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ABSTRACT

The potential of drainage control to reduce the nitrate losses to surface
waters from artificially drained agricultural fields was investigated. This
research was an outgrowth of previous work which showed that considerable deni-
trification occurred in poorly drained soils with high water tables. This re-
sulted in less nitrate leaving the fields in drainage waters than occurred in
better drained soils.

Two Tocations were selected for these experiments so as to cover a range
of soil conditions representative of large areas of drained soils in the Coastal
Plains of North Carolina. The poorly drained soils of the Tidewater Research
Station offered great potential for increased denitrification while the poten-
tial for denitrification in the moderately well drained soils at the Lower
Coastal Plain Tobacco Research Station was considered to be less.

Flashboard riser type water control structures were installed in the four
main tile lines or four collector ditches at each location. Drainage was
allowed to proceed normally or was prevented until water table in the field
reached any predetermined elevation. Each control structure was equipped with
a weir and a stage recorder so that total outflow of drainage water could be
computed. A semi-proportional water sampler was also installed at each weir to
take samples for chemical analyses.

The water control structures in the main tile outlets on the moderately
well drained soils were very effective in controlling the loss of nitrate-
nitrogen through the tile lines. The annual loss of nitrate-nitrogen under
controlled conditions was 1-7 kg/ha as compared to the 25-40 kg/ha under uncon-
trolled conditions. However, this reduction was due entirely to prevention of
water movement through the tile lines. We have no indication that the water con-
trol resulted in the anticipated increased denitrification in the fields. We
were able to maintain a high water table for only a short period of time, in-
sufficient for reducing conditions to develop in the fields. However, the pre-
vention of direct entry of the nitrate into surface waters greatly increases the
probability of denitrification or uptake which would prevent its entry into sur-
face water.

Water table control on the poorly drained soils was much more successful.
However, even though we were able to control and maintain the water table at
higher levels, particularly during the winter, this did not result in a signi-
ficant difference in oxidation-reduction potential throughout the soil profile.
Extensive laboratory studies showed that this lack of effect was due to the Tow
winter temperatures. There was also no significant change in nitrogen concen-
tration in water leaving the fields in the drainage ditches under controlled and
uncontrolled conditions. However, there was a reduction of approximately 50% in
the amount of water moving through the drainage system under controlled conditions.
Thus, the total nitrogen movement through the ditches was approximately 50% as
much under controlled as uncontrolled conditions. The observed di fference in
drainage outflow was due to increased deep seepage under controlled conditions.
Since the conditions below 1 m in the soil profile were favorable for denitrifi-
cation ‘and no nitrate was ever observed below this depth, we concluded that the
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increased deep seepage resulted in approximately 50% of the nitrate which would
have entered surface water being denitrified under water controlled conditions.
It is potentially possible to reduce the average winter loss of nitrate-nitrogen
from 11 kg/ha to approximately 5 kg/ha. The average yearly loss of nitrate-
nitrogen from these soils was 25 kg/ha under freely drained conditions.
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SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

The objective of this research was to determine the feasibility of and
water management criteria for using water table control to reduce the nitrate
Tosses from tile drained fields to surface waters in the North Carolina Coastal
Plain. If denitrification could be increased by water table control, much
of the nitrogen not utilized by the crop would be converted to a harmless gas
instead of draining to surface waters where it can potentially cause problems,

The two Tocations chosen for these experiments were selected because they
cover a wide range of soil conditions which are representative of large areas
of drained soils in the Coastal Plains of North Carolina. The poorly drained
soils of the Tidewater Research Station offered great potential for increased
denitrification while potential for denitrification in the moderately well
drained soils at the Lower Coastal Plain Tobacco Research Station was much less.

Drainage outlet control structures used in the main tile outiets on the
moderately well drained soils were very effective in controlling the Tloss of
nitrate-nitrogen through the tile Tines. We were able to reduce the annual loss
of nitrate-nitrogen of 25-49 kg/ha to levels of 1-7 kg/ha. However, our data
do not indicate that this decrease was a result of increased denitrification in
the field but rather was due to a forced change in drainage patterns from the
field with Tittle Toss through the tile lines. We do not know what happened
to the nitrate which was prevented from leaving the fields through the tile Tlines,
but it is possible that some of it was prevented from entering surface water as
-a'result of denitrification at the seep where the water came to the surface or
was removed by plants at a Tower elevation.

Control of the drainage outlets on the poorly drained soils resulted in a
decrease of approximately 50 percent in the nitrate-nitrogen reaching surface
waters. The average annual Toss of nitrate-nitrogen to surface water under no
control was approximately 25 kg/ha. If control were used only during the winter,
the decrease was from 11 kg/ha to approximately 5 kg/ha.

The decrease in nitrate-nitrogen loss to surface waters under controlled
conditions was due to an increase in the amount of water which was forced to Teave
the fields through deep seepage. The nitrate which moved with this water was
lost through denitrification at the lower depths in the soil profile. No nitrate
was ever found below approximately one meter in these poorly drained soils.

