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Tile drainage increases aeration in the root zone of poorly drained soils by
accelerating water movement from the subsurface. Water movement is the main agent
of chemical transport, either transporting soluble materials directly (e.g., nitrate) or by

transporting the soil particles that bind adsorptive compounds (e.g., pesticides). The
detection frequency of field-applied chemicals in surface water and groundwater near
agricultural lands prompts the study of chemical fate on tile-drained fields.

Tile effluent was monitored on four Willamette Valley fields from October 2000May 2002. All fields were planted in perennial grass seed, except corn was planted in
one field in 2000, and in another field in 1999. Field areas were 30, 20, 2.86, and 2.86

acres. At the outlet of each tile system, effluent

flux

was monitored and samples were

frequently collected for analysis of nitrate, tracer, and selected pesticides. A transect

of piezometers was installed to monitor water table dynamics. Field-scale saturated
hydraulic conductivity

(Ks)

was estimated by inputting tile

flux

data into the

Polubarinova-Kochina solution to the Boussinesq equation for tile drains, and these
values were compared to core-scale K values for each field.

Two fields had a peak drainage rate of over 25 mm day'. Because of the rapid tile

response, the water table never reached within 0.5 m of the soil surface, and dropped

below the depth of the tiles (about 1 m) within a day, causing tile

flow

to be

intermittent. The tile drains on these two fields intercepted 4% and 10% of the
precipitation. The two other fields had slower drainage (5-9 mm day1) and tile-

drained 28% and 33% of the precipitation. The water table reached within 10 cm of
the soil surface and took 7-14 days to drop below the level of the tile drains.

Flow-weighted average nitrate concentrations ranged from 1 mg NO3-N U1 on the

well-established tall fescue field to 14 mg NO3-N L on the first-year tall fescue field

that had been in corn the previous year. Mass losses ranged from 1-6.7% of applied
nitrate. Concentrations peaked during periods of low flow, while mass losses peaked
during high-flow periods. Diuron, metolachior, and chlorpyrifos losses through the

tile lines were less than 0.25% of that applied pesticide, and never exceeded EPA
drinking water advisory limits. Concentrations of metolachior and chlorpyrifos were
similar in tile effluent and surface runoff. The highly adsorptive pesticide diuron lost

3% of the applied mass through surface runoff and exceeded EPA drinking water
advisory limits for diuron for three months.

Average soil core and field-scale K values on each field were within a factor of
two. The soil core data varied over several orders of magnitude, and the model data

varied over one order of magnitude for each field.

A tracer study verified that

preferential flow accounts for less than 0.5% of solute transport to tile drains.

On perennial grass seed fields in the Willamette Valley, the loss of highly
adsorptive pesticides through surface runoff may be the greatest environmental
concern. By reducing surface runoff, tile drains could improve surface water quality
in the Willamette Valley. Tiles could also be diverting nitrate from groundwater, and

delivering it to surface water during peak flow periods when it is most diluted.
Because the water table dropped slowly and nitrate losses followed EPA standards
after the first year of grass stand establishment, Water Table Management (WTM) is
not advised at this time.
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Transport of Water and Solutes from Tile-drained Fields in the Willamette
Valley, Oregon: A Field Scale Study

GENERAL INTRODUCTION

1

TILE DRAINAGE

1.1

Tile drainage systems are subsurface drainage systems installed to lower the water
table (Figures 1.1 and 1.2). The name "tile" drain refers to the porous ceramic tile that

was the material used to make tile drains until about 50 years ago.

Cylindrical

sections of ceramic tile, about 0.5 meter long and 0.1 meter in diameter, were extruded

and laid end to end in a

manually

dug trench. Tile drains have retained their original

name, but are now made of perforated plastic pipe and installed with trench ripping
machines. Plastic pipe is lighter, less expensive to transport, and easier to install than

ceramic tile. Tile lines are installed at a gradient to drain by gravity to a common tile
line, which drains by gravity to a stream or ditch (Figure 1.3). Gradients are set with

laser transects on the trenching machines, and are commonly 0.01%-0.1% (Figure
1.2).

Tile system design includes the sizing, depth, spacing, and layout of the tile lines.
Typically, tile lines are 4-6 inches in diameter, and the tile main lines are 6-12 inches

in diameter. Tile line depth depends on the desired depth of the water table, the size
and topography of the field, and the soil profile. Tile depths are set to accommodate
the required head drop over the length of the tile line, keeping all sections of the tile
line at an acceptable depth. Tile lines should not be placed in restrictive clay layers,

which will impede their performance. Deeper tile lines keep the water table lower.
Almost all tile lines are 0.5-2 meters deep, with the tile lines in this study being 1.52.0 meters deep.

Tile spacing depends on the crop needs for aeration and on the soil type and its
drainage properties.

Tile lines that are more closely spaced keep the water table

deeper for two reasons: 1) the elliptically-shaped water table between two parallel tile
lines is highest at the midpoint between the tile lines (Figure 1.1) and 2) the shorter the

2
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Figure 1.1 Water table draw down around tile drains (from Ritzema, 1994).

Figure 1.2 Tile installation and influence on water table.

3

Figure 1.3 A tile system map showing the layout and spacing of tile lines. The outlet
for all of the tile drains is circled.

distance water has to move to the tile line, the faster water will drain from the field.
Tile spacing varies significantly between soil types and crops. Well-drained soils such

as sand may have tile spacing of up to 50 meters. Tile spacing may be as low as 5
meters on very poorly drained soils under crops with low tolerances for a saturated
root zone. All the tiles in this study were spaced about 15 meters apart.

Tile system layout depends primarily on the size and topography of the fields. On

flat fields, many parallel lines drain to one perpendicular mainline (Figure 1.3). On
fields with variable topography, a branched system design is used. Sometimes only

part of a field needs to be drained.

Cost is also a factor in tile system layout.

Although most growers agree that tile drainage is very cost-effective in the long run,
the initial costs sometimes limit growers to tiling only a portion of the field.

1.2

PROGRESSION OF TILE DRAINAGE RESEARCH
Tile drainage has been an area of active research for about 100 years. The

progression of tile drainage research begins with hydrologic response of tile drains to
precipitation. The hydrologic response of a field to tile drains includes the water table

response to tile drainage and the timing, volume, and intensity of tile discharge. After

gaining an understanding of the hydrologic response of a particular site or soil type,
solute transport through tile lines is studied. Nitrate, pesticides, and tracers have been

the primary solutes studied. Nitrate and pesticides are the most commonly applied

chemicals on agricultural fields, and they have environmental side effects. Tracers
can mimic the flow of nitrate or pesticides, and are chosen to study solute movement
because they are often nontoxic and have a unique chemical signature.

If a study identifies a problematic amount of nitrate or pesticide transport through

tile drainage systems in a given area, researchers then study the effects of various
management strategies on reducing solute movement through tile drains. Studies on
management strategies, or Best Management Practices (BMPs) are often accompanied

by numerical modeling of solute breakthrough in tile drains. Tile models are used to
predict the timing variability of solute breakthrough in tile drains, as well as estimate
the results of various farming practice scenarios.

In some Midwestern states, surface and groundwater quality is such a concern that

several long-term tile drainage studies have been conducted that incorporate all of
these levels of understanding.

These studies have progressed from tile drainage

hydrologic response (Bostock and Rieley, 1976; Bjorneberg et aL, 1996b); to nutrient
and pesticide movement off of tiled fields (Schwab et al., 1980; Pivetz and Steenhuis,

1989; Kladivko et al., 1991; Fleming and Bradshaw, 1992; Traub-Eberhard et al.,
1995; Bjorneberg et al., 1996a; Rothstein et al., 1996; Randall et al., 1997; Gordon et
al., 1998; Kladivko et al., 1999; Skaggs and Chescheir, 1999; Cook and Baker, 2001;
Laabs et al., 2002); to Best Management Practices (BMPs) (Gilliam et al., 1979; Evans

et al., 1991; Kilewer and Gilliam, 1995; Drury et al., 1996; Lalonde et aL, 1996;
Munster et al., 1996; Jacinthe et al., 1999; Jaynes et al., 2001b; Madramootoo et al.,

2001; Dinnes et al., 2002); and complex tile system models (Utermann et al., 1990;

Chung et al., 2001; Kim et al., 1999; Mohanty et al., 1998; Armstrong et al., 1991;
Ellerbroek et al., 1998; Abbaspour et aL, 2001; Villholth and Jensen, 1998). Studies

have covered solute movement in tile drains under a wide variety of climate
conditions, crops, and management practices.

Some research indicates that tile drainage is a major contributor of nitrate and
pesticides to surface waters (Cambardella et al., 1999; Jaynes et al., 2001b; Chung et

aL, 2001; Bjorneberg et al., 1996a; Gaynor et al., 2001; Munster et al., 1996). In
contrast, a review of 31 studies by Kladivko et al. (2001) showed reduction of erosion

and sediment-borne contaminant transport to surface waters. Because of the site-

specific nature of water and solute movement to tile drainage systems, results will
vary temporally and spatially.

TILE DRAINAGE IN THE WILLAMETTE VALLEY

1.3

Agricultural fields in the Willamette Valley have been tile drained for over 100
years.

The fertile soils and temperate climate of Western Oregon are ideal for a

variety of crops. Installing subsurface drainage to limit root zone saturation in the

winter and spring increases crop yields and improves land value. Often, older tile
systems have no installation records or layout maps, so the tile-drained acreage in the

Willamette Valley is unknown. In the Willamette Valley, 1 million acres of land are
cropped, so we estimate that the installed area is on the order of hundreds of thousands
of acres.

Tile drainage research in Oregon began in 1921 when Powers and Cretcher (1921)

identified the need for subsurface drainage on approximately 3 million acres in the
Willamette Valley. They listed incentives including increased land value, flushing of

salts, improved soil and decreased erosion.

As tile system installation became

increasingly popular, need for drainage specifications and design arose. Floyd (1958)
studied the differences in drainage requirements for three soil series in the Willamette

Valley. Using field data, he determined the conductivity values and observed water
table fluctuations on these soils. He found that Western Oregon drainage requirements

varied considerably with soil type, and recommended a tile spacing of 6 meters for
Dayton series soils, 12 meters for Amity series soils, and 23-27 meters for Willamette

series soils. Depth recommendations were not made, although the tile drains in this

study were 1.37 meters deep. Taylor (1966) built a computer model to simulate 16
years of water table fluctuations on an Amity soil. He focused on getting quantitative

design results for the Amity soil series because it was the most drained soil in the
Willamette Valley at that time. Based on model inputs of precipitation, surface cover

(grass or bare soil), surface storage, main line capacity and tile spacing, he
recommended a tile spacing of 36.6 meters in the Amity soil series. A key finding
from the model was that the drainage capacity, or the size of the tile system main,

could severely restrict the efficiency of tile systems.

The recommendations for

drainage design balanced the cost of installing a larger system with the needed
drainage efficiency. Nibler (1974) incorporated the effects of drainage on crop yields

into his study. He specifically studied drain depth and spacing requirements for
different crops, which is key because the drainage requirements for developing root

systems are crop-specific. He also identified some soil series that could grow crops

without artificial drainage.

Nibler (1974) provided the most detailed design

recommendations to date, specifying drain spacing and depth requirements for various

crops on Concord and Dayton soils. Bonna (1976) furthered the understanding of

drainage performance in multi-layered soils with a laboratory-scale experimental

7

setup. He built a two-layered soil with an upper sand layer and a lower clay layer, and

installed various tile drainage configurations in his setup. With his experimental data,
he identified some issues for drainage performance in soils with one high permeability

layer and one low permeability layer, but did not make specific recommendations for
drainage design.
Overall, tile drainage research in the Willamette Valley has progressed to

quantifying drainage designs for common soil types and crops in the area. Computer
modeling of hydrological response of Willamette Valley soils to tile drainage has only

been done for one soil type with a simplified 1-layer profile.

Drainage design

recommendations for a specific soil type have not been consistent between studies,
emphasizing the site-specific nature of soil properties, particularly the depth of the low
permeability layer. Tile drainage in multi-layered soils has not been modeled in the

Willamette Valley. Previous research activities have been helpful to Western Oregon

growers and tile drain installers by providing some general outlines for drainage
design. However, the contribution of tile drainage to nitrate and pesticide input to
Willamette Valley surface water and ground water has never been published.

1.4

OBJECTIVES
The objectives of this study were: 1) investigate the hydrologic response of four

fields to tile drains; 2) determine the timing and amount of applied nitrate and selected

pesticides that left the fields through the tile systems; 3) estimate the effects of tile
drainage on surface and ground water quality in the Willamette Valley; 4) assess the
potential of Water Table Management (WTM) as a way to improve tile effluent water
quality.

Another topic we explored using the data obtained addressing these

objectives was the use of water table and tile drain data to compare effective fieldscale saturated hydraulic conductivity

(Ks) with soil core conductivities.

MEASURING WATER MOVEMENT AND FLOW RESPONSE
ON FOUR TILE-DRAINED FIELDS IN THE WILLAMETTE VALLEY
2

2.1

ABSTRACT
Tile drains are used to lower the water table underlying agricultural crops.

Prerequisite to understanding chemical transport through tile drains is understanding
their hydrologic response. Our objectives were to characterize tile response and water

table dynamics in the Willamette Valley, Oregon, use the data to extract values for
field-scale saturated hydraulic conductivity

(Ks),

and compare these values to soil core

data. Preferential flow was measured with the fluorescent tracer Amino G Acid.

Four grass seed fields were studied (1.16, 1.16, 8.1, and 12.1 hectares). On each

field, tile flux was monitored at the system outlet and samples were analyzed for
tracer. A transect of piezometers between two laterals was used to monitor water table
dynamics.

Soil core K values were compared with field-scale K values obtained

from the Polubarinova-Kochina solution to the Boussinesq equation for tile drains.

Two fields had a peak drainage rate of over 25 mm day'. Because of the rapid tile

response, the water table never reached within 0.5 m of the soil surface, and dropped

below the depth of the tiles (about 1 m) within a day, causing tile flow to be
intermittent. The tile drains on these two fields intercepted 4% and 10% of the
precipitation.

The two other fields had slower drainage (5-9 mm day1) and tile-

drained 28% and 33% of the precipitation. The water table reached within 10 cm of
the soil surface and took 7-14 days to drop below the level of the tile drains.

Soil core and field-scale K values were variable over several orders of magnitude.

There was no consistent relationship between soil core and field-scale K values, but

the averages were within a factor of two of each other for each field. Based on the
tracer transport through tile lines, preferential flow accounted for less than 0.5% of
flow volume through the tile lines.

Tile drainage and water table response was unique to each field. Tile drains
transported a significant volume of water primarily via matrix flow.

2.2 INTRODUCTION
2.2.1 Background and Literature Review
Growers install subsurface tile drainage systems to lower the water table when
there is excess precipitation. The Willamette Valley has a temperate climate with
cool, wet winters and warm, dry summers. Yearly precipitation averages about 1 m,
with about 70 percent of the precipitation falling between October and March (Wentz

et al., 1998). Most of the soils ase poorly drained because of flat topography, a

restrictive layer, or high clay content, and hence a subsurface drainage system is
required to keep the root zone unsaturated in the winter and spring. In addition to
allowing crops to develop root systems earlier, tile drains also keep the upper profile

of the soil drained so that the field is accessible to heavy equipment more promptly
and with less compaction.

Understanding the water movement is prerequisite to understanding the solute
transport, since water is the main agent of chemical movement. Tile-drained fields
have altered hydrologic response from that of naturally drained fields. Installing tile
drainage affects the other components of the water balance on an field by changing the

partitioning of water to each component. The equation describing water balance in a
tile-drained system as given by Ritzema (1994) is:

TD = P-E-IC-SM-SR-DS-PU

(1)

Where TD is tile drainage, P is precipitation, B is evaporation, IC is interception

by the canopy, SM is change in soil water storage, SR is surface runoff, DS is deep

seepage, and PU is plant uptake.

The only input of water into the system is

precipitation. Some of the components of the water balance are not significant in our

system and can be disregarded. In the winter months, the high humidity and low
temperatures in the Willamette Valley create little evaporation. Interception by the
canopy is not significant on grass fields in the winter, as the plants remain small and

the level of precipitation is tens of centimeters per month. While tile drains keep the
root systems from rotting on winter grass fields, the grasses are not actively growing

until later in the spring. Thus, plant uptake of water is probably insignificant during

the winter.

Tile drainage decreases the amount of water lost to surface runoff,
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however, depending on the soil type, surface runoff can divert a significant amount of

water from subsurface drainage even on tiled fields. Deep seepage could also be a

major water sink, but our data did not cover the analysis of deep seepage. Soil
recharge affects tile drainage because it postpones the water from entering the tile
drains. Other factors affecting tile response are air temperature and humidity, wind

speed, crop type, soil type, tile layout, and farm management practices. Soil type is a
major factor in drainage, requiring data to be collected for tile flows on each soil type

before predictive algorithms for tile response as a function of soil type can be
formulated.

In a review of 14 field studies, Evans (1993) found that tile drainage increases the
volume of water that drains from the subsurface thus decreasing the volume of surface
runoff. Solutes applied to a tile-drained agricultural field have a variety of fates, all

dependent on water transport from the field. Solutes either leave the field intact via
surface runoff or through tile drains, bypass the tile drains and enter the groundwater

intact, degrade by volatilization or photodegradation, are taken up by plants, or are
degraded biochemically in the soil. Water movement on the field determines the
amount of time a solute particle spends on the soil surface or in the soil, which in turn

influences the fate of that particle. Water movement depends on soil properties, the

type and age of the crop, the depth and spacing of the tile drains, management
practices, environmental factors, and depth to water table.

Tile drains reduce surface runoff, which often has high concentrations of soiladsorbed pesticides, as found in a review of 31 tile drainage studies (Kladivko et al.,

2001). However, by accelerating the drainage rate of the soil water, highly water-

soluble compounds (e.g. nitrate) are more likely to enter the tile system, which
commonly drains to surface waters as found in a review by Dinnes et al. (2002). Most

studies on managing tile-drained systems have focused on minimizing either nutrient

loss or pesticide loss, rather than both concurrently. Furthermore, few studies have

studied the effects of tile drain management on crop yields.

In one study,

Madramootoo et al. (2001) found that using Water Table Management (WTM) with
subirrigation decreased nitrate losses through tile drains by 58%-80%, but also caused

a 25% decrease in crop yields. WTM has been one of the most extensively studied
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and successful tile drain management techniques for reducing subsurface losses of

nitrate and some pesticides. By controlling the head of the tile system outlet, soil
water retention time can be increased, while keeping the water table at a controlled
depth.

The four tile-drained fields we chose were on the most abundant soil series in the

area and planted in common Willamette Valley crops. In 1999, 211,000 ha were

planted in grass seed out of the total 378,000 ha farmed in the Willamette Valley
(Oregon State University Extension Service, 2000). Grass seed is more efficient at

removing nitrate from soil than row crops, which also require greater nitrogen
application (Whitehead, 1995). Although row crops are common in the Willamette
Valley, grass seed acreage is far greater and increasing at a greater rate than row crops
(Figure 2.1).
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Figure 2.1 Acreage of crops in the Willamette Valley, years 1976-2001.
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The data were analyzed to determine whether WTM would be beneficial to use
and feasible for growers to implement in the Willamette Valley. An understanding of

tile system hydrologic response specifically in the Willamette Valley must precede
understanding of solute movement on its tiled fields. We recorded tile flow data, from

which we determined the hydrologic effects of tile drainage and the effective field-

scale K, while simultaneously monitoring nitrate and pesticide levels in the tile
effluent. In collaboration with another Oregon State University study, we studied

surface runoff on two tile-drained fields to further assess the effects that tile drains
have on surface water quality in the valley.

The first step in evaluating tile drainage behavior on the selected fields was to
determine what fraction of the precipitation the tile drains intercepted. We studied
how this fraction, called the effective tile drainage

(Weff),

varied between the four

fields and throughout the year on each individual field. Other studies have shown high
variability in flow volume through tile systems. Kladivko et al. (1991) reported that 6-

27% of the precipitation was intercepted by tile drains depending on the field,
Kladivko et al. (1999) obtained values of 6-34%; Drury et al. (1996) reported 30%;
and Hatfield et al. (1998) estimated that on a watershed scale, 45% of the precipitation

was intercepted by tile drains in studies conducted in the Midwest. It is not clear how

each study accounted for water loss due to evapotranspiration, and this could have a
significant effect on the results. Our drainage data were variable in time and between
fields, and fell within the range of previous results.

