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Dry land agriculture using summer fallow is a common crop production

practice in the Columbia Plateau region of eastern Oregon. Farmed-over level

terraces are used to control surface water runoff and soil erosion. More than

70 percent of the average annual precipitation around Pendleton, Oregon (350 -

400 mm) falls as low intensity, long duration rainfall from September to March.

Wetter soil zones typically occur above and below the terrace. These areas

have a higher potential for crop production as well as for movement of

chemicals to ground water and to surface water where seepage occurs. The

extra nitrogen or water that could accumulate in these areas needs to be

considered in managing these areas.

The first objective of this study was to measure the distribution of nitrate

nitrogen (NO3-N) and water in relation to farmed-over level terraces, and infer

potential solute flow patterns from changes in the measured distributions over

time. The second objective was to make recommendations regarding

management practices required for specific field locations to maximize crop

production and minimize negative impacts on groundwater quality.
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Results indicate NO3 concentrations following harvest were < 4 mg kg -1 

of soil. Equivalent to soil solution concentrations between 27 and 20 mg L-1 at 

15 and 20 percent volumetric water content, respectively. Limited deep 

percolation of NO3 occurred below the root zone between harvest and planting. 

The NO3 concentrations below the root zone were < 1 to 15 mg kg -1 following 

the summer fallow period. In August 1993, evidence exists that shows N 

applied fertilizer moved out of the surface 0.3 m and deeper into the profile. 

The redistribution of NO3 in the terrace channels of transects 1 and 2 strongly 

support this. Soil profiles that contain high residual concentrations of NO3-N 

during the fallow period increase the potential for NO3-N leaching below the root 

zone. Unusually heavy precipitation during normally dry periods or above 

normal winter precipitation increases the potential for NO3-N leaching below the 

root zone. 
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Nitrate and Water under Terraced Dry land Wheat Production in Oregon 

INTRODUCTION 

The Columbia Plateau region in northeast Oregon is a leading dryland 

wheat production area in the state. The topography varies from gently sloping 

areas to steep hilltop slopes. The potential for soil erosion peaks during late 

winter and early spring in this region when most of the annual precipitation 

occurs. Erosion is of great concern where tillage leaves the soil surface 

exposed. 

In the Pacific Northwest (PNW), 70 percent of the annual precipitation 

occurs during the winter months from September to March (Boersma and 

Jackson, 1977). Some researchers observed that between 60 and 80 percent 

of the seasonal erosion in the Columbia Plateau occurred during one or two 

runoff events, usually in late winter or early spring (Rickman, 1986). Reduced 

infiltration on frozen soils plus runoff from rain on snow and sudden snowmelt 

are the main contributors to erosion and water accumulation in terrace channels 

during the winter (Zuzel et al., 1982). During other times of the year, water 

accumulation in terrace channels is primarily an event-driven process caused by 

high intensity, short duration precipitation events. 

Agricultural practices have been modified to decrease erosion and 

prevent losses of rich topsoil. One method is the installation of farmed-over 

level terraces on erodible slopes (Highfill, 1983). The terraces effectively 
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reduce the length of slope, thereby reducing runoff and erosion. Runoff is 

stored behind the terrace and infiltrates into the soil. 

Terrace systems modify the hillside fluxes of water and chemicals. 

Areas of soil water accumulation under wheat fallow rotations increase yield 

potentials. However, areas of higher soil water content increase the potential 

for leaching chemicals below the root zone. Soil water that moves below the 

root zone may carry contaminants such as NO3-, that have the potential to 

reach the groundwater. If soil water below the root zone encounters an 

impermeable layer and flows to a discharge area, the potential exists for the 

development of saline seeps (Vander Pluym, 1978). 

The term "root zone" refers to the maximum rooting depth of a plant. 

The depth of the root zone depends on the type of plant and the soil. The root 

zone for winter wheat in the PNW region varies depending on the variety, but in 

general, the maximum depth of root penetration is from 1.5 to 1.8 m. The 

depth where NO3- is found in the root zone is critical. In the upper part of the 

root zone NO3 is more available to plants and less likely to leach because of 

high root density (Viets, 1971). The root density of most plants decreases with 

increasing depth. 

Annual precipitation is seldom sufficient for crops to reach their maximum 

yield potential under dryland crop production in northeast Oregon. Stored 

available water can be used to satisfy crop needs. To store an adequate 
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supply of water, deep soils (> 150 cm) with good infiltration and water holding 

capacity are required. 

There have been many approaches to water conservation in rainfed 

agriculture. Summer fallow is a system of agriculture in which the precipitation 

which falls during a given year, either as rain or snow, is stored in the soil for 

use during the next growing season. The practice of summer fallow is wide 

spread in the dryland areas of the western United States and Canada, because 

of its effectiveness in soil water storage (Leggett et al., 1974). The main 

criterion for the use of summer fallow is annual precipitation between 250 and 

500 mm. 

In the PNW the precipitation occurs predominantly during the winter 

months. In most winter rainfall areas where moisture is limiting, an estimated 

75% or more of the rainfall can be stored in the soil if the storage capacity is 

adequate (Boersma and Jackson, 1977). At Pendleton, Oregon, water storage 

efficiencies under stubble during the first winter following winter wheat harvest 

are between 60 and 75 percent (Ramig et al., 1986). For the study areas near 

Pendleton a typical range of available water is 16 to 20 cm m-1 (Johnson and 

Makinson, 1988). There is continuous moisture loss through evaporation during 

the summer months. 

The Pendelton area lies along the boundaries between the Columbia 

Plateau and the Palouse and Nez Perce Prairie physiographic regions. The 

soils in these units were formed after the Lake Missoula and Lake Bonneville 
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flood events of 15,000 - 20,000 years ago. These epoch events left behind 

lacustrine silts and other debris deposited along the Columbia River. After the 

waters receded these silt deposits were redistributed by eolian processes over 

the entire Columbia Plateau. 

Agriculture is one of the primary contributors to non-point source water 

quality degradation in the United States (Schepers, 1988). Two categories of 

agricultural operations have the potential for ground water contamination; 1) 

agri-chemicals, including fertilizers, herbicides and pesticides from crop 

production, and 2) livestock operations. Contaminants can range from simple 

inorganic compounds like NO3" to complex organic chemicals. Non-point source 

contamination of ground water from leaching of NO3- is a problem of growing 

concern. Excess NO3- moves through the soil rapidly because of its association 

with water movement. The main concern over NO3 contamination of ground 

water is the health effects related to drinking water. 

Contaminant movement in dryland cropping systems has been 

investigated since the 1950's. Researchers in the Great Plains of the United 

States have concluded that there is significant potential for leaching if NO3

moves below the root zone beneath fallowed soils (Doughty, 1954; Power, 

1970; Black et al., 1974; Vander Pluym, 1978). 

The STEEP (Solutions To Economic and Environmental Problems) 

program was developed in the Pacific Northwest in 1981. The initial purpose of 

the STEEP program was " to develop coordinated and integrated soil erosion 
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control strategies and practices..." (Michaelson and Papendick, 1991). One of 

the research objectives was aimed toward improved understanding of soil 

erosion and runoff prediction. In 1991, water quality objectives were added to 

the STEEP programs. Soil erosion and runoff are affected by land-use 

management, topography, soil and climate. 

This study was initiated to address two objectives. The first objective 

was to measure the distribution of NO3-N and water in relation to farmed-over 

level terraces, and infer potential solute flow patterns from changes in the 

measured distributions over time. The second objective was to make 

recommendations regarding management practices required for specific field 

locations to maximize crop production and minimize negative impacts on 

groundwater quality. 
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LITERATURE REVIEW 

Summer fallow in the PNW 

A typical summer fallow crop rotation in the PNW is two years, beginning 

after harvest of the wheat crop in mid-July to late-August. Stubble left on a field 

has several advantages over the alternatives of removal by plowing or burning. 

Stubble retains snow and provides protection from wind and water erosion. 

Upon cultivation the stubble helps maintain organic matter (OM) levels. The 

OM adds to the overall health of the soil by improving aggregation, infiltration 

and tilth. 

Several shallow cultivations are performed in early spring, March or April. 

The initial cultivation eliminates potential plant growth that may reduce water 

stored from winter precipitation and creates a dust mulch to provide a barrier to 

evaporation. Vapor must travel through the dust mulch, thus effectively 

reducing the evaporation rate and the amount of soil water lost due to 

evaporation. Successive cultivations maintain weed control and the dust mulch. 

During the summer months, when almost no precipitation occurs, there is 

a continuous loss of soil water because of evaporation, although the amount 

and rate have been reduced by dust mulches. Ramig et al., (1986) at 

Pendleton, Oregon, observed that during a summer fallow period an equivalent 

of between 50 to 230 mm of stored water was lost from soil profiles due to 



7 

evaporation. Soil profiles that had the highest initial amount of stored water 

over the winter lost the most during the summer. 

Fertilizer is applied prior to planting, generally during the summer, in the 

gaseous or liquid form and injected 20 to 25 cm below the surface. Planting 

occurs from late August through October. Later planting is used to take 

advantage of early winter precipitation that may occur to aid seedling 

germination. In addition, later seeding helps control annual grassy weeds such 

as downy brome and reduces the risk of several cereal diseases. 

Disadvantages to late planting are that cold weather may not be favorable to 

germination and seedling growth and lack of adequate vegetative cover 

increases the risk for increased soil erosion (Macnab and Ramig, 1986). In the 

spring, about March, the crop resumes growth. The crop matures and ripens 

during June and July with harvest occurring during July or August. 

During this second winter, after seeding, the average water storage 

efficiency decreases to 55 percent (Ramig et al., 1986). The water storage 

efficiency is lower during the second winter of a wheat fallow rotation because 

infiltration is reduced due to antecedent water in the soil profile and because of 

the loss of soil structure due to repeated cultivation. 

Leggett, (1959) initiated a large scale study to determine the relationship 

between soil available water and nitrogen on wheat yields. He demonstrated 

that in the absence of other limiting factors a minimum of 10 cm of soil water is 

required for wheat production. From the point where wheat production begins, 
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Leggett found yield could be increased approximately 4 Mg ha"1 for each 

additional 2.5 cm of available water (1959). New varieties of wheat require 

less, 7.5 to 9 cm, available soil water to reach wheat production. Recent 

findings indicate timing of precipitation events is critical where wheat yields are 

concerned. Early spring rains can have a profound effect on wheat yields. In 

March or April, 2.5 cm of rainfall can increase wheat yields 8 Mg ha-1 while in 

May, 2.5 cm of rain can increase wheat yields up to 9.4 Mg ha-1 (Paul 

Rasmussen, personal communication). 

Nitrogen fertilizer applications are necessary to alleviate N deficiencies in 

the dryland wheat producing regions of eastern Washington and Oregon 

because of long term intensive cropping. Leggett found approximately 3.4 kg 

ha-1 are required to produce 67 kg ha-1 of wheat. New varieties of wheat 

require approximately 2.7 kg-N ha-1 to increase yields 67 kg ha'l (Paul 

Rasmussen, personal communication). Collectively, Leggett's results provide a 

set of guidelines for managing dryland wheat for maximum attainable yield 

based on available soil water and nitrogen. 

Nitrate movement under summer fallow rotations 

Work done by researchers in the Great Plains (GP) is helpful to 

understanding NO3 movement in the PNW because of similar crops, cultivation 

practices and average annual precipitation. The greatest difference between 
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the two regions is the more even distribution of annual precipitation in the GP, 

while in the PNW most of the annual precipitation occurs during the winter. 

In the GP, researchers have concluded that the possibility exists for 

leaching of NO3 to ground water beneath fallowed soils (Power, 1970; Doughty, 

1954; Vander Pluym, 1978). According to Doughty, the movement of NO3" in 

soils of the northern GP is controlled by the depth to which water penetrates the 

soil. During the non-growing season the downward movement of water from 

precipitation carries with it any NO3- in the soil, therefore, the greatest 

accumulation of NO3- would be found at the maximum depth of water 

penetration (Doughty, 1954). In agricultural fields that have been under the 

wheat fallow sequence for more that a decade, Doughty found NO3

accumulations below four feet between 112 and 448 kg ha-1. 

In another investigation, Power (1970) concluded that there is a 

significant potential for NO3" that moves below the root zone to reach ground 

water. He cautioned however, that the fate of the NO3- between the root zone 

and the ground water is unknown. He conceded that the depths involved are 

often hundreds of feet and that the time required for NO3- to reach the ground 

water would probably be in magnitude of decades. In addition, Power indicated 

that under systems that incorporate a wheat fallow rotation, the capacity for 

leaching may be reduced because of the extent of the rooting depth (1970). 

Baker (1955) found no evidence of significant NO3- leaching in low 

rainfall areas, 200 to 250 mm annual precipitation, in the PNW due to 



10 

insufficient accumulations of soil water. In higher rainfall areas, 300 to 400 mm 

annual precipitation, Baker reported that winter wheat utilized much of the 

applied fertilizer N by late fall before winter precipitation occurred. However, he 

did observe NO3" movement downward in the profiles when seedling emergence 

was delayed or when heavy winter precipitation occurred, but the results were 

inconclusive whether NO3 was moving below the root zone (Baker, 1955). 

Similarly, Koehler (1960) in a study of nitrogen uptake and soil moisture usage 

by winter wheat in eastern Washington, found that residual N following harvest 

was unlikely to leach below the root zone because of inadequate precipitation. 