From results reported here, it is concluded that the amount of nitrate-nitro-
gen entering surface waters may be reduced by the use of drainage control on
artificially drained Atlantic Coastal Plain soils. This reduction can occur
with no immediate harmful effect on crop yields because the loss and control
occurs primarily during winter months when no crops are growing. It is possible
that such practices could have detrimental effects on the soil structure and
prodgctivity if used on long term basis. This possibility has not been investi-
gated.

ix



A quantitative estimate of the decrease which potentfally could be achieved
over all drained soils in North Carolina is difficult because of the inability
to quantify the effect of drainage control on moderately well drained soils. It
seems realistic to assume an annual reduction of 10-20% on these soils which
would be 3-8 kg/ha per year. Drainage control in the poorly drained soils in
the winter only resulted in an average decrease of 6 kg/ha. Drainage control
throughout the year resulted a much bigger decrease. Thus, a conservative esti-
“mate of possible annual decrease in nitrate-nitrogen entry into surface waters
through drainage control might be 5 kg/ha. The potential decrease might be 2-3
times this estimate. In the North Carolina Coastal Plain there are approximately
700,000 ha which are artificially drained. A decrease of 5 kg/ha would then
mean a decrease of 3.5 miTllion kg (7.7 mi1lion pounds) of nitrate-nitrogen enter-
ing surface waters.

There is no question that a significant reduction in nitrate-nitrogen
entering into surface water could be achieved using the methods described herein.
There i1s a question of what benefits would result from this reduction. As was
pointed out by Gambrell et al. (1974) in UNC-WRRI Report No. 93 and further
substantiated by data in this report, there is considerably more nitrate-nitroqgen
Toss from cultivated fields in North Carolina than total movement of nitrate-nitro-
gen to estuaries through North Carolina rivers. Much of the nitrogen is appar-
ently Tost from the system between its entry into surface water at the fields and
the entry into the estuaries. Thus, even though excess nitrogen is a potential
or real problem in these estuaries, there is considerable doubt that a reduction
in nitrate entry at the cultivated field would have a noticeable effect at the
estuary. This is further verified by data from another EPA-WRRI sponsored project
(Poltution From Rural Land Runoff) which has shown that there is little difference
between the nitrate content of small Coastal Plain streams draining predominately
well drained soils and streams draining predominately poorly drained soils even
though it is known that there is a large difference in the amount of nitrate enter-
ing these streams. :

The estimated cost of drainage control to reduce nitrate entry into surface
water would be $60-$120/ha. The lowest cost would be for nearly flat soils with
costs increasing with surface relief of soils. With the unknown benefit from this
practice, we are in no position to recommend it at this time. One badly needed
focus of research is to determine what happens to nitrogen once it enters surface
water at field sites. We now can make reasonable estimates of the amounts of
nitrogen entering waters from cultivated and wooded sites and there are considerable
data on nitrogen balances in estuaries as a result of work by Copeland and Hobbie
but there are almost no quantitative data on the gap between the fields and the
estuaries. These are needed before any recommendation can be made for impiemen-
tation of drainage control to reduce nitrate losses to surface waters.
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INTRODUCTION

Much research effort has been expended in the last decade to determine the
contribution of nitrogen from agricultural fields to surface and ground waters.
This work has shown conclusively that nitrogen fertilization of agricultural
crops does significantly increase the movement of nitrogen in drainage waters.
However, very little work has been done to determine if there are feasible
means of reducing this nitrogen contribution while maintaining near maximum
crop yields.

It has been well established through previous work here (Gambrell et al.,
1974) and elsewhere (Gentzsch, et al., 1974, Gast et al., 1974, Devitt et al.,
1976) that soil profile characteristics have a large influence upon the amount
of nitrate-nitrogen which leaves fields in drainage waters. Soils which are
poorly drained and have a high water table lose less nitrogen to water because
of the increased rate of denitrification which results in the nitrogen being
lost to the atmosphere as nitrogen gases.

Much of the nitrogen which is Tost to surface waters is lost through arti-
ficial drainage systems. North Carolina alone has approximately 700,000
hectares drained by open ditches or tile systems. These artificial drains would
tend to increase the amount of nitrogen lost from the fields even if no fertili-
zer was applied (Baker and Johnson, 1977) and when combined with the increased
agricultural activity which drainage allows, the increase in nitrogen loss to
water is compounded.

Much of the movement of nitrate through the artificial drainage systems
occurs during the winter months when no crops are growing. We previously
(Gambrell et al., 1975 a) observed that a large amount of denitrification occurred
during the winter months in soils with a high water table. Others (Willardson
et al., 1970; Ravehand Avnimelech, 1973) have proposed water management as a
tool for increasing denitrification and thus nitrate loss to water. Thus, this
research was designed to determine if water table control in tile drained fields
could be used to increase the amount of denitrification during winter months.

If successful, this would reduce the nitrogen content of drainage waters without
reducing crop yields.



FIELD EXPERIMENTS

MATERIALS AND METHODS

The two sites used for these experiments were chosen because they cover a
wide range of soil conditions and are representative of large areas of artifi-
cially drained soils of the North Carolina Coastal Plain. One site was the
Lower Coastal Plain Tobacco Research Station near Kinston, and the other site
was the Tidewater Research Station near Plymouth. The soils at Kinston are
primarily Goldsboro and Lynchburg series which are moderately well drained soils
with approximately two percent organic matter in the surface horizon. The soils
at Plymouth are predominantly Cape Fear and Portsmouth soils which are poorly
drained soils containing approximately ten percent organic matter in the surface
horizon. Bore hole description of typical profiles at both locations are given
in Appendix A. Some chemical characteristics are given in Table 3 in the section
-on Laboratory Studies. Measurements of nitrate-nitrogen (NOL-N) losses via
drainage lines at these two locations have shown that there s a significant
contribution of nitrate-nitrogen to surface waters. Previous studies at Kinston
have indicated 1ittle or no denitrification under current drainage conditions
(Gambrell et al., 1975 a). The conditions at Plymouth are much more favorable
for denitrification and some nitrogen is believed lost through this process
without the .drainage control as used in this experiment. An indication of the
denitrification occurring in these poorly drained soils is the significantly
Tower NOZ-N content of drainage water as compared to water from better drained
soils (G%111am, Daniels and Lutz, 1974) even though the soils at the Plymouth
Station can supply more N to a growing corn crop than soils at the Kinston Sta-
tion (Kamprath, unpublished data).