The volume and timing of tile drainage depends on many factors. Generally, as

the amount of precipitation increases, the fraction that flows through the tile drains
increases. Fields with higher slopes will typically have more precipitation diverted to

surface runoff, reducing

Weff

compared to fields with lower slopes. The soil and

disturbed surface layer K values will affect drainage volume. The depth (Skaggs and

Chescheir, 1999) and spacing (Kladivko et al., 1999) of tile drains influences the
partitioning of flow between tile drainage and surface runoff. Typically, drains that

are deeper and closer together will produce more

flow

(Kladivko et al., 1999). In

addition, the slope of the drains and presence of obstructions at the outlet can affect
the tile flux.
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Another very important aspect of field hydrology is the impact of tile drainage on
the timing and pattern of water movement through the soil matrix. It would be useful
to determine how long the average unit of water spends in the soil matrix because soil

water retention time affects solute degradation. Tracers can be used to determine the
extent of preferential flow on the field and the timing of water movement through the

soil matrix. For instance, the advective-dispersive model might predict that a fieldapplied compound will appear in tile lines a few months after application. Because of

preferential flow, solutes often appear in tile drains within days of application
(Kladivko et aL, 2001; Geohring et aL, 1998; Haria et al., 1994; Jaynes et al., 2001a;
Kelly and Pomes, 1998; Kung et al., 2000; Larsson et al., 1999; Mohanty et al., 1998;

Villholth et al., 1998). Nitrate is not good for tracking water movement because it is

naturally present in the soil, deposited by the atmosphere, and continually changes

forms. Pesticides adsorb to the soil too strongly to perform as a tracer; thus matrix
flow to tile drains would be vastly underestimated using pesticides as a tracer (Pivetz
and Steenhuis, 1989; Kladivko et al., 1991; Harris et al., 1994; Rothstein et al., 1996;
Kladivko et al., 1999; Kladivko et al., 2001). We required a water-soluble tracer with
low adsorption to soils and an extremely low detection limit to trace water movement
through tile drains on each field.

Smart and Laidlaw (1977) reviewed eight fluorescent dyes for use in quantitative

tracing work and recommended Rhodamine WT, Lissamine FF and Amino G acid.

Trudgill (1987) further reviewed these three fluorescent dye tracers for use in
quantitative soil water tracing. Rhodamine WT suffered the highest adsorption to
soils, and Trudgill (1987) does not recommend using it if the travel distance through
the soil is greater than 1 meter. Because the tile drains in this study are 1.5-2.0 meters
deep, we did not choose Rhodamine WT. Smart and Laidlaw (1977) found Lissamine

FF to suffer the least adsorption of the three tracers, while Trudgill (1987) found
Amino G acid lost the least by soil adsorption. In batch adsorption experiments,
Amino G acid lost 64-66% in a silty clay loam, while Lissamine FF lost 68-72%
(Trudgill, 1987).

At concentrations of between 750-1000 mg U1 in an acid soil,

Amino G acid also suffered by far the least adsorption of the three tracers (Trudgill,

1987). Based on is chemical structure, Amino G acid should be the least adsorbed
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because it has two highly electronegative sulfonic acid groups (Lissamine FF only has
one), and it has the lowest molecular weight of the fluorescent dye tracers.

Both Amino G acid and Lissamine have similar limitations regarding soil water
tracing, but we chose Amino G acid because it is significantly less expensive. Amino

G acid experiences significant photodegradation when exposed to sunlight for a few
days (Smart and Laidlaw, 1977; Trudgill, 1987). Photodegradation was minimized by

applying tracer on an overcast day with precipitation forecasted soon after. Amino G
acid starts losing its fluorescence below a pH of 6.5. Willamette Valley soils usually

have a pH between 5.5-7.0, and liming maintains a neutral pH. Additionally, the

precipitation in the Willamette Valley should neutralize soil water.

We did not

measure the pH of the samples we collected because reagent would dilute the small
amount of sample collected, adding error to the other chemical analyses. Therefore,
we did not account for any loss of fluorescence due to pH levels.

The major limitation of using Amino G Acid as a soil tracer is the higher levels of
background interference in the blue and green excitation wavelengths (Trudgill, 1987;

Smart and Laidlaw, 1977). The blue dye Amino G acid has a maximum excitation
wavelength of 355 nm, and the green dye Lissamine FF has a maximum excitation

wavelength of 420 nm. In this range, the bacteria and fine particles also fluoresce.
Smart and Laidlaw (1977) also reported that background fluorescence is higher in the

blue and green wavelengths and more variable for agricultural runoff than for
groundwater or rivers.

Photine CU is a blue dye with very similar excitation

wavelength compared to Amino G acid, and background concentrations in surface
waters were between 36.5 pg U1 ±16.5 pg U1, and up to 51.5 tg U1 ±22.5 jig

U1.

Trudgill (1987) reported that the background fluorescence in streams was 20-100 g
U', compared to 275-300 jig U' in throughflow troughs and 200-800 jig U' in suction
cup samplers.

Smart (1984) reviewed the toxicity of 12 fluorescent dye tracers and found that

Amino G Acid has low toxicity to humans (Akamatsu and Matsuo, 1973). The
photodecomposition products of Amino G acid are less toxic than the parent dye.
Overall, Smart recommends that the persistent dye concentration should be below 100

jig U' for any fluorescent dye tracer, even those that are more toxic than Amino G
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acid. The U.S. Geological Survey recommends that the downstream concentration of
a fluorescent dye should not exceed 10 jtg U1 (Smart and Laidlaw, 1977). We chose a

tracer concentration with the goal that the peak concentration of the breakthrough
curve would be 100 tg U1.
Overall, Amino G acid is found to be much more resistant to adsorption than most

fluorescent dye tracers, nontoxic, economical for use in field studies, detectable in
concentrations as low as 0.51 ig U', easily measured with a fluorometer, and stable to
changes in temperature, but subject to photodegradation and loss of fluorescence at pH
less than 6.5 (Cassidy, 2001).

2.2.2 Objectives of Study
The objectives of this study were:

1)

characterize tile flow response to

precipitation on four tile-drained fields; 2) estimate the feasibility of WTM based on

water table response to tile drainage; 3) use tracers to estimate the contribution of

preferential flow to tile flow volume on each field; and 4) use the PolubarinovaKochina solution to the Boussinesq equation for drain tiles to estimate the scaling of
K on each field.

2.3

METHODS AND MATERIALS

2.3.1 Site Descriptions and Characteristics
Four tile-drained fields in the Willarnette Valley, Oregon (Figure 2.2) were
monitored from December 1999 to May 2002. The Willamette Valley averages about

1 m of precipitation per year with 70% of the precipitation falling between October
and March. July and August are very dry, with less than 5% of the precipitation

falling during these two months.

Mean monthly temperatures are 3-5CC during

January and 17-20°C in August. Freezing temperatures are rare. Stream flow follows
precipitation cycles, with 60-85% of runoff occurring from October to March (Wentz
et al., 1998).
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Fields 1 and 2 were 1.16 ha fields located in Dayton, Oregon (about 80 km North
of Corvallis, Oregon) (Figure 2.3, box a). Crop rotation schedules are shown in (Table

2.1). The tile systems were installed in 1990. Field 1 is a Dayton silt loam (poorly
drained Typic Albaqualf). Slopes are 0-2% on Dayton soils. The seasonal high water
table on an undrained Dayton series soil fluctuates between ±0.15 m (Yamhill County
Soil

Online;

Survey

http://www.or.nrcs.usda.gov/soil/reports_htm/oregonllowwillyamhill.htm). Field 2 is

a combination of Dayton silt loam and Amity silt loam (somewhat poorly drained
Argiaquic Xeric Argialboll). The water table commonly reaches a depth of 0.15 m to

0.46

m

County

(Linn

Soil

Survey

http://www.or.nrcs.usda.gov/soil/reports_htmloregonlupwil/linn.htm).

Online;
Slopes

for

Amity soils are typically low, from 0-3%. Therefore, on Field 2, the water table might
remain shallow for most of the winter and spring. Fields 1 and 2 are both adjacent to a
stream. The fields are small parts of a larger field, but have distinct tile systems.

They are located on the edge of the larger field, and have slopes of 1-3%.

Table 2.1 Field rotations during the study.
1999-2000

Field name crop
Field 1
Field 2

Field 3
Field 4

f

beets
corn
tall fescue
tall fescue

scientific name
Beta vulgaris
Zea maize
Festuca arundinacea
Festuca arundinacea

2000-2001

Field name crop
Field 1

Field 2
Field 3
Field 4

Jscientific name

corn
perennial ryegrass
tall fescue
tall fescue

Zea maize
Lollum perenne L.
Festuca arundinacea
Festuca arundinacea

2001-2002

Field name crop
Field 1

Field 2
Field 3
Field 4

tall fescue
perennial ryegrass
tall fescue
tall fescue

cientific name
Festuca arundinacea
Lolium perenne L.
Festuca arundinacea
Festuca arundinacea
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Figure 2.2 Oregon topographic map, Willamette Valley outlined with dotted line,
Willamette River indicated by solid line.

Figure 2.3 Field locations in the Willamette Valley (http://www.ccrh.org/comml
cottage/primary/wvmap.htm). Fields 1, 2 located in box a; and Fields 3, 4 in box
b.
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Fields 3 and 4 were 12.1 and 8.1-ha fields, respectively, located about 3 km apart

from each other and about 16 km East of Corvallis, Oregon (Figure 2.3, box b). The

tile system for Field 4 was installed in 1997, and for Field 3 was installed in 1995.

Both fields are about 80 percent Woodburn silt loam (moderately well drained
Aquultic Argixeroil) and 20 percent Amity silt loam (somewhat poorly drained
Argiaquic Xeric Argiaboll). The seasonal high water table for Woodburn soils is

similar to that of Amity soils. Slopes may be higher on Woodburn soils (up to 7
percent) compared to Amity soils. Fields 3 and 4 are adjacent to other large, flat fields
and roads. The slopes are less than 1%.

The installed tiles are between 1.2-1.5 meters deep, spaced about 15 meters apart,

and set at about a 0.1% gradient on all four fields. Environmental factors such as
precipitation, evaporation, and temperature should be similar between fields.

2.3.2 Field Instrumentation

A GPS map or a drawing showing tile drain orientation was available for each tile

system. Every field had a single outlet that was accessible for instrumentation. Near

the outlet, trenches were dug to intercept the tile drain and install PVC fittings with
turbine

flow meters (TX1O1,

submersible, brass model,

Seametrics,

Washington) and access ports for water sampling (Figure 2.4).

Kent,

To minimize

turbulence, as directed by the user's manual, the fittings had a straight length of 10
times the pipe diameter before the flow meter and a straight length of 5 times the pipe

diameter after the flow meter (Figure 2.6). To ensure full pipe flow, elbows on the
ends of the installation fitting dropped the pipe one diameter below the height of the
tile drain (Figure 2.3). The ends of the PVC pipe connected to the tile drain with tile

connectors and were sealed with electrical tape. On Fields 3 and 4, the installation
fitting was the same diameter as the tile, (6"), but on Fields 1 and 2, the four inch tile

was reduced to 2 ½" to increase the flow velocity thereby better matching the
operational range of the flow meter. Field 1 was the only field with the access port
shown in Figure 2.3, and we strongly recommend access to the flow meter when using
this field setup in future studies due to need to service the turbine.
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Figure 2.4 Instrumentation to monitor and collect tile effluent.

Figure 2.5 CR lOX data logger and SM4M storage module (download in process).

Figure 2.6 Tile drain installation fitting in trench.
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A Campbell Scientific CR lOX data logger, 4 MB model, recorded total flow at the

outlet every 10-15 minutes during year 1 and every 5 minutes during year 2 (Campbell

Scientific, Inc., Logan, Utah) (Figure 2.5). A tipping bucket precipitation gauge (Rain
Collector II, Davis Instruments, Hayward, California) collected precipitation data and
logged the data with 0.2 nmi resolution with an event logger (HOBO, Onset Computer

Corporation, Cape Cod, Massachusetts). The tipping bucket rain gauges were tested
for accuracy by slowly adding a known amount of water into the buckets and counting

the tips. The area of collection by the rain gauge is 214.08 cm2. If 1 mm depth of
precipitation falls, then the rain gauge collects 21.4 cm3, or 21.4 mL of water. If 42.8

mL of water is added to the precipitation gauge, an accurate response would be 10
tips. Twice that amount, or 85.6 mL of water, was added to the precipitation gauge
with a graduated cylinder. Each rain gauge registered 18-20 tips. A model 2900
ISCO sampler (ISCO Inc., Lincoln, Nebraska) collected tile effluent directly out of the

installation fittings. Sampling was on a time-weighted basis. Typically, the ISCO

collected a water sub-sample every 48 minutes. A composite sample comprised of 10

sub-samples in one half-liter ISCO bottle represented 8 hours of flow. Samples were
retrieved at least every 8 days, transferring sample water from the ISCO bottles to 20

mL HDPE scintillation vials for storage (#03-337-2A, Fisher Scientific, Pittsburgh,

Pennsylvania). For each composite sample taken by the ISCO sampler, one 20-mL
vial was frozen and one 20-mi. vial refrigerated at 4°C starting in December 2001.

Before December 2001, only one vial of sample was collected and it was frozen.
Composite samples were taken every 10 hours between the dates of December 20,
2001 and December 30, 2001. Sampling frequency was increased to one composite

sample every 1-4 hours after tracer was applied.

In mid-April, 2002, sampling

frequency was one composite sample every 16 hours due to low flux from the tile
lines. During year 1, sampling frequency was one composite sample every 24 hours.

A transect of piezometers was installed on each field to monitor water table height

and soil moisture profile (Figure 2.7). The piezometers were the standard AquaPro
access tubes ordered in 2 m sections rather than the standard 1 m sections (AquaPro,

Reno, Nevada) and modified with permeable end caps. The permeable tips allowed

both the reading of soil moisture in the vadose zone and water table level in the
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saturated zone. Each tube had an outer diameter of 2.55 cm and an inner diameter of
2.29 cm (Figure 2.8a). There were no openings on the sides of the pipes. We installed
the tubes into hand-augered 2 m holes slightly larger in diameter than the tube using a

3.175 cm flighted screw soil auger (AMS, Inc., American Falls, Idaho) (Figure 2.8a).

On Field 2, the soil was hard and we attached the auger to a I" electric drill.
Following the AquaPro installation guide, soil taken from the holes was blended with

water to form a slurry which was poured into the holes before inserting the access
tubes, creating a continuous seal between the soil and the access tubes.

Piezometer installation was carried out in April 2001 on Field 4, and in August
2001 on the other three fields. The location, number and spacing of the piezometers
depended on the level of knowledge of the tile system. Tile spacing, orientation, and
location was known on Fields 3 and 4, but only tile spacing and orientation was know

on Fields 1 and 2. On all fields, the transect length was designed to intercept two tile
lines.

Maximum piezometer spacing was 1.5 meters, based on a study by Floyd

(1958) indicating that in Willamette Valley soils, the radius of influence of a tile drain

is 1.5-3.0 meters. Stoppers protected the piezometers from precipitation and surface

water input but left them open to the atmosphere. Holes were drilled through the
rubber stoppers parallel to the access tubes. Hollow copper wire was inserted into the

holes to allow pressure equilibrium with the atmosphere, but was bent at a 90 degree
angle above the ground surface to prevent surface runoff or precipitation from entering
the piezometers (Figure 2.8b).

We measured water table and soil moisture throughout year 2. We altered the
Aqua Pro soil moisture probe (AquaPro, Reno, Nevada) (Figure 2.8c) to read the full

depth of the nonstandard 2 m access tubes by attaching it at the end of a 2 meter
aluminum pole marked in 20 cm increments. The probe measured soil moisture at any

chosen depth in the piezometer tube, giving a profile of water content in a small area

around the piezometer. A water level indicator with 0.254 mm increments (Durham
Geo Enterprises Inc., Stone Mountain, Georgia) was used to measure the level of the

water table in the piezometers. Manual water table and soil moisture measurements
were periodic, about once per month between August 2001 and December 2001, as a
shallow water table was common from December until the end of the field season.
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Figure 2.8 Piezometer transect instrumentation: a. Auger and piezometer tube. b.
Capped, installed piezometer. c. AquaPro system. d. MiniTROLL.
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Cabled and absolute pressure Standard-A 30 psia In-Situ MIniTROLL instruments
(P/N 0028950, In-Situ, Inc., Laramie, Wyoming) continuously measured water table

height in selected piezometers (Figure 2.8d).

Some of the instruments were the

Standard version, taking only pressure readings, while others were the Professional
version, and recorded pressure and temperature. We did not use temperature data in

our analysis.

These instruments recorded water level once every hour in their

respective locations.

Due to extensive instrument malfunction, the number and

placement of the MiniTROLLS varied throughout the second year.

Functioning

instruments were not available between mid-December 2001 and mid-February 2002.

The initial sampling strategy was to cover one field at a time with 12 MiniTROLLS,

rotating the instruments between fields once every 7-14 days. In the spring, due to

lack of reliable data, we obtained six additional instruments and placed 4-8
instruments on every field between early to mid-March 2002 and early May 2002. On

fields with only absolute pressure MiniTROLLS, barometric pressure readings were
required.

Either a separate MiniTROLL or a BaroLogger (Solinst Canada Ltd.,

Georgetown, Ontario, Canada) was used to read barometric pressure from weather
enclosure open to the atmosphere, and barometric pressure data were subtracted from
absolute pressure data. All of the instruments recorded data at the exact same times.

2.3.3 Tracer Test
Tracer application on Fields 1 and 2 was on January 29, 2002. Dissolved in water,
0.87 kg

ha1

of 77.5% tracer (or 0.67 kg ha1of pure tracer) was evenly applied using a

spray rate of 198 L ha1. The concentration of tracer applied to Fields 1 and 2 was
3,375 mg U1. Tracer application on Field 4 occurred on February 27, 2002. Using a

spray rate of 158 L had, 0.96 kg ha of tracer was applied in solution with liquid
fertilizer. The concentration of tracer applied to Field 4 was 6,094 mg U1. Tracer

application to Field 3 occurred March 8, 2002. As on Fields 1 and 2, only water
dissolved the tracer for application. The least tracer was applied to Field 3, at 0.56 kg

ha pure using a spray rate of 131 L had. The concentration of tracer applied to Field
3 was 4,245 mg U1.
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On Fields 1, 2, and 3 overcast weather followed by precipitation occurred within
24 hours after tracer application. On Field 4, the tracer application coincided with the

fertilizer application, and was applied on a sunny day followed by one week of clear
skies before precipitation.

We tested all post-application and most pre-application samples for Amino G Acid

during year 2 on a Turner Designs 10-AU Fluorometer (Turner Designs, Sunnyvale,
CA).

Samples collected prior to tracer application provided information on the

background levels of fluorescence. Before December 2001, only one vial of each

composite sample was stored, and it was frozen. After December 2001, two vials of

each composite sample were stored; one in refrigeration, and one in the freezer. All
samples from Fields 3 and 4 collected during year 2 were tested for fluorescence, and
the data showed samples that had been frozen had nosier data than samples that were

only refrigerated. This could be due to the breakdown of Amino G Acid at freezing
temperatures. Two flow events that occurred before tracer application on Fields 1 and

2 had samples stored in refrigeration. These samples were tested for background
fluorescence. The flow events with only frozen sample on Fields 1 and 2 were not
tested for background fluorescence based on the data from Fields 3 and 4.

2.3.4 Data Analysis
2.3.4.1 Using Replacement Precipitation and Flow data
Precipitation and tile flow data for all four fields are shown in Figures 2.9-2.14.
Precipitation gauges sometimes clogged with field debris. Fields 3 and 4 were close
enough to provide replacement data for each other. During two periods, January 15,

2002-January 30, 2002 and February 26, 2002-March 27, 2002, neither Field 3 nor
Field 4 recorded reliable precipitation data. In place of tipping bucket precipitation

data, we used 15-minute precipitation data from the Jefferson weather station. On
Fields 1 and 2, the precipitation gauge failed from March 21, 2002-March 27, 2002.
The best available data were daily precipitation records from the McMinnville weather
station.
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Figure 2.10 Field 2 precipitation and tile flow, season 2001-02.
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Figure 2.11 Field 3 precipitation and tile flow, season 2000-01.
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Figure 2.12 Field 3 precipitation and tile flow, season 2001-02.
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Figure 2.13 Field 4 precipitation and tile flow, season 2000-01.