The study was conducted in an area with average annual precipitation of 380 

mm. Under favorable conditions Koehler found that in 2.5 m soil profiles all 

available soil moisture was removed from the top 1.5 m. He also reported that 

residual NO3- was low following harvest, although NO3- values were not 

recorded. Koehler concluded that an insufficient supply of soil water for the 

crop to mature may result in increased residual NO3-. 

Stewart et al., (1967) initiated a large scale project to measure the 

distribution of NO3- and other pollutants under cultivated dryland and irrigated 

fields and under corrals in Colorado. The average annual precipitation was 380 

mm. The cultivated dryland fields planted to winter wheat contained small 

accumulations of NO3-, < 6 mg kg-1, below the root zone. This suggests some 

leaching of NO3- below the root zone. A comparison of the distribution and 

amount of NO3 found under corrals, irrigated fields and cultivated dryland fields 
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indicates that the most significant threat for NO3 contamination of ground water 

comes from the corral sites (figure 1). 

Muir et al., (1976) studied the extent of nutrient leaching below the root 

zone in Nebraska. Observations from 18 soil cores indicated that in wheat 

fallow rotations, if the soil water content exceeds crop needs or the storage 

capacity of the soil is exceeded, water moves below the root zone (figure 2). 

The researchers also found that NO3-, < 5 mg kg-1, was leached below the root 

zone. They concluded that this posed little threat to groundwater quality. 

0 

0.5 

2 

2.5 
check (1972) 

fall (1971) 

spring (1972) 

3 
0 5 10 15 20 

NO3-N (mg kg-1) 

Figure 1. Average NO3-N with depth measured at various sites 
in Colorado (after Stewart et al., 1967). 
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Figure 2.	 Average NO3-N and water content measured on eighteen soil cores 
in Nebraska (after Muir et al., 1976). 

Residual nitrate
 

An inadequate supply of soil water to bring a crop to maturity can leave 

high concentrations of NO3- in the soil following harvest. In low precipitation 

regions, NO3- carried over into the fallow period is not likely to leach because of 

low soil water content (Baker, 1955; Fanning et al., 1969). In regions that 

receive 300 to 400 mm annual precipitation, or in years of higher than average 

rainfall, there is an increased potential for high concentrations of residual NO3

to move below the root zone. 
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In 1953, Hunter et al., (1958) established ten experimental plots in the 

dryland wheat producing region in eastern Oregon, to determine the effect of 

residual NO3-N on winter wheat . The field plots were given one of five 

treatments; 0, 22, 45, 67 or 90 kg-N ha 1. Fertilizer was added once during the 

study, in the summer of 1953, in the form of ammonium nitrate. The effect of 

residual NO3" was determined by comparing wheat yields from 1954 and 1956. 

No measurements of soil NO3- were made. The yields in 1956 were as good or 

better than the yields in 1954, so the researchers concluded that the residual 

NO3-N left in the soil after harvest in 1954 remained in the field and was 

available for the crop in 1956 (Hunter et al., 1958). The total precipitation for 

1954 was 230 mm, about 76 mm below normal. The lack of available water in 

1954 resulted in lower than normal yields and residual NO3-N in the profile. 

The total precipitation for 1956 was 406 mm, about 100 mm above normal. An 

abundant water supply and sufficient NO3-N in the profile contributed to 

favorable yields in 1956. 

In 1967, eighteen experimental plots were established in the dryland 

wheat producing region of eastern Washington, to measure the amount of 

residual NO3- after harvest available for the following crop (Engle and Field, 

1972). The average annual precipitation at the experimental plots was between 

200 and 500 mm. In the fall of 1967, the field plots were given one of four 

treatments; 0, 90, 134 or 180 kg-N ha-1 . Soil samples were taken at 30 cm 

intervals to a depth of 1.8 m or until an impenetrable layer was reached, 
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following harvest in the fall of 1968. They found the 90 kg-N ha-1 treatment 

produced the highest yield and left almost no residual NO3-N in the profile 

(Engle and Field, 1972). On the other hand, where higher amounts of N 

fertilizer were applied, there was an accumulation of residual NO3- in the top 1.2 

m of the profile. 

Engle and Field, (1972) concluded that NO3- was being lost from some of 

the plots but they did not know how or to what extent. They recommended that 

N fertilization be based on soil sampling from various locations in a field (ie. 

summit, backslope, footslope, and toeslope) with locations fertilized separately if 

necessary. In addition, they suggested that unusual precipitation events may 

move NO3- below the rooting depth prior to planting or before roots can reach 

it. They also noted that restrictive layers may cause NO3- to move down slope 

or laterally. They indicated that NO3- repositioned with water may be used by 

plants, lost to ground water or denitrification (Engle and Field, 1972). 

Halvorson and Field, (1971) re-examined experimental plots on one of 

the sites of Engle and Field, (1972) in the 450 to 500 mm precipitation region. 

The site was fallow in 1968 and fertilized in the fall of 1969. Field plots at the 

site were given one of five treatments; 0, 45, 90, 134, or 180 kg-N ha-1. In the 

spring of 1970 an additional 45 kg-N ha-1 was broadcast on all plots. Soil 

samples were taken in 30 cm increments to a depth of 3 m following harvest in 

1970. They found the 90 kg-N ha-1 (45 kg-N + 45 kg-N ha-1, spring) 

produced the highest yield, 5 Mg ha-1, and left almost no residual NO3- in the 
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profile (Halvorson and Field, 1971). However, when 180 and 224 kg-N ha-1 

were added to the plots the residual NO3- in the profiles was 70 and 107 kg-N 

ha-1, respectively. Nearly all the residual NO3 in the plots that received 180 and 

224 kg-N ha-1 was found in the top 1.2 m of the profiles. 

In the fall of the summer fallow season, 1971, Halvorson et al., (1972) 

resampled the experimental plot that had received 224 kg-N ha-1 (Halvorson 

and Field, 1971), to determine if the residual NO3- found in 1970 had moved 

down in the profile. They found that the residual NO3- had moved to the 2.1 m 

depth (Halvorson et al., 1972). This site was again sampled in the spring of 

1972 to a depth of 3 m to determine if the residual NO3 found at the 2.1 m 

depth had moved further down in the profile. They found that by the spring of 

1972 the NO3 had moved down to the 3.0 m depth (Halvorson et al., 1972). 

Figure 3 is a summary of the distribution and concentration of residual NO3-, in 

the fall of 1971 and the spring of 1972, from the experimental plot that had 

received 224 kg-N ha-1. 

Halvorson et al., (1972) concluded evidence exists that residual NO3

can move below the root zone and could reach the ground water. In addition, 

they indicated that NO3- losses could be kept to a minimum if N fertilizer was 

not applied in excess of crop needs for maximum yield. They also suggested 

that growers determine fertilizer needs for each area of a field based on soil 

tests for water content and NO3-. They cautioned that using one fertilizer rate 
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for an entire field could result in over-fertilizing some areas and under-fertilizing 

other areas. 
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Figure 3. Residual NO3-N with depth in eastern Washington under 450 500 
mm rainfall (plotted from results in Halvorson et al., 1972). 

Hillslope hydrology 

Water can move in any direction. Under sloping conditions the direction 

of soil water flux depends largely on soil profile development, landscape slope 

and topography. These are not the only conditions that influence soil water flux. 

Rainfall frequency, intensity and duration plus soil infiltration rate and soil 

surface condition also affect the direction of soil water flux, but will not be 

discussed in detail here. 
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The physical principles that govern the direction of soil water movement 

on hillslopes can be viewed from the point of view of additive forces: with the 

resultant force being the vector sum of the individual forces. 

In the absence of vegetation, a soil system has two main forces acting 

on soil water movement, gravity and fluid pressure. In the case of a soil water 

flux and its corresponding forces on a hillslope, there are two principle 

directions where the flux and the force could coincide (Zaslaysky and Rogowski, 

1969; Harr, 1977). The directions are normal and parallel to the soil surface, 

assuming layering (horizon development) is horizontal. 

Water flux in the vertical and lateral directions are summed to obtain 

resultant flux. The magnitude of the resultant flux is shown graphically in figure 

4 and can be written as: 

qR = [(qL. + qv sin0)2 + (qv cos0)2]1/2 

where 0 is slope angle and a.0 a
, V) a

. R denote lateral, vertical and resultant flux, 

respectively. The flux angle y is written as: 

sing = qt./qR 

= (qL. cos0)/qR 

y = sin-1 (qL, cos0)/qR 

One reason for lateral flow in many soils is because of soil profile 

development. Layering in soils controls the flow of water, depending on the 

particular hydraulic conductivity of the individual layers. During periods of high 

infiltration, water temporarily perches above horizons that are lower in 
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ground 
surface 

Figure 4. Schematic representation of flow components normal (qv,) and 
parallel (qL.) to the slope and flow components (qv and qL) for a 
slope of angle (8) and a resultant flux (qR) of angle (y). 

hydraulic conductivity and a downslope hydraulic gradient can develop. 

Another phenomena is known as the capillary barrier effect. In this situation a 

soil profile develops such that a coarse grain layer is overlain by a fine grain 

layer. If this occurs water will accumulate in the fine grained layer until the pore 

filling pressure of the course grain layer is exceeded. If this type of layering 

occurs on a hillslope or if the soil layering is not horizontal lateral flow can 

develop. In slopes where hydraulic conductivity (K) is homogeneous or 

increases with depth, flow is primarily vertical. However, when K decreases 

with depth, as it may in a layered soil, flow may become lateral. 
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There are several reasons for changes in soil K. First, soil horizon 

development over time may develop argillic horizons due to the translocation of 

clay particles particularly in areas where ponding occurs (Arndt and Richardson, 

1988; Daniels and Hammer, 1992). Argil lic horizons decrease the rate of water 

transport vertically in the profile. On hillslopes, temporarily perched water has 

the potential to develop a downslope gradient which could direct water laterally. 

Ponded areas also have the potential to leach readily mobile or soluble ions 

from the soil such as NO3-, Fe, Mg and Ca (Arndt and Richardson, 1988). 

Second, particle-size distribution, pore-size distribution and porosity will affect K. 

A fine grained soil with a high density of small pores would cause K to be low. 

Finally, a decrease in K could result from the development of a plow layer 

because of compaction. 

Transfer of water from upslope to downslope positions on the landscape 

results in water accumulating in the lower slopes, particularly in concave areas 

(Daniels and Hammer, 1992). Saturated or near saturated conditions can 

develop in concave areas for several reasons. First, a large upslope area may 

contribute water to a small downslope area. Second, the gradient of a concave 

area decreases downslope so water outflow is less at the same moisture 

content and hydraulic conductivity than at sites with greater slope. As slopes 

become steeper and the degree of layering increases the resultant water flux 

extends increasingly downslope (Zaslaysky and Rogowski, 1969). Finally, 
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overland flow can contribute to increased water contents in concave areas on 

lower slopes. 

A study was initiated by Harr (1977) to gain a better understanding of 

lateral subsurface flow in western Oregon. The study was conducted in an old 

growth forest ecosystem in the Cascade mountain range in western Oregon, 

where the average annual precipitation is 2350 mm. More than 70 percent of 

the annual precipitation falls between October and April as low intensity, long 

duration precipitation events. The objectives of the study were to determine 

what factors influence the magnitude and direction of soil water flux, determine 

the magnitude and direction of soil water flux during and after a storm, and 

determine the significance of soil water fluxes under saturated and unsaturated 

conditions. 

Vertical and lateral soil water flux were used to calculate the magnitude 

and direction of the resultant water flux. Magnitude and direction of water 

fluxes were estimated by groups of tensiometers. The vertical component of 

soil water flux was determined between tensiometers at various depths within a 

group of tensiometers. The lateral component of soil water flux was determined 

between pairs of tensiometers at equivalent depths in between two groups of 

tensiometers. Several hydrologic properties of the soil were measured 

including; saturated hydraulic conductivity (Ks), particle-size distribution, and 

pore-size distribution. Harr reported significant changes in pore size-distribution 

and Ks between 30 and 70 cm and between 110 and 130 cm (1977). He 
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concluded that these distinct changes in soil hydrologic properties accounted for 

the differences in magnitude and direction of soil water flux found in his 

experiment. 

Harr reported soil water flux below 30 cm was directed primarily in a 

lateral direction during storm events and vertically between storm events. In 

contrast, soil water flux above 30 cm was directed laterally between storms and 

vertically during storms (1977). According to Harr, unsaturated flow dominated 

the entire experimental hillslope except near the base of the slope where a 

permanently saturated zone existed. He also found temporarily saturated zones 

above 130 cm at mid and upslope locations following a storm event. The 

upslope saturated zones were isolated from each other and the permanently 

saturated zone at the base of the slope. The resulting soil water fluxes were 

therefore limited by the presence of unsaturated zones surrounding the isolated 

saturated zones (Harr, 1977). 

An investigation was conducted by Gaskin et al., (1989) to assess the 

importance of vertical and lateral chemical fluxes on a forested hillslope in North 

Carolina. In this area rainfall is evenly distributed through out the year, with 

average annual precipitation of approximately 1800 mm. During the course of a 

one year study starting October 1985 and ending November 1986 there was a 

precipitation deficit of 734 mm. 

