aquifers in these areas are
extremely susceptible to contamination of soluble nutrients

and pesticides.

Pivetz and Steenhuis (1989) investigated pesticides, nitrates
and tracers carried to edge of field from subsurface drains
and to the groundwater from 1987 to 1989, in northern New
York. The site was located on a predominantly sandy clay loam
and clay loam soil overlying a profile of clay on top of
gravelly loam and sandy loam. The profile was on top of
bedrock, 9 m deep. Potential of contamination of underlying

groundwater aquifers was thought to be minimal.

The results from the non-refereed American Society of
Agriculturai Engineers paper so far have found no significant
traces of pesticides in deep groundwater well samples.
Nitrates were detected in deep groundwater well samples and
exceeded the 10 ppm maximum contamination 1level .on 2

occasions.
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Users of chemicals should understand the factors that
influence the movement of a chemical through a soil profile.
The characteristics of the chemical, frequency of application,
type of soil and depth of water table are crucial in
preventing possible contamination of groundwater (Michigan

State University, 1988).

ontro Drainage/Subi igation

Few published studies are available that look at the effects

water table management practices have on groundwater quality.

Ritter, Humenik, and Skaggs (1990) reviewed the effects
irrigated agricultural has on groundwater quality through out
the northeastern and Appalachian states. The largest
irrigated areas are located in North Carolina, New Jersey, New
York, Delaware, Virginia, and Maryland, most of which is on
Coastal Plain soils. These soils are typically sandy loam or
loamy sand and are highly susceptible to leaching of soluble

materials, especially after heavy rainfalls.

The authors cited the studies of water table management
performed in North Carolina that have shown significant
reduction in nitrate-nitrogen entering surface waters under
controlled drainage. But little research has been performed

to determine the fate of soluble materials, especially
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pesticides and nitrate-nitrogen through sandy soils into

underlying groundwater aquifers.

Crop Yield

Carter, et al. (1988) found increased sugarcane yields under
a subirrigation and controlled drainage system compared to a
non-irrigated and surface drained only system. The benefits
to sugarcane yield from water table management were most
significant during periods of drought. Foust, et al. (1987)
observed maximum corn silage yields from fields with
controlled subsurface drainage during a growing season with
below normal rainfall and minimum yields during above normal
growing season rainfall. Evans and Skaggs (1989) emphasized
that properly designed and operated water table management
systems can significantly increase yields and production
efficiency compared to conventional subsurface drainage and no
subsurface ‘drainage. Mismanaged controlled drainage and
subirrigation systems can significantly reduce crop yield and

quality.

Belcher (1990) reported that corn and soybean production is
sensitive to mean water table depth and water table
fluctuation. Research found that the best operation
management for subirrigation of crops is to establish a water
table depth immediately following seeding. The water table
should be raised periodically for short time periods during

the growing season. At crop maturity, the system should be
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put into the subsurface drainage mode and maintained until
after harvest. It was found to be beneficial to repeat the

water table management cycle the next spring.

Sipp, et al. (1984) reported in an unpublished paper that corn
yields increased substantially under water table management
compared to a non-drained and non-irrigated conditions.
Rausch and Nelson (1984) reported in an unpublished paper that
subirrigation increased alfalfa production during the months
of July and August compared 'to non-irrigated treatments.
Carter, et al. (1988) found and reported in an unpublished
paper that water table depths maintained within 0.30 m of the
surface adversely affected soybean, wheat, and corn yields,

but did affect the quality of the crops.

Biomass
Publication of research on biomass production is limited to
observed effects environmental and climatological stresses
have on various crops, little was found that addressed water
table management effects on biomass production. Wareing
(1978) reported that leaf shape may be profoundly modified by
environmental factors. Dry weight of the plant was used to
measure the amount of organic material synthesized by the
plant. The ability of a plant to synthesize new material is
dependent upon its leaf area. The rate at which new material
is assimilated increases proportionately with the raté at

Vhich a plant grows and increases leaf area. Elk, et al.
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(1966) reported that any factor affecting the size of corn
plants should affect the leaf area as weil. The actual yield
obtained from a crop depends on the effects various factors

have on the crop throughout the growing season.

The water use of the corn crop varies with thevstage of
development (Sprague, 1977). Water loss early in the growing
season is primarily from evaporation from the bare soil. As
crop cover increases with leaf development, transpiration
becomes an increasingly dominant factor. Sprague (1977) also
reported that the stand height may affect the amount of water
use by the plant. Low stands use low amounts of water. As
the stand increases, water use increases rapidly, but with
time the growing stand decreases its water use which is due to
a peak and subsequent decrease in solar energy utilization in

evapotransporation from the stand.

Ritter and Beer (1969) reported that flooding corn early in
the season was more detrimental to grain yield than flooding
late in the season. Lal and Taylor (1969) reported that
intermittent flooding early in the growing season reduced corn
yields compared to maintaining constant water tables of 0.15
to 0.30 m in depth. Damage to corn due to flooding or high
water contents is probably caused by many factors including
low oxygen or high carbon dioxide concentrations in the soil
air, the plant’s respiration rate at flooding, reduced

nutrient uptake, and possible toxicity of chemicals produced



39

reducing conditions.

Alvino and Zerbi (1986) found that at the vegetative and
flowering stage, plants reached their maximum height with
shallow water depths under both irrigated and rain conditions.
Highest yields were obtained on shallow water table depths
even though grain moisture content increased as well. Baser,
et al. (1981) reported that corn had maximum growth at water
table depth of 0.3 m compared to 0.15 and 0.48 m. Rattan and
George (1969) compared constant and varying water table
depths, at two. levels of nitrogen and two 1levels of the
micronutrients zinc and copper. Corn grain yields were
reduced at water table depths of 0.15 and 0.30 m, and varying
water table depths with occasional floodin§ early in the
growing season reduced yields even more. Higher levels of N,
Zn, and Cu increased yields under well drained conditions and
at shallow water table depths of 0.15 and 0.30 m. The uptake
of N and Zn by corn was reduced by high water table depths and

flooding.

Follett, et al. (1974) found that corn shoot growth was at
maximum with intermediate water table depths, and corn grain
yields were lower at high and low water table depths compared
to medium water table depths. Shoot growth decreased in high
water tables due to poor aeration, and decreased in low water

tables due to decreased water availability.



S8ITE DESCRIPTION
The Unionville site is located in Tuscola County (S. 1/2 of N.
1/2 of S.W. 1/4 of Section 22, T.15 N. R.8 E). The Unionville
research field is divided into three different treatment plots
as shown in Figure 1. The 3.4 ha "subirrigation / controlled
drainage" treatment (SI) and the 4.3 ha "conventional
subsurface drainage" treatment (DO) have subsurface tile
drains spaced at 4.6 m at a depth of 0.8 m. The "no
subsurface drainage" treatment (ND) is 5.4 ha in size. Each
plot has a shallow surface drain providing good surface
drainage. A dike was built at the perimeter of each plot.
The site has three soil types that are identified on Figure 1.
They are: 1) Tappan loam, 2) Thomas muck, and 3) Essexville
loamy sand. The results of a soil textural analysis performed

at Michigan State University are presented in Table 1.