50
i

45

Precipitation

Tile flow

tJ
I;]

40
>.
(

7,r

35

6
E

5E

p0

c
25
0

w
0)
CU

C

20
Q

15

0
2

0-io
5

1

0
11/1/01

CU
I-

1/1/02

3/1/02

Date
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All of the tipping bucket rain gauges showed "double tips" during heavy rain
events.

A Visual Basic program was used to delete duplicate data points. The

duplicate tips usually occurred within one second of each other, but sometimes several

tips occurred in a ten-second period. Based on historic precipitation intensity records,

it is unlikely that a 0.2 mm tip could occur twice in 10 seconds, but possible that tips
could occur up to three times in one minute. The Visual Basic program removed one
data point any time two data points were ten seconds apart or less. Using a ten second
interval as the criterion for a double tip, the tipping bucket precipitation total was 12%

less than the weather station precipitation total for the months September 2001-March
2002.

The flow data were generally reliable. At flows less than 1 L

the data became

noisy. A minimal amount of data is missing due to broken turbine wheels and broken
connections to the data logger. On Field 1, the flow meter was broken from December
1, 2001-January 14, 2002. We replaced the turbine on January 14, 2002 and found the

pin of the turbine sheared, with grass clogging the turbine wheel. We missed at least

1.5 events during this period. The flow meter turbine broke in the middle of a flow
event that started on December 1, 2001, missing the recession curve. Then during the

week of December 13, 2001-December 20, 2001, 8 cm of precipitation fell creating
the strongest flow event of the season on Field 2, which is adjacent to Field 1.

Comparing the other tile flow events for the year, Field 1 averaged 250 percent more

flow than Field 2, so this event was missed on Field 1. Field 2 data supplemented
Field 1 data between December 13, 2001-December 20, 2001, and we multiplied the

Field 2 data by 2.5 for this flow event to increase the accuracy of the mass balance
calculations. After the missed event, there was one dry week. Following the dry

week, 12 more centimeters of precipitation fell between December 27, 2002 and
January 8, 2002, with most of the precipitation falling in the last few days of this
period. Although there was no flow on Field 2 in response to this precipitation, it is
likely that there was flow on Field 1 during this time. However, we did not add any
flow data on Field 1 between December 27, 2001 and January 8, 2002.

Comparing the events that occurred on both Fields 1 and 2 when both flow meters
were operating correctly, Field 1 had quicker response times, longer flow events, and
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more flow than Field 2. Field 1 had tile flow earlier in the winter than Field 2. Based

on these observations, it is clear that flow data were missed on Field 1 between
December 27, 2001-January 8, 2002. The missed events likely accounted for 5-10%
of the total flow on the field for year 2, causing underestimation of the mass balances
on Field 1.

2.3.4.2 Water Table Data

Figures 2.15-2.18 show water table data for the functioning piezometers in the four
fields. Continuous water table data collection during several precipitation and flow

events successfully occurred on all four fields.

However, frequent failure in the

pressure transducers resulted in several weeks of missing water table data on every
field. Some of the instruments recorded water table fluctuations in the early winter,
and all of the MiniTROLLS worked in the spring. Soil moisture data show that the

soil profile increases in saturation early in the fall, 2-3 months before tile flow. The
piezometers we installed were 2 meters deep, while the depth of the tiles was 1.3-1.6

meters deep, so water enters in the piezometers before the tiles start flowing. When

tile flow started, all but the top 20 cm of the soil profile had soil moisture readings
over 90 on the Aqua Pro scale of 0-110, with readings in open air being zero and while

submersed in water being 110. The profile remains near saturation for most of the
winter season.

The water level in many of the piezometers responded very slowly to fluctuations
in the water table. The slower response could be due to the distance of the piezometer

from the tile line, plugging of the piezometer tip with mud or slurry, or installation of

the piezometer tip in a soil layer with very low K. After the second field season, we
tested the piezometers to verify which ones were fast responding and which ones had

limited K. In August 2002, we poured water into the top of each instrument until it
was full, and measured the dropping the water level with a water level meter. Some
piezometers drained rapidly, at rates of up to 3 meters hf1, while others showed no

drainage after more than 24 hours. Upon comparison with the water table data, the
tests confirmed that very little water level fluctuation occurred in those piezometers
that did not drain during the field test. Field 2 had the most functioning instruments
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with eight of 21 draining very quickly. Instruments numbered 2, 3, 4, 5, 7, 10, 16, and

19 drained more rapidly than the rate the water table receded during flow events. On
Field

1,

five of 20 installed piezometers were functioning.

The functioning

piezometers were numbers 1, 3, 4, 13, and 18.

On Field 4, only piezometer #11 functioned properly. This was the only field we
installed the instruments during year 1. As a result of the longer operation time, more
fine soil particles could have entered and clogged the tip.

The MiniTROLL data indicate that in order to record water table shape accurately,

the piezometers require alteration to respond to changes more quickly. As water table

rises, it first enters small pores and then fills the large pores. When the water table
drops, the large pores drain first. The drainage of the largest pores is rapid, causing
the top half-meter of the soil to become unsaturated (and the water table to drop) very

rapidly. Although the water table may be dropping in the top layer of the soil, water
must drain from the opening in the bottom of the piezometer to come to equilibrium
with the water table. The limitation of the instrument is due to the inability of water to
quickly move in and out of the piezometer tip.

The piezometer design accommodated the recording of water table shape while
providing access sites for soil moisture readings. Piezometers designed exclusively

for water level readings typically have several openings along the sidewalls in
additions to a permeable end cap. More openings would help alleviate sluggish
response due to clogging. Openings on the sidewalls, however, prevent the soil
moisture probe from reading accurately. Piezometers designed exclusively for soil
moisture readings have no openings on the sidewalls and a closed tip.

We could avoid this instrument limitation by measuring pressure at the bottom of a

water-filled piezometer with a capped top. The MiniTROLL would read changes in

pressure, which would propagate through a low-permeability soil without requiring
water movement. Since low K severely restricts water flow even under high-pressure

gradients, this setup would give better data on water table dynamics than the system
we used. This set up would not allow use of the AquaPro soil moisture system, which

would be acceptable during winter operation, when soils remained essentially
saturated.
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2.3.4.3 Characterizing Tile Drainage Response to Precipitation
Effective tile drainage, referred to from now on as Weff, is the fraction of
precipitation that the tile drains intercept. Other water losses can be attributed to
evapotranspiration, groundwater recharge, and recharge to the canopy, ground surface,

and soil-water storage (Dingman 1994). Because of the low temperatures and high

humidity typically found after precipitation events in the Willamette Valley,
evapotranspiration is probably a minor loss in the winter when drains are active.
Interception by the canopy is probably not a factor in the winter season in Western
Oregon because of the large amount of precipitation involved. In tile-drained fields,
infiltration rates were on our fields high enough so that ground surface ponding was

not a major factor, although surface runoff could be dominant. We can estimate the
effects of antecedent moisture conditions on tile flow using precipitation and tile flow
data.

Studies show that the fraction of precipitation tile drains intercept is highly
variable temporally and spatially, and ranges from 6% to 45% (Kladivko et al., 1991;
Kladivko et al., 1999; Drury et al., 1996; Hatfield et al., 1998).

Weff varies

temporally,

because of changing precipitation amounts and patterns, and spatially because of
differences in tile system design, soil properties, and crop types.

Tile flow events were characterized by rapidly rising flow rates followed by
recession curves during periods of little or no precipitation. Fields 1 and 2 had
separate and distinct flow events beginning and ending with zero flow. On Field 1, we

recorded seven separate flow events (Figure 2.9), and on Field 2, we recorded six
events (Figure 2.10). Fields 3 and 4 were larger, flatter fields with continuous flow
during the winter season (Figures 2.11-2.14). There were recognizable flow events

(rapid increase in tile flow followed by a recession curve), but flow never stopped
between December 2001 and April 2002. The duration of the ascending hydrograph

limbs for each event varied because they interrupted the descending limbs of the
previous flow events at different stages. Therefore, flow calculations were made for
the recession curves only on Field 4. The recession curves start at the peak flow rate,

so they are adequate for describing the magnitude of a flow event. This method was

more effective on Field 4 because the rise of the hydrograph was very rapid, often
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taking one day or less, while the recession curves lasted a week or more (Figure 2.14).
On Field 3, total flow was calculated from the time of rapid flow increase until the end

of the recession curve. The increase in flow often lasted for several days because of
obstruction to flow at the outlet (Figure 2.12).

A Visual Basic program in Excel summed precipitation on the fields before each

major flow event to qualitatively estimate antecedent moisture conditions.

The

program calculated precipitation totals for one month, two weeks, one week, two days,

and one day before the end of the flow event. On Fields 1 and 2, one day of
precipitation was typically followed by one day of flow. On Fields 3 and 4, one day of
precipitation before the peak of the flow typically resulted in several days of receding
flow.

Weff

for each flow event was calculated by dividing the equivalent depth of

water drained by the depth of precipitation that fell to create the flow event and during

the flow event (Table 2.2). The monthly Weff was also calculated for each field. On
Fields 1 and 3, there was one event in each that the flow meter only partially recorded.
Partially recorded events were not included in the analysis.

Table 2.2 The percent of precipitation intercepted by tile drains by each event.
Percent of the precipitation intercepted
through tile lines, per flow event

Event#

IFieldl
1

2
3
4
5
6
7
8
9
10

28.5
40.9
17.8
48.0
23.1

23.3
14.8

IField2
1.8
17.4
5.2

35.8
14.4
12.2

IField3
1.3
30.5

42.3
34.4
63.8
33.8
33.3
49.8
0.2

IFieId4
38.2
50.0
19.7
21.2
61.6
29.0
24.2
35.3
23.3
6.4
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2.3.4.4 Inverse Modeling to Estimate Field-Scale Hydraulic Conductivity
One objective of this research was to compare soil core and field-scale K values
derived from water table and tile drainage data to estimate the extent of preferential

flow to tile drains in the Willamette Valley. Tile-drained fields offer a unique
opportunity to measure at one point water transport through a large volume of soil. K
at a point may be directly measured in the laboratory using soil cores, but modeling is

required to extract an estimate for field-scale K from tile drainage and water table
data. There are many models to describe flow to subsurface drains. It is difficult to

analytically solve the LaPlace equation (Equation 2 is the 2-D form) for drainage
problems because of the moving phreatic surface.
a2h

a2h

ax2

az2

(2)

For this reason, many people have used the Dupuit-Forchheimer assumptions. The
Dupuit-Forchheimer assumptions reduce 2-D flow to 1-D flow using the assumption
that all flow lines are horizontal and parallel to an impermeable boundary. The other
Dupuit-Forchheimer assumption is that the hydraulic gradient is equal to the slope of

the phreatic surface.

The last assumption causes the Dupuit-Forchheimer to

underestimate the water table height close to the tile drains, since the flow gradient is

highest near the tile drains.

Dupuit-Forchheimer adopts Darcy's Law, with its

assumption of creeping flow. Soil pore velocities were calculated using velocities
recorded in the tile systems, to confirm that this assumption is reasonable. Creeping
flow requires a Reynold's number, Re,

Re=

vd50p
11

l

(3)

to be loss than one. Here v = flow in [L f'1, d5 o= the average particle size diameter in
[LI, p = water density in [mass U31, and 1 = the dynamic viscosity of the water in

[mass U' f11 (Ritzema, 1994). At 10°C, /p = 1.3 x 106 m2

(Ritzema, 1994).

Therefore, laminar flow applies when

vd501.3

mm2
S

(4)

On all of the fields, the soils are silt loam to silty clay loam. The textural triangle
shows that silty clay loams are 60% silt, 30% clay, and 10% sand (Soil Survey Staff,
1994). Based on the Department of Army Corps of Engineers guidelines, the particle

diameter of silt and ranges from 0-0.1 mm, and sand ranges from 0.1 mm-2.0 mm.

The International Society of Soil Science guidelines set clay particles as having a
diameter less than 0.002 mm, silt as ranging from 0.002-0.02 mm, and sand particles
ranging from 0.02-2.0 mm. To estimate the Reynold's number of flow into tile drains,

we assumed a

d50

value of 0.01 nmi for our soils. We did not do a particle size

analysis, but the d50 value used is considered a high estimate for this soil type and
should give a conservative estimate for this analysis. The linear velocity of the water

in the soil around the tile drains is equal to the flux of water at the outlet divided by
the cross-sectional area of a tile lateral. There are ten laterals of similar length feeding

the main line, so the linear flow through each is the flux at the outlet divided by ten
times the cross-sectional area of one lateral. At the outlet, the maximum flow rate was
7,000 cm3

s'.

This flux divided by the area of a lateral with a 5-cm radius is 86.3 cm

Dividing this flow rate by 10 laterals gives 86 mm

Therefore, (d50)(v) =

(0.01)(86) = 0.86 mm2 s1. This value is <1.3 mm2 i, so the criteria for laminar flow
are met.

Several tile-drainage models incorporate the Dupuit-Forchheimer assumptions.

There are steady state and unsteady state drainage models, with one or two
homogeneous, isotropic soil layers. Steady-state tile drainage models were developed

both by Hooghoudt (1940) and Ernst (1956).

Hooghoudt (1940) made further

assumptions that the tile drains run half-full, and that the drains are ideal, with no
entrance resistance. Hooghoudt (1940) developed three equations, the first of which is

for a tile drain that sits on top of the impermeable lower layer. Another equation
models a tile drain at some distance above the impermeable layer. Hooghoudt (1940)

incorporated an equivalent depth so that flow lines touching the impermeable layer

would enter tile drains by radial flow. This accounts for some of the entrance
resistance

around the tile drains without violating the Dupuit-Forchheimer

assumptions. In a third equation, Hooghoudt (1940) has two soil layers with the tile
drains resting on top of the bottom soil layer.
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Ernst (1956) developed a two-layer model for tile drains that incorporates vertical,

horizontal and radial flow. The tile drain can be in the middle of either layer. Radial
flow

takes place below the level of the tile drain, vertical

drain, and horizontal

flow

flow

occurs above the tile

takes place between the impervious layer and the top

portion of the tile drain.

The Glover-Dun-im equation as reported by Dumm uses the Dupuit-Forchheimer

assumptions to model a dynamic water table (Dumm,

1960).

The model has initial

conditions of a flat water table some distance above the tile drains, which drains after

time zero. Like Hooghoudt's equation, the Glover-Dumm uses equivalent depth, and
accounts for radial resistance of flow into the tile drain when the flow lines reach the
impervious layer.

The Polubarinova-Kochina equation is an unsteady-state, one layer model
describing subsurface

flow

to parallel canals (Polubarinova-Kochina,

1962).

It also

uses the Dupuit-Forchheimer assumptions. Parallel canals can represent tile drains
assuming entrance resistance is low. Input parameters include flow data or water table

height data, drainable porosity, and drainage design parameters such as drain depth

and spacing.

A further assumption is that the tile drain sits directly on the

impermeable lower layer.

Model selection is governed by many criteria, including accurate representation of
the soil profile, and available data for model input. It is better to use very good data in
a model that less accurately describes the soil profile than to use poor data in a model

that better represents the soil profile. This is particularly true if the model has more
parameters. All of the models investigated required a soil profile description, K

values, and field design criteria like drain depth, depth to the impermeable layer, and

pipe size.

When precipitation patterns ase highly variable, as they are in the

Willamette Valley, an unsteady-state model is preferable.

For unsteady state

equations, the drainable pore space and h0/h (initial water table divided by water table

at time t) ratio were also required model parameters. Steady-state equations required
the qfh (flow divided by water table height) ratio.

After careful consideration of the available models, we chose the PolubarinovaKochina (1962) solution (Equation 4) to the Boussinesq tile drainage model to derive

field-scale K, from water table and tile outflow data. Polubarinova-Kochina (1962)
solved the Boussinesq equation for outflow rate due to water table drawdown between
parallel

drains

overlying

an

boundary

impermeable

(Boussinesq

1903).

Polubarinova-Kochina (1962) presented the solution for flux as:

0.862kD2

q(t') =

(5)

2

1kD

B[1+1.1152Jt']
where q(t') is the long-time outflow rate, k is the K value, B is half of the distance
between the drains, D is the distance between the impermeable layer and the water
table, t' is the time that has passed, and i is the drainable porosity. On a given field,

the flow events differed throughout the year. In the winter, peak flow rates were
higher than in the fall or spring. We normalized the flow data by dividing each flow
data point by the respective maximum flow rate for the event. Equation
0.862kD2

5

at t = 0 is:
(6)

B

Dividing Equation 5 by Equation 6 gives values for normalized flow:
1

2.

-i2

(7)

qpeak

1+1.115I--'t' I

2)]

[

We did not take soil core data past 120 cm depth, so we do not know if the tile drains

sit directly on an impermeable soil layer as the model requires. According to soil
survey data, the C horizon of Willamette Valley soils is directly below the depth of the

tile drains, so the distance between the tile drains and a nearly impermeable layer is
probably insignificant. Despite these model inadequacies, the reliability of our input
data for this model made it the best choice. The input data included depth and spacing
of the tile drains, drainable field porosity, tile flow, and depth to water table. Growers

had records of tile drain depth and spacing. Taylor (1966) estimated drainable field
porosity for a Willamette Valley soil, and we used his estimation of 0.05 as a model
input. Our tile flow data were extensive and precise. We had continuous and reliable

data for all of the model parameters but D, the water table data, which were not as
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reliable and only available for a few drainage events. Our approach was to rearrange
the Polubarinova-Kochina equation at time=0 (Equation 6) so that more reliable data,
peak

flow

data and distance between tile drains, could be substituted for water table

data. Rearranging (Equation 6) to solve for D gives:
/q(0) * B
where q(t=0) = qpeak
0.862k

D

(8)

Substituting Equation 8 into Equation 7 gives:

q(t)
qpeak

1

(9)

2

[

1.115kt'

V

B2

qpakB

1

0.862k]

Simplifying and solving for k gives:
1

k

rqpeak

[Lti

1

3

-1 ro.8611 B1(

(10)

jLl.115i

We had reliable model input data for the peak

flow

parameter.

Using the

rearranged Polubarinova-Kochina model, we were able to extract a field-scale K
value for most flow events on Fields 1, 2, and 4. For each

flow

event, we plotted

field-scale K as a function of time. Events had to meet certain criteria to be selected
for this analysis. First, the recession curves had to be relatively clean, meaning that

very little precipitation fell after peak flow was reached. The method worked best on
typical recession curves, on fields with unobstructed flow at the outlet. Although the

analysis for Field 3 is included to show that there is field obstruction, the data from
Field 3 were not acceptable for finding a reliable field-scale K value. The beginning

of each recession curve was time zero. The variability of K with time showed how

well the model worked because the value should remain constant over a period of
days. Precipitation during tile

flow

recession caused the model K value to change

temporarily. For each field, we plotted all of the K values on the same graph, with
each starting at time zero and lasting as long as their respective

flow

events (Figures

2.19-2.22). This made it possible to compare modeled K values between

flow

events.
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Figure 2.22 Field 4 Polubarinova-Kochina solution K values, each color representing
a flow event.

2.3.4.5 Comparison of Field and Core-Scale Hydraulic Conductivity
Soil cores from each field site provided smaller scale K data. We sampled several

randomly selected locations on each field, collecting at four different depths at each
location. The depths chosen were 30 cm, 60 cm, 90 cm, and 120 cm (Owens, 2002).
On Fields 1 and 2, a total of 20 soil cores were extracted from five sites. On Fields 3

and 4, a total of 16 soil cores were extracted from four sites. K was similar on the
Fields 1 and 2, with an average value of about 1.0 x 102 cm

The K values for

Fields 3 and 4 were lower, averaging about 1.0 x i0 cm s* The expected K values

for clay loam soil cores are between 1.0 x i0 cm

and 1.0 x i0 cm

so the

cores from Fields 1 and 2 have a much higher K value than would be expected for a

Dayton series soil. A restrictive clay layer, which is often present in the Willamette
Valley at depths between 0.5-2.0 meters, usually has a much lower conductivity value

than clay loam soils. On Fields 1 and 2, the soil conductivity remained stable with

changes in depth, while the soil conductivity on Fields 3 and 4 decreased with
increases in depth. Soil core data provided a comparison between small-scale and
larger scale values for soil conductivity.