Four drainage systems were used in the experiments at each location. Flash-
board riser type water level control structures were installed in the tile mains
or in the outlet ditches in 1973. The individual fields draining into these
main outlets or ditches varied from three to sixteen hectares. An example of the
installation of the control structures in main tile Jines at the Kinston Station
is shown in Figure 1. The tanks installed in the mains were approximately 1 m
in diameter and 1.2 m in height. Two pieces of angle iron were welded vertically
on opposite sides of the tank for the installation of weirs. The gates contain-
ing the weirs could be installed at any height so that water flow through the
tile 1ine could proceed without any influence of the weir or flow could be pre-
vented until the water table in the field reached any desired height. To prevent
Teaks or "blowouts" around the tanks, solid plastic drainage pipe was installed
for 15 m on the upstream side of the tank. This technique was successful as
there was no flow through the lower reaches of the tile Tine when there was no
flow through the weir.

At the Tidewater Research Station near Plymouth, the control structures were
placed in the open collector ditches. These ditches not only carried the water
from tile drains, but also collected the surface runoff. An example of the
structure used to maintain a selected groundwater level in the field before flow
could occur is shown in Figure 2.




Figure 1.

Installation of control structures and measurements and sampling equipment
in the main tile line at the Lower Coastal Plain Tobacco Research Station,




Figure 2. Water control structure and an example of water control in a collector ditch at
the Tidewater Research Station. High water level was during control and low
water levels are six hours and one day after control was released.




Continuous stage recorders were placed in conjunction with each weir
at both locatjons so that total flow could be computed. A semi-proportional
water samp1er1 was installed at each weir to automatically collect water
samples. The water samples in the automatic samplers were collected weekly
for chemical analyses and the stage recorders were serviced at the time of
sample collection.

At the Plymouth Station, porous ceramic cups were placed at 0.3, 0.6,
0.9, 1.2, 1.8 and 2.4 m in each field for taking water samples for chemical
analyses. The details of installation and sample collection were described
by Gambrell, Gilliam and Weed (1974). These cups were located one-fourth
of the distance between two field laterals in the belief that the conditions
at this location would be representative of the average conditions between the
laterals. At each ceramic cup installation site, plastic pipe access tubes
were placed at the same depths as the ceramic cups for the insertigi of
platinum electrodes for measurement of oxidation-reduction potential. The pro-
cedure for measurement of oxidation-reduction potential was the same as described
by Gambrell, Gilliam and Weed (1974). Wells were also placed at the same lo-
cation for the measurement of water table depth. During the first few months
of the experiment, water table depths were measured weekly in three fields and
continuously recorded in one field. During the remaining time, water table
depth was continuously recorded by means of a stage recorder in all fields.

Water samp]es from the automatic sampler were collected weekly and analyzed
for NOL-N, NH4-N and total N. Although we were primarily interested in NO,-N, -
the 1o§ses,of P and C were of sufficient interest that we also analyzed samples
for total P and total organic C. At the time of collection of the water samples,
a grab sample was also taken. When the automatic sampler malfunctioned, this
grab sample was treated as though it was a flow proportional sample and that
all water which flowed through the weir since the last sample had the same con-
centration as the grab sample. The grab sample and flow proportional samples
were both usually analyzed so that a good comparison of grab versus automated
sampling can be made. The same chemical analyses were performed on samples taken
from the ceramic cups at monthly intervals except that P was not determined on
the cup samples.

At each Tocation, two fields were allowed to drain normally and drainage was
controlled in the other two fields. We initially planned to control the water
tabie only during the winter because this is the time when the largest amount of
NO%-N moves from the fields in drainage waters, and there was no chance of inter-
fefence with cropping during this season. Later the control structures were used
during the growing season in some fields both to reduce the nutrient loss via

drainage and to reduce drainage to more efficiently utilize rainfall for crop

production. During the last winter of the project, the weir levels in all instal-
lations at the Plymouth Station were alternated between a high water table for
approximately two weeks and conventional drainage for two weeks.

1 The sampiing frequency was proportional to stage upstream from the weir. Since

the flow rate is nonlinearly related to stage, the sampler is not a proportional
sampler as ciaimed by some.



RESULTS AND DISCUSSION
Moderately Well Drained Soils

The water control structures in the main tile outlets in the moderately well
drained soils at the Lower Coastal Plain Tobacco Research Station near Kinston
were very effective in controlling the loss of NO%-N through the tile Tines
(Fig. 3). The annual lass of NOS-N through the tfle 1ines under conventional
drainage was 25-40 kg/ha. Nitra%e nitrogen movement through the T1ines was re-
duced to 1-7 kg/ha per year under controlled drainage. The NO%-N loss under
conventional drainage was very similar to that measured in a previous experiment
at this location (Gambrell, Gilliam and Weed, 1975b). The crops grown on the
fields during the study period were corn, soybeans, wheat and tobacco. Our
data in this experiment are not sufficient to determine the N losses from each
crop or to determine if there were any effects of N fertilizer application
rate on N losses.