The Tappan loam soil is a fine-loamy, mixed calcareous, mesic
Typic Haplaquolls (Soil Survey, 1980). The Thomas muck soil
is a fine-loamy, mixed calcareous, mesic Histic Humaquept
(Soil Survey, 1980). The Tappan and Thomas soils are poorly
or very poorly drained. Surface water drainage is very slow
to ponded with slow to moderately slow permeability. The
Essexville loamy sand soil is a sandy over loamy, mixed
calcareous, mesic Typic Haplaquoll (Soil Survey, 1980).
Essexville soils are poorly drained, with rapidly permeable in
the upper part and moderately slowly permeable in the lower

part.

40
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Figure 1. Research Site Layout

METHODOLOGY

System Operation and Data Collection

Water table, surface and subsurface tile outflow and rainfall
were monitored using the bubbler system technique (Goebel, et
al. 1985). A flow chart of the system used at the Unionville
site is given in Appendix A. Water table depths and flow
depths are measured using a datalogger that converts an analog
signal from 7 pressure transducers which monitor pressure
displacement caused by the depth of water in an observation
well, flume well or orifice meter well.

The automated bubbler system was installed October 29, 1989.

Actual monitoring of tile drain outflow, surface drainage and
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Table 1. Soil texture and classification

So aye Depth, m Sand Silt Clay Textu
re

Ap (SI Zone) 0.00-0.30 67 25 8 Sandy
loam

Ap (DO Zone) 0.00-0.30 69 22 9 Sandy
Loam

Ap (ND Zone) 0.00-0.30 79 14 7 Loamy
Sand

Bg (SI,DO,ND) 0.30-0.51 45 34 21 Loam

Bw (SI,DO,ND) 0.51-0.81 45 32 23 Loam

water table depth began on May 24, 1990. Frequent electrical
and phone problems effecting data collection were solved in
early June, 1990. For the 1991 growing season monitoring
began on May 1, 1991 and the system ran virtually continuous
without any major problems through out the growing season.
in-line orifice meters (Protaswiewicz, et al., 1987) were
designed, built and calibrated prior to their installation in
the summer of 1989. The equation used to model flow through
an in-line orifice meter under full pipe flow is taken from
Sterns (1951) and has the form:

W=2.086x%(d,)2xK* (p*H) 1/2 (1)

where: flow rate, 1/min

W =

d,= Diameter of orifice, cm

K = Orifice Discharge Coefficient
(dimensionless)

p = density of fluid, g/cm®

The SI and DO treatment areas each have a separate main from

which outflow is monitored and water samples collected.

Location of water samplers both for surface and tile drains,

soil and soil water sampling locations, and observation well
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locations are shown in Figure 1. At the beginning of the 1990
growing season, grab samples of the tile water were collected
from the SI and DO treatment headstands until the bubbler
system was fully functional in June, 1990, after which all
samples were taken based on cumulative flow volumes using Isco

Model 1600 automatic water samplers.

Meteorological Data

An on site LiCor 1200 weather station monitors daily average
temperature, daily minimum and maximum air temperatures, daily
soil temperature, daily rainfall, and daily net solar
radiation. Data is downloaded from the data logger to a Radio
Shack PC-100 on a monthly basis. Rainfall was also monitored

in each of the three treatments using the bubbler system.

Water Table Elevation Data

The SI and DO treatments each have 6 water table observation
wells installed as shown in Figure 1. The 6 wells are in two
sets of three as follows: a well is 1 m from a tile drain
lateral, another is located midway between two tile drain
laterals (2.3 m), and the third is located in between the
first two wells (1.6 m). The ND treatment has 6 observation
wells through out the treatment plot as shown in Figure 1.
All wélls are placed to a depth of 1.5m, approximately 0.7m
below tile depth. The obse:vation wells are made of 2.54 cm

diameter galvanized steel pipe.
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e ow Monitoring and Water Sample Collectio
The orifice meters measure flow rates which are used to obtain
proportional flow based tile water samples. The bubbler
system monitors the depth of water by measuring the water
pressure from the piezometer tubes of the orifice meter. The
software calculates and accumulates the flow using equation
(1) . The Isco samplers are linked to the datalogger and
computer that monitor orifice flow measurements. The software
signa1§ the datalogger to activate the Isco samplers every
19000 1 of accumulated flow. From August 8, 1990, through the
remainder of the 1990 gfowing season, the control software was

changed to take a tile drain sample every 57000 1 of flow

because of frequent heavy rains.

The water samples are stored in bottles within a insulated
container of the Isco sampler. The Isco samplers are stored
in an insulated box. Water samples were usually retrieved
twice a week, and occasionally just once a week. The samples
were transported in an ice chest and frozen when brought to

the Michigan State University campus.

During June of 1991 it was noticed thatvbubbler-lines used to
monitor both orifice meters had been damaged by spring field
work. This resulted in erroneous measurements of flow. A
similar problem occurred for a few days in July when a backhoe
crimﬁed some of the orifice meter bubbier lines. Before

repairing the lines in both cases, calibrations were made on
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the damaged lines and the erroneous flow data was corrected.

Two flumes were installed at the outlef of the surface drains
of each treatment. Location of the flumes are indicated in
Figure 1. The flumes were each calibrated in a laboratory at
Michigan State University to obtain an exponential correlation
of depth and volume of flow of water through the flume (Pruden
and Fogiel, 1990). For both growing seasons, the non-linear
regressions among the six flumes were almost the same and all
yielded R? greater than or equal to 0.99. The equation used
to calculate flow rate through the flumes for both the 1990

and 1991 growing season has the form:

y=(0.009% (x2:936) +0.8) *0.003785 (2)

where: X
Y

Depth of Flow, mm
Flow Rate, m3/min

In the field, depth of flow was monitored using the bubbler
system. Field calibrations of depth of flow for each flume

was conducted at least once a month during the growing season.

During the 1990 growing - season, samples of the surface
drainage water were collected using Coshocton wheels. The
wheels were calibrated at Michigan State University. The
wheels collected approximately 2% of the total surface
outflow, and the composite sample was stored in a galvanized

steel tank which was placed in an excavated pit.
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Many problems occurred with the Coshocton wheels and
galvanized steel tanks due to the heavy rains of August and
September of 1990. The pit in which the tanks were placed
often flooded and caused displacement of the tanks and/or
collapse of the pit. Sediment build up in the Coshocton wheel
frequently clogged the line running to the storage tank. The
sample collector completely failed for one of the flumes in
the SI treatment, so that flume was raised in order to force
all surface outflow through the other flume. Heavy rains on
September 6 and 7, 1990, washed out the flumes from the SI and
ND treatment surface drainage collection sites, and no data
was collected for this event from all three treatments. 1In
August, 1990, a bubbler line for a flume in the ND treatment
failed.

In September, 1990, a bubbler line for a flume in the DO
treatment failed. In October 1990, heavy rains made it
impossible to keep the flumes in place for all three
treatments, and the surface outflow data was too incomplete to
be reported for that month. However, grab samples were
obtained from glass jar containers that were set in the
surface ditch for all three treatments. All surface outflow
reported from the ND treatment in August and September was
estimated by calculating the outflow measured through the

second operational flume and doubling the value.