We compared K values for soil cores and whole fields with multiple tile lines
(Table 2.3).

Table 2.3 Comparison of soil core and field-scale K values
Comparison of core and field-scale K values (cm/s)
P-K model data
Soil core data
minimum maximum average
30 cm 60 cm 90 cm 1120 cm mean
Field 1
Field 2
Field 3
Field 4

3.1E-02
7.8E-03
5.4E-03
1.1E-03

1.4E-02
1.2E-02
7.OE-03
4.1E-07

4.2E-02 1.9E-02 2.7E-02
1.7E-02 4.3E-02 2.1E-02
1 .OE-03 2.OE-04 3.4E-03
6.3E-04 1.8E-04 4.7E-04

1.OE-02
1.OE-02
5.OE-06
1.OE-04

1.OE+OO

5.OE-02

5.OE-02

2.5E-02

1 .OE-01

1.OE-02

2.5E-04
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2.4

RESULTS

2.4.1 Drainage Rates and Efficiency
On Fields 1 and 2, there was no tile flow during year 1. All four fields had tile
flow during year 2. Fields 1 and 2 are adjacent to each other and exhibited similar tile

response. Fields 3 and 4 are 100 km away from Fields 1 and 2 but within 2 miles of
each other, and exhibited similar tile response to each other that differed from Fields 1

and 2. Therefore comparisons will be made between years 1 and 2 for Fields 3 and 4.
For year 2 data, Fields 1 and 2 will be compared to Fields 3 and 4.

During year 1, 600-650 mm of precipitation fell, 60% of the long-term average
annual precipitation.

Field 3 had only one major drainage event and one minor

drainage event, with a peak flow rate of 2.5 mm day'. The tile flow occurred in late
March 2001. Field 4 had almost 4 months of continuous flow (January 2001-May

2001) with a peak flow rate of 4.5 mm day'. Field 3 had one major flow event that

intercepted only 9 percent of the precipitation that fell during the period of flow
(Figure 2.11). Field 4 had 5 major flow events during year 1, but the true amount

drained is not known (Figure 2.13). Field 4 intercepts a significant amount of surface
runoff from another field that mixes with tile backflow at the outlet. An accurate flow

calculation was not available for year 1 because of this backflow, but we installed a
trap door where the tile effluent exits the subsurface that prevented surface water from

entering the tile drains during year 2. Year 1 peak drainage rates on Fields 3 and 4
were about half of the year 2 peak drainage rates.

During the second field season, precipitation was normal at 950-1000 mm for each
field. Drainage rates peaked at over 25 mm day1 on Fields 1 and 2, and but flow

events were rapid, usually lasting only 1 day (Figures 2.9 and 2.10). Drainage rates on

Fields 3 and 4 peaked at only 5 mm day1and 9 mm

day1

respectively, but events

lasted upwards of a week, with drainage rates gradually slowing (Figures 2.11-2.14).

Total tile flow increased on all of the fields with 4%-33% of the precipitation
intercepted by the tile drains, depending on the field (Figure 2.23). In Fields 1 and 2
(1.16 ha each), the tiles drained 10% and 4% of the precipitation volume, respectively.

On these fields, tile drainage did not occur unless precipitation events were intense

and prolonged (Figures 2.9 and 2.10). Although Fields 1 and 2 drained more rapidly,

the tiles intercepted about one-third the volume of water that was intercepted by the
tile drains on Fields 3 and 4. Rapid drainage response caused the water table to drop

below the level of the tile drains quickly, and continue to drop due to deep seepage
(Figure 2.15).
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Figure 2.23 Comparison of cumulative precipitation and cumulative tile drainage on
all four fields.

The longer the time that spanned between flow events, the more precipitation that was

required to get the tile drains flowing again. Table 2.2 shows that when the tile drains

were flowing, the amount of precipitation that was intercepted by the tile system was
comparable to Fields 3 and 4.

In Field 3 (12.1 ha) and Field 4 (8.1 ha), tile drains intercepted 26% and 33% of
the precipitation, respectively (Figure 2.23). The tile drains began flowing about
December 15, so some of the precipitation that fell in December raised the water table

to the level of the tile drains. January was the heaviest month of precipitation,
possibly causing surface runoff and accounting for the portion of precipitation that
was not intercepted by the tile lines. In February, over 90% of the precipitation was
intercepted by the tile lines on Fields 3 and 4 (Figure 2.24). The water table was high

due to heavy rains in January, but about half the amount of precipitation fell in
February (about 100 mm). The less intense rains caused almost all of the precipitation
to be intercepted by the tile lines with very little diversion to surface runoff, while the

saturated soil profile resulted in very little precipitation being diverted to deep
seepage. In March, about 60% of the precipitation was intercepted by the tile drains
on Fields 3 and 4 (Figure 2.24). The portion that was not diverted by tile drains could

have been caused by the short stops in tile flow and higher air temperatures that
caused evaporation.

2.4.2 Variability in Tile Drainage Efficiency
The fraction of precipitation that the tile drains intercepted,

Weff,

also varied

between events on each field. The first and last tile flow events of the year usually
had very low

Weff because

the soil profile is recharging during these times (Table 2.2).

During the first tile flow event of the year, the water table was just rising above the tile

drains as it rose to its shallow winter depth. During the last flow event of the year, the

water table was receding to its summer depth below the tile drains. Besides the first
and last events of the year, Weff still varied by up to a factor of seven between events
on a field.
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Figure 2.24 Comparison of monthly precipitation and monthly effective tile drainage
on all four fields.

Analysis of Weff as a function of antecedent moisture conditions and precipitation

events showed a range of correlations.

Weff

was analyzed as a function of two

parameters; (At), time since the last flow event, and (Pt), the precipitation (in mm) that
fell in the two weeks to a month before the flow event, where i is the time span in days

over which the precipitation is summed. On Field 4, there was a linear correlation for
i = 28 days between Weff and P1. Equation 11 describes this correlation:

Weff

=O.6379*P28-35.067

(11)
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with an r-squared value of 0.8536. Tile flow estimates based on Equation 11 are
within 10 percent for any given precipitation event. The first flow event of the season
was not included in the analysis because tile drainage was minimal.

On Field 2, some major rain events did not cause flow events. There was a
correlation between

the flow event

(P14),

Weff

and the amount of precipitation that fell in the 14 days before

but this correlation was not good at higher values of

Weff.

The r-

squared value was 0.51, but there were only six flow events for fitting the equation.
Better correlation was found between the number of days between the flow events (At)

and the

Weff

for each flow event. Tile drains intercepted more of the precipitation if

there was less time between flow events. The equation
Weff

=-0.668*At+29.106

(12)

had an r-squared value of 0.7034. On this field, the amount of flow for a given
precipitation event could be estimated within 5-10 percent if the time since the last
flow event was known.

There was a correlation between

Weff

and

P28

and between Weff and (At) on Field

3, but the correlation was not as strong as on the other two fields. Several of the flow

events were not valid since there was no clear recession curve. Only six events from
the year were valid, so more data may show a stronger relationship. The equation
Weff =0.1523*P8

+40

(13)

had an r-squared value of 0.55. The amount of tile flow created by a given amount of
precipitation was predictable within 10% with data on the amount of precipitation that
had fallen in the previous month. The equation
Weff

=_1.52*At+72.66

(14)

had an r-squared value of 0.53. The amount of tile drainage was predictable within 15
percent with data showing the number of days since the last flow event.

A linear correlation was not found for Field 1 between Weff and either

P14

or P28,

or between Weff and (At). There were missing flow events on Field 1 that affected the

data, but a complete data set probably would not have made the relationship between
Weff and

past precipitation linear.

52

Weff

showed temporal variability on a year-scale as well. Monthly averaged

Weff

was zero for the initial 1-2 months of heavy precipitation (filling soil storage),
increased for 1-2 months (mid-winter), then decreased for the last 2 months of early

spring-time rain as evaporation increased on the fields. The year-scale response is
indicative of the behavior of the water table and storage capacity of the fields. Fields
1 and 2 peaked 1 month before Fields 3 and 4 (Figure 2.25). After the tile drains stop

flowing the previous year, the water table continued to drop further below the drains

during the dry summer months. Monthly precipitation was less than 20 mm during
July, August, and September 2001. In October 2001, it rained about 85 mm but there

was no tile flow on any of the fields as the soil profile was wetting up. In November
2001, there was 140-170 mm of precipitation but still very little tile flow occurred. In

November 2001, Field 1 had the highest percentage of precipitation drained, at 20%
(Figure 2.24). In November 2001, Field 2 had no flow and Fields 3 and 4 had less

than 1.5% of rain intercepted by the tile drains (Figure 2.24). Monthly precipitation as

well as percentage of precipitation drained continued to increase in December and

January as the soil profile reached saturation. The only exception was Field 1,
because the flow meter was broken during December 2001. Field 2 reached its peak
drainage in January, and drainage declined in February and March. On Fields 3 and 4,

the amount of drainage peaked in January, when monthly precipitation was highest at

194 mm.

In February and March 2002, there were 73 mm and 128 mm of

precipitation, respectively, and the amount of flow fluctuated proportionately to the
amount of precipitation. However, the percent of precipitation as tile drainage peaked
at around 90% in February 2002 for Fields 3 and 4, and declined thereafter.

2.4.3 Water Table Drawdown and Management Implications
Less than one third of the piezometers had a rapid response time, which limited the

usefulness of our water table data. An elliptical water table shape was not evident due

to the varying response times of the piezometers.

However, the most rapidly

responding piezometers accurately recorded water table height and provided good data
for model input.
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Effective Drainage per month for each field
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Figure 2.25 Effective tile drainage for all fields, year 2001-02.

The water table and tile flow data indicate that Fields 1 and 2 are draining more
rapidly than Fields 3 and 4. Because of the rapid drainage rates on Fields 1 and 2, the

water table never reached a depth shallower than 0.5 m below the soil surface. On
Fields 3 and 4, the water table reached within 10 cm of the soil surface. In the absence
of precipitation, the water table dropped from 10 cm to 0.5 meters in about 1.5 days on

Field 4 and in about 3-4 days on Field 3. The top foot of soil is the most critical area
to drain because it is the location of most of the plant roots and it provides stability for

farm equipment. The water table dropped more slowly from 0.5 m depth to 1.0 m
depth because of reduced pressure head. This portion of water table decline took less

than 1 day on Field 2, and between 10-15 days on Fields 3 and 4. Below 1.0 m of
depth, the water table recession slowed considerably because the drainage was from
deep seepage. These data indicate that the depth of the tile drains is about 1.1 meters

at the location of the piezometers on Fields 2 and 3, and about 0.8 meters at the
location of the piezometers on Field 4.

Tile flow data peaked 1-3 hours behind water table data (Figure 2.16). This lag is
due to the travel time of the water into the tile drains and to the outlet.

/
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2.4.4 Tracer Test

Our data show that the fluorescence wavelength of Amino G Acid has significant

The background levels of fluorescing

background interference in tile effluent.

material vary both spatially and temporally, and are highest in agricultural runoff
(Smart and Laidlaw, 1977).

The fluorescence degrades when frozen, so samples

should be stored in refrigeration and dark, and tested within a few months.

Samples tested before the tracer was applied indicated that background
fluorescence peaks with peak flow and declines thereafter (Figures 2.20-2.23). On our

fields, there did not appear to be any seasonal variation (between November and
April) in background fluorescence.

Seasonal variation could be occurring in the

spring and summer due to increased bacterial counts from higher air and soil
temperatures.

Table 2.4 Sununary of tracer recovery.
Tracer loss % Tracer
recovery
(mglha)

Drainage
(mm)

(ppb)

Field 1

100

30.9

308.9

0.05

Field2
Field3

40

5.8

116.1

0.02

280

205.9

6177.5

1.11

Field 4

330

185.3

7413.0

0.77

FWA

The flow-weighted averaged fluorescence concentration (before and after tracer
application) ranged between 6-206 ppb on our four fields, and appeared to be strongly

related to the amount of tile drainage on each field. Total tracer loss (including
background) ranged between 0.116-7.41 g ha1, and also appeared to be strongly
related to the amount of tile drainage.

"Tracer recovery", which is not accurate

because it counts background as tracer, ranged from 0.02% to 1.11% on the fields.

Because the tracer in the tile effluent was only monitored for a maximum of four
months, we likely only saw preferential tracer breakthrough. Next year, there will be
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continued tile monitoring on three of the four fields, so the remaining Amino G Acid
transport through the soil matrix will be quantified.

Figures 2.26-2.29 show cumulative tracer loss and the mass removal rate on the
four fields.

Because the background interference was substantial, as shown by

measurements taken before Amino G Acid was applied, the results are reported in
concentration and mass of total

fluorescence

(tracer plus background) rather than just

tracer. Peak mass removal rate was about 222 mg fluorescence (tracer + background)
ha1 day1

on Field 1, 109 mg fluorescence ha'

ha1 day1

on Field 3, and 334 mg fluorescence ha1

day1

on Field 2, 432 mg fluorescence

day1

on Field 4, so the differences

in mass removal rates were not as different between fields as the total mass removal

amounts were. On all four fields, the peak mass removal rate for the year occurred
during the first flow event after the tracer was applied to the field.

56

1.8

30

ó' 1.6

C

0

C)

2O

C)
"-i

i

0)
C)

C
C)

I-

0.6

U.,

8

C)

C)

I-

0

5

p0.2
II-

0
Nov-01

0
Dec-01

Feb-02

Jan-02

Mar-02

Apr-02

Date

Figure 2.26 Field 1 tile flow and fluorescence, year 200 1-02. Arrow indicates Amino
G Acid application date.
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Figure 2.27 Field 2 tile flow and fluorescence, year 2001-02. Arrow indicates Amino
G Acid application date.
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Figure 2.28 Field 3 tile flow and fluorescence, year 2001-02. Arrow indicates Amino
G Acid application date.
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Figure 2.29 Field 4 tile flow and fluorescence, year 200 1-02. Arrow indicates Amino
G Acid application date.
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Figure 2.31 Field 2 fluorescence mass removal rate and cumulative mass removal,
year 200 1-02. Arrow indicates Amino G Acid application date.
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Figure 2.32 Field 3 fluorescence mass removal rate and cumulative mass removal,
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Figure 2.33 Field 4 fluorescence mass removal rate and cumulative mass removal,
year 200 1-02. Arrow indicates Amino G Acid application date.

2.4.5 Model Field-Scale Hydraulic Conductivity
The tile flow data from Fields 2 and 4 fit the Polubarinova-Kochina solution to the

Boussinesq tile drainage model well, meaning model K values stayed constant
throughout the flow event and field-scale K changed by a factor of 10 or less between

events (Figures 2.19-2.22). Resistance to tile flow at the outlet on Field 3 did not
allow very good fit to the model because the parameter qpeak was difficult to determine

and the recession curves had different shapes. Tile flow data from Field 1 did not fit

as well to the model for unknown reasons. The model showed that for recession

curves during which there was very little precipitation or noise, model K value
remained consistent during a given flow event. There were three flow events, early
and late in the season, which had more rapidly declining recession curves, indicating
less of an obstruction to flow (Figure 2.21). In the first and last flow events, the water

table would be lower on the adjacent field, causing less resistance for the flow from

Field 3 to enter the tiles on the adjacent field. On Field 1, almost all of the K values
increased as the flow event proceeded, and this was the only field with that behavior
(Figure 2.19).

The model K value between flow events stayed within a factor of two for the four

undisturbed flow events on Field 2 (Figure 2.20). The resulting model field-scale K
values ranged from 1.5*102 cm

s1

to 3.O*102 cm s1. On Field 4, five of the flow

events had model field-scale K values within a factor of two, ranging from 1 5* i0
cm

s1

and 3.0*10 cm

s1

(Figure 2.22). Two other flow events on the field had

higher K values of 5.0*10 cm s1 and 6.5*10 cm s1. Model K values for all of the
flow events were within an order of magnitude of each other. On Field 3, model field-

scale K values of five flow events were all within a factor of five, ranging from
4.0* 106 cm s1 to 9.0* 106 cm

These events had the most rounded hydrographs, so

the very low conductivity values are likely artifacts due to obstructed drainage. Two
tile drainage events that appeared to have less obstructed drainage were two orders of

magnitude higher than the other flow events, with modeled field-scale K values of

5.0*10 cm

s1

and 6.0*10 cm s. The K value for the first event of the season,

which was a short and rapid event, was four orders of magnitude higher than the
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values derived from the clearly obstructed flow events. It is possible that there was no

flow on the adjacent field during this time, so this is the true apparent conductivity of
the soil on the field without limitations from the tile system.

2.5

CONCLUSIONS
We characterized tile flow response to precipitation on four tile-drained fields by

comparing precipitation and tile flow data. With the tile flow characterization and

water table data, we estimated the feasibility of WTM Using Amino G Acid as a
fluorescent soil water tracer, we estimated the contribution of preferential flow to tile
flow volume on each field. Finally, we used the Polubarinova-Kochina solution to the

Boussinesq tile drainage equation to estimate field-scale K on each field.

We

compared the model field-scale K results with soil core values to determine if there
were differences in flow processes at the core and field scale.

2.5.1 Characteristics of Tile Flow Response to Precipitation
Tile flow response is highly variable between fields, and with varying precipitation

patterns and amounts. Tile system design (spacing, depth) was very similar on all four

fields, so the variability in response is not due to design. Climate was also similar on
all four fields.

The fields did have some similar characteristics to tile flow response. Tile flow
correlated positively to volume of precipitation. The tile drains all began flowing
within a month of each other and stopped flowing within a month of each other. Tile

flow response to precipitation was immediate on all four fields. On all four fields,
field antecedent moisture conditions affected

Weff.

Finally,

Weff

varied at least an

order of magnitude between events on each field.

Soil types and topography could have differed between the two northern fields and

the two southern fields, but the soil survey data and 7.5 degree topography maps are
not detailed enough to show any differences. However, the data indicate that soil type
and topography are causing the differences in tile response between the northern fields

and southern fields. Surface runoff was visibly higher on Fields 1 and 2 compared to

Fields 3 and 4, although we did not measure surface runoff volume in this study.
Also,

Weff was lower on Fields 1 and 2, indicating that either surface runoff or deeper

seepage diverted more water on these fields, comparatively.

The four fields that we studied could represent the range of tile responses on
Willamette Valley soils. Since tile drains intercepted between 4-33% of precipitation,
we can conclude water movement is altered on tile-drained fields, on some fields more

significantly than others. Tile drainage is a very significant component of the water

balance on Fields 3 and 4, but only accounts for a small portion of water output from

the field on Fields 1 and 2. Tile drainage efficiency was in the lower range of
previously reported values for drainage under row crops, indicating that grass may
consume more soil water than row crops.

2.5.2 Water Table Response and the Feasibility of WTM
Water table decline was accelerated by tile drainage on all four fields. Most of the
water table data were collected in the spring because of instrument malfunction during

the winter. Because more time passed between precipitation events in the spring, we
were able to calculate water table drawdown rates from true recession curves without

noise from additional precipitation events. However, we did not get a continuous

water table record through the winter with which to calculate average water table
depth. On Fields 1 and 2, the rate of water table drawdown was 500 mm

day1

when

the water table was dropping from 0.5-1.0 m below the soil surface. This drainage

rate exceeded the maximum daily precipitation rate by a factor of ten. Because the

water table never reached a depth shallower than 0.5 m, the root zone was not in
danger of being saturated. The water table could be managed at a depth of 0.5 m.
This was the shallowest WTM depth used by Lalonde et al. (1996). The length of the

tile lines on this field is about 150 m. If the tile lines were installed at a maximum
gradient of 0.1%, the drop in these lines would be 0.15 m. The drop in this system

would not limit the use of tile line management because a single control structure
could be used for each tile system.
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Fields 3 and 4 had similar tile drainage response but water table data were only
reliable on Field 4. The rate of water table drawdown was about 100 mm day1 when

the water table depth was between 0-0.5 m, and about 25 mm

table depth was between 0.5-1.0 m.

day1

when the water

Although the data, which were collected in

March, do not show a saturated root zone, the water table was probably very shallow
for most of January and February 2002. In addition, the tile lines on these fields were
almost 1,000 meters long, so the drop of the tile lines was probably a meter. Multiple
control structures would be required on either Field 3 or Field 4.