Even though there was a dramatic decrease in NO7, movement through the tile
1ines under controlled conditions as anticipated during the design of this
experiment, this reduction in movement was not a result_of a decrease in NO - N
concentration in the tile effluent. The decrease in NO,-N flux through the“drain
lines was due entirely to a decrease in water flux throligh the lines %F1g 4).

The controlled drainage reduced the annual water flux through the t11e 1ines from
185-270 mm to 5-30 mm.

The control structures were set to prevent drainage through the tile lines
until the saturated water Tevel in the field immediately adjacent to the control
was within 0.3 m of the soil surface. During most rainfall events, the water
Tevel in the controlled fields never reached a level which would permit flow
through the weir. The types of data obtained for field water levels and water
flow under controlled and conventional conditions are shown in Fig. 5. The
water table depth in Fig. 5 was measured in the outlet structure immediately up-
stream from the weir. This depth is assumed to be somewhat greater than the
water table depth in the field at the same time. A rainfall of 31 mm produced
a flow of 9.0 mm through the tile in conventionally drained Field C. The same
rain produced essentially no flow in Field D under controlled conditions. The
water level in the controlled field came to within 0.3 m of the soil surface
and remained near this level for approximately two days. There was only a very
small amount of water which passed the weir (<0.1 mm). After two days the water
Tevel in the field dropped at a rate of approximately 60 mm/day. This drop was
apparently due to downward movement through the clayey B and C soil horizons
and to unidentified surface outlets. There were rainfall events which produced

“flow through the tile lines as is also illustrated in Fig. 5. A rainfall event
of 102 mm produced a flow of 35 mm through the controlled field and 46 mm through
the conventionally drained field. Events like this were unusual though as illus-
trated in Fig. 4 showing total flow data. However, even under these conditions
where there were two relatively large rains in a short period of time, saturated
conditions existed in the topsoil for only a relatively short time period.

The important question which still remains after presentation of the above
data is what happened to the NOL-N which was not allowed to leave the fields via
tile effluent under the contro?%ed conditions. The experiment was designed to
determine if denitrification of NO3 N which was previously leaving the field via
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tile outflow could be increased. There is no evidence that denitrification was
increased in these moderately well -drained soils in the field. For large

amounts of denitrification to occur, saturated soil must reach an oxidation-
reduction potential of 350 mV or below (Patrick, 1960) or must contain a signi-
ficant amount of reduced microsites (Greenland, 1952). Under the controiled
water conditions, the soil always remained well oxidized (Eh>550 mV) through-

out the soil profile. There are several requirements for reducing conditions to
develop in soils. These conditions may be summarized by stating that microbes
must be able to use the oxygen present in soil faster than it can be replaced

by diffusion from the atmosphere. Thus, it 1s necessary that favorable condi-
tions exist for microbial activity and unfavorable conditions for oxygen diffusion.
The microbes need a favorable temperature, pH and an energy source. Since we
could maintain saturated conditions in the topsoil for only short periods of time,
the conditions for microbial activity during this time would have had to be rather
favorable for reducing conditions to develop. As will be developed more exten-
sively later in this report, we believe that the primary limiting factor for
reducing conditions was the relatively low temperature (2-12°C) which existed in
these topsoils during the winter when we were trying to increase denitrification.
In the subsoils, there was not sufficient energy source for denitrification to
occur. Thus, we believe that 1ittle denitrification occurred in any of the

fields studied at this site.

The above point is illustrated by the data in Table 1 showing the average
NO5-N content in six soil profiles under water control and six soil profiles
from fields which were draining freely. There appears to be slightly_less NO%—N
in the soil profiles under controlled drainage conditions, but the NO,-N contént
in the six profiles under both controlled and uncontrolled drainage was variable.
Each sampling site is 1ikely to largely reflect previous fertilizer history and
yields. However, it is possible that the apparently Tower values under the con-
trolled drainage condition are a result of more denitrification under the con-
trolled conditions.

Even though there apparently was 1ittle denitrification in the field under
controlled drainage conditions, the fact that most of the nitrate was not allowed
to directly enter surface waters increases the chances that it will not enter
surface waters. It is possible that the nitrate may be lost by denitrification
in the streamline toward a seep or at the seep itself where the goundwater carry-
ing the nitrate enters surface water (Gilliam, Daniels and Lutz, 1974y Lance,
1972). Since there is 1ittle chance that fertilizer nitrogen will ever be a
problem in deeper groundwaters (>10 m) in the North Carolina Coastal Plain,
(Daniels, et al., 1978) there is 1ittle danger that forcing more of the nitrate
to move in subsurface water could be a problem. _Thus, the net effect of the
groundwater control on these soils in reducing NO,-N entry into surface waters
would have to be positive even though it is not possible to quantitatively evalu-
ate the reduction.
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Table 1.

The average nitrate content of six moderately well drained soil
profiles under controlled drainage and six profiles with no con-
trol. Samples were taken in January, 1976 after a period of
wet weather.

