
Principles for managing nitrogen leaching 
1.1. Meisinger and J.A. Delgado 

ABSTRACT: Managing leaching presents a challenge to nutrient managers who must develop 
nitrogen (N) management plans that consider rate and application strategies that account for 
soil properties, hydrology, and crop-tillage systems of specific sites. Nitrogen-leaching losses 
from common grain-production systems typically range from 10% to 30% of the total N input. 
Major leaching events occur when soil N concentrations are high and water is moving through 
the soil profile. The universal tools for managing N leaching include understanding the soil-crop- 
hydrologic cycle, avoiding excess N applications, and applying N in phase with crop demand. 
Specific cropping system tools for managing leaching include use of grass cover crops, adding a 
legume to a rotation, and adding crops that more fully utilize the soil-water resources. The 
primary water-management tool to reduce N leaching is irrigation scheduling. Other watershed 
approaches to reduce leaching losses include use of riparian zones and conservation reserve 
program areas. Site monitoring tools such as the pre-sidedress soil-nitrate test, the leaf 
chlorophyll meter, and tissue-nitrate tests are useful in identifying N-sufficient sites and avoiding 
excess N rates. Real-time monitoring techniques, such as the N Reflectance Index, can be 
combined with global positioning systems and geographic information systems to produce maps 
of the crop N status. Crop simulation models can also be used to integrate N and water dynamics 
during a growing season, and they can provide guidance in designing practices for reducing N 
leaching. The application of the above N management tools to fields, or to specific management 
areas within fields, will improve crop N recoveries with subsequent reductions in N leaching. 
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Controlling nitrogen (N) leaching pres- 
ents a major challenge for nutrient 
managers. Nutrient management strategies 
regarding rate and time of N applications 
must be developed for the specific soils, 
hydrology, and crop-tillage systems of indi- 
vidual fields. However, leaching is only one 
of several outputs from the soil N cycle. 
The other major outputs are crop uptake, 
denitrification, and ammonia volatilization 
(Legg and Meisinger 1982, Tisdale and 
Nelson 1975, Stevenson 1982). Nitrate nitro- 
gen (NO3-N) is a water-soluble and mobile 
form of N that is highly susceptible to leach- 
ing. However, if the soil is saturated and 
anaerobic conditions develop, NO3-N can be 
converted to N2 and N20 gasses by denitrifi- 
cation.Ammonia losses can also occur from 
surface-applied manure, urea, or N sources 
that form low-solubihty reaction products in 
calcareous soils.Ths dwussion will focus on 
N leaching, but one must also keep in mind 
the other N-loss processes to design an effi- 

cient N management system for a given site. 
Nutrient leachmg is usually applied to 

NO3-N movement out of the root zone, but 
it can also occur for phosphorus. Sims et al. 
(1998) and Sharpley et al. (1998) have 
reviewed the principles and factors influenc- 
ing phosphorus leaching and have summa- 
rized strategies for managing these 1osses.Thx 
paper wdl focus on the principles and prac- 
tices for managing N leachng kom across the 
United States, including both dryland and 
irrigated systems. Dinnes et al. (2002) have 
summarized N management strategies to 
reduce NO3-N leaching in Midwest tile- 
drained systems. Nitrate leaching losses can 
vary fkom 0% to 60% of the applied N, 
but losses from common grain-production 
systems would range from 10% to 30% of N 
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Figure 1 
Humid region soil-crop-hydrologic cycle for a sandy Loam soil growing corn in the Piedmont 
region of North Carolina showing precipitation (Ppt, triangles), corn evapotranspiration (ET, solid 
line), soil water content to i m (Soil W, diamonds), and drainage below 1 m (Drain, circles data 
adapted from Smith and Cassel(i99i). 
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added in ferthzer and/or manure (Legg 
and Meisinger 1982, McNeil and Pratt 1978, 
Gast et al. 1978, Pratt 1984, Randall and 
Iragavarapu 1995) .There is general agreement 
that nitrate leaching is a major avenue for N 
loss in humid regions and in irrigated agri- 
cultural systems (Legg and Meisinger 1982, 
Pratt 1984, Jemison and Fox 1994). 

General principles. Nitrogen leaching 
requires water movement and N present in 
the soil solution. The quantitative expression 
for N leaching includes only two factors, the 
volume of leachate and the NOgN concen- 
tration. The mathematical expression is: 

Leaching loss = (leachate volume) X (N 
concentration of leachate). (1) 

Equation 1 shows there are two hnda- 
mental approaches to manage leaching. One 
approach is to manage the leachate volume; 
the other is to control the soil N03-N 
concentration.The goals of ths paper are: 1) 
to describe the general principles for manag- 
ing N leaching, 2) to consider several specific 
practices for cropping systems and water 
management, and 3) to &scuss new technolo- 
gies and opportunities for managing N 
leachng. 

Universal Took for Managing Nitrogen 
leaching 
Significant leaching occurs when: 
1) soil N concentrations are high, and 2) 

water is moving through the soil profile.The 
universally applicable tools for managing N 
leachng include: obtaining a working knowl- 
edge of the soil-crop-hydrologic cycle, avoid- 
ing excess N additions, and applying N in 
phase with crop demand.The majority of the 
management strategies for controlling leach- 
ing at a given site wdl involve the application 
of one or more of these universal tools for the 
site-specific conditions of the local farm. 