For the 1991 growing season, an air pressure activated pumping
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system was built and installeﬁ for sampling water directly
from the surface outflow of each treatment. The bubbler
system in place at the site was modified to turn on the
surface outflow pumps by sending 10 psi of pressure through an
air line after 77 L of flow were measured through the flumes.
A composite sample was collected and stored in the same
galvanized tanks. Continuous flume data and samples were

collected during 1991.

For both growing seasons, samples in the tanks were retrieved
and put into frozen storage at the Michigan State University

campus within 24 hours of the rain event.

Soil and Soil Water Collection

Soil samples during 1990 and 1991 were collected monthly
except in May (after fertilizer application) and June when
they were collected twice a month. The samples were collected
using a hand bucket auger. Samples were obtained to 0.9m
depth at 0.3m intervals. Each treatment was split into two
replications (Figure 1) for the 1990 growing season. Within
each replication, five different samples from the same depth
were composite into one sample. For the 1991 growing season,
two more replications were added to each treatment (Figure 1)
from which a composited sample was taken from each depth.
Care was téken to not allow top soil to fall within the samﬁle
hole in order to prevent contamination of underlying sample

depths. An approximately equal portion (about two handfuls)
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from each depth was collected for composite samples. The

holes were backfilled after sampling.

Soil samples were stored in an ice chest during the time of
sampling. The samples were immediately frozen if analysis was

not going to be performed within 24 hours of collection.

Suction lysimeters were installed for 1990 and 1991 to collect
soil water samples. Lysimeters were installed at the soil
sampling locations (Figure 1), and soil water samples were
obtained to 0.9m depth at 0.3m intervals. Soil water samples
were taken during soil sampling. The lysimeters were pumped
of any standing water, 70 psi of vacuum was applied, and the
soil water sample was pumped from the lysimeter within 24
hours. In order for proper extraction of water from the soil,
there must be a good interface established between the suction
lysimeter porous ceramic cup and the soil. In 1990, the
lysimeters were not properly installed in accordance with the
soil environment and very few samples were collected. In
1991, the lack of significant rainfall events early in the
growing season caused severe soil cracking around the
lysimeters and prevented the development of a'good interface
between the 1lysimeter and soil. The soil water samples
collected in 1990 and 1991 did not provide enough data to make
comparisons from which to draw conclusions from among the

three treatments.
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Rain water samples were collected by attaching a funnel to a
glass jar and mounting the jar onto a post. Samples were
retrieved within 24 hours of the rain event, transported in an
ice chest, and frozen immediately upon return to the Michigan
State University campus. Grab samples of irrigation water
were obtained from the SI treatment irrigation supply pipe and

transported and stored the same way the rain samples were.

All soil and water samples were analyzed for nitrate nitrogen,
orthophosphate phosphorus, and potassium for the 1990 and 1991
growing seasons. Ammonia nitrogen analysis was performed on
soil and water samples collected during the 1991 growing
season. Analysis was performed at the Michigan State
University Soil Test Laboratory using methods approved by the

United States Environmental Protection Agency (EPA).

Nitrate nitrogen analysis for both soil and water samples was
performed using EPA method 353.2 (1989). Ammonia nitrogen
analysis for both soil and water samples was performed using
the Salicylate method. Phosphorus concentrations from soil
extracts were obtained by Method 24-5.1 described by Summers
(1986). The flow injection method described by Murphy, et al.
(1986) was used to obtain phosphorus concentrations from water
samples. Potassium concentrations were obtained by the auto-
analyzer method/exchangeable potassium procedure for both soil
extract "samples and water samples approved by the United

States Environmental Protection Agency (1989).
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All water sample nutrient content results were expressed in
mg/l (ppm). Loadings for both subsurface drain and surface
drain samples were calculated by determining the total
cumulated flow that occurred over the period between the
taking of two water samples that were analyzed for nutrients.
The concentration of the nutrients found in the water sample
were multiplied by the cumulative flow from the unit area of

the treatment.

The soil nitrate nitrogen and ammonia nitrogen analysis
results were expressed in concentrations, and the
orthophosphate phosphorus and potassium results were expressed
in loadings per acre furrow slice. The furrow slice was
assumed to be approximately 16.9 cm. 'i‘he soil samplés
collected in the field are obtained from a 30.48 cm slice, so

the results were adjusted to the actual sampling slice.

Alachlor analysis in soil samples were performed at the
Michigan State University Pesticide Research Lab. Analysis on
water samples were conducted at Heidelberg College in Tiffin,
Ohio using pesticide immunoassay screens. These screens
confirm the absence of pesticides above the method detection
limit. If pesticidés are detected, follow up analysis is
performed to determine specific alachlor concentrations within
a 0.2 ug/l (ppb) detection limit. Bqth alachlor methods are

approved by the Environmental Protection Agency (1989).
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onomi a
Plant leaf area and stem volume measurements were conducted at
different plant growth stages on selected plants from each
treatment for both growing seasons. Two plant growth stages
were measured in 1990, énd three were measured in 1991. For
both growing seasons, the SI and DO treatments were split into
north and south replications and had 35 randomly selected
plants monitored in each replication. In 1990, the ND was
split in east and west replications and had 35 randomly
selected plants monitored in each replication. 1In 1991, the

ND was split into north and south replications.

The stem volume was determined by measuring the minimum and
maximum diameter of the base of the corn stalk using a
caliper, and recording the height of the last unfurled corn

leaf collar. The formula for the stem volume is as follows:

StemVol.=[ (Stemn+Stemx) /20]1%x3.14/4xStemh (3)

where: Stem Vol. = Computed Stem Volume, cm’
Stemn = Minimum Stem Diameter, mm
Stemx = Maximum Stem Diameter, mm
Stemh = Height of stem, cm

Stem volume was converted to above ground plant biomass for

the respective 1990 and 1991 growing seasons by the equations:

y=-1.41+0.18%x (4)
y=287.24+0.07 xx (5)
where: x = Stalk Volume, cm|3/m2
y = Above ground plant biomass, g/m’

The linear regression graphs and analysis from which equations
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(4) and (5) were computed are presented in Appendix H. Leaf
index was computed by dividing the total leaf area of a

treatment by the area of the treatment with units n@/m@.

Nutrient analysis was performed on plants randomly selected
from each treatment. In 1990, ten plants were composited into
two samples from each treatment on July 25 and August 8, and
analyzed for nutrient content. On August 8, 1990, 10 ears of
corn were randomly picked from each replication within each
treatment and composited into a sample for nutrient content
analysis. In 1991, ten plants were picked from each
replication within each treatment and composited into two
samples for analysis. Plant samples were collected on July
11, July 25, and September 4, 1991. The ears of corn from the
plants picked on September 4, 1991, were also composited into
two samples from each replication and analyzed for nutrient

content.