Based on the water table drawdown data, we conclude that WTM would be
feasible on Fields 1 and 2 because they are very small, fairly well drained fields. On
Fields 3 and 4, which are large, poorly drained fields, we conclude that WTM is not
feasible.

WTM requires a considerable investment of money and time.

The

contributions of nitrate and pesticides to surface waters by the tile systems must be
significant for this management technique to be worthwhile.

2.5.3 Importance of Preferential Flow as Indicated by Tracer Study
Except on Field 3, the first flow event after tracer application had lower drainage

rates than previous drainage events. On Fields 1 and 2, the flow event that occurred
after tracer application (February 7-9) was the weakest flow event since the beginning
of November. On these fields, we had to wait until the field was accessible to a tractor

sprayer before applying tracer. This required waiting until there were several days of

no precipitation, which weakened the subsequent flow event, as discussed in the
section on drainage efficiency.

Because of the strong correlation between mass

removal rates and tile flow intensity, this caused the preferential flow pulse to be
weaker than it would have been had the tracer been applied before the peak winter tile
flow. Most tracer tests are conducted by applying tracer and then irrigating at rates far
above normal precipitation, which generally causes very strong tracer breakthrough.

Despite less than ideal tracer application conditions, we can conclude from the
tracer study that preferential flow to tile drains exists, but was not significant from

January-March on these fields.

No more than 0.5% of the tracer was lost to
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preferential flow after tracer application on any of the fields, indicating that no more
than 0.5% freshly applied chemicals could be lost to preferential flow. This does not

mean that preferential flow is never significant on these fields or in the Willamette
Valley. When the soil profile is saturated, the clayey soils on all fields visibly swelled

and expanded, sealing surface cracks that had been numerous in the spring, summer,

and fall. Most fertilizer and pesticide applications take place in the spring, summer,
and fall. Precipitation events, sometimes significant, can occur when the tile drains

are not flowing. If preferential flow is more significant when the soil profile is not
saturated, then fall, spring, and summer precipitation events after chemical

applications could be sending fertilizer and pesticides outside of the root zone where

biochemical degradation is most likely to occur. Further, the tile drains preferential
flow could send chemicals to the groundwater below the tile drains.

2.5.4 Model-Predicted Field-Scale Hydraulic Conductivity
It appeared that on Field 3, the outlet severely obstructed the apparent conductivity

of the tile-drained soil. The obstruction was similar to a tile-line management system

because it controlled the head at the outlet. While this does not reflect the true
conductivity of the soil, it does depict the actual drainage from the field. According to

the Polubannova-Kochina solution to the Boussinesq equation for tile drianage, the
adjacent Fields 1 and 2 have higher K values by two orders of magnitude than Fields
3 and 4. This is not the result that we would expect based on soil survey data, because

the soil survey classifies Fields 1 and 2 as "very poorly drained" while Fields 3 and 4

are classified as "poorly drained."

Along with the soil survey information, our

drainage data also contradict the model results. One possibility in the differences
between model K values is the parameter of drainable porosity could vary between

fields, and we used a constant value of 0.05 for all fields. Figure 2.34 shows that

when comparing water table drawdown with tile drainage on Fields 2 and 4, the
calculated drainable porosities for those two fields are 1.5% and 3.0%, respectively.

Only 1 event could be analyzed for Field 2, but 3 events were analyzed for Field 4
with the same result. We did not use the calculated values because more information
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would have to be gathered on the water loss to deep seepage, which could be diverting

more water from tile drains on Field 2 than on Field 4. The data indicate that that
parameter is our least reliable model input and should be further reviewed.

Previous literature indicates that the property of soil conductivity varies with scale.

Higher K values would be expected on the field scale than for the soil cores. Fieldscale drainage incorporates large-scale flow phenomena such as macropore flow and
flow through cracks. Because of the small number of soil cores taken on each field, it

is unlikely than any macropore flow was captured using this testing method.

In

comparing the soil core K values with the Polubarinova-Kochina solution K values,
the occurrence of preferential flow is not apparent. The average field-scale K values

within a factor of two of the average soil core K values. The high variability in the
soil core data could be masking the difference, if there is any. Also, field-scale K
could be restricted due to a low permeability soil layer below the depth of 120 cm,

which was the deepest that a soil core was taken, and above the tile drains.
Additionally, flooding at the tile outlet in Fields 3 and 4 would result in lower
predicted values for field-scale K, because the Polubarinova-Kochina solution to the

Boussinesq tile drainage equation assumes an unrestricted outlet. Field scale K is

calculated to be lower than core K because of field conditions but may actually be
lower than core values because of a possible restrictive layer above the tile drain. In a
laboratory experiment on soil cores, there is no obstruction to flow.
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MEASURING NITRATE AND PESTICIDE MOVEMENT
THROUGH TILE DRAINS ON FOUR WILLAMETTE VALLEY
FIELDS
3

3.1

ABSTRACT
Tile drains are important for lowering the water table on poorly drained fields, but

have been shown to transport field-applied chemicals. Four tile-drained grass seed
fields of varying acreage (1.16, 1.16, 8.1, and 12.1 hectares) were studied. Tile flux

was continuously monitored at the outlet and tile effluent samples were frequently

analyzed for nitrate and selected pesticides. Pesticides in surface water and tile
effluent were also compared on two fields. The objective of this research was to
determine the environmental effects of tile drains to Willamette Valley surface waters
and ground water.

Nitrate losses representing from 1-6.7% of the applied nitrate. Flow-weighted
average concentrations ranged from 1-14 mg NO3-N U1, and only exceeded 10 mg

NO3-N U1, the EPA drinking water standard, on the first-year grass seed field.
Seasonally, nitrate concentrations were highest in the fall and spring during low flow,
with highest mass export occurring during peak flows.

Diuron, metolachlor, and chlorpyrifos concentrations in tile effluent remained well

below EPA drinking water advisory limits, and mass losses through tile drains ranged

from 0.01-0.25% of applied pesticide. Metolachlor and chlorpyrifos concentrations

were similar in surface runoff and tile effluent, but diuron, the most adsorptive
pesticide, was 100 times more concentrated in surface runoff and exceeded EPA
drinking water advisories. Surface runoff accounted for the loss of 3% of the applied
diuron. Pesticide losses were highest after application and during peak tile flux.

On grass seed fields in the Willamette Valley, the loss of highly adsorptive
pesticides through surface runoff could be the greatest environmental concern.
Because the water table dropped slowly and nitrate losses followed EPA standards
after the first year of grass stand establishment, Water Table Management (WTM) is
not advised at this time.

3.2 INTRODUCTION
3.2.1 Purpose of Study

Growers install subsurface tile drainage systems to lower the water table when
there is excess precipitation. Tile drainage alters field hydrology, thus altering solute
transport from fields. Tile drainage transports a significant portion of the precipitation

that is intercepted by fields, and sometimes contributes a significant mass of nitrate

and pesticides to surface waters. NAWQA studies have shown greater detection
frequencies and concentrations of nitrate and pesticides in streams where land use is
primarily agricultural (Wentz, 1998).

Nitrate loss through tile drains on agricultural fields increases with precipitation

and tile flow (Cambardella et al., 1999; Jaynes et al., 1999; Kladivko et al., 1999;
Bjorneberg et al., 1996a; Madramootoo et al., 2001). Under some conditions nitrate

concentration and mass loss do not increase during the first tile flow following
fertilizer application (Bjorneberg et al., 1996a; Cambardella et al., 1999), while other

conditions give rise to increases in both immediately following fertilizer application

(Madramootoo et al., 1992; Drury et al., 1996). Nitrate concentrations don't show a
consistent relationship with tile flow intensity. There are many sources for nitrate
leaching to tile drains beyond fertilizer application, the most important cause being the

nitrogen cycle in the soil (Dinnes et al., 2002; Bjorneberg et al., 1996a). de Vos et al.

(2000) showed that nitrate concentration peaks corresponded with flow peaks, while
Jaynes et al. (1999) found no consistent response in nitrate concentration during flow
events.

Cogger et al. (2001) found that during its first year of establishment, tall

fescue took up less than half the amount of nitrate as in subsequent years. Tall fescue

probably consumes less nitrate during its first year of development because of
shallower, less developed root systems and lower biomass production. First-year and
established tall fescue stands are shown in Figures 3.1 and 3.2.

Pesticide movement to tile drains occurs through preferential and matrix flow.
While nitrate is a small, mobile, water soluble, and negatively charged polar anion,
pesticides are large, organic, apolar molecules that generally adsorb to soil surfaces,
and therefore move more slowly through the soil matrix than nitrate. The amount of

Figure 3.1 First-year tall fescue stand (Field 1, year 200 1-2002).

Figure 3.2 Established tall fescue stand (Field 3, year 2001-2002).
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delay is a function of the soil and pesticide properties and can be estimated by a
retardation factor. Soil nitrate is a part of a complex cycle, continuously undergoing

reversible transformations, while pesticide breakdown is irreversible.

However,

pesticide degradation products can be equally or more harmful than the pesticides

themselves and are therefore a concern.

Some pesticide tests, including the

immunoassay test, are sensitive to some pesticide degradation products in addition to
the pesticide itself.

Another difference between nitrate and pesticides is that nitrate occurs naturally in

the environment, so fertilizer is not the only source of nitrate to the tile lines. Nitrate
enters the soil through atmospheric deposition, lightening, precipitation, and plant and

bacterial nitrogen fixation. Soil organic matter, which contains a substantial amount

of nitrogen, has a turnover rate of hundreds and even thousands of years. These
circumstances make it difficult to differentiate between nitrate from fertilizer and
nitrate from other sources when computing the fraction of applied fertilizer that was
lost through tile drainage.

Unlike nitrates, the only source of pesticide is what the grower applies to the field.

Pesticide half-lives differ widely depending on the environment and the product.
Pesticides are generally least persistent in aerobic environments and most persistent in

anaerobic environments. In water, pesticides generally have a longer half-life than in
soil. Pesticides with very long half-lives can persist past one field season making it

difficult to determine the timescale of transport; it is possible that chemical applied to
the fields in previous years will appear in tile line effluent.

We used the tile flow, nitrate, and pesticide data from four tile-drained grass seed
fields in the Willamette Valley to evaluate the environmental impact of tile drainage to
Willamette Valley surface waters and groundwater.

3.2.2 Review of Literature
3.2.2.1 Health Concerns Regarding Nitrate in Drinking Water
Nitrogen is a critical nutrient for constructing protein, DNA, RNA and chlorophyll

in crops. Monocropped systems without legumous nitrogen-fixers require nitrogen
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fertilizer additions to achieve profitable yields.

If crops do not receive adequate

nitrogen during critical growth stages, lower yields will result. Crop demands for
nitrogen and plant-available mineralized nitrogen in the soil vary both spatially and
temporally.

To maintain profitable yields and minimize risks with limited

information, growers usually apply nitrogen fertilizer in excess of crop needs.

Nitrate (NO3) is a form of nitrogen that causes significant health and
environmental concerns.

Health concerns from nitrate consumption, such as

methemoglobinemia ("blue baby syndrome") and the formation of carcinogenic
nitrosamines, prompted the EPA to set a drinking water standard of 10 mg NO3N U1

(U.S. EPA, 1976). Nitrate is the predominant form of nitrogen in soil water from

agricultural fields (Jacinthe et al., 1999; Kladivko et al., 1991). Because of its high

solubility, nitrate is transported with soil water to surface water and groundwater.

This is of concern because about half of the United States population uses
groundwater as their primary source of drinking water (Burmaster, 1982). Surface
water treated at wastewater treatment plants also provides drinking water, but current
methods do not directly treat nitrate levels. Retrofitting current wastewater treatment
plants to treat nitrate is very costly. With rising fertilizer costs and increasing concern

over nitrate inputs into drinking water supplies and the environment, researchers
continue to develop best management practices (BMPs) for reducing nitrate pollution.

Recent studies indicate that nitrate pollution to surface waters on agricultural lands

is a concern in the Willamette Basin. In a Willamette Basin National Water-Quality
Assessment (NAWQA) study from 1991-1995, six of the 70 shallow domestic wells
that were tested were above the Maximum Contaminant Load (MCL) of 10 mg NO3-N
U1.

In streams, nitrate concentrations ranged from 0.054-22 mg NO3-N U1, with

higher concentrations on agricultural lands.

Only two of the 51 streams sampled

exceeded 10 mg NO3-N U1. Nitrate applications have increased in recent decades, so

groundwater concentrations of nitrate will also likely increase in the future (Wentz et

al., 1998). In another Willamette Valley study, nitrate concentrations were tested in
one creek at 5 locations (Anderson et al., 1997). Four had concentrations exceeding
10 mg NO3-N U1, and the fifth was higher than 9 mg NO3-N U'. Two of the samples

were above 20 mg NO3-N U' (Anderson et al., 1997). Currently, the Willamette
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River is a drinking water source, and may be increasingly relied upon by the 2 million
people in the Willamette Basin.

3.2.2.2 Nitrate in Tile Lines: Previous Work

When developing BMPs for nitrate pollution, researchers consider climate, soil

type, crop type and rotation, and the presence or absence of artificial drainage.
Artificial drainage systems, such as subsurface tile drains, increase the volume (Evans
et al., 1991) and intensity (Lalonde et al., 1996) of water transport from fields. Nitrate

losses corresponded positively to the volume of water leached through drainage
(Jaynes et al., 1999; Bjorneberg et al., 1996a; Gilliam et al., 1979). In some regions,
over half of cropped land is tile drained, changing the hydrology and solute movement

on entire watersheds.

Tile drain installation from the last century is not well

documented, but the high percentage of land used for agriculture and high crop yields
indicate that a large area of the Wiflamette Valley is tile drained. In the last few years,

some tile drain installers have begun mapping the drainage systems using GPS so that

tile lines can be located in the future. Also, tile installation must be approved and
records of newly installed acreage are kept. In 1999, 211,000 hectares were planted in
grass seed out of total 378,000 hectares farmed in the Willamette Valley, according to

the 2000 Oregon State University Extension Service Agricultural Estimates. Because
of the flat topography, heavy, poorly drained soils, and heavy winter precipitation, tile
drainage greatly increases the yields of cool season grasses.

No studies have published nitrate concentrations or losses from tile effluent in the
Willamette Valley. Grass seed fields are the predominant crops in the Willamette
Valley.

Oregon researchers have studied the nitrogen uptake timing, amount and

efficiency of grass seed fields.

In a few studies, researchers have measured the

concentration of NO3-N in the soil water under grass fields. These studies, conducted

in the Willamette Valley, revealed that grasses are very efficient nitrogen consumers

(Young et al., 2000). Recommended fertilization rates were 152-202 lb NO3-N

ha1

for perennial ryegrass and 101-152 lb NO3-N acre' for tall fescue. When researchers

applied recommended rates, soil water nitrate-N concentrations remained below 4.2
mg NO3-N U1 in the top 12 inches of soil for all three farms, and below 1.1 mg NO3-
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N U1 nitrate-N below 12 inches depth for all farms. When the recommended rates

were doubled, concentrations ranged from 7.6-24.3 mg NO3-N U' in the upper 12
inches of soil, and between 1.8-2.7 mg NO3-N U' below 12 inches for all three farms

(Young et al., 2000). In a study by Cogger et al. (2001), nitrogen uptake efficiency

was determined for tall fescue. In the first year of stand development, Apparent

Nitrogen Recovery (ANR) was the lowest, at 48 percent of the 202 kg N ha' year'
applied, because of slower growth and less ground cover. In subsequent years, ANR
increased to 5 1-72 percent of the 336-403 kg N

ha1

yeaf1. Whitehead (1995) reports

that for cool season forage grasses, ANR is typically between 50-80%, much higher

than for row crops or annual crops. Most of the unrecovered N is stored in the
unharvested part of the plant, and less than 25 kg N ha yeaf' was left in the soil for
that study. First-year perennial grasses are not as efficient as established grasses in
consuming soil nitrogen.

One of the few studies that monitored nitrate leaching through tile systems under

perennial grass crops showed that grass seed consumes most of the nitrate before it
leaches past the root zone to the tile drains (Randall et al., 1997). This study covered

six years and a wide variety of weather conditions during the growing season. The

first two years were very dry, with no tile flow on any crop. The third year had
average precipitation, and the only flow was under the row crops but not under alfalfa

or the perennial crops. The final three years had above average precipitation. When
precipitation was 13-22% above average, drainage volume was 50-80% less on alfalfa

and CRP than on the row crops. Tile drainage volumes were more similar between
crop types when precipitation was 60% above normal. Grasses and alfalfa reduce the

amount of residual nitrogen in the soil in both the spring and the fall. Overall, the
amount of RSN (residual soil nitrogen) was highest after the second consecutive dry
year and lowest before the third consecutive wet year. Alfalfa and CRP crops reduced

the RSN up to 2.7 meters below the soil surface. Perennial crops also reduced the
volume of tile drainage by a factor of 1.1-5.3 as compared to row crops. Alfalfa and
CRP crops reduced nitrate loss by factors of 37 and 35, respectively.

The majority of tile drain effluent quality studies have been under corn cultivation

and shown significant losses of nitrogen through tile lines. On a 4-year study in Iowa

under a corn/soybean rotation, Cambardella et al. (1999) showed NO3-N losses
ranging from 5-51 kg NO3-N ha' yr', with average monthly nitrate concentrations
being more than 10 mg NO3-N U' for 12 of the 48 months, and between 6-9 mg NO3-

N U' for 32 of 48 months. In another Iowa study on silty clay loam and clay loam
soil, Jaynes et al. (2001b) studied NO3.N losses from a corn/soybean grown in rotation

with corn field under low, medium and high fertilizer application rates. Losses ranged

from 13-61 kg NO3-N ha' yr for all treatments, with high fertilizer applications
resulting in the greatest losses. Nitrate concentrations were always higher than 10 mg
NO3-N U1 for all treatments except for under low fertilizer rates during soybean

cultivation.

Concentrations ranged from 6-30 mg NO3-N U'. On a moderately

drained clay loam soil, Chung et al. (2001) reported losses of 51 kg NO3-N ha yr
for continuous corn, 45 kg NO3-N ha' yr' for corn/soybean, and only 2 kg NO3-N ha

'yr for alfalfa. On a silt loam soil in Indiana, Kladivko et al. (1999) reported nitrate
losses ranging from 14-105 kg NO3-N ha' yf1, with concentrations ranging from 14-

38 mg NO3-N U'. Bjorneberg et al. (1996a) reported similar losses of 30-105 kg
NO3-N

yeaf' and concentrations of 20-65 mg NO3-N U' from a poorly drained

loam soil. In Canada, Madramootoo et al. (1992) reported nitrate losses from two

potato fields. One field lost 14 kg NC)3-N ha'

yf1

with concentrations ranging from

2-37 mg NO3-N U1, and the other lost 71 kg NO3-N ha

yf1

with concentrations

ranging from 12-40 mg NO3-N U1. On a silt loam soil in the Netherlands with a crop

rotation of potatoes/winter wheat/sugar beet/spring barley, de Vos et al. (2000)
measured 11 kg NO3 -N ha

yr1

lost through the tile drains.

These studies all emphasize that nitrate losses are highly variable depending on the

climate, soil type, crop, crop rotation, and management practices. Crop type and crop

rotation clearly affect nitrate losses through tile drains. Annual crops, row crops, and
crops that are not rotated lose much more nitrate to leaching than alfalfa, grasses, and

perennial crops, likely because of the reduced ground cover and less efficient uptake

(Young et al., 2000). The organic matter content of soil greatly affects nitrogen
availability to plants and leaching. The above studies all found that tillage practices
did not greatly affect nitrate losses. When crop type and nitrate application rate were
constant, the primary determinant of rLitrate leaching was the precipitation amounts
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and patterns through the year. Nitrate losses corresponded positively to the volume of

water leached through the tile drains (Jaynes et al., 1999; Bjorneberg et al., 1996a;
Gilliam et al., 1979). Lowest losses occurred during the driest years, especially when

a dry year followed a wet year. Precipitation patterns can cause nitrate losses in tile
drains to vary tenfold from year to year.