Soil
Average NO%-N Content  (ug/g)
Depth (m) Controlled No Control
Drainage
0.3 3.8 4.0
0.6 3.5 6.1
0.9 4.0 6.4
1.2 4.4 5.9
1.5 4.2 6.3
1.8 3.8 6.3
2.1 5.8 5.1

Average NO_-N concentration in tile effluent from above
fields at “time of soil sampling was 14.8 ppm from con-
ventionally drained fields and 12.1 ppm. from controlled
fields.
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Poorly Drained Soiis

Water management was more successful on the poorly drained soils at the
Tidewater Research Station at Plymouth.as compared to moderately well drained
soils at Kinston. We were able to maintain more water in the fields for a
Tonger period of time and exert a significant influence upon drainage patterns,
water table levels and nutrient losses to surface waters. We installed four
control structures at this location but because of consistent problems at one
collection ditch with water entering the ditch from an adjacent wooded area,
only the data from three fields were collected and analyzed for the duration of
the study. In the original design of the experiment, it was planned to com-
pare results from two fields with drainage control with two fields without con-
trol during the same timé period. However, the data can more easily be inter-
preted by comparing the same field under controlled and conventional drainage
during different time periods. We did always have at Teast one controlled and
one uncontrolled field so that effect of variation in rainfall from year to
year could be analyzed.

Water Table Control

The effects of the water control structures on the water table levels
during the winter in Fields M, E and D are 1llustrated in Figs. 6, 7 and 3,
respectively. (The water table levels for complete yvears are given in Appendix
Figs. 1-13.) Although the water table depth in all fields is relatively shallow,
even during conventional drainage, the effects of control in raising the average
water table Tevel in Fields M and E can be clearly seen in these figures.
Rainfall certainly has an effect upon water table level but the higher water
table during the years of controlled drainage in Fields M and E cannot be attri-
buted to differences in rainfall. This is illustrated by the relatively high
water table in Field M during the winter of 1974-75 and relatively low water
table level in Field E during the same period. The next winter when the control
structure was raised in Field E, the water table in Field E was high and the lev-
el in Field M was low.  Our success in controlling the water table during the
winter was not complete as shown in Fig. 8 for Field D. The drainage in this
field 1s poorer than in Fields M and E and it has a relatively higher water
table than Fields M and E during free drainage. Thus, our control structures
had 1ittle or no effect upon field water table Tevels during the winter. How-
ever, as will be shown later, the control did have an effect upon quantity of
drainage water lost through the ditch.

Initially we planned to control drainage only during the winter. However,
we later decided to attempt control during the growing season. This was done
both to reduce nutrient Tosses to surface water and to improve utilization of
rainfall for crop production. Our structures allowed us to set the controls at
any desired level, and the control was placed at a lower Tevel during the grow-
ing season to lessen the chance of water damage during a wet period.

The structures did have an effect upon water table level during the summer
(Figs. 9 and 10). To see the effect, one needs to compare Fields E and M which
have similar drainage conditions. During the summer of 1974, Field M was con-
trolled and Field E was not controlled. During the summer of 1976, the treat-
ments were reversed. June and July of 1974 were considerably drier months than

12
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June and July of 1976 (177 mm rain vs. 251 mm). However, the water table in
Field M during 1974 when drainage was controlled was essentially as high as it
was during the wetter year of 1976 under free drainage. Field E had a higher
water table during 1976 when drainage was controlled than during 1974 when there
was no control. The water table levels during 1975 were not shown because

both fields were controlled that year. These data are in Appendix Figures.

The effect of summer drainage control on drainage outflow through the ditches
will be discussed in a later section.

NO§—N Concentration and Oxidation-Reduction Potentials

The control structures at the Plymouth location were flashboard risers
Tocated in the collection ditches. The ditches collect both surface and sub-
surface flow so the NO,-N concentration shown in Fig. 11 for the drainage
water from the three fields represents the total NO,-N leaving the surface
waters during the winters. There was a field-to-fi&ld difference in the average
drainage water NO,-N concentrations, but there was a tendency for the concen-
tration from a particular field to be similar from year to year. Field E was
the only field to show much variation in this pattern as the NOL-N concentration
was significantly higher in the winter of 1975-76 than the previous two winters.

The higher water table during controlled drainage as shown in Figs. 6-10
did not affect the NOZ-N concentration in the drainage waters of a particular
field (Fig. 11). Thig result was initially quite surprising. However, the
average oxidation-reduction potentials (Eh) profiles during the winters for the
fields during controlled and uncontrolled conditions (Figs. 12, 13, 14) indi-
cate that we should not expect a difference in NO,-N concentration in the drain-
age ditches. It is generally accepted that a cri%ica1 Eh for denitrification is
approximately 350 mV. Above this potential, 1ittle denitrification occurs in
soils while denitrification readily occurs at lower Eh's (Patrick, 1960). The
soil profile above the drainage lines was generally oxidized under both con-
trolled and uncontrolled conditions. Since the Eh values at 0.6 m or below in
Fields D and M were not greatiy larger than those considered necessary for deni-
trification, some denitrification almost certainly occurred in the microsites
of this zone. Field E had an Eh profile which decreased with depth as did D
and M, but the Eh at any given depth above 1.2 m was higher in Field E than in
the other two fields. The effect that this has upon denitrification can be seen
in the higher NOZ~N concentration in the drainage ditch in this field compared
to the concentra%ﬁon in ditches from the other two fields.

Field measurements of oxidation-reduction potentitals are difficult and
the results extremely variable. The Eh values given in Fiqs. 12, 13 and 14 are
averaged from at least six different dates. However, the consistency of the
measurements for the same depth at a given site on different dates was very good.
For example, there were some depths which consistently showed a higher Eh than
the depth immediately above or below it. The repeatability of these measurements
Tends confidence that Eh-depth relationships are correct. All measurements
made are given in Appendix Table 1.