Vertical and lateral fluxes were calculated from tensiometers readings 

and K using Darcy's law. Vertical flux was measured within a group of 
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tensiometers bracketing a particular horizon. Lateral flux was measured 

between pairs of tensiometers in the middle of a particular horizon. Groups of 

tensiometers were separated longitudinally between 6.1 and 6.4 m. Soil 

horizon descriptions were given as follows: A, sandy loam (0 9 cm); BA, 

sandy clay loam (9 28 cm); Bt, clay (28 62 cm); and BC, clay loam (62 91 

cm). Conditions were assumed to be isotropic within a given soil horizon and 

hysteresis was neglected (Gaskin et al., 1989). In-field and laboratory K values, 

bulk density and porosity were determined for each horizon as well. Hydraulic 

conductivity decreased with increasing soil depth. Measurements indicated a 

decrease in Ks between A and BA horizons and also between BA and Bt 

horizons (Gaskin et al., 1989). 

Suction cup lysimeters were installed horizontally into the BA, Bt and BC 

horizons. Soil solution samples were analyzed for H+, HCO3-, S042-, Cl-, NO3-N, 

K+, Ca2+, Mg2+ and Na+. Chemical flux for the soil solution was calculated by 

multiplying the average water flux estimates by the measured concentration for 

each horizon respectively (Gaskin et al., 1989). 

Gaskin et al., (1989) reported results from five storm events. The events 

were grouped by antecedent soil water conditions. Three of the events were 

grouped as dry antecedent soil water conditions and two were grouped as wet 

antecedent soil water conditions. They found that during dry antecedent soil 

water conditions flow was primarily lateral at the A/BA interface. Under wet 

antecedent soil water conditions, flux was primarily lateral between the BA and 
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the Bt horizons. They also reported from chemical analysis, lateral solute flux 

was small in the Bt and BC horizons and high in the BA horizon. 

As a result of their experiment Gaskin et al. concluded that lateral flow 

was an important component of chemical flux on hillslopes, mainly above 

horizons that impede vertical flow (1989). They also noted that results from this 

study be interpreted cautiously due to the lower than usual precipitation over the 

course of the study. Under ordinary precipitation conditions the amount of 

lateral flux in the lower horizons may be greater than reported (Gaskin et al., 

1989).
 

Weyman (1973) initiated a field study to measure downslope flow of 

water in soil. The study was conducted in England on an experimental hillslope 

with slopes varying from 23% at the base of the slope to 2% near the summit. 

Four soil horizons were identified; A (0 10 cm), A/B (10 25 cm), B (25 40 

cm) and B/C (40 60 cm). At the base of the slope the B and B/C horizons 

thicken to 25 50 cm and 50 75 cm, respectively. In his paper, Weyman did 

not report any information regarding soil hydraulic properties or precipitation. 

Tensiometers and piezometers were installed to measure soil water 

potential and water level, respectively. Slope discharge from individual soil 

horizons was measured at four troughs near the base of the slope. Troughs 

collected discharge exclusively from a specific soil horizon. Weyman found 

that discharge into the troughs was entirely confined to the B and B/C horizons. 

He reported discharge from the B/C was continuous throughout the experiment, 
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including extended periods of no precipitation, whereas discharge from the B 

horizon was not continuous and represented discharge response to rainfall 

(Weyman, 1973). 

Weyman reported unsaturated flow in the A/B and B horizon was 

dominated by vertical flux. In the BC horizon drainage was dominated by 

lateral flux. Initiation of lateral flow was dependent on a change in soil hydraulic 

properties. Weyman reported changes occurred at the interface between B and 

B/C horizon. During prolonged periods between precipitation events the A and 

AB horizons exhibited reversed potential gradients indicating upward capillary 

flow during high evapotranspiration (ET) (Weyman, 1973). 

In summarizing his conclusions, Weyman indicated the development of 

lateral flow will depend on the presence of low conductivity layers, degree of 

landscape slope, rainfall intensity and soil infiltration capacity. Lateral flow 

response will also be a function of depth to the lateral flow region. Hills lope 

discharge response was delayed because lateral flow occurred sufficiently 

deep below the surface, in this case at 30 cm. The further water has to flow to 

reach the region of lateral flow the more likely lateral flow response will be 

retarded (Weyman, 1973). Weyman also concluded that lateral flow is 

dominant on hillslopes under saturated conditions. However, between 

precipitation events unsaturated lateral flow dominates discharge at the slope 

base. 
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Work done by Richardson et al., (1992) in the Prairie Pothole Region 

(PPR) of North Dakota illustrates how ponded water moves through the 

subsurface and may discharge at the surface at some point downslope. They 

used computer-generated flownets to illustrate the path of water from an 

upslope position to a downslope position. 

In the PPR, natural depressions typically accumulate water following 

heavy rainfall or snow melt. Richardson et al. showed that beneath upslope 

ponding, flow was primarily vertical in the profile. Between the upslope position 

and the base of the slope, flow was found to be primarily lateral. In the PPR, 

the depth to the water table can be shallow. In areas with shallow ground 

water, flow from upslope positions to downslope positions can be entirely 

composed of lateral flow. The lowest position on the landscape showed a 

region of ground water discharge towards the soil surface. In the western 

United States, areas of surface discharge are often associated with the 

development of saline seeps. 

Saline seep 

In the event that leaching occurs below the root zone, the water may not 

only transport NO3 but it may also collect soluble salts present in the soil. The 

potential exists for the leachate to move to ground water and increase NO3

concentrations as well as ground water salinity. Alternatively, under certain 

conditions such as restricted downward flow, water containing high salt 
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concentrations may intersect the surface of the soil resulting in a condition 

known as saline seep. Nitrate is a common component of saline seep water 

(Custer, 1978; Doering and Sandoval, 1974; Doering and Sandoval, 1978). 

Saline seep describes a condition where intermittent or continuous saline 

water discharge occurs at or near the soil surface down slope from recharge 

areas under dryland conditions (Brown et al., 1983). The result of saline seeps 

is the reduction or elimination of crop growth in the affected area because of 

increased soluble salt concentrations in the root zone. Saline seeps are not 

common in eastern Oregon, but they do exist. 

A study was conducted in northwestern Oklahoma to compare salinity, 

NO3" and water content beneath rangeland and annually cropped terraced 

wheatland above saline seeps (Berg et al., 1991). Measurements were taken 

beneath native rangeland, in the wheatland between terraces and in the terrace 

channels. The study area selected had been cropped continuously for 

approximately 30 years and the area receives 690 mm precipitation annually. 

The hypothesis was that the terrace channels were acting as recharge areas for 

the saline seeps. The researchers concluded that cultivated land contributes 

water and soluble salts to saline seeps. However, the study did not define the 

recharge areas, so all that can be said is that the source of recharge may be 

through the terrace channels. They found higher concentrations of soluble salts 

under native rangeland compare with the wheatland. They suggested two 

reasons for the differences. First, more water percolated through the wheatland 
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as a whole than through the native vegetation, thus transporting more soluble 

salts. Second, the terrace channels acted as recharge areas and this water 

moved laterally leaching soluble salts from between the terraces. 

Berg et al., (1991) reported NO3 concentrations beneath the wheatland 

to be higher than those beneath the native rangeland. The differences in NO3

were attributed to fertilizer applications on the wheatland. Figure 5 is a 

summary of the distribution and concentration of NO3 and water content at 

various sampling locations in 1986 and 1987. The data from the wheatland 

indicated that NO3- concentrations and water contents were higher at greater 

depths in the terrace channels than between the terraces in 1986. In 1987, the 

NO3- concentrations and water contents were similar at both wheatland 

locations. In all cases the native rangeland contained the lowest NO3

concentration and water content. 

Landscape position and nitrate 

A study was conducted at three locations in Colorado to investigate the 

effects of landscape position and potential evapotranspiration (PET) on NO3 

leaching beneath dryland agriculture (Evans et al., 1994). Measurements were 

taken beneath native prairie and dryland wheat production. Soil cores were 

obtained to a depth of 8 m from three landscape positions; summit (SM), 

sideslope (SS) and toeslope (TS) at each of the experimental locations. The 

cores were analyzed for soil water content and NO3 concentration. 
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Figure 5. Average NO3-N and volumetric water content with depth, under 
terraced wheatland and native rangeland, measured in Oklahoma 
during (A) November 1986 and (B) March 1987 (plotted from results 
in Berg et al., 1991). 
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Evans et al. found concentrations of NO3" between 0.1 and < 3 mg kg-1, 

at all landscape positions, in profiles beneath native prairie locations. They 

found NO3" concentrations with depth, from < 1 to 4 mg kg-1, at all landscape 

positions for two of the cultivated experimental locations (Evans et al., 1994). 

The third cultivated site contained NO3" concentrations between < 1 and 4 mg 

kg-1 at SM and TS positions. Beneath SS positions, NO3- concentrations were 

similar to those found at SM and TS positions, except between 1.5 and 2.0 m, 

where NO3- concentrations ranged between 4 to 10 mg kg-1. They concluded 

their experimental sites posed no significant threat to ground water quality from 

NO3- contamination, although soil solution concentrations often exceeded 15 mg 

L-1. 
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MATERIALS AND METHODS 

Location 

In the summer of 1993, four field study areas were selected in the 

Columbia Plateau dryland wheat producing region of northeast Oregon. The 

study sites represented the soils and topography of the region. The topography 

is classified as gently sloping areas to steep hilltop slopes. Two study areas 

were located on the Stan Timmermann Ranch; transect 1 (SE1A,SE1% Sec. 35. 

T.4N. R.33E.) and transect 2 (NE1A,NW1/4 Sec. 35. T.4N. R.33E.) and two study 

areas were located on the Doug Harper Ranch; transect 3 (NWIA,NW1A Sec. 

22. T.4N. R.33E.) and transect 4 (NE1A,NW1/4 Sec. 19. T.4N. R.33E.). The four 

sites were located within 3 miles of one another. 

Transects were established across slopes to include at least two farmed-

over level terraces (figure 6). The transects were established using landmarks 

so sample sites could be easily found for resampling. 

Terrace 

Terrace 

Figure 6. Schematic cross-section of hillside slope with two terraces. 
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Measurements 

Soil sampling 

Soil cores were obtained with a Giddings hydraulic probe mounted on a 

four-wheel drive truck. Cores were obtained at three different times; 

August/September 1993, March 1994 and August 1994. The sampling tube 

which extracts the core from the ground had a diameter of 3 cm and a length of 

120 cm. The wall of the tube has 3 separate vents, each 2 cm wide, running 

the length of the tube. This allows for access to the samples so they could be 

accurately measured. Cores were taken along the transects at intervals of 

approximately 11 m. Sampling depth was to 3 m or until an impenetrable layer 

prevented deeper penetration of the probe. Each 3 m depth was divided into 8 

increments (0-0.3, 0.3-0.6, 0.6-0.9, 0.9-1.2, 1.2-1.5, 1.5-1.8, 1.8-2.4 and 2.4-3.0 

m) measured and separated. Caution must be exercised during sampling 

because dry hard soil, friction and ambient vibrations of the probe may result in 

compaction of samples in the extraction tube. Each time a sample was taken 

the depth of the shaft was measured to determine whether the soil elevation in 

the tube coincided with the depth of the extracted core. When a core was 

compacted the sample was partitioned to compensate for the compaction. 

Samples were placed in heavy paper bags lined with polyethylene to 

ensure moisture retention while in the field. Samples were stored in insulated 

coolers containing ice until they reached the laboratory. The samples were 
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dried for 24 hours in a forced-air drying cabinet at 35 °C as soon as possible 

after sampling. If the samples could not be dried immediately they were 

refrigerated at approximately 4 °C until drying was possible. 

Soil moisture content 

All field samples were analyzed for moisture content. Soil samples were 

oven dried at 105 °C for gravimetric water content on a weight basis (Gardner, 

1986). The gravimetric water contents were converted to volumetric water 

contents, using bulk density values obtained from samples collected and 

measured by the USDA-ARS, Columbia Basin Agricultural Research Center 

(CBARC) Pendleton, Oregon (table 1). 

depth SE NE
 
backslope backslope summit meant meant
 

m g cm-3 g cm-3 g cm-3 g cm-3 g cm-3 

0.3 1.36 1.21 1.27 1.28 

0.6 1.28 1.03 1.15 1.15 

0.9 1.22 1.10 1.16 1.16 

1.2 1.17 1.11 1.30 1.19 

1.5 1.20 1.16 1.29 1.21 

1.8 1.29 1.20 1.28 1.25 

2.1 1.35 1.23 1.33 1.30 
1.31 

2.4 1.42 1.21 1.32 1.32 

2.7 1.41 1.28 1.42 1.37 
1.38 

3.0 1.42 1.30 1.43 1.38 
I mean values calculated for individual depths from summit and backslope positions. 

mean values calculated for combined depths from summit and backslope positions. 

Table 1. Bulk density values for Walla Walla silt loam on Harper Ranch. 
(Collected by P.E. Rasmussen, USDA-ARS, CBARC, Pendleton, OR.) 
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Soil characteristics 

The soil type at all study sites was Walla Walla silt loam, classified as a 

Typic Haploxeroll. Walla Walla silt loam formed in loess and is characterized 

as a very deep to moderately deep, well-drained soil. A weakly cemented 

hardpan is common 1 to 1.5 m below the surface. The layer, when present, is 

calcareous and contains fine irregular pores lined with accumulations of fine 

silica and carbonates (Johnson and Makinson, 1988). 