Plant and kernel nutrient analysis were performed at the
Michigan State University Soil Test Laboratory using
Environmental Protection Agency (1989) approved methods. The
analysis results were expressed in terms of percent nitrogen,
phosphorus and potassium. The actual amount is calculated by

multiplying that percentage by the mass of sample collected.

For the 1990 and 1991 growing seasons, Pioneer 375L variety

corn was planted at 69,300 seeds/ha. Planting was performed
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on May 8, 1990, and on May 21, 1991, respectively. Fertilizer
and herbicides application rates and dates for both growing
seasons are presented in Table 2. The yield goal for
fertilizer application was 2.7 metric tons/ha for both growing
seasons. The fertilizers were broadcasted preemergence both

growing seasons.

Table 2. Fertilizer and herbicide summary

Iype Rate .
1990 Growing Season: 1991 Growing Season:
Fertilizer, kg/ha:
Date Applied 5/8/90 5721/
91
Total Nitrogen 214 198
Total Phosphorus 101 7
. Total Potassium 168 118
Kerbicides, L/ha:
Date Applied 6/1/90 6/7/9
1
Banvel 0.24 0.38
2-4D Amine 0.24 0.38
Lasso 0.38

The field operations, irrigation and drainage control schedule
for the 1990 growing season is presented in Table 3, and for

the 1991 growing season in Table 4.

Statistical Analxsis

Regression analysis was performed after all observation points
were calibrated in the field. The bubbler system pressure
transducers have a linear response to change in pressure.
Each pressure transducer was frequently calibrated to ensure
it was operating within speCifications. After all

calibrations and regressions were performed, the correlation
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Table 3. Field operations, irrigation and drainage control
schedule 1990

Date Field Operation

4/30/90 - 5/1/90 Plowed using disk harrow

5/8/90 Planted Corn

5/8/90 Broadcasted Fertilizers,
Preemergence

6/1/90 Sprayed Herbicides

6/3/90 & 6/18/90 Cultivated

7/1/90 SI put in controlled drain
mode

7/3/90 SI irrigation started

7/8/90 SI irrigation suspended

7/18/90 SI put in drain mode

7/28/90 SI put in controlled drain

' mode

8/1/90 SI irrigation started

8/3/90 SI irrigation suspended

8/4/90 SI put in drain mode

8/8/90 SI put in controlled drain
mode

8/26/90 SI put in drain mode

9/4/90 SI put in controlled drain
mode

9/6/90 SI put in drain mode

9/12/90 SI put in controlled drain
mode .

9/12/90 SI irrigation started

9/14/90 SI irrigation suspended

9/14/90 SI put in drain mode for
remainder of season and winter

11/8/90 SI and DO harvested

12/23/90 ND harvested

coefficient was determined and this was used as a guide as to

whether observations were being made accurately.

The soil sample nutrient loadings were run through a standard
two-sample t test for significant difference between each
treatment. The formula given by Harnett (1970) takes the

form:

t-.iEiE_. 6
S/no.s ( )
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Table 4. Field operations, irrigation and drainage control
schedule 1991

[ Date Field Operation

5/12/91 Plowed using disk harrow

5/21/91 Planted Corn and Fertilized

5/2 7/91 SI put in controlled drain mode

6/7/91 Sprayed Herbicides, Preemergence

7/10/91 SI irrigation started

7/11/91 SI irrigation suspended

7/18/91 ‘ SI irrigation started

7/21 /91 SI irrigation suspended

7/24 /91 SI irrigation started

7/28 /91 SI irrigation suspended

8/7/91 SI put in drain mode

8/10 /91 SI put in controlled drain mode

8/17 /91 SI put in drain mode

8/19 /91 SI put in controlled drain mode

9/3/91 SI put in drain mode for season and winter

10/8 /91 SI, DO and ND harvested

where: t = two-sample t-test value
x = mean difference between sample sets
M4 = population mean difference of null
hypothesis (y, = M =g, = 0)

S = standard deviation of sample

difference
number of sample differences tested

3
Il

The null hypothesis states that between each of the 3
treatments, the difference between the sample averages is
2ero. The t-test value computed for all sample sets were
tested at a significance level of 0.05. If the t value
€Xceeds the critical value for the test run, the null
hypothesis is rejected which means that there is high
Variat i on among samples anaiyzed between treatments. This
test mhust be run before conclusiqns can be made when comparing

Tesults petween treatments.

The leaf jndex and plant biomass results were tested for
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significant difference between treatments using a randomized
block design. The leaf index measurements for both growing
seasons were plotted versus time and are shown in Appendix G.
The test for significant difference between the leaf indexes
from the three treatments were performed on the maximum
observed leaf index for both growing seasons. The data table
fof a randomized block design and the format for the analysis
of variance table follows the procedure described by Peterson
(1985). A test of the significance of the differences among
the treatment means is performed by F, on the hypothesis H:t,
=t, == tp = 0 against H:t, # t, # =+ # tp # 0. If the test
shows significance (i.e. rejects H)), then a further test of
significance against which pairwise comparisons are judged was
performed using Fisher’s Protected LSD as described by Fisher

(1966) .
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RESULTS AND DISCUSSION

eratio ta
The pressure transducers used have a linear response in analog
signal to changes in pressure caused by variations in depth.
The regressions used in 1990 to obtain depths from the
digitally convérted signal, and the same for 1991 are
presented in Appendix A. The lowest R? (correlation
coefficient squared) was 0.817 for OWAHAd5 (Observation Well,
zone A, Head, well#5) in 1991. The differences in regression
equations observed from 1990 compared to 1991 may have
occurréd due to the renovation of the system electronic
components during the winter of 1990 and 1991. Changes also
occurred due to the replacement of many of the microtubing
lines in 1991. Water that got into some of the bubbler lines
during both growing seasons affected the calibrations. The
lines were routinely blown out using high air pressure during
1990 and 1991. There were periods when microtubing was
damaged but still functional, and regression measurements were
made for those periods. Slight changes in regression values
from month to month in 1991 did occur, but not enough to

warrant concern.

The regression equations Appendix A show inconsistencies in
the slope values of different observation points that were
read by the same pressure transducers. Much of this effect

was attributed to damaged but useful air lines. Air 1lines

57
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that were ﬁonitored by the same pressure transducer but showed
inconsistent slope values were hooked to a different pressure
transducer and calibrated. This test did not remove the
inconsistencies in the slope values and the effect on the
slope values was determined to be dependent on the air lines.
The effect is more prevalent for the 1990 growing season than
in 1991. New lines were installed for the flume and orifice
monitoring wells in all treatments, but not for all the

observation wells.

Hydrology
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Figure 2. Site rainfall
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The accumulated rainfall and daily event rainfall from May 1,
1990 through October 31, 1990, and from May 1, 1991 through
October 6, 1991 is plotted in Figure 2. The data collected by
the LiCor weather station datalogger is presented in Appendix
C. Accumulated rainfall for the 1990 growing season was 578
mm, and 170 mm for the 1991 growing season. The accumulated
rainfall amounts of the 1990 and 1991 growing seasons were
compared with the regional 30-yr average accumulated rainfall
for both growing season periods as shown in Figure 3. During
the 1990 growing season, accumulated rainfall exceeded the 30-
yr average rainfall by 32%. During the 1991 growing season,

accumulated rainfall was 52% below the 30-yr average.