The NOS-N concentrations in the soil water obtained through the porous cups
located at Several depths in the soil profile in the three fields are shown in

18
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Figs. 15, 16 and 17 for three winters. The concentration decreased with depth
and no NO,~-N was ever found at 0.90 m or below in Fields D and M and below 1.2

m in FieTé E. The generally higher N03-N in the soil profile in Field E as
compared to the other two fields correSponds well with the higher NO.-N in the
drainage ditches. The higher concentrations also follow logically fFom the
higher Eh observation (Fig. 13) as compared to other fields. The Eh in Field E
was above 400 mV to a depth of 1.2 m (Fig. 13) and this is the only field where
NO,~N was ever observed at a depth of 1.2 m (Fig. 16). In Fields D and M, the
Ehat 1.2 m was approximately 350 mV and no NO.,~-N was ever observed at-this
depth or below. The generally higher Eh in thg top_0.90 m of the soil in Field E
1s believed responsible for the generally higher NO,~N concentration in this
zone and the higher NO,-N in the drainage ditch from this fieid. Unfortunately,
the reasons for the higher Eh in Field E as compared to Field M are not apparent
to us. The soil and drainage conditions in the two fields appeared to be very
similar.

Laboratory experiments discussed in more detail later have helped to ex-
plain the field Eh profiles. The temperatures which exist in the shallow
ground water during much of the winter range from 5 to 15°C (Appendix Table 2).
At these temperatures, the topsoil and subsoil will become reduced under satu-
rated conditions but this process takes a few weeks, particularly for the sub-
soils. Under field conditions, oxygenated water is frequently added in rainfall.
As this water moves through the soil profile, the oxygen is siowly utilized by
the soil microbes so that, beiow about 1.2 m, no oxygen exists in the soil water.
Below this depth, the NO, is readily reduced as can be observed from the soil
water NO%-N concentratiofn data. '

Total Loss of Water and NO3-N Through Ditches

Since drainage control had 1ittie or no effect on the N9”~N concentration
in the drainage waters from a particular field, the total NOL=N lost through
the ditches was directly proportional to the volume of drainiige water. Drain-
age volumes from Fields M, E and D during three winters of the experiment are
plotted in Fig. 18 for periods of both controlied and uncontroliled drainage.
ATl four fields studied showed similar reductions in water moving through the
ditches under controlled drainage. The total rainfall during the drainage periods
is also shown in Fig. 18. Although variations in rainfall totals and the dis-
tribution affect drainage volumes, this apparently was a small factor in the
measured differences in outflow volumes from controlied and uncontrolied ditches
during the three years studied.

During the late fall and winter of 1976-77, drainage was controiled in the
fields for approximately two weeks after a substantial rainfall event. Then
the field was allowed to drain freely until two weeks after the next rain.
Fields D and E are adjacent and were controlled in the same way. Drainage in
Field M was uncontrolied during the time that Fields D and E were being controiled
and visa versa. The effects of alternate control and no control upon drain-
age volumes are shown in Fig. 19. The effects are magnified by the storage of
water in the upper part of the profile during control and drainage of this water
when the controls were removed. However, soil storage and drainage do not account
for all of the differences and the effects of control can be easily seen in Fig.
19.
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Reduction in drainage water occurred not only during controlled conditions
during the winter but also occurred when drainage was controlled during the
summer (Fig. 20). Differences between controlled and uncontrolled drainage
(from one field during different years) is of limited value because rainfall
variations may cause large differences in flow. However, we were not able to
control drainage of all fields during the summer for a number of reasons.

Thus, no comparison between controlled and uncontrolled fields during the same
summer is available, However, the data shown in Figs. 18 and 19 for other
seasons help justify the conclusion that the differences noted in Fig. 20 for
the summer was a result of drainage control and not rainfall variation.

When the total drainage was summed for a year, the reduction in water
moving through the controlled drainage ditches was approximately 50%. Thus,
the total NO5-N (also P, C17and C) moving through the controlled ditches was
approximately half that of the uncontrolled ditches. The total NO,-N leaving
the conventionally drained fields was 25 to 30 kg/ha-yr and s]ight?y Tess than
half that amount in the controlled fields. During the winters (Dec., Jan., Feb.),

the average loss of NO,-N through the uncontrolied ditches was approximately
11 kg/ha and approxima%e]y 5 kg/ha under controlled conditions.

Since less water moved in drainage ditches from the controlled fields than
from the uncontrolled fields and since these ditches were removing both sur-
face and some subsurface water, the question arises as to what happened to the
water from the controlled fields. There are three apparent possibilities to
account for the measured differences in flow for controlled and uncontrolled
fields: (1) Control structures may have leaked or were by-passed and water
was simply not measured. However, the amount of water which would have to by-
pass the structure to account for the measured differences and the lack of
evidence of leaks below the structures lead us to conclude that this could not
have accounted for the observed differences in outflow. (2) Evapotranspiration
may have increased in the fields with a controlled water table. This mechanism
probably does account for a portion of the difference in flow, particularly during
the summer months. However, this would not explain the differences noted during
the winters. (3) More of the water left the area via deep seepage. The soils
at this site generally have a sandy Toam surface (0-0.7 m), a sandy clay loam B
(0.7-1.5 m) and loamy sand or sandy loam below to a depth of approximately 5 m.
Below the sandy horizon is a much more compact zone which serves as an aquiclude.
Much of the difference in the measured flows in the ditches during controlled
conditions is probably a result of an increase in lateral flow from the controlled
fields through the sandy layers below the B horizon and above the aquiclude.
This increased deep seepage would result from the greater head during controlled
conditions as a result of the higher water table (Fig. 6-10). This would explain
the differences noted in Fields M and E. However, we were not able to measure
any significant difference in the water table in Field D between controlled and
uncontrolled drainage. There was definitely a higher water level in the collection
ditch under controlled conditions. It is possible that there was a relatively
Targe flow of water from the ditch into the sandy loam layer which extends to a