Because nitrate levels in tile effluent ase often elevated, researchers developed
management strategies to minimize nitrate losses. The primary determinant of nitrate

loss through tile drains is the volume of water that leaves the field through the tile
drains. Thus, reducing the volume of water that leaves the field via the tile drains

reduces nitrate loss through the tile drains. Studies that have focused on reducing
surface water pollution have thus developed strategies to control the amount of flow

by keeping the water in the soil profile longer. This is the management practice of
Water Table Management (WTM) or Controlled Drainage (CD). With controlled
drainage, the water table remains at a specified depth above the tile drains, meeting the

needs of the grower to aerate the root zone of the crops and keep the field trafficready. Controlled Drainage-Subirrigation (CDS) is another management strategy that
minimizes nitrate losses. In addition to controlling the height of the water table above

the tile drains, the grower can add water to the soil through the tile system during dry
periods, increasing the reduced zone in the soil. Many studies have shown that WTM
and CDS reduce flow and greatly reduce nitrate losses through tile drains. Evans et al.

(1991) summarized results of 14 North Carolina field studies, showing an average
decrease of 30 percent in drainage outflows for controlled drainage compared to free
drainage. NO3-N losses dropped by 45%, mostly due to reduction in flow volume. A
study by Madramootoo et al. (2001) showed that using the CDS management practice
reduced nitrate losses during one wet year and one dry year. In 1998, a wet year, CDS

reduced nitrate loss by 80% and nitrate concentration by 74%. In 1999, a dry year,
using CDS reduced nitrate loss by 58% and concentration by 80%. CDS resulted in a
25% reduction in crop yield during the wet year, but did not affect crop yields during

the dry year. Lalonde et al. (1996) showed that flow volumes and nitrate losses

generally varied proportionally to water table depth.

Comparisons between free

drainage, and water tables maintained 0.25 meters and 0.5 meters above a 1-meter
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deep tile drain proved this hypothesis. Maintaining the water table 0.25 m above the
tile drain reduced tile flow volume by 59% and nitrate losses by 76%. With the water

table kept 0.5 m above the tile, flows dropped by 65%, while nitrate-N losses
decreased 69% (Lalonde et al., 1996). In 1993, a WT 0.25 m above the tile reduced
flows by 41% compared to free drainage, and reduced nitrate losses by 62%. A 0.5 m
water table above the tile reduced flows by 95% and reduced nitrate losses by 96% in

1993. For free drainage, nitrate concentrations averaged 17 mg NO3-N U' in 1992
and 11 mg NO3-N U' in 1993. Nitrate-N concentration reductions were significant

with the 0.25 m water table but not the 0.5 m water table. This could be due to the
dilution caused by increased flow volume. Drury et al. (1996) showed that CDS
reduced nitrate losses and concentration levels through tile drains compared to free
drainage, but resulted in increase nitrate losses through surface runoff. CDS brought
nitrate concentrations down to an acceptable average level of 8 mg NO3-N U1 average
compared to 11 mg NO3-N U1 under free drainage. Nitrate mass losses were 23-30 kg
N

ha1 yeaf1

under free drainage and only 12-17 kg N

yeaf' for CDS. Increases

in runoff were much less than decreases in tile effluent with CDS.

Nitrate

concentrations were greater in tile water than in surface runoff. Dinnes et aT. (2002)
reviewed nitrogen management strategies and concluded that CDS is an effective way

to reduce nitrogen losses to surface waters compared to free drainage. Jacinthe et aT.
(1999) further studied the effects of a dynamically controlled water table compared to

traditional WTM and free drainage using columns. Using static WTM removed 9-

14% of the nitrate compared to free drainage.

Dynamic WTM, which included

periods of keeping the water table very close to the soil surface reduced NO3-N in tile
effluent by 24-43%.

CDS reduces nitrogen losses because it 1) promotes denitrification by increasing
soil saturation; and 2) promotes nitrate consumption by microbes by holding soil water

in the upper soil layers. Losses are particularly minimized when nitrate is susceptible

to leachingwhen crops are not actively growing. Unless a grower can afford multiple

control structures, its use is limited to soils with slopes of less than 1% and tile
drainage designs with shorter tile drains. The other major limitation is increased time

demands on the grower to manage the water table and control structures. A dynamic

77

WTM strategy would be particularly time consuming for a grower.

Skaggs and

Chescheir (1999) hypothesized that keeping tile drains at shallower depths and closer

together would minimize these limitations while performing the same functions as a

WTM system. They carried out a computer modeling study and found that placing
drains at 0.75 m with 28 m spacing rather than 1.5 m with 55 m spacing resulted in 2.5

times less nitrogen loss. Drains usually have to be at least 75 cm deep because a
certain soil tension is required for seeds to grow in soil. Two field studies support this

hypothesis. Gordon et al. (1998) did a field study specifically on drains at different
depths and found nitrate reductions of 38 percent, with volume flow reductions of 45

percent, in 50 cm drains compared to 80 cm drains. Schwab et al. (1980) found that
drains 50 cm deep and 6 m apart lost 40 percent less nitrate-N than drains 100 cm deep
and 12 m apart.

Researchers have determined that nitrate pollution in tile effluent is a concern, and

WTM is thus far the most consistently effective strategy for reducing its loss to the
environment. The studies by Wentz et al. (1998) and Anderson et al. (1997) indicate
that nitrate will be a future concern to our drinking water supplies and surface waters.

However, no data is available to back up a best management strategy for tile effluent

in Western Oregon. This study provides temporal data on precipitation patterns and
amounts, tile flow, and nitrogen losses from grass field in the Willamette Valley.

3.2.2.3 Health Concerns Regarding Pesticides in Drinking Water
Besides fertilizers, pesticides are the other major class of chemical that growers

apply to agricultural fields.

Following World War II, synthetic pesticides were

available for widespread agricultural use. Over the last 20 years, nationwide pesticide

use has remained fairly stable at 1 billion pounds of active ingredient per year, with
600 million pounds per year of that being herbicides. There are approximately 50,000

different pesticide products containing over 600 active ingredients (Trautmann et al.,
1998).

Seventy percent of pesticide use is attributed to commercial farms

(www.texasep.org/html/pes/pes_lusa.html). In 2000, about 4.5 millions pounds of

pesticides were used in the Willamette Basin. Pesticide detections are becoming
increasingly frequent in surface waters and groundwater. A NAWQA study in the
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Willamette Basin, Oregon found detectable levels of six of the most commonly used

pesticides-atrazine, simazine, diuron, metolachlor, deethylatrazine, and diazinon- in
over 50% of the surface water samples tested, and also in some groundwater samples.

Pesticide occurrence in surface wate:r and groundwater samples is the greatest on
agricultural lands (Wentz et al., 1998).

Water quality studies usually find high occurrences of pesticide detection in
surface waters, but at concentrations generally lower than 1 tg U1 (Wentz et al.,
1998). Groundwater detections are infrequent, with over 98% of detections being less

than 1 tg U1 nationwide (Barbash et al., 2001). Unfortunately, long term health
effects on humans are unknown for most pesticides, and drinking water standards do

not exist for most pesticides. The greatest risks are to infants and children, who
consume more food per body weight, and ingest large amounts of specific foods, like
fruit juice. Acute effects of pesticide exposure include the typical flu symptoms, while

chronic effects include cancer, liver damage and kidney damage. The toxicity of
different pesticides can vary by a factor of 1,000 or more, so determining the general
toxicity level of each compound is important.

3.2.2.4 Pesticides in Tile Lines: Previous Work
The fate of pesticides on an agricultural field depends on many physical, chemical

and biological factors including pesticide selection, climate, soil type, crop, and field
management. The two most important chemical properties that affect pesticide fate in

the environment are persistence (half-life) and sorption coefficient. The half-life of a

pesticide can range from a few days to several years. The higher the persistence of a

pesticide, the more likely it is to leach out of the root zone and soil system before
being degraded. While high persistence is a good pesticide property for protecting
crops, it becomes a negative quality once the pesticide leaves the field. The sorption

coefficient of a pesticide determines how well it will adsorb to soil particles. A
pesticide with a low adsorption coefficient is most likely to leach from the soil profile.

Photodegradation and volatilization can break down certain pesticides as they sit on

the soil surface after application (Cress, 1990). Precipitation amounts and patterns
affect surface runoff and subsurface drainage flux. Soil moisture and soil temperature
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affect the rate of chemical and biological degradation. Since pesticides are most likely

to adsorb to soil organic matter and clay, which are chemically reactive and have
many sites for pesticide adsorption, soil type is an important factor when choosing
pesticides (Huddleston, 1996). Heavy, low permeability soils are also much less likely

to leak pesticides than high permeability sandy soils.

Soil fertility affects the

microbial breakdown of pesticides. Pesticide uptake rate differs between crops, so

crop selection can affect pesticide fate. Crop management can affect soil properties

such as infiltration capacity, soil moisture and K. All of the factors will influence

pesticide movement, particularly the partitioning between surface runoff and
infiltration into the soil (Doxtader and Croissant, 1992).

Tile drainage influences both nitrate and pesticide movement from fields, although

in different ways as the chemicals have different properties. Subsurface drains will
accelerate the movement of some pesticides from fields, but retard the movement of

other pesticides, depending on the predominant mode of transport for the pesticide.
Shallow apparent water tables increase the danger of groundwater contamination, so
tile drainage reduces this risk by lowering the water table (Huddleston, 1996).

Many studies on pesticide movement through tile drains exist, but none focus on
the Willamette Valley. Kladivko et al. (2001) reviewed 31 studies in the United States

and Canada that specifically measured pesticide concentrations in tile effluent. These
studies originated in Indiana, Ohio, Minnesota, North Carolina, Louisiana, New York,

Ontario, Quebec, and New Brunswick. Compared with other NAWQA studies, the
Willamette Valley had low rates of groundwater pesticide detection and similar rates

and concentrations in surface waters (Wentz et al., 1998). Aquatic life criteria were
exceeded at one urban site and two agricultural sites for azinphos-methyl, carbofuran,

chiorpyrifos, and/or diazinon (Wentz et al., 1998). Atrazine concentrations were

highest in the spring after pesticide application, and second highest in the fall.
Because the Willamette Valley is heavily tile drained, pesticide loss through tile drains

could be an important contributor to pesticide detections in surface waters. The timing

and amount of pesticides in tile effluent must be determined before management
strategies can be devised to minimize losses from agricultural fields.
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The majority of the pesticide runoff studies in the United States and Canada have
found low pesticide concentrations and mass losses lower than 1% of pesticides from
tile drainage systems (Kladivko et al., 1991; Kladivko et al., 1999; Buhler et al., 1993;

Baker and Melvin, 1994; Jayachandran et al., 1994; Bottcher et al., 1981), and all
studies showed less than 10% mass loss from tile drains. The review by Kladivko et
al. (2001) showed that pesticide mass losses tend to be higher in surface runoff (2-5%)

than in tile effluent. Kladivko et al. (2001) also found that most pesticide leaching
through the tile drains occurs during the first flow event after pesticide application. If

pesticides continue to leach in successive events, it is usually due to a soil-disturbing

event, and concentrations are much lower. The sorption coefficient of pesticides
appears to affect the percent of pesticide lost through the tile drains, but not the timing

of the loss. Pesticides that strongly adsorb to soil are rarely detected in tile effluent

after the initial preferential flow, as they stay attached to the soil matrix. The next
most important environmental factor determining pesticide loss (besides soil type)

appears to be precipitation amount and patterns, particularly the amount of time
between pesticide application and the first precipitation event. Overall, tile drainage

appears to reduce overall pesticide loss from fields. Tile drainage reduces surface
runoff and erosion, allowing more pesticide to enter the soil matrix for degradation
(Southwick et al., 1997).

Pesticides and nitrate have very different leaching properties, but must be
concurrently managed on tile-drained fields. Kladivko et al. (1991), (1999) showed
that the mechanisms and timing of nitrate losses and pesticide losses on a tile drained

field differ. In agreement with many other studies, most nitrate loss occurred during

heavy drain flow.

Pesticides were lost during the first two months after spring

application. Like nitrate, pesticides leach in greater volumes and concentrations when

tile drains are spaced closer together (Munster et al., 1996; Kladivko et al., 1991;

Kladivko et al., 1999).

Losses were lower for pesticides with greater sorption

coefficients. A tracer study by Kung (2000) indicates that the timing of first
appearance in tile drains is the same regardless of sorption coefficient because of
preferential flow, where total mass losses were less than 0.1% for the herbicides and

less than 0.5% for one insecticide. Atrazine was detected at concentrations up to 80
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tg U', which is far higher than the drinking water standard of 3 tg U1. The effect of
WTM on pesticides has not been widely reviewed, but two studies show contrasting
results. Munster et al. (1996) found that aldicarb losses were reduced by WTM, while
Gaynor et al. (2001) showed that atrazine and metolachlor losses were not affected by

WTM. Controlled Drainage-Subirrigation (CDS) caused decreases in pesticide loss

through tiles and that were balanced by increases in surface runoff losses, making
overall pesticide losses the same. In their review, Kladivko et al. (2001) concluded
that surface runoff is far more important than tile drainage in contributing pesticides to
surface waters, while nitrate losses through tile drains are a concern. Usually pesticide

losses in surface runoff were at least an order of magnitude higher than in tile
drainage. Nitrate losses were reduced considerably by slowing tile drainage at the
outlet,

simulating

natural

drainage

conditions.

Previous

research

shows

overwhelmingly that pesticide transport through tile lines is minimal under a wide
range of conditions.

3.2.3

Objectives

The objectives of this study were: 1) determine the concentrations and mass losses

of nitrate and pesticides from tile drains; 2) compare the timing and amount of nitrate
losses to pesticide losses; 3) estimate the effects of tile drainage on the transport of
nitrate and pesticides to surface waters; 4) make recommendations for management of
tile drain systems in the Willamette Valley.

METHODS AND MATERIALS

3.3

3.3.1

Site Descriptions and Characteristics

Four tile-drained fields in the Willamette Valley, Oregon (Figure 2.2) were
monitored from December 1999 to May 2002. The Willamette Valley averages about

1 m of precipitation per year with 70% of the precipitation falling between October
and March. July and August are very dry, with less than 5% of the precipitation

falling during these two months.

Mean monthly temperatures are 3-5°C during

January and 17-20°C in August. Freezing temperatures are rare. Stream flow follows
precipitation cycles, with 60-85% of runoff occurring from October to March (Wentz
et al., 1998).

Fields 1 and 2 were 1.16 ha fields located in Dayton, Oregon (about 80 km North
of Corvallis, Oregon) (Figure 2.3, box a). Table 3.1 shows the crop rotation schedules
for the fields in this study.

Table 3.1 Crop rotation schedules.
1999-2000

I

Field name jcrop
Field 1
Field 2

Iscientific name

beets
corn
tall fescue

Field 3
Field 4

tall fescue

IBeta vulgaris
lLZea maize
[Festuca arundinacea
[Festuca arundinacea
2000-2001

scientific name

Field name crop

corn
Zea maize
erennial ryegrass Lollum perenne L.
Festuca arundinacea
tall fescue
Festuca arundinacea
tall fescue

Field 1

Field 2
Field 3
Field 4

2001-2002

Field name crop
Field 1
tall fescue

scientific name

Festuca arundinacea
perennial ryegrass Lolium perenne L.
Festuca arundinacea
tall fescue
Festuca arundinacea
tall fescue

Field 2
Field 3
Field 4

The tile systems were installed in 1990. Field 1 is a Dayton silt loam (poorly
drained Typic Albaqualf). Slopes are 0-2% on Dayton soils. The seasonal high water
table on an undrained Dayton series soil fluctuates between ±0.15 m (Yamhill County
Online;

Survey

Soil

http://www.or.nrcs.usda.gov/soil/reports_htmloregonllowwillyamhill.htm). Field 2 is

a combination of Dayton silt loam and Amity silt loam (somewhat poorly drained
Argiaquic Xeric Argialboll). The water table commonly reaches a depth of 0.15 m to

0.46

m

(Linn

County

Soil

Survey

http://www.or.nrcs.usda.gov/soil/reports_htm/oregonlupwil/linn.htm).

Online;
Slopes

for

Amity soils are typically low, from 0-3%. Therefore, on Field 2, the water table might

remain shallow for most of the winter and spring. Fields 1 and 2 are both adjacent to a
stream,.

The fields are small parts of a larger field, but have distinct tile systems.

They are located on the edge of the larger field, and have slopes of 1-3%.

Fields 3 and 4 were 12.1 and 8.1-ha fields, respectively, located about 3 km apart

from each other and about 16 km East of Corvallis, Oregon (Figure 2.3, box b). The

tile system for Field 4 was installed in 1997, and for Field 3 was installed in 1995.

Both fields are about 80 percent Woodburn silt loam (moderately well drained
Aquultic Argixeroll) and 20 percent Amity silt loam (somewhat poorly drained
Argiaquic Xeric Argiaboll). The seasonal high water table for Woodburn soils is

similar to that of Amity soils. Slopes may be higher on Woodburn soils (up to 7
percent) compared to Amity soils. Fields 3 and 4 are adjacent to other large, flat fields
and roads. The slopes are less than 1%.

The installed tiles are between 1.2-1.5 m deep, spaced about 15 m apart, and set at

about a 0.1% gradient on all four fields. Environmental factors such as precipitation,
evaporation, and temperature should be similar between fields.

3.3.2 Application Schedules of Nitrate and Pesticides
The nutrient and pesticide application schedule was different on every field during

both of the study years. Growers applied nitrate to each field between 2-4 times per

year, with most applications occurring in the spring.

Application timing varied

between farms, but yearly application rates were similar. On the two well-established
grass fields, Fields 3 and 4, growers applied NO3-N at a rate of 203-205 kg NO3-N ha

yeaf'. On Field 1, the field that had been planted in corn during the first year of the
study and grass during the second year of the study, the grower applied NO3-N at a
rate of 195 kg NO3-N

ha1

yeaf1. On Field 2, the field that had been planted in corn

the year before the study in grass seed and wheat during the study, the grower applied

NO1-N at a rate of 197 kg NO3-N

ha1

yeaf'. Pesticide scheduling also varied

between fields. Diuron and dicamba were the only pesticides that growers applied on
all four fields. Growers applied MCPA, and flufenacet on three of the four fields. We

calculated the mass of each chemical applied to the fields by multiplying the amount

of chemical active ingredient applied per acre times the times the field area in acres.

Pesticide formulations and active ingredient concentrations were obtained from the
EXOTOXNIET website. The chemical schedules are shown in Tables 3.2-3.5.

Table 3.2 Field 1 chemical application schedule.
Field

Date

Chemical
Trade Name

Rate

Chemical
Name

Rate

units

Pesticides
1

1
1
1
1
1

1
1
1
1

1
1
1
1

1

3/20/2001
4/27/2001
4/27/2001
4/27/2001
9/15/2001
11/9/2001
11/9/2001
11/9/2001
11/10/2001
3/10/2002
4/15/2002

4/19/2002
4/19/2002
5/24/2002
5/24/2002

Roundup
Lorsban
Atrazine
Frontier
Karmex
Nortron
Clarity
Express
Roundup
Roundup
Roundup
MCPA
Express
Apogee
Folicur

Glyphosate
Chlorpyrifos
Atrazine
Dimethenamid
Diuron
Ethofumesate
Dicamba
Tribenuron Methyl
Glyphosate
Glyphosate
Glyphosate
MCPA
Tribenuron Methyl
Prohexadione calcium
Tebuconazole

1

1.3
1

1.5
2

3
6

0.17
1.00
1.00
weed wipe
1.00
0.33
14
6

lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
pint/acre
oz/acre
az/acre
lb/acre
lb/acre

pint/acre
az/acre
oz/acre
oz/acre

Fertilizers
1

4/25/2001

1

4/25/200 1

1
1
1
1
1

1

4/27/2002
4/27/2002
6/30/2001
3/26/2002
4/19/2002
5/24/2002

Nitrogen
Potassium
Nitrogen
Phosphorus
Nitrogen
Nitrogen
Nitrogen
32 solution

50
100
45
120
115
83
53
1

lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
gt/acre

Table 3.3 Field 2 chemical application schedule.