Average daily water table depths for the 1990 and 1991 growing
seasons are shown in Figures 5 and 6, respectively. The water
table depths presented are the daily average of 6 observation
wells in each treatment plot. The well depths, recorded every
20 minutes for each functional observation well, are shown in
Appendix B. The elevation of the well top are reported in
Appendix B as well. For the 1990 and 1991 growing seasons,
the SI headstand was opened after substantial rainfalls and
closed manually after the water table reached the desired
depth of 0.4 to 0.6 m below ground surface. For both growing
seasons, subirrigation was performed the months of July,

August and September.
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During the 1990 growing season, frequent high events rainfall
occurred at the end of July, August, September and October as
shown in Figure 2. The headstand in the SI treatment was
opened and closed to maintain the water table at or near 0.4
to 0.6 m during the period of drainage control and
subirrigation. But due to the 1990 high event rains,
maintaining the desired water table depth in the SI treatment
proved to be difficult. The SI treatment was put into
drainage mode for the remainder of the growing season on
September 14, 1990 lowering the water table from 0.6 m below
the ground surface to tile drain depth (0.8 m) so that
harvesting could be performed. The low rainfall amounts that
fell during the 1991 growing season allowed more constant
control of the water table in the SI zone. The DO and ND
treatments were very dry to the impermeable layer by the
beginning of August through the end of the 1991 growing

season.
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The monthly accumulated tile and surface drainage discharge
volumes from the SI and DO treatments, and the monthly
accumulated surface drainage discharge volume from the ND
treatment for the 1990 and 1991 growing seasons are presented
in Table 5. The total accumulated tile and surface drainage
outflow for both growing seasons are shown in Figure 6. The
1990 total drainage outflow from the SI treatment was 17.57
mm, 16.11 mm from the DO treatment, and 13.18 mm from the ND
treatment. The 1991 total drainage discharge from the SI
treatment was 3.74 mm, 2.00 mm from the DO treatment, and 0.66
mm from the ND treatment. The 1991 growing season had 71%

less rain than during the 1990 growing season, which is why
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the drainage volumes for the 1991 growing season were
substantially less. Campbell, et al. (1985) reported that
subirrigation increased total drainage to edge of field
compared to a water furrow system. Willard, et al. (1927),
Schwab and Fouss (1967), Schwab, et al. (1980), Schwab et. al
(1983), Jacobs and Gilliam (1985), Bottcher, et al. (1981),
Skaggs, et al. (1982), and Evans and Skaggs (1989) reported
increased total drainage to edge of field due from subsurface
drainage compared to fields with no subsurface drainage.

Table 5. Monthly drainage discharge volumes

SI DO ND

Rain Tile Surface Tile Surface Surface
Month mm mm mm mm
1990
May 35 - 0.30 - 0.25 1.28
June 47 1.13 0.49 0.61 0.28 1.15
July 76 3.65 0.48 0.84 0.79 0.12
August 169 1.84 2.64 2.50 1.54 8.91
Sept 124 4.35 1.05 4.50 2.02 1.72
Ooct 127 1.65 - 2.71 - -
Total= 578 12.62 4.95 11.22 4.89 13.18
1991
May 26 1.11 0.20 1.16 0.17 0.29
June 13 0.00 0.00 0.05 0.00 0.00
July 16 0.10 0.11 0.10 0.02 0.02
August 55 0.53 0.34 0.09 0.22 0.26
Sept 22 1.11 0.00 0.07 0.00 0.00
Oct _38 0.16 0.08 0.04 0.08 0.09
Total= 170 3.01 0.73 1.51 0.49 0.66
(Oct 1991 = Oct 1 - Oct 6, 1991)

The 1990 and 1991 growing season accumulated tile drainage
from the SI and DO treatments are shown in Figure 7. The 1990
SI accumulated tile drainage outflow was 12.62 mm, and 11.22
mm from the DO treatment. The tile discharge from the SI

treatment was 11% higher due to the irrigation of the SI
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Figure 7. Tile Drainage Volumes

treatment. 1In addition, when irrigation of the SI treatment
began on July 3, 1990, the control valve in the headstand was
not properly set. It was not discovered and fixed until July
5, 1990. The SI tile drainage volume for July, 1990, was 3.65

mm, while the DO tile drainage volume was only 0.48 mm.

The 1991 growing season accumulated tile drainage from the SI
and DO treatments are shown in Figure 8. The SI had 3.01 mm
of accumulated tile discharge, and the DO treatment had 1.51
mm. As in 1990, the 50% increase in tile drainage from the SI

treatment was due to irrigation.
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September of the 1990 growing season had the highest monthly
accumulated tile drainage discharge for both the SI and DO
treatments. The September tile drainage outflow from the SI
treatment was 4.35 mm, and 4.50 mm from the DO treatment.
Although the 169 mm of rain that fell during August, 1990, was
the highest of the growing season, the SI treatment was still
under controlled drainage, and the DO treatment still had
storage capacity for water in the soil profile. At this point
of the growing season, corn is still removing water from the
soil. By September, the SI treatment was put in drainage mode
for the remainder of the year, and the soil profiles of both
the SI and DO treatments were near saturation from the
continual rainfall thus resulting in the high tile drainage

outflows.

The highest 1991 growing season monthly accumulated tile
drainage volume occurred in May for both the SI and DO
treatments. The tile drainage outflow measured resulted from
the spring thaw. The SI treatment had 1.11 mm of tile
drainage outflow in May, and in September, 1991, when the
treatment was put in drain mode. The DO treatment had 1.16 mm
of tile drainage outflow in May, after which drainage volumes
did not exceed 0.10 mm for the remainder of the growing

season.

Monthly accumulated surface drainage discharge volumes from

all three treatments for both growing seasons are shown in



e 5. The 19‘:I
discharge from t.I
¥ treatzent, ar.I
X treatzents ha-;l
e 1990 growin
irzinage outf 10'..'I
tish vater table:
|

eof rainfall |

frainage outflow

Be 1950 and 155
Wiow for all

S treatrent out
% lover than
fraing in the NC
o the high r:l
S&face ditey,
Qiability of th
in high Surfac

etber, 14,

5er), Schuap,

g Gilliam (15




66
Table 5. The 1990 growing season accumulated surface drainage
discharge from the SI treatment was 4.95 mm, 4.89 mm from the
DO treatment, and 13.18 mm from the ND treatment. The SI and
DO treatments had similar surface drainage volumes through out
the 1990 growing season. The highest SI monthly surface
drainage outflow of 2.64 mm occurred in August, 1990. The
high water tables maintained by drainage control and the 169
mm of rainfall in August, 1990, contributed to high surface

drainage outflow from the SI treatment.