2

2

Soils were drilled and described by R. B. Daniels and E. E. Gamble to whom
appreciation is expressed.
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depth of approximately 5 m. Even though there was not an observed difference
in the field water table level, reduction in flow through the coliector ditch
was about the same as in the other fields,

As discussed earlier, essentially all of the NO, which moves into the soil
horizon below 1 m is believed to be_denitrified. Thé water table control re-
sulted in approximately 50% less NO,-N leaving the area in surface runoff. Much
of this NOL-N is believed to have mdved into subsurface horizons where it was
denitrifiega The increased amount of denitrification did not occur in the sur-
face 30-60 cm as we envisaged during the design of this experiment but the de-
crease in movement to the surface waters was real and due to an increase in
denitrification. .

Loss of Total P, Kjeldahl N, C1 and Organic C

The primary purpose of these experiments was to determine if water control
could be used to reduce the NO,-N content of drainage waters from drained
fields but we also measured other nutrients. Since the primary mechanism by
which loss of NOL-N was reduced was the decrease in flow of water through the
tile lines or co?]ector ditches, there was also a reduction in apparent loss of
other nutrients through this mechanism. The flux of total P, Kjeldahl N, CIl
and organic C for a year of uncontrolled drainage is given in Table 2. There
was no indication of a change in concentration of any parameter as a result of
drainage control so the approximately 50% reduction in drainage water through
the ditches would indicate a 50% reduction in these nutrients also.

Table 2. Flux of selected nutrients through the collector ditches in three

fields at the Tidewater Research Station during approximately a year
of conventional drainage.

Flux kg/ha
Field and Time Period
M E D
01-04-75 12-28-73 12-03-75
To To To
Nutrient 10-19-75 12-27-74 11-30-76
'Nog-N 17.6 36.3 20.4
NHZLN <0.01 .06 <0.01
Kjeldah1-N 4.8 10.9 2.5
Total P 0.37 0.24 0.18
Organic C 28.5 27.0 18.3
c1” 119.4 79.1 72.2

31



Although no data are available from these experiments, we can. speculate
as to what might happen to these nutrients which were not allowed to drain
through the surface ditches. Although the annual loss of total P was extremely
low, drainage control should have reduced this figure even more because much
of the P-would have been removed from the increased amount of water which moved
down through the soil profile. The same is probably true for organic C and
Kjeldahl N. It is improbable that there was any change as a result of control
in the amount of CT" which ultimately reached surface waters. The consistently
higher C1”content of the drainage waters from Field M as compared to the other
fields 1s noteworthy. This concentration difference was true throughout the
project but we can offer no explanation.

LABORATORY EXPERIMENTS

Dur1ng the first winter of field studies, the oxidation-reduction potentials
measured in the top meter of the soil profiles and the NO,-N content of the
drainage waters indicated that drainage control was not résulting in a large
increase in denitrification in the Ap and B horizons of the soil. Our previous
work (Gambrell et al., 1975) had shown that denitrification did occur in poorly
drained subsoils during the winter when much of the NO,-N was leached. However,
since it is well known that Tow temperatures can Timit microbial activity and
denitrification, the influence of temperature upon denitrification rates in the
topsoils and subsoils from the two field study sites was investigated.

The temperatures in the upper part of the soil profile were 5-15°C during
much of the winter (Appendix Table 2). Focht and Chang (1975), in an excellent
review on denitrification, concluded from current Titerature that denitrification
rate is affected more below the 10-15°C range than would be predicted by an
 Arrhenius relationship. Bailey and Beauchamp (1973) found no denitrification
in their soil at 5°C, but others (Nommik, 1956; Bremner and Shaw, 1958; Sikora
and Keeney, 1975; Stanford, Dzienia and Vander Pol, 1975a) observed denityrifi-
cation at this temperature. Some of the reported differences in temperature
effects on denitrification (published Q]O values range from 1.4 to 3.6, Focht
and Chang, 1975) may be partially explained by the work of Novak (1974). His
studies indicated that the temperature effect on denitrification rate depends
largely upon the substrate being used as an energy source by the microorganisms.
If this is correct, few studies on temperature effects would be applicable to
field soils because most experiments were conducted with energy sources added
to soils (Bremner and Shaw, 1958) or in materials such as sludges (Mulbarger,
1971). Recently, Smid and Beauchamp (1976) have shown that addition of an energy
source to soils had a large effect upon the temperature influence upon rate of
denitrification. The objective of these laboratory experiments was to determine
the changes in denitrification rate caused by normal temperature variations en-
countered in topsoils and subsoils of North Carolina.

MATERIALS AND METHODS

The A and B horizons of the Cape Fear and Goldsboro soils were selected for
use. The Cape Fear soil (Typic Umbraquult) is representative of the relatively
high organic matter, poorly drained soils which occur in the lower Coastal Plain
of North Carolina. The Goldsboro soil (Aquic Paleudult) is representative of
the most productive, moderately well drained soils found in the middle and upper
Coastal Plain. Some chemical and physical characteristics of both topsoils and
subsoils are given in Table 3.
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Table 3. Selected chemical and physical characteristics of the soil materials
used in the laboratory study.