Field

Date

Chemical
Trade Name

Chemical
Name

Rate

Rate

units

2.5

pt/acre
oz/acre
oz/acre
oz/acre
oz/acre
oz/acre
lb/acre
oz/acre
ozlacre
pt/acre
qt/acre
pt/acre
oz/acre

Pesticides
2
2
2
2
2
2

2
2
....L...

2
2
2

1/27/2001
6/4/2001
6/20/2001
10/26/2001
10/26/2001
10/26/2001
1/14/2002
1/14/2002

4/19/2002
4/19/2002
4/19/2002
5/14/2002
6/7/2002

Nortron

Tilt
Folicur
Axiom
Axiom
Goal
Karmex
Goal
Banvel
MCPA
MCPA
Palisade
Folicur

Ethofumesate
Propiconazole
Tebuconazole
Flufenacet
Metribuzin
Oxyfluorf en
Diuron
Oxyfluorfen
Dicamba
MCPA
MCPA
Trinexapac-ethyl
Tebuconazole

6
6
11

11

4
1

5
4
1.5
1

2
6

Fertilizers
2
2

2
2
2
2
2
2
2
2

3/20/2001
4/15/2001
6/4/2001
10/10/2001
10/10/2001
10/10/2001
3/15/2002
4/19/2002
4/19/2002
6/7/2002

Nitrogen
Nitrogen

83
71

Wil-Gro

5

Nitrogen
Phosphorus
Potassium
Nitrogen
Nitrogen
Nitrogen

20
20
60
83
35

Wil-Gro

5

71

lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre

Table 3.4 Field 3 chemical application schedule.

Field

Chemical
Trade Name

Date

Rate

Chemical
Name

Rate

units

1.5

0.1275

lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre

88.8
57.04
68
109.48

lb/acre
lb/acre
lb/acre
lb/acre

Pesticides
3
3
3
3
3
3
3

L.
3

11/8/2000
11/8/2000

Karmex
Sencor
Karmex
MCPA
Banvel
Axiom
Axiom
Palisade
mmonia Sulfate

1/5/2001
3/23/2001
3/23/2001
11/24/2001
11/24/2001
5/15/2002
5/15/2002

Diuron
Metribuzin
Diuron
MCPA
Dicamba
Flufenacet
Metribuzin
Trinexapac-ethyl

0.1956
1.5
1.70625
0.125
0.51

Fertilizers
3
3
3
3

3/1/2001
4/3/2001

2/27/2002
3/28/2002

J

Nitrogen
Nitrogen
Nitrogen
Nitrogen

Table 3.5 Field 4 chemical application schedule.

Field

Date

4
4
4

____

3/28/2000
3/28/2000
3/28/2000
5/12/2000
11/3/2000
11/3/2000
11/3/2000
4/7/2001
4/7/2001
5/18/2001

4

11/10/2001

4
4
4

11/10/2001
11/10/2001
12/12/2001

4

4/3/2002
4/3/2002
5/23/2002

4

4
4
4
4
4

4
4

Chemical
Trade Name

Chemical
Name
Pesticides

Rate

L

Rate

units

Clopyralid
MCPA ester
Dicamba
Propiconazole
Flufenacet
Metribuzin
Oxyfluorfen

0.11375
0.98735
0.18777

lb/acre
lb/acre
lb/acre

0.442
0.1105
0.06875

lb/acre
lb/acre
lb/acre

BanI

Dicamba

0.125

lb/acre

Palisade
Axiom
Axiom

Flufenacet

0.476

Metribuzin
Oxyfluorfen

0.119
0.01375
0.8

lb/acre
lb/acre
lb/acre
lb/acre

0.125

lb/acre

60
20
20
90
60
20
20
30
60
30
20
20
60
30
60

lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre
lb/acre

Curtail M
Curtail M

Ban'el
Tilt

Axiom
Axiom
Goal
MCPE

Goal
Karmex
l,v-6

Banel
Palisade

Diuron

2,4 D
Dicamba
Trinexapac-ethyl

Fertilizers
4
4
4
4
4
4
4

4
4
4
4
4
4

4
4

3/1/2000
3/1/2000
3/1/2000
4/15/2000
3/1/2001
3/1/2001
3/1/2001
4/7/2001
4/15/2001
10/15/2001
10/15/2001
10/15/2001

3/1/2002
4/3/2002
4/15/2002

Nitrogen
Phosphorus
Potassium
Nitrogen
Nitrogen
Phosphorus
Potassium
Nitrogen
Nitrogen
Nitrogen
Phosphorus
Potassium
Nitrogen
Nitrogen
Nitrogen

r.I.]

3.3.3 Field Instrumentation

A GPS map or a drawing showing tile drain installation was available for each tile

system. Every field had a single outlet that was accessible for instrumentation. Near

the outlet, trenches were dug to intercept the tile drain and install PVC fittings with
turbine

flow

meters

(TX1O1,

submersible,

brass model, Seametrics,

Washington) and access ports for water sampling (Figure 2.4).

Kent,

To minimize

turbulence, as directed by the user's manual, the fittings had a straight length of 10
times the pipe diameter before the flow meter and a straight length of 5 times the pipe

diameter after the

flow

meter (Figure 2.6). To ensure full pipe

flow,

elbows on the

ends of the installation fitting dropped the pipe one diameter below the height of the
tile drain (Figure 2.3). The ends of the PVC pipe connected to the tile drain with tile

connectors and were sealed with electrical tape. On Fields 3 and 4, the installation
fitting was the same diameter as the tile, (6"), but on Fields 1 and 2, the four inch tile

was reduced to 2 ½" to increase the flow velocity thereby better matching the
operational range of the

flow

meter. Field 1 was the only field with the access port

shown in Figure 2.3, and we strongly recommend access to the

flow

meter turbine

when using this field setup.

A Campbell Scientific CR1OX data logger, 4 MB model, recorded total

flow

at the

outlet every 10-15 minutes during year 1 and every 5 minutes during year 2 (Campbell

Scientific, Inc., Logan, Utah) (Figure 2.5). A tipping bucket precipitation gauge (Rain
Collector II, Davis Instruments, Hayward, California) collected precipitation data and
logged the data with 0.2 mm resolution with an event logger (HOBO, Onset Computer

Corporation, Cape Cod, Massachusetts). The tipping bucket rain gauges were tested
for accuracy by slowly adding a known amount of water into the buckets and counting

the tips. The area of collection by the rain gauge is 214.08 cm2. If 1 mm depth of
precipitation falls, then the rain gauge collects 21.4 cm3, or 21.4 mL of water. If 42.8

mL of water is added to the precipitation gauge, an accurate response would be 10
tips. Twice that amount, or 85.6 mL of water, was added to the precipitation gauge
with a graduated cylinder. Each rain gauge registered 18-20 tips. A model 2900
ISCO sampler (ISCO Inc., Lincoln, Nebraska) collected tile effluent directly out of the

installation fittings. Sampling was on a time-weighted basis. Typically, the ISCO

collected a water sub-sample every 48 minutes. A composite sample comprised of 10

sub-samples in one half-liter ISCO bottle represented 8 hours of flow. Samples were
retrieved at least every 8 days, transferring sample water from the ISCO bottles to 20

mL HI)PE scintillation vials for storage (#03-337-2A, Fisher Scientific, Pittsburgh,

Pennsylvania). For each composite sample taken by the ISCO sampler, one 20-mL
vial was frozen and one 20-mL vial refrigerated at 4°C starting in December 2001.

Before December 2001, only one vial of sample was collected and it was frozen.
Composite samples were taken every 10 hours between the dates of December 20,
2001 and December 30, 2001. Sampling frequency was increased to one composite

sample every 1-4 hours after tracer was applied.

In mid-April, 2002, sampling

frequency was one composite sample every 16 hours due to low flux from the tile
lines. I)uring year 1, sampling frequency was one composite sample every 24 hours.

3.3.4 Sample Testing
3.3.4.1 Nitrate Analysis
Over 2,400 samples collected between January 2001-April 2001 and between

October 2001-April 2002 were tested for nitrate nitrogen on an Astoria-Pacific
International Alpkem Nitrogen Autoanalyzer (Astoria-Pacific, Inc., Clackamas,
Oregon). The range of this instrument was 0.2-10 mg NO3-N U1. Some dilution was

necessary to bring samples into the range of the instrument.

The machine was

recalibrated every 60 samples using calibrators of 0.3 125, 0.625, 1.25, 2.5, 5, and 10

mg N01-N U1. The instrument quality checked a sample of 10 mg NO3-N U' every
12 samples. We filtered a few high-sediment samples, about 5% of the total samples.

Samples thawed overnight, allowing sediments to settle in the bottom of the
scintillation vial. Water decanted from the top of the bottle was tested to avoid any
fine sediment that had settled to the bottom. Diluted samples were also pipetted from
the top of the bottle.

3.3.4.2 Pesticide Analysis

Selected samples were tested for pesticides using immunoassay kits (Strategic
Diagnostics, Newark, Delaware).

Because of cost, about 10 percent of the total

samples collected were tested for pesticides. On Fields 1 and 2, there were 17 days
and 8 days of tile flow between November 2001-April 2002, although samples were

collected during that entire period. The pesticide testing focused on periods of tile
flow, Sc) almost all samples taken during a flow period were tested on Fields 1 and 2.

On Fields 3 and 4, there were over 100 days of tile flow between November 200 1April 2002, and samples were taken continuously during that period. About 20% of

the samples on Field 4 were tested, and no samples on Field 3 were tested. Sample
and test selection was based on which pesticides were applied to each field, the timing

between pesticide application and first precipitation event, appearance of the
pesticides in the Willamette Valley basin based on previous NAWQA studies,
pesticide persistence and mobility, and immunoassay kit availability. Immunoassay
kits only exist for a few pesticides. All four grass seed fields had unique fertilizer and

pesticide application schedules. Of all the pesticides applied during either year,
immunoassay kits were only available for testing metolachlor, chiorpyrifos, diuron,
and atrazine. Table 3.6 shows the properties of those chemicals that most affect water
contamination (from Pesticide Action Network database):

Table 3.6 Pesticide chemical properties and drinking water standards/advisories.
water sal.
(ppm)
Diuron
36
Atrazine
32
Metribuzin
1032
Chlorpyrifos
1.39
Metolachtor
492

Hydro half Aerobic
Koc life (d)
h.life (d)
499
372
1285
93
146
30
106
4760
140
125
58
113
190
26
200

*EPA Drinking Water Health Advisory, Lifetime exposure

**EPA Drinking Water Standard

Lifetime
10-day
Anaerobic Drinking water Drinking water
adv. (ppb)
adv. (ppb)
h.life (d)
*10
995 *1 000
**3
159
*200
276 *5000
*20
135 *30
*100
60 *2000
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Highly water-soluble pesticides (low K0) and pesticides with a long half-life are
most likely to leach to tile drains. Pesticides like diuron, which have a very high K0
are more likely to be lost in surface runoff than in tile drainage. However, the K of a
pesticide does not appear to affect the initial rapid appearance of the chemical in tile

drains due to preferential flow (Kung, 2000).

Based on the properties of the

pesticides, the order of preference that we would like to test for the pesticides was

metribuzin, diuron, metolachlor, atrazine, and chiorpyrifos.

Metribuzin is both

extremely soluble in water and has a long half-life in anaerobic conditions, but an
inimunoassay kit is not available for that compound. Metribuzin detection frequency

was 20% in surface water samples and 0% in groundwater samples according to the
1998 NAWQA study in the Willamette Valley (Wentz et aL, 1998). A similar kit is
available called a RapidAssay, which requires the purchase of a magnetic separator.

Diuron, with its extremely long half-life and high rate of detection in Oregon, was

second in importance for chemicals we wanted to test (Wentz et al., 1998). Although

it has a high adsorption coefficient, the preferential flow of diuron to tile drains is a
concern. Metolachlor is very soluble in water, and frequently detected in Willamette
Valley surface waters, making it a prime candidate for flow to tile drains for the first

few months after application (Wentz et al., 1998). Atrazine was the most frequently
detected pesticide in both surface water samples (95%) and groundwater samples 28%

in the Willamette Valley NAWQA study (Wentz et al., 1998). Chiorpyrifos is not a
prime candidate for leaching based on its chemical properties, but has been detected in

surface water samples in the Willamette Valley (Wentz et al., 1998). Based on the
timing of pesticide application compared to precipitation and flow events, Diuron was

our top choice for testing and metribuzin was our second choice. Diuron was applied

on all four fields during the study, in some instances within a week of a major flow
event. Metolachior, chiorpyrifos, and atrazine were only applied during year 1 when
there was very little flow, and were only applied on one field.

Iminunoassay kits are only reliable within specific ranges. The diuron kit is
accurate between 0.05-2.0 ig L1, the chiorpyrifos kit is accurate between 0.05-1 tg U
and the metolachlor kit is accurate between 0.1-2.0 j.tg U'. We selected samples for

diuron, chlorpyrifos, and metolachior testing in year 2. In addition to the four field

sites contributing most of the data to this research, we tested for pesticides in tile
effluent and surface runoff at a fifth site during year 2. Field 5 was a large field of
corn that received drainage from nearby hills. The area of land contributing to the
flume and tile drains on this field was unknown due to these hills. During year 2, our

data were also supplemented with pesticide testing on surface water collected on an

area directly adjacent to Field 1, which had an identical chemical schedule and was
under the same management. Pesticide testing by field and sample type is shown in
Table 3.7.

Table 3.7 Pesticides analyzed on each field
Pesticide analysis
________
Field name Surface Water
Tile Drain Effluent
Field 1
Diuron, Chlorpyrifos Diuron, Chlorpyrifos
Field 2
Diuron
Field 3
--Field 4
Diuron
Diuron
Metolachlor
Field 5
Metolachlor

For Field 4, 50 samples, ranging from 8-hour samples to flow-weighted 2-day
samples, were tested for diuron. Diuron was applied on December 12, 2001 and the
first large tile flow event of the season occurred on December 14, 2001. Four samples

taken before the diuron application were tested. Samples collected during the 1-week

period after diuron application were all individually tested for diuron. Samples were
less intensively tested for diuron after the first week. The second and third weeks after

application, all 8-hour samples were flow-weighted and we tested one composite
sample for each 24-48 hours of flow. We only tested for diuron for specific sampling
periods after the third week following pesticide application. We tested flow-weighted

samples from the ascending and descending limbs of each major tile flow event for
diuron.

For Field 1, selected 16 hour samples that were taken during flow periods were
tested for chlorpyrifos and diuron. We also tested some samples collected between
flow periods to check for sample stability. Surface water was collected on Field 1
during year 2 and tested for diuron. For Field 2, selected 16 hour samples that were

taken during flow periods were tested for chlorpyrifos. Some samples taken during no

flow periods were also tested. Field 5 was added in year 2. Tile effluent and surface
runoff samples were tested for metolachlor from this field.

3.3.5 Data Analysis
3.3.5.1 Flow Data Replacement
On Fields 1, 3, and 4, there were only a few days of missing flow data during the

2-year study. There was no missing flow data on Field 2. Our data were well within

the range of the flow meter except for during very low flows (Less than 1.0 LPS),
when the data became noisy. Missing data were due to broken turbine wheels and
broken connections to the data logger. On Field 1, the flow meter was broken from
December 1, 2001 through January 14, 2002. We replaced the turbine on January 14,

2002 and found the pin of the turbine sheared with grass clogging the turbine wheel.

One or two unrecorded flow events occurred during this period. During the week of

December 13, 2001 through December 20, 2001 8 cm of precipitation fell. On the
adjacent field, Field 2, the largest flow event of the season occurred, followed by a
very short and small flow event. Comparing the other tile flow events for the year,

Field 1 averaged 250% more flow than Field 2, for the same drained area. Twelve
more centimeters of precipitation fell between December 27, 2002 and January 8,
2002. Field 2 did not have a flow event during this period, but it is likely that Field 1

did have a flow event that we missed due to the broken turbine. Field 1 had flow
events that started earlier, ended later, and produced more flow and more intense flows

than Field 2. In order to make the mass balances more accurate, we replaced the first

missed flow event on Field 1 with Field 2 flow data multiplied by 2.5. No flow data
were substituted on Field 1 during the second period of precipitation. Because of the

missed recession curve on December 1, 2001 and the likelihood of a missed event
between December 27, 2001 and January 8, 2002, flow on Field 1 during year 2 is
probably underestimated by 5-10%. This will also cause a slight underestimation of
the mass balances.

3.3.5.2 Tile Line Nitrate Concentrations and Mass Losses
Every sample collected during years 1 and 2 was analyzed for nitrate concentration

(Figures 3.3-3.8). The mass removal off the field for each sample was calculated from

the concentration and

flow

data (Figures 3.9, 3.10, and 3.18). Nitrate mass removal

rates for each field are shown in Figures 3.11-3.17. Comparison of the

flow

weighted

average nitrate concentration for each field was made by dividing the total mass that

left the field for the season by the total

flow

removal was compared to the volume of

that left the field (Figure 3.19). Mass

flow

that went through the tiles for each

sample (Figure 3.20). Monthly changes in concentration and mass loss are shown in

Figure 3.18. A program was written to determine the

flow

rate at the beginning and

end of each sample period. The rate of change of flow intensity was compared with
the concentration of that sample. If a sample was collected during a period of no flow,

it was not included in these calculations despite the concentration of that sample, but
the concentration changes were noted graphically.
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Figure 3.3 Field 1 tile flow and nitrate concentrations, year 2001-02. Dotted line is
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EPA standard, arrow is application date.
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Figure 3.6 Field 4 tile flow and nitrate concentrations, year 200 1-02. Dotted line is
EPA standard, arrow is application date.
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3.3.5.3

Tile Line Pesticide Concentrations and Mass Losses

Selected samples were tested for pesticide concentrations (Figures 3.21-3.24).
Pesticide concentrations in tile and surface runoff were compared to EPA drinking
water advisories for each pesticide (Figures 3.25-3.27). The concentration for each
sample (individual or composite) was multiplied by the total flow for that tested period

to obtain mass removal (Figures 3.2 1-3.24). For each field, the flow weighted average
pesticide concentration was calculated for all of the samples by dividing the total mass

that left the field for the selected samples and dividing it by the total flow that left the

field during the sampling periods. A program was written to determine the flow rate
at the beginning and end of each sample period. The rate of change of flow intensity
was compared with the concentration of that sample. If a sample was collected during
a period of no flow, it was not included in these calculations despite the concentration
of that sample.
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Figure 3.21 Field 4 diuron concentration and mass removal, year 2001-02.
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Figure 3.24 Field 1 chiorpyrifos concentration and mass removal, year 2001-02.
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Figure 3.25 Comparison of diuron concentration in tile runoff and surface runoff.
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3.4

RESULTS

3.4.1 Nitrate Movement from Tile Lines
Flow-weighted nitrate concentrations, peak concentrations, and calculated mass
loss of nitrate varied both spatially and temporally. Only Fields 3 and 4 had tile flow

during both years of the study, so a comparison is made between the data on these
fields between year 1 and year 2. All four fields had tile flow during year 2. Fields 1
and 2 were adjacent to each other and under very similar management. Fields 3 and 4
were within 5 km of each other and about 100 km away from Fields 1 and 2, and were

also under very similar management that was different from Fields 1 and 2. Thus
during year 2, the results from Fields 1 and 2 were compared with the results from

Fields 3 and 4. During year 2, all four fields were cropped in perennial grasses, so
these results represent a range of nitrate losses that can occur on grass fields of varying

ages under different management practices.

Summaries of nitrate flow-weighted

averages, peak concentrations, mass removal, and percent nitrate removal are given
for all fields during both study years in Table 3.8.