The 1990 and 1991 growing season accumulated surface drainage
outflow for all three treatments are shown in Figure 8. The
SI treatment outflow was 1% higher than the DO treatment, and
62% lower than the ND treatment. Because there are no tile
drains in the ND treatment, the soil profile became saturated
from the high rain evehts, and excess water drained via the
surface ditch. The rain'intensity exceeded the infiltration
capability of the soils in the SI and DO treatments resulting
in high surface drainage outflow from mid-July through
September, 1990. Willard, et al. (1927), Schwab and Fouss
(1967), Schwab, et al. (1980), Schwab et. al (1983), Jacobs
and Gilliam (1985), Bottcher, et al. (1981), Skaggs, et al.
(1982), and Evans and Skaggs (1989) reported decreased
accumulated surface drainage to edge of field due from
subsurface drained fields compared to fields with no
subsurface drainage. Campbell, et al. (1985) reported that

subirrigation decreased surface drainage to edge of field
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compared to a water furrow system.

The 1991 growing season surface drainage volumes for all three
treatments shown in Figure 8 were substantially less than from
1990. The 1991 SI treatment surface drainage outflow was 29%
greater than from the DO treatment, and 10% higher than from
the ND treatment. The soil profile of the DO and ND
treatments was near dry from July through the end of the 1991
growing season. Most rainfall water infiltrated and remained
in the soil of all three treatments and was used by the corn
instead of draining via the surface ditches. Gilliam and
Skaggs (1986), and Deal, et al. (1986) reported that
controlled drainage increased surface runoff compared to
conventional subsurface drainage. Evans and Skaggs (1989)
stress that the design and management of controlled drainage
systems directly affect the amount of surface drainage to edge

of field.

The DO treatment had the highest surface drainage outflow of
2.02 mm in September, 1990. The soil profile in the DO
treatment could not store and sufficiently drain the
subsurface water after the heavy rains of August, 1990, which
resulted in increased surface drainage outflow in September,
1990. The ND treatment had substantially higher surface
drainage volumes than the tile drained treatments for the 1990

growing season.
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The 1991 growing season monthly surface drainage volumes from
all three treatments were very low due to the low rainfall
amounts. The 1991 growing season accumulated surface drainage
discharge from the SI was 0.73 mm, 0.49 mm from the DO
treatment, and 0.66 mm from the ND treatment. There was
little difference in surface drainage volumes among the three
treatments, except for the SI treatment in July and August,
1991; Raising the water table may have increased the surface
outflow from the SI treatment during July and August. This

was also noted in August of 1990.
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Figure 8. Surface Drainage Volumes
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Nutrient
Table 6. Rainfall nutrient loadings and concentrations

Date NO,-N NH,-N PO,-P K

g/ha ppm__kg/ha ppm_kg/ha ppm __kg/ha
06/12/90 6.07 1.21 0.19 0.04 1.10 0.22
06/25/90 4.13 11.15 . 0.13 0.35 1.70 4.59
07/17/90 1.06 2.65 0.21 0.53 3.20 8.00
07/19/90 0.61 2.14 0.10 0.35 3.20 11.20
08/02/90 0.00 0.00 0.27 0.16 1.60 0.96
08/06/90 0.55 4.46 0.35 2.84 1.19 9.64
08/14/90 1.91 0.57 2.08 0.62 8.25 2.48
08/20/91 0.67 2.35 0.31 1.10 1.69 5.92
08/28/90 0.66 3.30 . 0.22 1.10 0.56 2.80
09/17/90 0.03 0.07 0.22 0.51 0.56 1.29
09/19/90 . 1.15 0.92 1.92 1.54 2.75 2.20
10/02/90 1.89 0.76 0.37 0.15 0.50 0.20
10/04/90 0.47 1.41 0.23 0.69 2.13 6.39
10/11/90 0.73 5.26 0.23 1.66 2.63 18.94
07/29/91 1.75 0.18 1.13 0.11 0.27 0.03 2.63 0.26
08/16/91 1.21 1.21 1.21 1.21 0.20 0.20 0.98 0.98
08/19/91 0.30 0.45 0.30 0.45 0.13 0.20 0.50 0.75

Nutrient concentrations and 1loadings of rain samples are
presented in Table 6. Rain samples were not collected for all
events for both the 1990 and 1991 growing seasons. The rain
samples that were collected contained relatively high
concentrations and loadings of nitrate nitrogen,
orthophosphate phosphorus, potassium, and ammonia nitrogen.
The extremely high concentrations and loadings of nitrate
nitrogen found in the June, 1990, rain samples may be
explained by the fact that, for those events, the collector
was only 0.5 m above the ground and may have been contaminated

by the surrounding soil.

There were no documented measurements of average regional

rainfall nutrient concentrations and loadings found. There
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are many possible sources of the nutrients found in the rain
water samples. Nitrate and ammonia nitrogen may be in
precipitation as a result of atmospheric fixation of nitrogen
(Brady, 1984). The nitrogen source would include gaseous
losses from the soils of the regional agricultural lands, and
from animal manure from surrounding dairy and swine
operations. Orthophosphate phosphorus sources above the soil
surface are primarily from crop residues, animal manures, and
chemical fertilizers. The orthophosphate phosphorus and
potassium found in the rain samples would most 1likely be
associated with particulate matter carried into the atmosphere
by winds. This would primarily be soil dust or fine particles
of dried animal manure. The surface soil at the site and in

the area is easily eroded by wind when unprotected.

Nutrient concentrations of the irrigation water are presented
in Table 7. Since the volume of irrigation water used was not
monitored, loadings were not computed. The concentrations of
orthophosphate phosphorus and potassium were relatively high
in all irrigation samples tested. ' The source of the
irrigation water is a nearby agricultural drainage channel
containing backwater from the Saginaw Bay of Lake Huron. The
drainage waters that enter the channel probably carry
substantial concentrations of nutrients.

Average monthly nitrate nitrogen, orthophosphate phosphorus,
and potassium concentrations in samples collected from the

tile drain outflow of the SI treatment are presented in Table
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Table 7. Irrigation water nutrients

ppm
Date NO,-N NH,-N PO,-P K
08/02/90 0.00 0.10 2.60
09/12/90 3.50 0.10 2.80
07/18/91  0.00 0.18 0.11 2.10
07/24/91 0.30 0.09 0.12 2.10
8. The concentrations of the same nutrients in samples

collected from the tile drain outflow of the DO treatment are
presented in Table 9. All 1991 ammonia nitrogen
concentrations and loadings found in tile and surface drainage
samples are presented following the results and discussion of
drainage water concentrations and 1loadings of nitrate
nitrogen, orthophosphate phosphorus, and potassium.