The hydraulic properties of soil are key parameters in describing water 

flow into and through the soil. Figure 7 is the water release curve for Walla 

Walla silt loam obtained from data compiled by CBARC (Rickman, personal 

communication). The saturated conductivity of Walla Walla silt loam is reported 

to range between 17 and 35 cm d-1 (Allmaras et al., 1982). The Gardner (1958) 

equation, K(h) = Ksexp(ah), was used to calculate unsaturated hydraulic 

conductivity, K(h), from the CBARC water release curve and the saturated 

hydraulic conductivity. The saturated hydraulic conductivity of the soil is 

designated by Ks, h is soil water potential and a is a numerical constant. The 

value of a for the Walla Walla silt loam test soil was estimated by using soil 

water content, soil water potential and hydraulic conductivity data collected by 

Allmaras et al. (1977) in a field test. Alpha for the Walla Walla silt loam test soil 

was estimated to be -1.5. Figure 8 shows the estimated hydraulic conductivity 

curve for Walla Walla silt loam calculated in this way. This estimate of K(h) will 
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be used to estimate soil water flux at various soil positions sampled in the 

study. 
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Figure 7.	 (A) Water release curve and (B) Hydraulic conductivity curve for 
Walla Walla silt loam (A plotted from CBARC data, Rickman, 
personal communication and B plotted from CBARC data and 
Allmaras et al., 1977). 

Nitrate nitrogen 

Two methods were used for the analysis of soluble NO3 on samples 

from the fall of 1993 (1) colorimetric method using a cadmium reduction 

procedure, (2) detection by ion chromatography. Figure 8 shows a comparison 

between the results obtained on 54 samples using the cadmium 
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Figure 8.	 Plot of comparison between extraction and analytical methods. 
Water extraction and analysis by ion chromatography versus KCI 
extraction and analysis by cadmium reduction. 

reduction procedure and ion chromatography. The data indicate the two 

methods gave comparable results at concentrations above approximately 1.5 

mg kg-1 . Based on these results the remainder of the samples were analyzed 

solely by ion chromatography. The samples were analyzed immediately or 

stored a 4 °C to limit biological activity on NO3. Extracted solutions were 

stored no more than 12 hours before analysis. 

Analysis by cadmium reduction is a colorimetric procedure based on 

reducing NO3 to NO2- in a copperized cadmium column. Once in the NO2
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form, the sample is treated with a diazotizing agent (sulfanilamide) to convert 

the NO2- to a diazonium salt which is treated with a coupling agent [N-(1

naphthyl)-ethylenediamine] that results in the formation of an azo compound. 

As a result, a reddish purple color develops, the intensity of which is 

proportional to the amount of NO3 present in the soil extract. 

In preparation for NO3- detection by cadmium reduction, the procedure of 

Bremner and Keeney (1965) in (Keeney and Nelson, 1986) was followed. A 10 

g sample of soil was mixed with 100 mL of 2 M KCI solution and shaken on a 

mechanical shaker for one hour. Following shaking the soil/KCI suspension 

was allowed to separate for 30 minutes after which the supernatant was filtered 

through Whatman #42 filter paper (retention, 2.5 pm). Two milliters of the 

extract was placed into 2.5 mL vials and refrigerated at 4 °C until analysis 

could be performed. Analysis was performed using an ALPKEM rapid flow 

analyzer (RF-300) by the Oregon State University Soil Testing Laboratory. 

The procedure and theory behind detection by ion chromatography is 

well documented (Fishman and Pyen, 1979; Fritz et al., 1982; Smith and 

Chang, 1983). Extraction by ion chromatography is based on ion separation 

and detection by ion conductivity. An ion chromatography instrument consists 

of basically five components coupled in series. The components consist of a 

precolumn, a separator column, a suppressor column, a detector and a 

recording device. 
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Once a sample is injected into the instrument it combines with an eluent 

solution that continuously flows through the system. The eluent acts as a 

carrier for the sample. The sample first flows through the precolumn. The 

purpose of the precolumn is to protect the separator column by absorbing 

organic materials. From the precolumn the sample flows to the separator 

column. The separator column and the precolumn operate in the same 

manner, by differential migration. Differential migration simply means strongly 

held ions are retained in the column longer than weakly held ions, thus the 

weakly held ions are the first to arrive at the detector. After the ionic species 

leave the separator column they move to the suppressor column. The 

suppressor column reduces the background conductance of the eluent and 

increase the conductance of the sample ions. The final process is detection. 

Detectors basically consist of two electrodes to which a voltage is applied. In 

the presence of ionic species a resistance is measured. This resistance 

corresponds to ionic concentration in solution. 

The extraction procedure for NO3- detection by ion chromatography was 

a modification of Bremner et al., (1968) for the determination of NO3- by ion 

specific electrode in (Keeney and Nelson, 1986). A 25 g soil sample was mixed 

with 25 mL of deionized water. The prepared samples were shaken on a 

mechanical shaker for one hour. Following shaking the soil/water suspension 

was immediately filtered through Whatman #42 filter paper. Five mL of the 

extractant was placed into 5 mL vials and immediately analyzed or refrigerated 
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at 4 °C. To limit potential interference from NO3- losses, the samples were 

stored no longer than 12 hours prior to analysis. 

Weather data 

In this study, annual precipitation is reported as precipitation occurring 

between September and August, to coincide with the summer fallow rotation. 

Figure 9 is a summary of the precipitation at the Columbia Basin Agricultural 

Research Center (CBARC) near Pendleton, Oregon. 

The 30-year average annual precipitation at CBARC is 300 mm. The 

annual precipitation for 1991-92, 1992-93 and 1993-94 was 358 mm, 533 mm 

and 318 mm respectively. The 1992-93 annual precipitation was 233 mm 

higher than the 30-year average. The CBARC recorded a total of 66 mm of 

rainfall during two days, August 16 and 17, 1993. This high amount of rainfall 

was unusual for the normally dry month of August. The erosion potential was 

high since many fields were bare at the time. The cooperating landowners 

indicated that following this rainfall event, water was ponded behind the terraces 

in the study fields. From September 1993 to April 1994 the cumulative 

precipitation at CBARC was 25 mm below the 30-year average of 242 mm for 

the same time period. During the critical months of May and June CBARC 

received 92 mm of rainfall, which put the cumulative precipitation 25 mm ahead 

of the 30-year average of 283 mm for the same time period. 
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Figure 9. Cumulative precipitation recorded at Columbia Basin Agricultural 
Research Center, Pendleton, Oregon (plotted from data in Taylor 
et al., 1993 and unpublished data from Taylor, 1994). 

Study areas 

Transect 1 

This study area is bordered on the north, east and west by adjacent 

fields, on the south by a county road. This transect starts 33 m below the lower 

terrace and ends 33 m above the upper terrace (figure 10). The transect first 

traverses a 10% slope, intersects the lower terrace, ascends at an 11% slope 

for 33 m, changes to an 8% slope for 44 m, intersects the upper terrace and 

continues at a 5% slope to the summit of the ridge. The transect contains two 

parallel sampling transects, 5.5 m apart, each with 13 sampling locations 
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Figure 10. Schematic diagram of four study areas and locations of individual 
transects. 
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spaced 11 m apart. There are 6 sampling locations below the lower terrace, 14 

between the terraces and 6 above the upper terrace. The area below the lower 

terrace is 9.0 acres, the area between the two terraces is 42.6 acres and the 

area above the upper terrace is 26.2 acres. This field had a total of 112 kg-N 

ha-1 and 18 kg-S ha-1 fertilizer applied in May 1989, 1991 and 1993. Fertilizer 

was a mixture of aqua ammonia (20-0-0) and ammonium polysulfide (20 -0 -0

45). 

Transect 1 has a unique history. Near the base of the slope of this 

transect a homestead once existed which consisted of a residence, several out 

buildings and a cistern. The current grower removed the buildings and used a 

bulldozer to scrape topsoil from the surrounding landscape to fill in the 

foundations and cistern. This may help explain, in part, the shallow nature of 

the soil at this site. 

Transect 2 

This study area is bordered on the north by an unimproved county road, 

on the south and west by adjacent fields and on the east by a county road 

(figure 10). This transect starts 33 m below the lower terrace and ends 33 m 

above the upper terrace. The transect first traverses a 7% slope, intersects the 

lower terrace, continues an even ascent at 11% until it intersects the upper 

terrace where it continues at 9% slope to the summit of the ridge. The transect 

contains 16 sampling locations, spaced 11 m apart, 3 sampling locations below 
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the lower terrace, 10 between the terraces and 3 above the upper terrace. The 

area below the lower terrace is 14.1 acres, the area between the two terraces is 

82.9 acres and the area above the upper terrace is 6.9 acres. This field was 

fertilized at the same times and with the same types and amounts of N and S 

fertilizer as transect 1. 

Transect 3 

This study area is bordered on the north by an unimproved county road, 

on the south and west by adjacent fields and on the east by a field road (figure 

10). This transect starts 33 m below the lower terrace and ends 33 m above 

the upper terrace. The transect first traverses a 6% slope, intersects the lower 

terrace, continues an even ascent at 8% until it intersects the upper terrace 

where it continues at an 8% slope to the unimproved road. The transect 

contains 16 sampling locations, spaced 11 m apart, 3 sampling locations below 

the lower terrace, 10 between the terraces and 3 above the upper terrace. The 

area below the lower terrace is approximately 48 acres, the area between the 

two terraces is approximately 26 acres and the area above the upper terrace is 

approximately 6 acres. Table 2 shows a summary of the fertilizer applied to 

this field. 
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site date fertilizer 

nitrogen sulfur 
appliedt applied; 

kg-N he kg-S he 

Transect 3 May 1988 90 11 

May 1990 73 11 

May 1992 95 11 

May 1994 84 11 

Transect 4 May 1988 73 11 

May 1990 62 11 

May 1992 73 17 

March 1992* 34 

May 1994 90 17 
* Top dressed with Aqua Ammonia 

as anhydrous ammonia (82-0-0) and ammonium polysulfide (20-0-0-45) 
as ammonium polysulfide (20-0-0-45) 

Table 2. Fertilizer applications for Transects 3 and 4. 

Transect 4 

This study area is bordered on the north by a county road, on the south 

and west by adjacent fields and on the east by an unimproved road (figure 10). 

This transect starts 33 m below the lower terrace and ends 33 m above the 

upper terrace. The transect first traverses an 8% slope, intersects the lower 

terrace, continues an ascent at a 15% slope for 77 m, continues at 9% slope for 

33 m until it intersects the upper terrace where it continues at a 4% slope to the 

ridge summit. The transect contains 16 sampling locations, spaced 11 m apart, 

3 sampling locations below the lower terrace, 10 between the terraces and 3 
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above the upper terrace. The area below the lower terrace is approximately 50 

acres, the area between the two terraces is approximately 65 acres and the 

area above the upper terrace is approximately 85 acres. Table 2 shows a 

summary of the fertilizer applied to this field. 
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RESULTS
 

Two reporting conventions are used to interpret NO3 ; mg kg-1 and mg L-1. 

Expressing NO3 concentrations in mg-N kg-1 of soil is frequently used when 

interpreting analytical results for agricultural production. In contrast, mg-N L-1 of 

soil solution is frequently used in interpreting and reporting analytical results for 

water quality. In this report, NO3" concentrations are reported and interpreted 

on a mg kg-1 basis. For comparative purposes, NO3- concentrations from 

transect 3 are reported using both calculations. 

Transect 1 

Figure 11 summarizes the volumetric water content measured at each 

sampling location along transect 1 for August 1993 and August 1994. Samples 

taken in August 1993 coincide with the end of the summer fallow period, 

samples taken in August 1994 followed wheat harvest. The different sampling 

depths at this site are due to an impenetrable barrier found at various depths 

along the length of the transect. 

The August 1993 data indicate a nearly uniform distribution of soil water 

with slightly higher water contents below 0.9 m in most cases. The data from 

August 1994 indicate a reduction in the total profile water content at each 

sampling location following harvest. At almost every location the water content 
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is the lowest in the top 0.3 m of the profile. The low water content at the 

surface can be attributed to a combination of plant uptake and evaporation. 

Nearly all the sampling locations indicate small increases in water content with 

depth, related to the higher initial water contents at the same locations. The 

sampling locations above the terrace channels are positions 1-3 and 1-10. The 

region above and below the terraces might be expected to be somewhat more 

shallow than other areas of the field because of the redistribution of topsoil 

when the terraces were built. Neither of the two locations indicated any 

accumulation of water associated with ponding in the terrace channel for the 

sampling dates in 1993 or 1994. 

An average downward flux of water was estimated based on the 

volumetric water content at 1.2 m at the time of sampling in 1993 and 1994. 

The average volumetric water contents at 1.2 m were 0.20 and 0.11 cm3 cm-3. 

Average downward flux was estimated using Darcy's Law; q = K(0)[dH/dz]. 

Where q is the soil water flux [L K(0) is hydraulic conductivity from figure 7, 

dH/dz is the hydraulic gradient with dH equaling the difference in total hydraulic 

head between two points and dz equaling the difference in elevations in the 

soil. The estimated fluxes at 1.2 m for 1993 and 1994 were 3.2 x 10-3 and < 1 

x 10-10 cm el, respectively. 

Figure 12 summarizes the distribution of NO3-N at each sampling 

location along transect 1 for August 1993 and August 1994. In 1993, the NO3

concentration was highest at 0.3 m to 0.6 m with some accumulation below 0.9 m 
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Figure 12. NO3-N with depth, measured at individual sampling 
locations along Transect 1. 
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The data from 1994, show sizeable decreases in NO3 concentration throughout 

the depth of the profiles. The locations that had the largest accumulations of 

NO3 in August 1993 also had the largest residual NO3 following harvest in 

1994. 