Table 3.8 Field summaries of nitrate data.

area

Field name

field type

Field 3
Field 4

1.16
first-year grass
1.16 second-year grass
12.14
grass
8.09
grass

Field 3
Field 4

12.14
8.09

Field 1
Field 2

grass
grass

Nitrate
Nitrate
Nitrate
mass
flow weighted Nitrate
mass removal
(kg ha1)
conc. ppm max conc. removal (kg)

8.95

15.16
3.35
27.59
36.90

13.10
2.89
2.27
4.56

21.01
16.84

3.20
67.43

0.26
8.33

14.36
8.07
0.87
1.36

36.15
40.53

4.78
6.25

10.31

During year 1, the flow volume was an order of magnitude greater on Field 4 than

on Field 3, but this is likely due to interference from surface water backflow that was

corrected for before year 2. During year 2, Field 4 drained only 15% more water per

acre through the tile system than Field 3. One tenth as much nitrate was removed
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from Field 3 during year 1 compared to year 2. The flow-weighted average was 5
times higher during year 1 than year 2, but there was only one week of flow during
year 1 compared to four months of flow during year 2 on Field 3. About double the
nitrate was removed from Field 4 during year 1 compared to year 2 because of much

higher nitrate concentrations coupled with continuous tile flow. The flow-weighted

average nitrate concentration was about 5 times higher but the amount of flow was
about half during year 1 compared to year 2. In contrast to year 2, the highest nitrate
concentrations occurred during the periods of highest flow during year 1. About half
of the nitrate loss from Field 4 during year 1 occurred during the first 3 weeks of high
flows between January 29, 2001 and February 18, 2001. On Field 3 during year 1, the

highest concentrations occurred during the period of low flow. Year 1 flow-weighted
averaged nitrate concentrations during year 1 were 4.8 mg NO3-N U1 on Field 3 and
6.3 mg NO3-N U' on Field 4, below the EPA drinking water standard of 10 mg NO3-

N U'. During year 1, nitrate mass removal from Field 3 represented approximately
0.14% of applied NO3-N, compared to 4% of applied NO3-N on Field 4. Similarly in

other studies, nitrate mass removal from tile drains has corresponded positively with

flow volume through the tile drains (Jaynes et al., 1999; Bjorneberg et al., 1996a;
Gilliam et al., 1979).

Comparison of all four fields was possible during year 2. Field 1, a first-year tall
fescue field previously in corn, had a flow weighted average concentration of 14.4 mg
NO3-N U'. It was the only field above the EPA drinking water standard (Figure 3.19).
Field 2 was a second-year perennial grass seed field that had a flow-weighted average

concentration of 8.1 mg NO3-N U' (Figure 3.19). Fields 3 and 4 were both wellestablished tall fescue stands, about 5 years old, and had flow-weighted concentrations
of 0.9 mg NO3-N U' and 1.4 mg NO3-N U1, respectively, during year 2 (Figure 3.19).
Except on Field 1, the peak nitrate concentrations on all four fields occurred in the fall

and spring during periods of low flow, with the greatest mass losses occurring in the
winter during high tile flow (Figure 3.18).

During year 2, nitrate mass removal from Field 3 was 2.27 kg ha (approximately
1.1% of applied NO3-N), similar to Field 4, which lost 4.57 kg ha1 in year 2 (2.2% of

applied NO3-N). On Fields 1 and 2, the mass of nitrate lost per acre was 13.1 kg ha',
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representing approximately 6.7% of applied NO3-N on Field 1 and 2.9 kg ha1, or
1.5% of applied NO3-N on Field 2.

Overall, the results show that all of the fields were efficient in nitrate consumption

in the root zone. On established grass fields in other studies, nitrate mass losses of 2%

have been seen, with first-year fields losing twice that much (Cogger et al., 2001).
Other studies show that row crops can lose up to 163 kg NO3-N

ha1 yf1

(Jaynes et al.,

1999). Our study shows comparable losses to grass fields in other studies. The higher
nitrate losses from Field 1 probably resulted from higher residual soil nitrate from the
corn crop planted the previous year.

The timing of nitrate loss was fairly consistent between fields. With the exception
of Field 1, the very highest nitrate concentrations occurred during periods of low flow

(Figure 3.18). Concentrations were lowest in the spring when the crops were actively
growing.

During the winter flow events, nitrate concentrations did not follow a

consistent pattern.

Sometimes concentrations lowered when flow increased, then

concentrations increased again as tile flow subsided. Nitrate mass loss rates increased

after nitrate application on Field 3 (Figures 3.14 and 3.15) and Field 4 (Figures 3.16
and 3.17). On the other fields, fertilizer application occurred after tile flow stopped in

the spring. On all of the fields, most of the nitrate was lost in midwinter when tile
flow

was highest.

Sample collection continued on Field 1 when the

flow

meter was broken, and

nitrate data were reported. During year 1, the highest concentrations of the season
occurred during periods of flow. During year 2, the highest concentrations occurred
during periods of no recorded flow for all of the fields. On Fields 3 and 4, the highest

concentrations occurred in the fall when

flow

in the tiles was intermittent and slow.

On Fields 1 and 2, the highest recorded concentrations were both at the same time in
the spring during a period of no recorded flow.

3.4.2 Pesticide Movement from Tiled Fields
Diuron was applied to Field 4 on December 12, 2001. Of the 50 samples we
tested, 8 samples had concentrations slightly above 2 tg U1. None of the samples
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tested higher than 2.7 tg U'. All four samples collected during flow periods between

November 17, 2001 and December 5, 2001, prior to application, tested positive for
diuron with concentrations between 0.09 .ig U' and 1.69 tg U'. According to a study
done by DuPont, Canada, diuron has a half-life of 500 days in sterile water stored in
dark

conditions

at

25°C

(http://www.truenorthspecialty.comlenglishlProducts/krovarl.pdf+Diuroni-half+life&h

l=en&ie=UTF-8), so the year 2 detections before the application were likely residual
diuron from year 1. The first major flow event of the year was 3 days after application

on December 15, 2001.

The concentration of diuron increased steadily until

December 29, 2001, where it reached a yearly peak of 2.6 ig U1 for 24 hours, then
steadily declined to a concentration of 0.6 ig U1 on February 9, 2002. Because diuron

has a very high adsorption coefficient and is most likely to reach tile drains by
preferential

flow,

samples collected during the first month after Diuron application

were most intensively tested. The few samples tested after February 12, 2002 showed

that the concentrations rose again to 2 jig U1 during the spring, even though diuron
was not reapplied to the field after December 12.

Diuron was applied to Field 1 in September 2001 and to Field 2 in January 2001.
The flow weighted average diuron concentration in the tile effluent was very similar
on Fields 1, 2, and 4, even though Field 4 was under different management and had a
unique hydrologic response. Flow weighted average diuron concentrations were 1.59
jtg U1 on Field 4, 1.84 tg U1 on Field 2, and 1.71 pg U1 on Field 1. The maximum

concentrations of diuron seen on each field were 2.70 tg U1 for Field 4, 5.19 jtg U'

for Field 2, and 3.11 tgU' for Field 1.
The total mass of diuron removed from Field 4 for the tested samples was 18 g for

the field, or 0.9 g acre1. On Field 2, 0.97 g of diuron, or 0.84 g ha', was removed
from the field between November 5, 2001 and March 5, 2002. Field 1 was very
similar to Field 2, with 1.0 g ha' of diuron removed between December 9, 2001 and
March 16, 2002. The diuron removal on Field 1 is possibly underestimated by about

5-10% due to samples from the first flow and last flow events not being tested, and
due to the missed flow data for calculating mass balances due to equipment failure.
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Chlorpyrifos was applied on April 27, 2001, so concentrations in the tile effluent
were consistently very low. The flow weighted average chiorpyrifos concentration on
Field 1 was 0.04 jig U1, and the maximum concentration for the season was 0.08 pg U

Between November 25, 2001 and March 13, 2002, 33 mg chiorpyrifos

ha1

was

removed in the tile drains, representing less than 0.0 1% of the mass applied to the
field.

We compared pesticide losses in tile effluent with losses in surface runoff in

conjunction with another study simultaneously conducted by David Rupp of
Bioengineering and Ed Peachey of Horticulture at Oregon State University. On Field

1, surface runoff collected by a flume was tested for diuron and chlorpyrifos. On a
separate field less than 5 miles from Fields 1 and 2, metolachlor was tested in tile and

surface runoff samples.

Chiorpyrifos and metolachlor in surface runoff had low

concentrations similar to tile effluent. Diuron in surface runoff had a flow weighted
average concentration over 2 orders of magnitude greater than in tile effluent, with the
highest concentrations closest to the date of application.

We examined the effects of

flow

intensity and change in

flow

intensity on the

concentration. Average flow intensity or volume of water movement through the tiles

did not appear to affect the concentration of diuron or chlorpyrifos in the sample on
Field 1 or Field 2. However, the diuron and chlorpyrifos mass removal correlated well

with the average flow intensity during the sample for Fields 1 and 2, with R-squared

values ranging from 0.61 to 0.92. Correlation between average flow intensity and

mass removal would be expected for a water-soluble chemical like nitrate, but not
necessarily for pesticides. Changes in flow intensity during the sample period did not
appear to affect the sample concentrations on any of the fields.

The pattern of pesticide removal differed between fields and between pesticides.

Chlorpyrifos concentrations on Field 1 appeared to have a decreasing trend as the
season progressed. There appeared to be some experimental error in the immunoassay

kits, with concentration values increasing within each batch of samples run. The
concentrations were at the lower limits of detectability for the kit, with over half the
samples reading below 0.05 tg U1. The enzyme solution and target pesticide react for

slightly different lengths of time, depending on which well of the 96 well analysis
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plate the sample is placed in. This trend may be more pronounced on samples with
very low concentrations. By the last flow event of the season, all of the samples were

below the kit's detectable limit of chlorpyrifos concentration. Chiorpyrifos losses
were low in the fall in spring and greatest in January, when flow was the highest.

On Field 1, the seasonal diuron pattern appeared to increase slowly between
December 9, 2002 and January 20, 2002, then decrease fairly rapidly between January

20, 2002 and January 27, 2002 (Figure 3.22). The short flow event on February 8,

2002 was missed, but on March 15, 2002 the concentration was below the kit's
detectible diuron limit. Diuron losses were very low in the fall and spring, with about

90% of the losses taking place in January. This occurred because the majority of the

recorded tile flow occurred in January.

The R-squared correlation between flow

intensity and mass loss was 0.91, the highest of any pesticide on any field in this
study.

Diuron mass loss was similar on Field 2 compared to Field 1, but the concentration

appeared to peak twice in the season (Figure 3.23). The peaks occurred on December

17, 2001 and January 25, 2002, with decreases in concentration occurring after each

peak. Diuron mass loss was very strongly correlated with average flow intensity or
volume of water movement, so most of the mass loss occurred in January, similar to
Field 1 chlorpyrifos and diuron.

Diuron movement on Field 4 was very different from the other fields. There was

continuous drainage throughout the winter with about an order of magnitude higher
drainage than Fields 1 and 2. The concentration of diuron increased sharply during the

first precipitation event after it was applied, and concentrations continued to increase

for two weeks (Figure 3.21). After reaching its peak, diuron concentration declined
for 5 weeks. After February, 2002, very few samples were tested, but concentrations
appeared to increase again on two occasions as flow declined. During the first month
after pesticide application, 80% of the mass loss occurred. Very little diuron was lost
through the tiles in the fall or spring.

114

Pesticide concentrations changed during periods of no flow. This indicates that

either there was a low level of flow that was not detected by the flow meter, the
pesticide degraded between collection and storage and in storage, or the immunoassay
test sample order affected the concentration data.

3.5

CONCLUSIONS

3.5.1

Effects of Tile Drains to Willamette Valley Surface Water and
Groundwater Quality

The objectives of this study were: 1) determine the concentrations and mass losses

of nitrate and pesticides from tile drains; 2) compare the timing and amount of nitrate

losses to pesticide losses; 3) estimate the effect of tile drain installation on the
transport of nitrate and pesticides to surface waters; 4) make recommendations for
management of tile drain systems in the Willamette Valley.

Generally, the findings indicate that nitrate loss through tile drains on grass seed

fields in the Willamette Valley does not present a threat to environmental quality.

Concentrations peak during low-flow periods and are further diluted by surface
waters.

Mass loss rates increased after fertilizer applications when the growers

applied fertilizer before tiles stopped flowing for the season. Growers are applying
nitrate at close to recommended rates on the fields we studied. Established grass seed
fields had low nitrate losses (less than 2% with flow weighted average concentrations

less than 2 mg NO3-N U1) that could be from mineralization of soil organic matter

(SOM) in the soil, and cannot necessarily be attributed to anything other than
background nitrate levels. The first year grass seed field lost 6.7% of the applied

nitrate, and the second year grass seed field had a flow weighted average nitrate
concentration between the first-year field and the established fields.

The highest

nitrate mass losses were similar to the lowest reported losses from row crops in studies

by Jaynes et al. (2001b) and potato crops studied by Madramootoo et al. (1992). Our
data indicate that the developing grass seed fields were scavenging excess nitrate left
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by the corn crops, and that grass seed fields with fully developed root systems and
ground cover leave very little if any excess nitrate in the soil.

Diuron, metolachlor, and chlorpyrifos losses through tile drains in this study were

0.01-0.25% of applied mass in this study, while diuron losses from surface runoff on

one field represented 3% of the applied mass. These results were in agreement with
the general findings of a review of 31 studies of pesticide movement from tile lines
(Kladivko et al., 2001). Pesticide concentrations never exceeded EPA advisory limits

in tile lines, but exceeded the EPA diuron advisory for 3 months worth of surface
runoff samples.

The timing of nitrate and pesticide losses varied.

Pesticide losses were more

dependent on timing of application, while nitrate losses were more dependent on tile
flow volume, although there was correlation between flow volume and pesticide mass

loss on some fields. Nitrate concentrations peaked in the fall and spring during low
flow, while pesticide concentrations peaked in the winter.

Our study indicates that nitrate is released to surface waters from tile lines at the

time of year when it will be most diluted by high stream flows. Also, it is probable
that tile lines are diverting nitrate that would otherwise go to groundwater and sending

it to surface water. Because some pesticides are lost in surface runoff in higher
concentrations and masses than in tile runoff, it would be preferable to reduce surface

runoff on these fields. By lowering the water table, tile drains are reducing surface
runoff and likely decreasing total pesticide losses from the fields.

WTM is a management technique proven to reduce tile flow volumes, nitrate
concentrations, and mass losses. However, it is feasible only on flat fields because

large elevation drops in a singe tile line require multiple control structures and are
expensive. WTM would only be feasible on 2 of the 4 fields in this study regardless

of solute transport results.

In addition, there have not been sufficient studies

examining crop yields on fields under WTM to widely implement this strategy in the

Willamette Valley. WTM is probably best used on fields with moderate to high K,
where slowing water movement through the soil can be beneficial. Nitrate losses,
even on Field 1, do not warrant the cost and time commitment of implementing WTM.

WTM would have other environmental impacts to surface water and ground water in
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the Willamette Valley.

In Willamette Valley groundwater, pesticides are found

infrequently and at low concentrations, but nitrate is a greater concern (Wentz et al.,
1998). While nitrate delivery to surface waters may be slightly reduced by WTM, an
increase in surface runoff could result in higher loss of pesticides to surface waters. It

is possible that more nitrate would bypass the tile lines and enter groundwater under

WTM. Because nitrate in groundwater and pesticides in surface waters are water

quality concerns in the Willamette Valley, we do not recommend WTM as a
management strategy for tile lines.

3.5.2 Recommendations for Tile Drain Management and Future Research
Some changes in fertilizer management could reduce nitrate losses in first-year
grass seed fields. If possible, nitrate applications should take place several days before

a precipitation event. This would prevent some of the preferential flow that occurs by
applying fertilizer to saturated soil. Developing technology to reduce nitrate leaching

includes spatially variable fertilizer applications in accordance to crop need, slowrelease fertilizer pellets that make nitrate available closer to plant use rates, and the
application of nitrification inhibitors to soil.

WTM is also a management technique proven to reduce nitrate losses. However, it

is feasible only on flat fields because large elevation drops in a singe tile line would
require multiple control structures and would be cost prohibitive. There have not been

sufficient studies examining crop yields on fields under WTM to widely implement

this strategy. WTM is probably best used under row crops on fields with higher K,
where it is more vital to slow the water movement through the soil. WTM has other
environmental consequences such as surface runoff, due to an increase in antecedent
moisture conditions. At this time, we do not recommend WTM as a strategy to reduce
nitrate in tile effluent in the Willamette Valley.

Further research should be conducted on nitrate losses from tile drains under row

crops. Also, diuron loss from surface runoff in the Willamette Valley on both grass
seed fields and row crops should be studied further.
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4

SUMMARY AND CONCLUSIONS

The objectives of this study were: 1) investigate the hydrologic response of four

fields to tile drains; 2) determine the timing and amount of applied nitrate-N and
pesticides that left the fields through the tile systems; 3) estimate the effects of tile
drainage on surface and ground water quality in the Willamette Valley; 4) assess the
potential of Water Table Management (WTM) as a way to improve tile effluent water
quality.

Our studies show that tile systems in the Willamette Valley have a range of
hydrologic responses. Two fields had slow, prolonged drainage, with a maximum

drainage rate of 5-9 mm day1, and the tile drains intercepted about a third of the
precipitation. Two other fields had short, rapid drainage events with drainage rates
reaching 30 miii day1, and the tiles intercepted less than 10% of the precipitation. The

fields were of similar soil series, and the tile systems had very similar depth and
spacing. Possible causes for the discrepancies in hydrologic response could be field
size (the slower fields were 10 times larger in area) and crop rotation (the slower fields

had older grass crops).

Water table decline was accelerated by tile drainage,

particularly in the root zone.

Nitrate and pesticide losses on the fields were strongly linked to the hydrologic
response of the fields. We hypothesize that nitrate concentrations in the tile effluent

are linked to the age of the grass seed crop, with higher concentrations leaving the
fields under less established grass seed crops. Established grass seed crops produced

tile effluent that was consistently below 2 ppm NO3-N, and lost less than 2% of the
applied nitrate through the tile lines, while tile effluent from the first year grass seed
crop exceeded the 10 ppm drinking water standard by 40%. The range of nitrate loss
through tile lines in this study was 1.1-6.7% of the applied nitrate, or 2.5-13.1 kg NO3-

N ha'. The drainage rates from the fields could be playing an important role in nitrate

losses from the fields. The slower-draining fields lost far less nitrate per unit of tile
drainage, possibly because the nitrate stayed in the soil profile far longer to be utilized

or degraded. On each individual field, nitrate mass loss was correlated to tile drainage
volume by a power law relationship.
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Less than 0.25% of any pesticide was lost in tile effluent, compared to 3% diuron

loss from surface runoff from one field. We tested for pesticides with a wide variety
of water solubility, ranging from very water-soluble (metolachlor) to very adsorptive
(diuron). The date of application is an important factor in pesticide loss, with the

greatest losses usually occurring in the flow immediately following pesticide
application. The fate of diuron on tile drained fields needs more investigation, as the

high mass losses and high concentration in the surface runoff could be an issue of
concern. Metolachior and chiorpyrifos losses were similar in tile effluent and surface
runoff, and well below drinking water advisory limits set by the EPA. The adsorptive

properties of diuron probably cause it to leach significantly in surface runoff. Tile
drains likely draw diuron into the soil where it adsorbs and is broken down, rather than
lost by erosion.

Nitrate and pesticides have very different leaching properties but must be
concurrently managed on the same fields, so the harm or benefit of tile drains lies in

which class of chemicals is of greatest concern in a given location. On our lowpermeability fields with grass cover, nitrate does not flush through the soil as quickly

as it might on sandier soils with row crops.

Contrastingly, antecedent moisture

conditions on Willamette Valley soils are near saturation for the majority of the
winter, increasing the danger if high surface runoff. Diuron is one of the most
commonly used and detected pesticides in Willamette Valley surface waters. Tile
drains may be decreasing runoff highly concentrated in diuron early in the fall, at the
expense of slightly accelerated nitrate runoff through the subsurface during the highest

flow periods in the winter. Therefore, while WTM could decrease nitrate losses, any

increase in diuron loss from surface runoff would be too negative of a side affect to
warrant the management practice.

Our conclusion, which is specific to our flat, low-permeability soils, cropped in
perennial grasses, with a chemical schedule that includes nitrate and highly adsorptive

pesticides, is that tile drains are beneficial in the Willamette Valley and do not need
WTM at this time. Continued installation of tile drains should be carefully planned;
however, on existing grass seed crops where fertilizer and pesticides are applied, tile
drains are recommended. The installation of tile drains could be particularly important
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on sloping, low-permeability soils. In the Willamette Valley, further study should be
conducted on the surface runoff of pesticides with high adsorption coefficients and on
nitrate losses through tile drainage systems under row crops.
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