Table 8. SI tile drainage nutrient concentrations

NO;-N, ppm PO,~P, ppm K, ppm

Month n MEAN HIGH LOW MEAN HIGH LOW MEAN HIGH LOW
1989

November 4 14.5 21.1 9.3 0.06 0.07 0.05 8.0 15.0 5.0
1990

April 2 8.5 8.7 8.2 0.09 0.09 0.08 14.7 14.7 14.7
May 6 11.3 15.5 9.4 0.08 0.10 0.05 14.1 22.6 8.4
June 5 13.4 17.0 10.4 0.03 0.07 0.00 8.4 10.0 4.4
July 15 1.5 9.3 0.0 0.09 0.13 0.07 3.7 8.9 2.1
August 21 7.5 17.2 0.8 0.26 0.36 0.01 12.8 31.6 3.2
Sept 17 19.2 31.3 6.4 0.23 0.27 0.18 16.2 39.5 2.3
October 11 32.6 38.4 17.9 0.21 0.23 0.16 18.3 45.7 13.3
1991

May 7 17.6 31.6 10.0 0.11 0.12 0.08 10.4 15.8 4.8
June 21 19.3 23.5 7.8 0.11 0.12 0.09 25.6 38.6 1.1
July 16 7.4 25.9 0.0 0.11 0.13 0.10 10.6 27.3 2.1
August 11 0.7 1.4 0.1 0.11 0.14 0.10 3.4 4.8 2.1
Sept 11 0.5 0.9 0.1 0.15 0.16 0.12 3.8 4.8 2.6
October 1 1.0 0.15 1.1

The concentrations of nitrate-nitrogen in tile drainage
samples were higher from the DO treatment than from the SI

samples during both the 1990 and 1991 growing seasons. The
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Table 9. DO tile drainage nutrient concentrations

NO;-N, ppm PO,-P, ppm K, ppm
Month n MEAN HIGH LOW MEAN HIGH LOW MEAN HIGH LOW
1989 )
‘November 4 17.6 23.0 12.7 0.06 0.06 0.05 8.8 18.0 5.0
1990
April 2 24.3 24.9 23.6 0.09 0.10 0.07 6.1 6.3 5.8
May - 6 18.0 22.0 15.9 0.09 0.10 0.07 4.5 5.3 3.7
June 5 17.2 22.2 15.9 0.05 0.19 0.00 5.8 8.9 4.7
July 14 27.2 64.8 7.9 0.10 0.17 0.00 4.7 8.4 2.6
August 18 42.7 60.5 0.1 0.30 1.02 0.00 6.1 7.1 4.1
Sept 18 52.8 77.5 21.4 0.22 0.25 0.07 7.2 8.9 3.9
October 9 65.1 81.3 52.4 0.22 0.25 0.20 6.4 7.4 6.2
1991
May 13 17.8 46.7 4.3 0.10 0.13 0.00 3.5 5.8 2.1
June 21 23.5 34.3 10.5 0.11 0.12 0.09 4.5 6.7 2.3
July 13 19.6 29.8 0.0 0.11 0.13 0.09 4.7 6.1 2.6
August 9 11.5 15.2 5.7 0.20 0.72 0.10 4.5 5.8 3.2
Sept 4 6.9 6.9 4.5 0.16 0.18 0.15 5.9 6.3 5.8
October 1 0.7 0.14 1.6

only exception occurred in the one sample collected from each

treatment within the first 6 days of October, 1991.

Grab samples were taken from the headstand of the SI and DO
treatments in November, 1989, and the average nitrate nitrogen
concentration of the SI treatment tile water samples was 14.5
ppm, and 17.6 ppm in the DO treatment samples. The
concentrations found in grab samples taken from the SI
headstand decreased to 8.5 ppm in April, 1990. When samples
were taken based on flow beginning in June, 1990, the average
concentration in SI tile water samples increased slightly to
13.4 ppm nitrate nitrogen, but fell to 1.5 ppm in July, 1990.
With the heavy rains of late July through October of 1990, the
averége concentrations in the tile drainage outflow increased
to 32.6 ppm nitrate nitrogen in October due to the higher

subsurface drainage flow.
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The average concentrations of nitrate nitrogen found in grab
samples taken from the DO treatment headstand in April, 1990,
were 24.3 ppm. The average nitrate nitrogen concentrations
decreased in May and June, 1990, and increased from Juiy
through October, 1990, due to the heavy rains which leached
more nitrate nitrogen with the increased subsurface drainage
outflow. In October, 1990, the highest DO treatment average

nitrate nitrogen concentration of 65.1 ppm was observed.

Through out ﬁhe 1991 growing season, all samples taken from
the SI and DO treatment headstands were flow based. The SI
average monthly nitrate nitrogen concentration in May, 1991,
was 17.6 ppm, and 17.8 ppm from the DO treatment tile drainage
outflow. During June, 1991, the bubbler system was
miscalculating flow rates and activating the tile drain
samplers when little to no tile flow occurred. These samples
from both treatments observed an increase in nitrate nitrogen
concentrations. The SI treatment tile drainage nitrate
nitrogen concentrationsvdecreased to 7.4 ppm in July, 1991,
and decreased to less than or equal to 1 ppm nitrate nitrogen

from August through October, 1991.

The DO treatment observed a gradual decrease in nitrate
nitrogen concentrations in tile drainage outflow from July
through October, 1991. The July and August, 1991, DO average
tile nitrate nitrogen concentrations remained above the 10 ppm

drinking water standard, but fell below 1 ppm in one sample
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taken in October, 1991.

Because of the high solubility of nitrate nitrogen, holding
the water in the SI treatment by controlling the subsurface
drainage reduced the nitrate nitrogen concentrations leached
to the tile drains compared to the DO treatment. The average
monthly orthophosphate phosphorus concentrations from the SI
and DO tile drainage outflow showed little difference for most

months as shown in Tables 10 and 11.

orthophosphate phosphorus appeared in higher quantities in the
tile drainage water during periods of higher tile outflow,
indicating the propensity of orthophosphate phosphorus to move
through the soil and be discharged from the drainage system
during periods of excess soil water. The concentrations of
orthophosphate phosphorus found in the tile drainage outflow
from both treatments remained lower than concentrations found

in the rain samples through most of both growing seasons.

Phosphorus is generally low in the subsoils through which
subsurface drainage water must pass, and thus are generally
low in tile drain water (Campbell et al., 1985). Phosphorus
is generally referred to as a soil bound nutrient, and usually
is lost from surface drainage. As a soil bound nutrient, the
source of orthophosphate phosphorus in the rain samples was
probably in soil particulate matter and to a less degree

animal manure particles carried by atmospheric winds and
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brought down by precipitation. These orthophosphate
phosphorus concentrations in the precipitation were higher

than from the subsurface drainage waters.

Both treatments observed tile drainage outflow concentrations
of 0.09 ppm orthophosphate phosphorus in April, 1990. The SI
treatment decreased to 0.03 ppm orthophosphate phosphorus in
June, 1990, and increased with the increased tile drainage
outflow through July and August to 0.26 ppm, the highest
average concentration found from the SI treatment during both

growing seasons.

The DO treatment decreased to 0.05 ppm orthophosphate
phosphorus in June, 1990, and increased with the increased
tile drainage outflow through July and August to 0.30 ppm,
which was the highest observed in the DO treatment tile
drainage outflow. The concentrations in the DO treatment tile
drainage outflow remained above 0.20 ppm through October,
1990. In August, 1990, a DO treatment tile water sample had
an orthophosphate phosphorus concentration of 1.02 ppm, the
only tile drainage sample found to exceed the 1.0 ppm

recommended maximum concentration level.