The NO3 in the top 0.3 m reflects the application of N-fertilizer during the 

summer of 1993. The movement of NO3- down to 0.6 m at some positions 

maybe the result of redistribution by water movement within the profile due to 

the rainfall event on August 16 and 17, 1993. The NO3 accumulations below 

0.6 m may be the result of redistribution of NO3 left over from the previous 

crop. 

Following harvest in August 1994, most of the NO3- within the top 1.2 m 

of the profiles was gone. Considering the potential rooting depth of winter 

wheat to be between 1.5 and 1.8 m, most likely the NO3- was taken up by the 

wheat. The data show several sampling locations where NO3- accumulations 

are 8 mg kg-1, below 1.2 m. These locations also contained accumulations in 

1993. Three of the four locations (1-4, 1-11 and 1-13) occur down slope from a 

terrace. This could be evidence to support lateral transport of water and NO3

near the terraces, however, there is no conclusive evidence from this study to 

determine if this process is actually occurring. 
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Transect 2 

Figure 13 summarizes the volumetric water content at each sampling 

location along transect 2 for August 1993 and August 1994. Samples taken in 

1993 coincide with the end of the summer fallow period. Samples taken in 

1994, coincide with the end of wheat harvest. 

The August 1993 data indicate a nearly uniform distribution of soil water 

at each sampling location. The data from August 1994 indicate a reduction in 

the total profile water content at each sampling location following harvest. At 

almost every location the water content is the lowest in the top 0.3 m of the 

profile. The low water content at the surface can be attributed to a combination 

of plant uptake and evaporation. Following harvest, nearly all sampling 

locations indicate small increases in water content below 1.5 m, possibly related 

to the extent of root penetration of winter wheat. 

The sampling locations associated with the terrace channels are 

positions 2-3 and 2-13. In 1993, the water content at position 2-3 is greater 

than at any other location along the transect, by 0.5 cm3 cm -3. This suggests 

that water ponded in the terrace channel over time contributed to increased 

water content. The data at position 2-13 do not provide any evidence of water 

accumulation. 

An average flux was estimated based on the volumetric water content at 

1.2 m at the time of sampling in 1993 and 1994. The average volumetric water 
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Figure 13. Water content with depth, measured at individual sampling 
locations along Transect 2. 
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contents at 1.2 m were 0.19 and 0.07 cm3 cm-3. The estimated fluxes at 1.2 

m for 1993 and 1994 were 1.8 x 10 .4 and < 1 x 10 -10 cm d-1, respectively. 

Figure 14 summarizes the distribution of NO3-N at each sampling 

location along transect 2 for August 1993 and August 1994. In 1993, the NO3

concentration was highest at 0.3 to 0.6 m with some accumulation below 0.9 m. 

The data from 1994, show sizeable decreases in NO3- concentration throughout 

the depth of the profiles. 

The NO3- in the top 0.3 m reflects the application of N-fertilizer during the 

summer of 1993. The movement of NO3- down to 0.6 m at some positions may 

be due to redistribution by water movement within the profile as a result of the 

rainfall event on August 16 and 17, 1993. The NO3- accumulations below 0.6 m 

may be the result of redistribution of NO3- left over from the previous crop. 

Following harvest, in 1994, the data indicate most of the NO3- within the 

top 1.2 m of the profiles is gone. There is a notable accumulation of NO3- at 

position 2-13 between 0.6 and 1.2 m. The presence of 9 mg kg-1 of NO3- and 

a noticeably higher water content at the same position following harvest (figure 

3) suggest that the crop was unable to use the available N or water. The 

impact of this condition is not known. Under the present conditions the 

potential exists for the NO3- to move below the root zone. 
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Figure 14. NO3-N1 with depth, measured at individual sampling 
locations along Transect 2. 
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Transect 3 

Figure 15 summarizes the volumetric water content at each sampling 

location along transect 3 for August 1993, March 1994 and August 1994. 

Samples taken in August 1993 coincide with wheat harvest, while samples 

taken in March 1994 represent conditions following the first winter after harvest 

and samples taken in August 1994 correspond to conditions following the 

summer fallow period. 

The distribution of soil water following harvest in August 1993 and 

August 1994 resembles the distribution found at transect 2. The March 1994 

data indicate sizable increases in water content resulting from winter 

precipitation. The data from several sampling locations suggest that some deep 

percolation of water occurred during the fallow period. 

The sampling locations associated with the terrace channels were 

position 3-3 and 3-13. The March 1994 data from position 3-3 indicate that the 

profile water content is 0.5 cm cm-3 higher than at other transect locations. This 

suggests that ponding may have occurred in the terrace channel as a result of 

runoff. By August 1994 the data show that the profile water content has 

decreased below 1.5 m. This suggests deep percolation of water during the 

summer fallow period. Water lost above 1.5 m was probably the result of 

evaporation. 

The August 1993 data show elevated water contents below 1.2 m at 

positions 3-14, 3-15 and 3-16, down slope from position 3-13. The data 
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Figure 15. Water content with depth, measured at individual sampling 
locations along Transect 3. 
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suggest that some deep percolation of water occurred. The area down slope 

from the terrace can be characterized as part of an elongated natural 

drainageway between two ridges. The precipitation event of August 16 and 17, 

1993 may have contributed to the increase in water content below the terrace 

because of the natural flow of water toward this region. The accumulation of 

water at positions 3-14, 3-15 and 3-16 can be explained physically by an abrupt 

change in slope at position 3-13 from eight percent above the terrace to six 

percent below. The change in slope causes a change in the hydraulic gradient 

which reduces the flux and results in the apparent accumulation of water. This 

condition is not persistent, the data suggest that during dry periods deep 

percolation of water reduces the profile water content as a result of natural 

drainage. 

An average flux was estimated based on the volumetric water content at 

120 cm at the time of sampling in August 1993, March 1994 and August 1994. 

The average volumetric water contents at 1.2 m were 0.11, 0.20 and 0.17 cm3 

cm-3, respectively. The estimated fluxes at 1.2 m for 1993 and 1994 were < 1 x 

10 -10, 3.2 x 10-3 and 4.8 x 10 -9 cm d-1, respectively. 

Figure 16 summarizes the distribution of NO3-N at each sampling 

location along transect 3 for August 1993, March 1994 and August 1994. The 

distribution of NO3- follows the same trend found at transect 2. Following 

harvest, NO3 concentrations were < 3 mg kg-1. By the end of the fallow period 

in 1994 accumulations of NO3- were found throughout most profiles. 
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In 1993 and March 1994 the distribution of NO3- was uniformly low with 

slightly higher concentrations below 1.8 m in most cases. The March 1994 data 

indicate small decreases in NO3- concentrations over those found in 1993. In 

August 1994 NO3 concentrations were highest at 0.30 cm with some 

accumulations below 60 cm. The NO3- in the top 0.3 m reflects the application 

of N fertilizer during the summer of 1994. The source of NO3 found below 0.6 

m in August 1994 is not known. The August 1994 data indicate, in many 

cases, an accumulation of NO3-, < 9 mg kg-1, below the root zone. The data at 

position 3-13 and 3-16 show NO3- accumulated between August 1993 and 

March 1994 had disappeared by August 1994. 

Figure 17 summarizes the distribution of NO3-N at each sampling 

location along transect 3 for August 1993, March 1994 and August 1994. The 

NO3- concentrations in figure 17 are presented in units of mg NO3-N 

Following harvest, NO3- concentrations in the profiles were < 10 mg L-1, except 

at 0.9 and 1.2 m of locations 3-2 and 3-3 where the NO3- concentrations were 

15 mg L-1, respectively. By the end of the summer fallow period in 1994 NO3

accumulations were found throughout most profiles. The August 1994 NO3

concentrations were highest at 0.3 m with some accumulations below 0.6 m. 

The NO3- in the top 0.3 m reflects the application of N fertilizer during the 

summer of 1994. The August 1994 data indicate, in many cases, 

accumulations of NO3 between 10 and 30 mg L-1, below the root zone. 
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Figure 17. NO3-N with depth, measured at individual sampling 
locations along Transect 3. 
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Transect 4 

Figure 18 summarizes the volumetric water content at each sampling 

location along transect 4 for August 1993, March 1994 and August 1994. 

Samples taken in August 1993 coincide with wheat harvest, while samples 

taken in March 1994 represent conditions following the first winter after harvest 

and samples taken in August 1994 correspond to conditions following the 

summer fallow period. 

The crop/summer fallow sequence at this site is the same as transect 3, 

harvested in August 1993 and fallow through August 1994. The distribution of 

soil water resembles the pattern found at transect 3. The data from several 

sampling locations suggests some deep percolation of water is occurring during 

the fallow period. The sampling locations 4-14, 4-15 and 4-16 are annually 

cropped. 

The sampling locations associated with the terrace channels are 

positions 4-3 and 4-13. Neither of the two locations indicated any accumulation 

of water associated with ponding in the terrace channel for these sampling 

dates in 1993 or 1994. The August 1994 decrease in water content in the top 

0.9 m at positions 4-14, 4-15 and 4-16 reflects the result of annual cropping. 

The sampling positions 4-13, 4-14, 4-15 and 4-16 indicate increasing water 

content below 1.2 m. The accumulation of water at positions 4-13, 4-14, 4-15 

and 4-16 can be explained physically by a change in slope at position 4-13 from 

fifteen percent above the terrace to eight percent below. The change 
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Figure 18. Water content with depth, measured at individual sampling 
locations along Transect 4. 
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in slope causes a change in the hydraulic gradient which reduces the flux and 

an accumulation of water results. 

An average flux was estimated based on the volumetric water content at 

1.2 m at the time of sampling in August 1993, March 1994 and August 1994. 

The average volumetric water contents at 1.2 m were 0.11, 0.21 and 0.17 

cm3cm-3. The estimated fluxes at 1.2 m for 1993 and 1994 were < 1 x 10 -10, 

2.8 x 10-2 and 4.8 x 10 -9 cm d-1, respectively. 

Figure 19 summarizes the distribution of NO3- at each sampling location 

along transect 4 for August 1993, March 1994 and August 1994. The 

distribution of NO3- follows the same trend found at transect 3 with the exception 

of sampling locations 4-14, 4-15 and 4-16. The data indicate that following 

harvest in August 1993 and August 1994 no significant concentrations of NO3

were left in the profile. 

Statistical analysis 

Due to the lack of replication within a transect, formal statistical analysis 

is primarily limited to analytical error with some analysis of sampling error. 

Analytical error is a characteristic of laboratory procedures whereas sampling 

error is a characteristic of sampling procedures. At the very least, the result of 

statistical analysis can be used for future experimental design consideration. 
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Laboratory 

Measurements were made to estimate the minimum limit of detection of 

the ion chromatography (IC) instrument. The instrument minimum limit of 

detection was estimated by analyzing samples made of pure standard (NaNO3) 

at low concentrations; 0.15, 0.47, 0.95 and 1.49 mg L-1. Figure 20 is a simple 

linear regression of the IC output based on the pure standard concentrations. 

The minimum limit of detection was estimated to be approximately 0.05 mg L-1. 

This is in agreement with minimum limits of detection for NO3. reported by 

Fishman and Pyen, (1979). 

A series of samples of known NO3- concentration was spiked with varying 

amounts of NO3- standard. The concentrations recovered would indicate 

whether the sample matrix was interfering with instrument detection. Second, 

the results would provide confidence that the instrument was able to yield 

predictable results. Table 3 is a summary of the results to measure instrument 

integrity. No sample matrix interference was occurring in the ability of the 

instrument to detect various concentrations of NO3-. In addition, the instrument 

was consistent in its ability to recover known concentrations of NO3-, which adds 

to the confidence in the IC detection capability. 

During the course of the laboratory analysis a control sample was added 

to every batch of samples. The control was used to obtain a measure of 

random error or precision. Precision, for a series of measurements, refers to 

the consistency of obtaining repeatable results from identical samples 
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Figure 20. Plot of NO3 standard concentrations versus area from IC output, to 
estimate instrument minimum limit of detection. 
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spike + 
sample spike sample measured percent 

date number mg L-1 mg L-1 mg L-1 recovery 

8/23 -9/9/94 1 1.7 3.0 2.9 95 

8/23 -9/9/94 2 1.7 2.9 2.9 100 

8/23 -9/9/94 3 1.7 2.9 2.8 97 

8/23 -9/9/94 4 0.7 2.8 2.9 104 

8/23 -9/9/94 5 0.7 2.9 2.9 98 

9/17/94 6 1.05 3.2 3.1 95 

9/17/94 7 1.05 3.1 3.2 102 

8/23 -9/9/94 8 17.1 31.6 31.3 96 

8/23 -9/9/94 9 17.1 31.5 30.9 98 

8/23 -9/9/94 10 17.1 31.6 32.2 102 

8/23 -9/9/94 11 0.35 2.4 2.4 99 

8/23 -9/9/94 12 0.35 2.5 2.4 95 

9/17/94 13 0.55 2.6 2.5 96 

9/17/94 14 0.55 2.7 2.7 99 

9/17/94 15 0.55 2.6 2.6 100 

Table 3. Summary of NO3- recovery in samples spiked with various 
concentrations of NO3 -. 

processed under identical conditions. The control samples were grouped into 

one of three categories, based on when they were analyzed. The groups were 

fall 1993, spring 1994 and fall 1994. The results of the measurements for 

random error were done by ANOVA to evaluate the evidence of a difference in 

means among the sample groups. The results indicate that there was no 

difference among the means between the different groups (F-statistic = 3.05 

with 2 and 49 degrees of freedom, p-value = 0.1). 
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Field 

An ANOVA procedure was used to obtain an estimate of sample 

variability at different locations in a field by comparing the differences in means 

from samples taken at three individual locations along a transect. A one-

sample analysis was carried out on samples obtained at the individual locations 

to obtain an estimate of the "true" value of the measurements based on the 

sample standard error (SE). 