Goldsbhoro Cape Fear
Topsoil Subsoil Topsoil Subsoil
Depth, cm 0-25 35-60 0-25 40-60
Texture s.1. c.1. : 1. c.l.
C % 1.2 3.1 ' 5.3 3.9
pH 6.7 4.6 5.4 3.4
Bulk density (gm/cm) 1.4 1.5 1.0 1.2

*

Soil pH was measured in the centey of the soil columns near the end of
the experiment. The pH's measured at this time were < 0.5 pH unit dif-
ferent from initial pH.

The soil materials were air-dried, passed through a 10-mesh sieve and placed
in 3.2-cm (I.D.) plexiglass cylinders to a depth of 20 cm. The materials were
placed in the cylinders to give approximately the same bulk densities which
occur in the field (Table 3). To prevent the unusually rapid decrease in oxi-
dation-reduction potential and rapid denitrification which commonly occur when
air-dried soils are saturated (Yamane and Sato, 1958; Cawse and Sheldon, 1972),
the initial water application was sufficient only to moisten the soil. The
moistened soil was allowed to stand at room temperature for two days and then
the containers were transferred to temperature controlled water baths. After
one week in the water baths, KNO3 solutions were added to each soil to saturate
each soil column. The NO, added”to each column was calculated to give appro-
ximately 10 mg NOS-N/1 of”soil solution which is a common concentration found
moving into subso%1s of the North Carolina Coastal Plain.

To obtain soil solution samples during the course of the experiment, small
(6mm 0.D.) porous ceramic cups were placed in the center of each column during
the column packing. Tygon tubing extended from the cup to the top of the column.
Solution samples were obtained by putting a vacuum on the Tygon tubing and ceramic
cup and using a syringe with capillary tubing attached to remove the solution which
moved into the cup. Approximately 2 ml of solution were removed at_each sampling.
Soil solution samples were analyzed for NOL-N by determining the NO, absorbance
at approximately 206 nm and correcting for“the absorbance at this wavelength
caused by organic matter (Gambrell et al., 1975a). Mitrite was determined color-
imetrically by the procedure described by Lowe and Hamilton (1967).

Each time that soil solution samples were taken, redox measurements were

made by inserting two bright Pt electrodes to approximately the middle of the
columns. The electrodes were allowed to remain in place for approximately two
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hours and the potential at each electrode was determined using a calomel elec-
trode placed in solution at the top of the column as a reference electrode.
The values (Eh) reported are the average of 8 determinations and are not
corrected to a specific pH.

Four cylinders of each soil material were placed in each of three water
baths controlled at 5, 15, or 25°C. These temperatures were chosen because
they encompass the temperature range normally encountered in shallow ground
water in North Carolina sofils.

RESULTS

Changes in soil soiution NO-N concentrations with time are shown in Fig-
ures 21 and 22. Concentrations 0f the first soil solution samples taken were
signif1cant1y greater than the added 10 mg/1 in all samples except for the Cape
Fear subsoil. The very high NOL-N concentration in the Cape Fear topsoil is
presumed to be a result of mineralization and nitrification during the 9-day in-
cubation period since field samples were much lower in NO,-N concentration. We
(Gambrell, Gilliam, and Weed, 1974) have previously measuged NO--N concentrations
of simi1ar soil in‘the field of over 100 mg/1 but the high concéntrations ob-
served in this study were probably a result of the increased microbiological
activity subsequent to the moistening of the air-dried soil. Mineralization
and nitrification also apparently occurred in the Goldsboro topsoil during in-
cubation.

“The high NOL-N concentrat1on (greater than 10 mg/1) in the Goldsboro sub-
soil is a result’of NOL-N present at the time of soil sample collection. It
is unusual to find f1e§d samples of the Cape Fear subsoil with a significant
NO%-N concentration due to the reducing conditions which frequently exist (Gilliam
et”al., 1974) and this 1s reflected by NO -N concentrat1on in this subsoil being
very c1ose to the 10 mg/T added S

The changes in NO,-N with time are depicted on a 11near sca]e as though
denitrification was 1n§ependent of concentration and followed zero order kinetics.
However, denitrification rates fit first order and zero order kinetics about

the same when zero order and first order rate constants were compared by regres-
sion statistics (Table 4) as done by Stanford, Vander Pol, and Dzienia (1975b).
During rapid denitrification, first order k1net1cs were better than zero order
kinetics in describing the denitrification rates. Several authors (Nommik,

19563 Bremner and Shaw, 1958; Patrick, 1960) have previously concluded that deni-
trification rates were independent of concentration (i.e., zero order) while still
others (Mulbarger, 1971; Sikora and Keeney, 1975; Stanford et al., 1975b) have
concluded that rates were best described by first order kinetics. Bowman and
Focht (1974) concluded that zero order or first order kinetics were often just
the extreme ends of the standard Michaelis-Menton curves in describing denitri-
fication. There was 1little di fference between zero order and first order cor-
relation coefficients for the subsoils studied. Thus, data are presented on a
1inear graph. Subsoils are more frequently saturated than topscils and_whether
or not denitrification occurs in subsoils has a large influence upon NOL-N con-
centrations of drainage waters from these soils (Gambrell et al., 1975a

The rate of_ NOL-N loss in the Goldsboro topsoil increased from an aver-
age of +53 mg NO N?T/déy-at 5°C to 2.4 mg;N03-N71/day at 25° C and increased
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