The orthophosphate phosphorus concentrations in tile drainage
from the SI an DO treatments remained around 0.11 ppm from May
through July, 1991. The SI treatment observed a small

increase to 0.15 ppm orthophosphate phosphorus in September,
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1991, which was when the SI treatment was put in drainage mode
for the remainder of the season. This subsurface drainage
water may have 1leached out higher concentrations of
orthophosphate phosphorus from the soil. The DO treatment
average monthly orthophosphate phosphorus concentrations in
tile drainage increased to 0.20 ppm in August, 1991. Minimal
tile drainage outflow occurred from the DO treatment June
through October, 1991. The increase in orthophosphate
phosphorus concentrations in tile drainage outflow during
August, 1991, followed the same trend observed with both the
SI and DO treatments in 1990. This may result from the corn
using less orthophosphate phosphorus, thus rendering residual

phosphorus susceptible to leaching.

The 1990 growing season average monthly potassium
concentrations were considerably higher in tile drain outflow
from the SI treatment than from the DO treatment every month
except July, 1990. Potassium concentrations in the SI
treatment tile drainage outflow were high in the spring,
decreased substantially by July, 1990, and then increased from
August through October, 1990. In October, 1990, the highest
average potassium concentration of 18.3 ppm was observed in
the SI tile drainage outflow. The DO treatment had no trend
in the tile drainage outflow potassium concentrations for the

1990 growing season.

Potassium behaves similarly to phosphorus with regard to being
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tied up by microbial activity in the soil. But potassium is
readily lost by leaching, even to the extent that the amount
leached may equal that used by the crop (Lyon et al., 1952).
Potassium will move through the soil in large quantities under
saturated conditions. It is possible that since the SI
treatment soil profile was saturated up to 0.6 m below the
soil surface and moist almost to the surface, and the DO
treatment had a water table kept at or below tile drain depth,
more potassium would be lost through the SI treatment than

from the DO treatment.

The 1991 growing season SI treatment observed high average
monthly potassium concentrations in the tile drainage outflow
from May through July, but decreased as tile drainage from the
SI treatment increased August through October, indicating that
the corn may have used up most of the potassium, leaving
little residuals susceptible to leaching when the SI treatment

was put in drain mode.

The monthly average nitrate nitrogen, orthophosphate
phosphorus, and potassium concentrations in surface drainage
outflow from the SI, DO and ND treatments are presented in

Tables 10, 11, and 12, respectively.

The 1990 growing season highest monthly average nitrate
nitrogen concentration from the SI treatment surface drainage

was 14.9 ppm in July. The DO treatment observed its highest
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Table 10. SI surface drainage nutrient concentrations
NO;-N, ppm PO,-P, ppm K, ppm

Month n MEAN  HIGH  LOW MEAN  HIGH  LOM EAN  HIGH  LOW
1990
May 0 - - - - - - - - -
June 2 4.6 20.5 8.7 0.00  0.02 0.00 13.1 19.5 6.7
July 5 4.9 209 4.5 0.13  0.16  0.09 9.9 21.4 3.2
August 3 4.9 8.9 1.8 0.31  0.35 0.22 5.4 5.9 4.4
Sept 2 5.0 7.0 2.9 0.24 0.26 0.23 6.9 9.4 4.4
October 1 1.5 - - 0.25 - - 12.9 - -
1991
May 4 8.3 211 0.2 0.199 0.26 0.10 6.8 16.3 0.5
June 0 - - - - - - - - -
July 2 1.0 1.0 0.9 0.11 0.1 0.10 1.6 1.6 1.6
August & 0.9 1.6 0.9 0.11  0.12 0.1 6.3 22.6 0.5
Sept 0 - - - - - - - - -
October 2 1.5 2.0 1.5 0.1  0.15  0.07 0.5 0.5 0.5

Table 11. DO surface drainage nutrient concentrations

NO,-N, ppm PO,-P, ppm K, ppm
Month n MEAN  HIGH  LOW MEAN  HIGH LOW MEAN HIGH  LOW
1990
May 1 2.1 - - 0.04 - - 2.6 - .
June 0 - - - - - - - -
July 3 4.2 5.8 3.0 0.12  0.16  0.09 4.9 5.0 3.7
August & 1.1 1.6 0.7 0.31  0.35 0.2 2.9 3.5 2.4
Sept 3 %.9 37.0 1.5 0.24 0.26 0.23 8.3 12.6 6.1
October 5 1.1 1.3 0.7 0.23 0.26 0.21 9.5 125 5.8
1991
May 6 9.5 30.2 0.5 0.15 0.19  0.12 7.6 18.4 1.6
June 0 - - - - - - - - -
July 2 1.0 1.0 0.9 0.12 0.13 0.10 10.5 12.1 8.9
August 4 0.9 1.6 0.4 0.1 0.11  0.10 0.9 1.1 0.5
Sept 0 - - - - - - - - -
October 2 1.1 1.1 1.4 0.15 0.16  0.14 1.0 1.6 0.5
monthly average surface drainage nitrate nitrogen

concentration of 14.9 ppm in September, which was when the ND

treatment high of 16.0 ppm occurred.

The surface drainage outflow nitrate nitrogen concentrations
were much lower from all three treatments for the 1991 growing
season. All three treatments observed highest 1991 average

monthly surface drainage nitrate nitrogen concentrations in
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Table 12. ND surface drainage nutrient concentrations

NO,-N, ppm PO,-P, ppm K, ppm

Month n _ MEAN HIGH LOW MEAN HIGH LOW MEAN HIGH LOW
1990

May 0 - - - - - - - -
June 0 - - - - - - - - -
July 6 3.6 8.6 0.5 0.11 0.19 0.09 5.2 9.4 2.1
Aug 6 4.9 17.8 0.4 0.29 0.35 0.20 3.6 5.0 2.4
Sept 5 16.0 30.9 1.4 0.24 0.24 0.23 11.8 19.5 8.3
Oct 2 2.2 3.0 1.4 0.21 0.22 0.20 24.0 29.5 18.5
1991

May 6 4.6 31.3 1.1 0.09 0.14 0.00 8.4 21.5 1.6
June O - - - - - - - - -
July 2 0.6 0.6 0.6 0.18 0.18 0.18 1.1 1.1 1.1
Aug 4 0.6 1.3 0.0 0.12 0.13 0.11 2.8 4.8 1.1
Sept O - - - - - - - - -
Oct 2 0.8 1.0 0.6 0.16 0.16 0.15 1.6 2.1 1.1

May. The SI treatment had 8.3 ppm, the DO treatment had 9.5
ppm, and the ND treatment had 4.6 ppm nitrate nitrogen found

in the surface drainage outflow.

There was little difference in monthly average orthophosphate
phosphorus concentrations from the surface drainage outflow of
the three treatments. The 1990 concentrations in surface
drainage outflow increased in August, September and October
due to the heavy rains that occurred over that period. The
concentrations remained relatively the same through out the

1991 growing season.
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The highest 1990 monthly average potassium concentration in
the SI treatment surface drainage outflow was 13.1 ppm which
was measured in June. The highest 1990 monthly average
potassium concentration in the DO treatment surface drainage
was 9.5 ppm, and 24.0 ppm in the ND treatmen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>