A one-sample analysis was performed on soil cores obtained at 

individual sampling locations along a transect, in order to estimate the "true" 

value of the measurements based on the SE of the mean. Based on 

comparisons between the sample mean and SE for individual sampling 

locations, differences between NO3 concentrations of 1 mg kg-1 are meaningful. 

Table 4 is a statistical summary of the results obtained form the one-

sample analysis for transects 2, 3, and 4. The results for transect 2 indicate the 

mean NO3- concentrations, within a given depth, are reasonable estimates of 

the "true" values (SE = 0.06 to 0.7). The results for transect 3 and 4 are similar 

to those found at transect 2 with SE values; 0.03 to 2.1 and 0.03 to 2.7, 

respectively. Most of the where SE values for transects 3 and 4 were > 1 

occurred near the soil surface where NO3- concentrations were highly variable. 

An ANOVA procedure was performed to estimate sample variability at 

different field locations by comparing mean values of NO3 taken at three 

locations along a transect. The results of the ANOVA for all transects indicated 
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Transect 2 location 3 

depth (m) mean* SD SE 95% CI (+/-) 

.15 1.6 .4 .2 1.0 

.45 1.2 .5 .3 1.2 
,. 

.75 1.1 .6 .4 1.6 

1.05 1.0 .3 .1 .6 

1.35 1.8 .8 .4 1.9 

1.65 3.0 1.0 .6 2.5 

2.10 1.8 1.2 .7 2.9 

2.70 1.6 .3 .1 .6 

N* = 3 

Transect 2 location 9 

depth (m) mean* SD SE 95% CI (+/-) 

.15 1.4 .6 .4 1.6 

.45 .8 .3 .2 .8 

.75 .6 .1 .06 .3 

1.05 .6 .1 .08 .4 

1.35 .9 .3 .2 .8 

1.65 .9 .3 .2 .9 

2.10 1.0 .1 .06 .3 

2.70 1.0 .1 .08 .3 

* = 3 

Table 4. Summary statistics for NO3- concentration (mg kg-1) on groups of 
soil cores taken at individual locations along Transects 2, 3 and 4. 
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Transect 2 location 15 

depth (m) mean* SD SE 95% CI (+/-) 

.15 1.9 .7 .4 1.7 

.45 .7 .4 .2 .9 

.75 .9 .4 .2 1.0 

1.05 1.1 .6 .4 1.6 

1.35 1.1 .9 .5 2.2 

1.65 1.1 .7 .4 1.8 

2.10 1.3 .4 .2 1.0 

2.70 1.0 .4 .2 1.0 

N* = 3 

Transect 3 location 3 

depth (m) mean* SD SE 95% CI (+/-) 

.15 7.5 1.2 .7 3.0 

.45 1.3 .3 .2 .7 

.75 1.3 .6 .4 1.6 

1.05 2.5 1.0 .6 2.6 

1.35 7.4 .6 .3 1.5 

1.65 2.5 1.0 .6 2.5 

2.10 4.9 .7 .4 1.7 

2.70 2.5 .5 .3 1.3 

N* = 3 

Table 4. (Continued) 



80 

Transect 3 location 9 

depth (m) mean* SD SE 95% CI (+/-) 

.15 12.3 1.6 .9 3.9 

.45 5.2 3.0 1.7 7.5 

.75 3.7 1.1 .7 2.8 

1.05 2.3 .3 .1 .6 

1.35 5.8 1.5 .9 3.8 

1.65 1.5 1.1 .7 2.8 

2.10 2.3 .9 .5 2.3 

2.70 1.9 .3 .1 .6 

N* = 3 

Transect 3 location 15 

depth (m) mean* SD SE 95% CI (+/-) 

.15 14.1 3.6 2.1 9.0 

.45 4.1 1.5 .9 3.7 

.75 1.7 .06 .03 .1 

1.05 3.5 1.0 .6 2.5 

1.35 1.9 .5 .3 1.2 

1.65 1.5 1.0 .6 2.4 

2.10 2.2 .6 .3 1.4 

2.70 5.4 1.5 .9 3.7 

N* = 3 

Table 4. (Continued) 
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Transect 4 - location 3 

depth (m) mean* SD SE 95% CI (+/-) 

.15 3.6 1.1 .6 2.8 

.45 1.1 .2 .09 .4 

.75 1.2 .3 .2 .7 

1.05 .8 .2 .1 .5 

1.35 1.7 .7 .4 1.7 

1.65 1.0 .2 .09 .4 

2.10 1.0 .2 .1 .5 

2.70 1.5 .5 .3 1.1 

N* = 3 

Transect 4 location 9 

depth (m) mean* SD SE 95% CI (+/-) 

.15 24.8 4.7 2.7 11.6 

.45 3.1 1.1 .6 2.6 

.75 2.2 .9 .5 2.3 

1.05 4.6 3.1 1.8 7.7 

1.35 2.4 .6 .4 1.5 

1.65 2.1 .5 .3 1.1 

2.10 1.7 .4 .2 1.0 

2.70 1.4 .5 .3 1.1 

N* = 3 

Table 4. (Continued) 
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Transect 4 location 15 

depth (m) mean* SD SE 95% CI (+/-) 

.15 1.5 .06 .03 .1 

.45 .7 .06 .03 .1 

.75 .6 .2 .09 .4 

1.05 .5 .06 .03 .1 

1.35 1.0 .3 .2 .8 

1.65 .8 .2 .1 .5 

2.10 1.0 .06 .03 .1 

2.70 1.1 .06 .03 .1 

N* = 3 

Table 4. (Continued) 

that NO3- concentrations are highly variable within different locations in a field. 

Table 5 is a summary of the results from the ANOVA procedure for 

transects 2, 3, and 4. The results from transect 2 indicate no significant 

differences in mean NO3- concentration between three sampling locations (F

statistics = 4.3 to 0.7 with 2 and 6 degrees of freedom, p-values = 0.07 to 0.5) 

except between 1.5 to 1.8 m (F-statistic = 7.2 with 2 and 6 degrees of freedom, 

p-value = 0.03). The results from transect 3 indicate significant differences in 

NO3 concentrations between sampling locations (F-statistics = 64 to .7 with 2 

and 6 degrees of freedom, p-values = 0.0001 to 0.5). Between 0.9 to 1.5 m 

and 2.4 to 3.0 m the data indicate no significant difference in means NO3 
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Transect 2
 

depth (m) F-statistic* p-value
 

.15 .7 .5
 

.45 1.5 .3
 

.75 .8 .5
 

1.05 1.4 .3
 

1.35 1.4 .3
 

1.65 7.2 .03
 

2.10 1.0 .4
 

2.70 4.3 .07
 

* 2 and 6 degrees of freedom 

Transect 3
 

depth (m) F-statistic* p-value
 

.15 64 .0001
 

.45 13.0 .007
 

.75 6.1 .04
 

1.05 4.8 .06
 

1.35 4.5 .06
 

1.65 14.7 .005
 

2.10 7.8 .02
 

2.70 .7 .5
 
* and 6 degrees of freedom 

Table 5. Summary of ANOVA for NO3 concentration (mg kg-1) on groups of 
soil cores taken at individual locations along Transects 2, 3 and 4. 
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Transect 4 

depth (m) F-statistic* p-value 

.15 6.3 .03 

.45 3.2 .1 

.75 9.1 .02 

1.05 1.7 .3 

1.35 24.3 .001 

1.65 1.0 .4 

2.10 13.1 .006 

2.70 12.1 .008 
* 2 and 6 degrees of freedom 

Table 5. (Continued) 

concentrations between sampling locations (F-statistics = 4.8 and 0.7 with 2 and 

6 degrees of freedom, p-values = 0.06 and 0.5). Results from transect 4 are 

similar to those found at transect 3. The ANOVA indicated significant 

differences in mean NO3- concentrations between sampling locations (F

statistics = 24.3 to 6.3 with 2 and 6 degrees of freedom, p-values = 0.001 to 

0.03). Between 0.3 to 0.6, 0.9 to 1.2, and 1.5 to 1.8 the data indicate no 

significant difference in NO3- concentrations between sampling locations (F

statistics = 3.2 to 1.0 with 2 and 6 degrees of freedom, p-values = 0.1 to 0.4). 
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DISCUSSION 

Changes in the concentration and distribution of NO3- and water around 

farmed-over level terraces at four sites in eastern Oregon were used to infer 

potential solute flow patterns under dryland wheat production. The results of 

this study provide the framework for further investigation of water and chemical 

transport under dryland agriculture as well as for making recommendations 

regarding management practices to maximize crop production and minimize 

ground water quality degradation. 

Water 

The primary reason growers originally turned to crop-fallow rotations was 

to ensure an adequate supply of soil moisture for crop production. Increased 

soil water content and an adequate supply of NO3-, in the absence of other 

limiting factors, are the main factors increasing yields. 

This study showed dynamic changes occur in soil water content during a 

wheat fallow rotation. Results following the summer fallow period indicate, in 

most cases, nearly uniform water content with depth at each location along all 

transects. In contrast, following harvest, nearly every sampling location at all 

transects indicated small increases in water content below 1.5 m over the water 

contents near the surface. 
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Transects 3 and 4, where soil water content was measured during one 

spring and two fall years, showed 3 different patterns of water content. In the 

fall following harvest, the soil water content in the profiles was at a minimum 

while in the spring soil water contents were at their maximum. Following the 

summer fallow period, the soil water content reached a level approximately 

midway between fall minimum and spring maximum levels. 

Sampling locations associated with terrace channels generally contained 

higher water contents than the area between terraces. The area downslope 

from the second terrace at transects 3 and 4 consistently showed increasing 

water content with depth at all 3 sampling times. A combination of a change in 

hydraulic gradient because of a change in slope, converging landscape features 

or ponding in the adjacent terrace may contribute to this condition (Daniels and 

Hammer, 1992). 

Field observations indicate that the distribution of ponded water in a 

terrace channel is not uniform (Don Wysocki, personal communication). The 

presence or absence of a higher water content in the terrace channel is 

affected by the type, intensity and duration of precipitation, the area of land and 

slope associated with the terrace and variations in ponding within the terrace 

channel. Area and slope play significant roles in the amount of water that may 

be ponded in a terrace channel. The total amount of runoff in a large area with 

steep slopes will be larger than the total amount of runoff in a smaller area with 
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similar slopes. Variations in ponding depth may be associated with natural 

depressions in terrace channels or areas with slow infiltration rates. 

Estimated soil water fluxes range from 2.8 x 10 -2 cm day1 during the 

spring to < 1 x 10-1° cm day1 following harvest. The estimated fluxes suggest 

that water transport is slow. Although the flux values encompass a broad range 

they do not give a clear picture of the upper flux limit. The values of flux in the 

terrace channels depends on water content. When water is ponded in terrace 

channels fluxes are likely to be greater than the highest estimated value of 2.8 

x 10 -2 cm day1. In the case of small flux values, NO3- accumulations above 1.5 

m are unlikely to move below rooting depth. 

Specific information on the transport of water and chemicals on terraced 

dryland wheat production was limited to a study performed by Berg et al., 

(1991). A field study was conducted to investigate the contributions of water, 

NO3- and soluble salts to saline seeps from terraced wheatland and rangeland. 

The researchers also found that terrace channels generally contain more soil 

water than areas between terraces. They found small accumulations of NO3

between 1.5 and 2.0 m. They concluded that the cultivated land was 

contributing to the development of saline seeps but were not able to identify a 

specific area of origin. It should be pointed out that this study was conducted in 

Oklahoma in a region where the average annual precipitation is approximately 

690 mm. Annual cropping is practiced. What this suggests is that areas that 

typically accumulate water, such as terrace channels or natural depressions, 
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have a higher potential for NO3- leaching than areas on a landscape that do not 

accumulate water. 

Nitrate 

Results indicate NO3- concentrations following harvest were < 4 mg kg-1 

at transects 2, 3 and 4 that were fertilized at rates between 62 and 112 kg N 

ha-1. The NO3- concentrations at transect 1, following harvest, were also, < 4 

1mg kg near the surface, however in some cases NO3- accumulations increased 

with depth. Transect 1 was located over an impervious layer and 

accumulations of NO3- with depth were common in the fall prior to planting. 

The presence of an impenetrable layer along the length of transect 1 suggests 

that the downward movement of water and NO3- may be restricted. Under such 

conditions lateral movement is possible. If the barrier is continuous, it is 

probable that any water or NO3- relocated laterally in the profile will be taken up 

by a crop later in time. However, if the barrier is discontinuous at some point, 

the area of the discontinuity could act as a conduit for downward movement of 

water and NO3-. The fate of water and NO3- cannot be defined from the limited 

measurements in this study. 

The analysis of NO3- distribution and concentration from transects 3 and 

4 in the spring showed almost no change from the results obtained following 

harvest in the fall, although some of the data indicate small accumulations of 

NO3" below 1.8 m. The distribution of NO3- in the fall prior to planting at all 
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transects showed NO3 accumulations throughout the profiles at all sites, with 

most occurring above 1.5 m. Results indicate that in some cases, 

accumulations of NO3 below 1.8 m at concentrations were greater than or equal 

to those found in the spring at transect 3 and 4. 

No locations were found along the transects showing steady 

accumulation of NO3. Results from the study indicate small amounts of NO3

were leaching below the root zone. However, not all sampling locations 

showed signs of NO3- accumulation or leaching below the root zone. 

The results follow the general pattern described by Stewart et al. (1967) 

and Muir et al. (1976). Stewart et al. (1967) found that the distribution and 

concentration of NO3- under dryland wheat production were uniformly low in 20 

foot profiles, with the exception of a slight increase in concentration between 7 

and 10 feet. Similarly, Muir et al. (1976) found NO3- accumulations between 1 

and 2 m, 8 and 10 m and below 14 m. 

The results are also in agreement with those reported by Engle and Field 

(1972). In a field study of residual NO3- after harvest under dryland wheat 

production, they found that winter wheat fertilized at a rate of 90 kg ha-1 

produced the highest yield and left almost no residual NO3- in the soil. Work 

continued by Halvorson and Field (1971) and Halvorson et al. (1972) found that 

fertilizer rates in excess of 150 kg ha-1 left significant accumulations of NO3- in 

the top 1.2 m of the soil profiles. They also established that during the fallow 

period residual NO3- found at 1.2 m was transported to a depth of 3.0 m. In the 



90 

dryland wheat producing regions of eastern Oregon, fertilizer rates in excess of 

150 kg ha-1 are exceptional. In addition, the site examined by Halvorson and 

Field (1971) and Halvorson et al. (1972) was in a 450 to 500 mm precipitation 

zone whereas this study was located in a zone averaging 350 mm precipitation 

annually. 

The results are also in agreement with a recent study completed under 

crop fallow rotations in Colorado by Evans et al. (1994). In a field study to 

measure the effect of landscape position on NO3- leaching in a 400 to 450 mm 

precipitation zone, they found accumulations of NO3" to be < 4 mg kg-1 below 

the root zone at nearly all landscape positions. The researchers concluded that 

NO3- leaching did not pose a significant threat to ground water contamination. 

Examination of the data in terms of NO3 concentration in mg L-1 

suggests a different interpretation. Following harvest beneath the cultivated 

land are regions of NO3- accumulation > 20 mg L-1. This evidence supports the 

belief that the potential exists for NO3- leaching and there may be a significant 

threat to ground water contamination. 
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SUMMARY AND CONCLUSIONS 

Summary 

A field study was conducted to measure the distribution of NO3- and 

water in relation to farmed-over level terraces, and to infer potential solute flow 

patterns from changes in measured distributions over time. Soil erosion on 

steep cultivated slopes is a major problem of dryland wheat production systems. 

Farmed-over, level terraces are installed along the contour to reduce slope 

length and prevent the loss of valuable topsoil and water. These terrace 

systems modify the hillside fluxes of water and chemicals. This study was 

conducted to enhance our understanding of solute flow paths under terraced 

dryland wheat production in the Columbia Plateau in north central Oregon. The 

results should provide a basis for recommendations for crop management 

strategies to maximize yield while minimizing ground water degradation. 

Increased soil water content and an adequate supply of NO3- increases 

yields under dryland wheat production. Late seedling emergence and heavy 

winter precipitation can increase the potential for NO3- leaching below the root 

zone. Fertilization beyond crop needs, or poor yields due to an inadequate 

supply of soil water, may result in high residual NO3- following harvest. Soil 

profiles that contain high residual concentrations of NO3 during the fallow period 

have a higher potential for NO3- leaching below the root zone in the event of 
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above average precipitation or in a region where annual cropping may be 

practiced. 

The data indicate low, nearly uniform distribution of NO3 between 0.3 mg 

kg-1 and 10 mg kg-1 for transects 1 and 2, and between 0.8 mg kg-1 and 3.5 mg 

kg-1 for transects 3 and 4 following harvest. Results indicate that small amounts 

of NO3" are moving below the root zone. After the first winter following harvest, 

in the spring of 1994, some accumulation of NO3- was found below the root 

zone. After the summer fallow period, in the fall of 1994, some of the 

accumulations of NO3" that were detected in the spring had moved further down 

in the profiles, below the root zone. In addition, the data indicted that new 

areas of NO3- accumulation were detected below the root zone. 

The water content in the profiles was not independent of position. Data 

indicated that the profiles under the terrace channels generally contained more 

water than the rest of the slope. In addition, areas which show increases in 

water content are areas where slope changes occur, or where landscape 

features converge. These patterns suggest that these areas should be 

considered carefully when management decisions are made. 

Conclusions 

Only minor NO3 leaching was measured in this study, and only small 

amounts of residual NO3- were left after wheat harvest. Results showed small 

amounts of NO3- moved below the root zone during the fallow period. 
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In terrace channels and regions where slope changes or landscape features 

converge soil water contents were higher than in adjacent areas. There was no 

evidence of NO3 accumulation or increase in NO3 movement below the root 

zone in these areas compared to adjacent areas. The potential for leaching is 

higher at these positions because of the gradient that develops when water 

accumulates. 

There does not seem to be a significant threat to widespread ground 

water contamination under the observed conditions of little NO3 carried over 

from rotation to rotation, and where only small amounts of NO3- were measured 

leaching below the root zone. Soil solution concentrations > 10 mg L-1 could be 

significant if no dilution occurs. The most likely conditions to facilitate NO3

leaching below the root zone are unusually heavy precipitation events during 

normally dry periods or above normal winter precipitation. 
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This appendix contains all of the raw data taken over the course of the 

study for volumetric water content (0,, cm3 cm-3) and nitrate nitrogen (NO3-N, 

mg Cy The data are arranged according to transect and date of sampling. 

There are four transects (1, 2, 3, and 4) and two or three sampling times. 

Transects 1 and 2 were sampled in August 1993 and August 1994. Transects 

3 and 4 were sampled in August 1993, March 1994 and August 1994. 



0, NO3-N 0, NO3-N 0, NO3-N 

(cm3 cm 3) (mg 1;') (cm3 cm-3 (mg L'') (cm' cm's) (mg L'1) 
0.20 0.05 107.3 35.3 6 0.20 0.06 40.3 19.8 11 0.20 0.06 164.5 14.6 
0.19 0.09 53.8 7.2 0.19 0.07 50.2 10.9 0.17 0.09 54.8 4.5 
0.19 0.08 7.6 14.0 0.22 0.07 11.2 11.7 0.16 0.07 4.9 5.3 
0.17 0.08 21.0 8.8 0.24 0.07 22.1 12.3 0.19 0.10 34.9 23.6 
0.21 0.14 48.8 21.1 0.19 0.13 34.4 17.7 0.20 0.14 94.3 58.1 

0.20 0.18 37.2 37.4 0.16 0.13 17.5 14.2 

2 0.19 0.03 101.8 95.4 7 0.19 0.05 53.8 21.8 12 0.20 0.05 104.3 26.8 
0.19 0.09 60.5 20.1 0.18 0.08 43.2 8.4 0.18 0.09 19.6 8.1 

0.19 0.08 4.2 36.6 0.19 0.08 8.1 14.7 0.18 0.07 28.2 9.8 
0.18 0.09 5.6 66.4 0.21 0.11 17.3 15.7 0.22 0.07 47.4 9.0 
0.24 0.19 12.9 22.2 0.17 0.10 53.7 11.4 0.22 0.14 64.6 12.7 

0.17 0.17 45.7 17.3 

3 0.21 0.0e 55.6 31.2 8 0.19 0.05 78.3 24.0 13 0.20 0.06 107.0 40.1 
0.20 0.09 58.2 12.6 0.19 0.08 75.8 13.5 0.19 0.08 45.5 24.3 
0.21 0.09 6.0 24.2 0.22 0.08 10.8 11.2 0.19 0.09 10.6 21.3 
0.22 0.19 32.2 14.0 0.19 0.09 17.7 12.4 

0.20 0.15 7.9 18.2 
4 0.20 0.07 182.0 18.4 9 0.19 0.06 114.6 19.1 0.18 0.15 38.3 30.0 

0.19 0.08 29.6 6.1 0.16 0.08 32.4 9.2 0.18 0.18 48.3 54.4 
0.19 0.08 14.9 18.9 0.16 0.08 20.1 12.0 
0.22 0.16 53.7 27.2 
0.23 0.20 104.4 42.4 

5 0.20 0.07 95.5 25.2 10 0.18 0.05 112.7 32.3 
0.19 0.08 36.0 8.2 0.19 0.09 55.1 8.8 
0.19 0.08 5.3 12.5 0.18 0.07 8.3 14.8 
0.20 0.13 11.4 17.5 0.17 0.08 16.6 9.6 

0.19 0.08 24.8 10.7 
0.17 0.12 74.0 14.1 



0 NO3-N 0, NO3-N Ov NO3-N 
(cm3 cm-3) (mg L:1) (cm3 cm'3) (mg L..*1) (cm3 cm") (mg L'1) 

1 0.19 0.01 158.6 206.8 4 0.19 0.01 125.0 170.8 7 0.20 0.04 70.2 30.4 
0.20 0.05 13.5 16.1 0.19 0.05 20.8 20.2 0.20 0.06 33.9 8.6 
0.19 0.04 9.3 24.7 0.20 0.05 10.9 26.5 0.21 0.06 9.6 17.7 
0.16 0.03 78.9 25.6 0.18 0.07 41.5 8.3 0.19 0.09 20.1 6.6 
0.17 0.07 18.6 14.5 0.21 0.04 12.4 25.6 0.20 0.06 6.5 8.3 
0.20 0.06 9.8 55.1 0.20 0.09 14.7 25.8 0.18 0.07 44.0 5.7 
0.18 0.17 62.7 17.6 0.19 0.11 33.2 27.0 0.19 0.13 3.2 6.1 
0.17 0.19 35.5 6.0 0.16 0.19 0.0 9.3 

2 0.20 0.05 60.4 16.2 5 0.20 0.05 166.9 33.6 8 0.19 0.03 153.7 71.0 
0.23 0.06 27.2 9.2 0.20 0.06 50.4 7.7 0.20 0.03 33.1 30.3 
0.21 0.06 12.5 14.9 0.19 0.03 10.9 20.2 0.19 0.06 15.7 11.6 
0.23 0.07 21.0 8.0 0.18 0.07 54.1 8.5 0.18 0.08 12.3 6.6 
0.24 0.06 0.0 5.4 0.20 0.04 22.2 10.6 0.20 0.05 25.6 17.9 
0.18 0.04 0.0 23.9 0.22 0.11 15.3 3.6 0.19 0.09 16.6 14.9 
0.20 0.15 2.5 6.6 0.18 0.11 3.2 9.4 0.18 0.15 0.0 6.8 
0.19 0.18 0.0 9.4 0.21 0.17 0.0 10.7 0.18 0.18 0.0 6.7 

3 0.24 0.05 8.3 15.7 6 0.19 0.00 174.8 0.0 9 0.20 0.04 32.8 25.2 
0.25 0.05 9.5 6.6 0.18 0.07 48.2 9.1 0.20 0.06 59.6 12.6 
0.25 0.05 49.5 14.9 0.19 0.04 25.6 21.3 0.22 0.06 4.7 10.8 
0.26 0.09 20.8 1.3 0.18 0.03 5.5 14.1 0.18 0.01 27.4 32.5 
0.24 0.11 0.0 5.9 0.20 0.00 6.6 0.0 0.22 0.06 0.0 22.1 
0.27 0.15 0.0 4.5 0.20 0.04 18.9 10.3 0.24 0.11 0.0 8.9 
0.25 0.17 0.0 5.0 0.19 0.09 2.9 11.3 0.20 0.17 13.2 6.5 
0.27 0.19 20.6 5.2 0.18 0.17 0.0 7.7 0.19 0.19 0.6 5.4 



Ov NO3-N ev NO3-N ev NO3-N 
o"
F 
I> 

"/ 

10 

(cm' cm'') 
0.19 0.06 
0.19 0.06 
0.21 0.07 

(mg L'1) 
80.4 36.7 
52.3 8.8 

8.1 4.7 

13 
(cm3 cm-) 
0.18 0.09 
0.20 0.12 
0.21 0.13 

(mg 1-'1) 

60.9 25.6 
152.0 7.7 

4.7 56.7 

16 
(cm3 cm') 
0.21 0.05 
0.19 0.06 
0.20 0.04 

(mg L ") 
143.2 23.9 
56.3 8.7 

3.2 10.2 
0 0.19 0.05 31.6 10.8 0.23 0.15 12.4 63.5 0.18 0.09 36.1 4.4 og 
5 c 

0.21 
0.17 
0.21 

0.13 
0.13 
0.17 

1.0 
8.6 
0.0 

4.0 
3.8 
3.8 

0.20 
0.24 
0.21 

0.12 
0.13 
0.19 

0.0 
0.0 
5.0 

49.6 
38.0 
19.4 

0.20 
0.20 
0.18 

0.08 
0.11 
0.21 

11.5 
12.3 
0.0 

5.8 
4.3 
7.1 

n. 0.23 0.21 0.0 4.0 0.21 0.29 5.2 2.1 0.17 0.15 3.1 5.4 

11 0.20 0.05 111.6 16.6 14 0.20 0.00 123.5 0.0 
0.19 0.08 46.8 6.5 0.20 0.08 176.8 30.2 
0.20 0.05 5.4 16.9 0.19 0.06 32.4 46.0 
0.18 0.10 14.6 6.2 0.19 0.06 31.3 21.2 
0.21 0.09 9.2 4.7 0.21 0.12 18.1 8.9 
0.21 0.13 45.9 5.1 0.18 0.13 19.8 17.0 
0.20 0.19 18.8 15.2 0.19 0.12 28.2 16.3 
0.18 0.20 0.0 13.1 0.18 0.17 8.6 5.8 

12 0.19 0.06 120.4 12.6 15 0.20 0.04 50.6 31.6 
0.19 0.08 53.9 5.8 0.20 0.06 37.8 7.2 
0.20 0.07 7.1 15.3 0.21 0.08 8.3 6.5 
0.21 0.07 2.1 11.1 0.18 0.05 39.2 9.6 
0.18 0.02 9.6 56.8 0.19 0.08 10.2 4.8 
0.19 0.09 12.1 10.7 0.20 0.09 7.5 5.9 
0.20 0.11 27.6 7.6 0.21 0.13 23.9 8.9 
0.19 0.19 0.0 4.0 0.19 0.18 0.0 3.8 



0, NO3-N 0, NO3-N 
(cm3 cm*3) (mg 1.-') (cm3 cm'') (mg L'') 

1 0.14 0.28 0.18 8.7 2.6 144.1 4 0.17 0.33 0.13 6.9 2.4 72.2 
0.14 0.26 0.18 7.5 2.6 12.9 0.13 0.23 0.17 6.7 2.4 14.5 
0.11 0.23 0.19 9.7 2.0 5.2 0.09 0.22 0.16 10.7 1.9 31.8 
0.10 0.21 0.16 9.7 2.1 24.2 0.09 0.19 0.11 9.0 1.8 41.0 
0.14 0.14 0.18 7.2 3.1 21.7 0.10 0.17 0.07 9.3 1.8 110.7 
0.16 0.15 0.17 6.4 2.7 39.9 0.13 0.20 0.15 7.0 1.7 10.1 
0.23 0.18 0.16 6.7 10.0 26.6 0.16 0.18 0.14 9.4 2.9 27.6 

0.21 0.25 0.17 6.1 5.3 29.0 

2 0.15 0.26 0.18 7.2 4.0 76.3 5 0.16 0.32 0.19 8.0 4.8 19.0 
0.13 0.23 0.17 10.4 2.6 11.8 0.11 0.22 0.20 9.9 2.7 4.3 
0.07 0.22 0.18 14.6 2.2 4.5 0.09 0.20 0.18 9.8 2.1 4.6 
0.13 0.20 0.16 7.1 1.9 11.1 0.09 0.17 0.18 10.1 2.5 5.8 
0.21 0.17 0.19 4.8 2.6 18.1 0.11 0.14 0.17 8.7 2.2 6.6 
0.25 0.18 0.17 4.4 3.6 7.6 0.16 0.16 0.24 6.2 2.4 2.8 
0.20 0.19 0.26 6.5 5.1 21.9 0.21 0.19 0.21 5.9 4.2 8.2 

0.21 0.28 0.23 7.8 10.4 13.1 

3 0.15 0.30 0.19 8.3 3.8 32.8 6 0.13 0.33 0.19 8.1 4.8 33.2 
0.14 0.25 0.14 7.4 3.4 8.5 0.10 0.22 0.16 8.3 2.7 6.6 
0.09 0.24 0.18 11.9 2.8 5.2 0.08 0.21 0.17 9.5 2.1 3.7 
0.08 0.23 0.19 14.5 2.7 9.4 0.09 0.19 0.14 9.2 2.0 7.3 
0.12 0.25 0.09 9.0 1.8 74.0 0.10 0.16 0.18 7.3 2.0 3.0 
0.17 0.23 0.19 5.6 1.4 5.8 0.14 0.19 0.21 6.3 2.5 4.0 
0.23 0.29 0.15 4.6 1.5 30.3 0.18 0.21 0.23 6.7 6.6 5.5 
0.20 0.26 0.12 4.3 1.2 15.0 0.22 0.28 0.29 6.6 12.8 12.7 



0 NO3-N 0, NO3-N 

(cm3 cm-3) (mg 1:1) (cm3 cm-3) (mg L') 
7 0.14 0.29 0.16 7.2 5.2 122.1 10 0.11 0.34 0.20 8.3 3.1 95.3 

0.15 0.24 0.18 6.0 3.7 17.2 0.12 0.23 0.17 7.5 2.2 16.2 
0.13 0.22 0.19 6.9 2.1 6.3 0.14 0.20 0.17 6.1 2.0 16.4 

C)
0 

0.10 
0.12 

0.19 
0.16 

0.16 
0.18 

8.8 
6.5 

2.6 
1.9 

19.9 
3.5 

0.14 
0.14 

0.17 
0.12 

0.17 
0.21 

6.1 

5.6 
2.5 
2.9 

30.4 
14.8 

5 0.14 0.18 0.21 6.6 2.7 4.2 0.17 0.15 0.19 5.2 1.8 11.5 
0.17 0.24 0.22 7.6 4.7 5.7 0.19 0.18 0.18 4.9 2.7 15.3 

CD 

0.20 0.26 0.27 8.1 7.7 7.8 0.20 0.27 0.20 8.1 9.7 8.4 

8 0.13 0.32 0.19 10.1 9.1 139.9 11 0.16 0.31 0.20 6.3 4.2 134.3 
0.13 0.23 0.19 6.7 2.4 81.6 0.14 0.25 0.20 5.9 3.0 9.9 
0.12 0.22 0.16 8.0 1.9 22.0 0.11 0.24 0.17 7.3 2.4 14.0 
0.09 0.14 0.16 10.9 3.7 9.5 0.09 0.22 0.19 9.3 1.7 55.4 
0.12 0.13 0.15 6.6 3.5 18.8 0.12 0.19 0.20 7.3 1.6 11.3 
0.15 0.16 0.16 5.2 16.4 7.7 0.16 0.18 0.20 5.0 1.6 4.7 
0.17 0.28 0.13 8.0 13.8 27.9 0.18 0.19 0.19 5.1 2.2 28.8 
0.18 0.27 0.23 14.6 1.2 34.4 0.22 0.25 0.27 5.8 2.6 19.2 

9 0.15 0.30 0.19 6.9 4.6 104.6 12 0.17 0.31 0.21 7.2 4.8 181.7 
0.14 0.24 0.18 5.9 1.8 10.0 0.14 0.22 0.19 6.5 2.5 9.4 
0.10 0.23 0.18 9.0 1.8 16.6 0.12 0.22 0.19 7.0 2.0 5.0 
0.10 0.20 0.17 9.0 2.6 17.0 0.14 0.20 0.18 5.9 2.0 16.6 
0.12 0.16 0.07 7.8 2.1 54.3 0.17 0.17 0.18 4.9 2.0 10.4 
0.15 0.16 0.20 5.6 2.0 5.2 0.24 0.18 0.19 3.2 1.7 5.2 
0.17 0.19 0.14 6.2 3.1 48.4 0.23 0.20 0.21 4.2 2.5 9.5 
0.20 0.32 0.23 5.6 3.1 8.2 0.26 0.28 0.24 4.6 4.9 18.2 
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0, NO3-N e, NOrN 
(cm3 cm*3) (mg L") (cm3 cm"3) (mg L'') 

0.14 0.28 0.17 8.0 1.7 206.8 4 0.17 0.35 0.22 6.7 2.3 171.7 
0.14 0.24 0.15 7.6 1.6 24.8 0.13 0.26 0.16 6.5 1.5 42.1 
0.11 0.21 0.16 8.6 1.8 18.0 0.09 0.19 0.16 8.4 2.1 54.5 
0.10 0.23 0.24 13.6 1.5 20.2 0.09 0.14 0.16 8.6 2.2 7.7 
0.14 0.21 0.17 10.7 4.3 14.5 0.10 0.14 0.11 7.8 2.3 186.5 
0.16 0.32 0.22 7.0 4.3 4.5 0.13 0.17 0.11 6.7 1.7 13.2 
0.23 0.28 0.33 5.5 7.2 41.9 0.16 0.20 0.13 7.0 4.5 26.0 
0.21 0.25 0.27 6.1 11.1 11.1 

2 0.15 0.29 0.20 9.0 2.6 35.5 5 0.16 0.35 0.16 8.4 1.9 62.8 
0.13 0.24 0.21 6.5 1.6 12.1 0.11 0.25 0.12 9.7 1.6 16.6 
0.07 0.21 0.16 10.8 1.6 13.5 0.09 0.23 0.16 12.2 1.7 5.2 
0.13 0.23 0.19 5.9 2.0 13.0 0.09 0.19 0.19 11.9 1.8 4.4 
0.21 0.21 0.21 5.1 3.2 11.0 0.11 0.12 0.18 9.5 2.3 8.4 
0.25 0.22 0.33 9.3 2.9 2.6 0.16 0.15 0.15 7.8 1.9 3.6 
0.20 0.28 0.23 6.2 3.9 9.7 0.21 0.21 0.15 6.8 2.6 4.5 
0.20 0.23 0.27 6.7 5.2 9.4 0.21 0.27 0.22 5.0 5.5 3.9 

3 0.15 0.29 0.21 8.6 1.9 23.5 6 0.13 0.34 0.17 8.3 2.0 171.3 
0.14 0.24 0.20 7.4 1.6 6.3 0.10 0.25 0.17 10.0 1.7 13.3 
0.09 0.20 0.15 8.9 1.8 7.2 0.08 0.23 0.17 13.1 1.6 8.3 
0.08 0.21 0.18 12.2 1.6 4.1 0.09 0.20 0.17 11.8 2.0 11.3 
0.12 0.18 0.19 8.3 3.9 15.4 0.10 0.19 0.16 10.0 1.5 12.9 
0.17 0.21 0.19 4.6 8.0 4.5 0.14 0.19 0.20 7.4 1.4 12.4 
0.23 0.27 0.23 4.6 2.3 3.8 0.18 0.26 0.23 6.6 2.1 13.2 
0.20 0.24 0.19 5.3 2.4 8.7 0.22 0.26 0.29 4.7 1.7 5.5 



0, NO3-N 0, NO3-N 

(cm3 cm'3) (mg 1:1) (cm3 cm*3) (mg 1:1) 

7 0.14 0.34 0.15 8.8 2.5 56.8 10 0.11 0.34 0.21 9.1 4.2 27.3 
0.15 0.28 0.16 7.2 1.4 11.4 0.12 0.28 0.17 8.5 1.7 8.5 
0.13 0.22 0.16 8.4 1.7 5.8 0.14 0.25 0.20 7.4 1.6 6.0 

0 0.10 0.16 0.15 10.7 2.0 6.0 0.14 0.25 0.21 7.8 1.5 5.0
0 0.12 0.14 0.17 7.8 1.9 3.6 0.14 0.21 0.20 7.0 1.3 3.5m 

0.14 0.17 0.15 7.3 1.6 8.8 0.17 0.22 0.22 4.1 1.2 1.95 c 0.17 0.19 0.18 5.5 1.7 5.0 0.19 0.22 0.19 5.2 1.3 3.0 
CDa 0.20 0.25 0.25 5.5 4.5 8.9 0.20 0.25 0.24 5.8 3.1 3.8 

8 0.13 0.33 0.17 10.6 12.3 73.1 11 0.16 0.32 0.20 6.6 4.4 42.5 
0.13 0.25 0.18 8.0 3.3 20.4 0.14 0.25 0.28 6.5 2.1 5.6 
0.12 0.23 0.18 10.0 1.5 9.4 0.11 0.23 0.18 7.0 1.7 7.9 
0.09 0.22 0.19 14.3 1.2 7.4 0.09 0.23 0.17 8.9 2.3 8.2 
0.12 0.19 0.18 9.1 3.4 6.6 0.12 0.21 0.20 6.6 1.3 4.8 
0.15 0.18 0.18 7.1 1.4 6.3 0.16 0.21 0.25 4.4 1.4 2.4 
0.17 0.20 0.21 6.3 1.8 4.5 0.18 0.23 0.22 5.4 2.0 4.7 
0.18 0.22 0.21 5.4 1.4 2.8 0.22 0.26 0.25 4.0 3.2 4.0 

9 0.15 0.30 0.21 11.5 2.6 141.3 12 0.17 0.32 0.22 4.7 2.5 162.7 
0.14 0.24 0.18 8.4 1.8 26.6 0.14 0.27 0.14 5.0 3.3 12.9 
0.10 0.24 0.20 12.4 1.7 13.3 0.12 0.25 0.17 5.5 2.5 4.9 
0.10 0.21 0.14 10.7 2.2 56.2 0.14 0.24 0.17 5.6 2.7 4.4 
0.12 0.21 0.21 9.3 1.4 16.3 0.17 0.26 0.28 4.8 2.5 8.7 
0.15 0.23 0.22 7.0 1.4 7.4 0.24 0.29 0.25 3.2 3.0 2.8 
0.17 0.23 0.18 7.1 1.5 11.4 0.23 0.28 0.29 4.1 4.9 11.9 
0.20 0.26 0.21 16.5 2.5 7.9 0.26 0.31 0.28 4.7 2.4 16.7 
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