Know the soil-crop-hydrologic cycle. 
Knowledge of the soil-crop-hydrologic cycle 
is fimdamental for identifjang the times of the 
year and hydrologic events that promote 
leaching, that is, the times when the soil is 
near field capacity and water inputs through 
precipitation and/or irrigation exceed crop 
water loss by evapotranspiration (ET). 
Information on the soil-crop-hydrologic 
cycle for an area of the country can be 
obtained by performing simulations with N 
models, such as NLEAP (see examples below), 
or by consultation with local Extension or 
Natural Resources Conservation Service 
(NRCS) personnel. 

A typical humid-region monthly water 
balance is given in Figure 1 for a Norfolk 
sandy loam growing corn (Zeu mays L.) in the 
Piedmont region of North Carolina (Smith 
and Cassel 1991).The monthly water input 
through rainfall (triangle symbols) is about 
uniform over the year, while corn water use 
by ET (solid line) is greatest in the summer 
months. The surplus water, the difference 

between precipitation and ET, is used to 
recharge the soil moisture in the f d  and is the 
driving force for leaching (solid circles) 
during the winter and early-spring seasons 
when the soil profile is fdl of water.Thus, the 
average soil-hydrologic cycle for this location 
shows a long leaching season that occurs 
during the late-fall, winter, and early-spring. 
This pattern of hgh  nongrowing season 
leaching losses in humid climates is well-sup- 
ported by the experimental data ofToth and 
Fox (1998), Owens (1987), and Durieux et al. 
(1995).Without a winter crop, there is little a 
farmer can do to avoid this winter-to-spring 
“leachng season,” so leachng management 
strategies in t h s  situation should focus on 
reducing the soil N concentration in the fall 
before the start of the leaching season. 
Specific strategies for reducing the f d  N 
concentration are discussed below. Of course, 
the specific soil-hydrologic cycle for a given 
year and field will vary ikom the general case 
of Figure 1 because of year-to-year dffer- 
ences in rainfall and differences in soil water- 
holding capacities and water infiltration rates 
over the field. These withm-field differences 
can be managed through the use of manage- 
ment models, such as NLEAP (dscussed 
below), and the use of spatial databases that 
can capture within-field variabllity for site- 
specific management (discussed below). 

A typical soil-crop-hydrologic cycle for an 
arid region is given in Figure 2 for a loamy 
sand in south-central Colorado growing irri- 
gated spring barley (Hordeum vukure L.). The 
water inputs (triangle symbols) come h m  
rainfall, whch averages 15 mm (0.6 in) per 
month, and from irrigation that is only 
applied during the growing season. The 
spring barley ET (solid line) is highest during 
the spring and early-summer months and is 
low during the f d  and winter. Irrigation 
management practices and the occurrence of 
large rain events greater than 38 mm (1.5 in) 
determine the leaching risks in this climate 
for irrigated small grains.The quantity of soil 
water at the time of the water input and the 
soil infiltration characteristics determine the 
extent of leaching &om these periodic rain- 
falls or irrigations. If the soil is at field capac- 
ity, then conditions are right for water 
movement and potential leaching. One such 
38 mm (1.5 in) rain event is depicted in 
Figure 2 in early May, an event that occurred 
shortly afier irrigation and generated about 
33 mm (1.3 in) of percolation (solid circles) 
below the root zone. Managing N leachmg in 
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ths arid climate should use practices that 
focus on both irrigation management and 
management of the soil N concentrations. 
Nitrate leaching below the root zone can also 
occur in the dryland agriculture of the Great 
Plains, especially for traditional cropping 
systems (e.g., wheat (T?timm aestivum L.)- 
fallow systems) using modern, no-all, water- 
conservation strategies (Westfall et al. 1996). 
However, nitrate leaching in dryland agricul- 
ture usually occurs over several decades and is 
considered to have minimal environmental 
impact on the deep aquifers common in the 
region (Evans et al. 1994,Westfdl et al. 1996). 

Figures 1 and 2 dustrate that knowledge of 
the soil-crop-hydrologic cycle is fundamental 
for understandmg the dynamics of N leach- 
ing.This knowledge should form the founda- 
tion for desipng management strategies for 
controlling leachng. The soil-crop-hydrolog- 
ic diagrams wdl vary with Werent soils, 
cropping systems, and raidall/irrigation prac- 
tices. Soil properties will also affect the soil- 
crop-hydrologic cycle and include: soil tex- 
ture (low water-holdmg, coarse-textured soils 
promote leaching), infiltration rate (high infil- 
tration rates increase leachmg), and rooting 
depth (root restrictions encourage leachng). 
The main crop factors influencing the soil- 
crop-hydrologic cycle are: length of the 
growing season (short growing-season crops 
are prone to leachmg), time of year when 
crop growth rate is high (high N uptake 
reduces leaching), and rooting depth (deep- 
rooted crops reduce leaching). Consequently, 
these diagrams can be used to develop site- 
specific management strategies for areas with- 
in fields or for various cropping systems. 

Apply proper rate of nitrogen. The second 
universal principle for managing leachng is 
to apply the proper amount of N for the 
expected crop-i.e., avoid excess N ad&- 
tions. Nitrogen added in excess of crop need 
usually remains in the soil at the end of the 
cropping season and is vulnerable to leachng. 
Broadbent and Carlton (1978) conducted 
several irrigated N-rate studies with corn in 
California, where they observed minimal 
increases in soil residual N (compared with 
the control) up to the point of maximum 
economic yield (about 200 kg N ha-' or 175 
Ib N ac-'). However, additional N inputs up 
to 335 kg N ha-' (300 lb N ac-') caused soil 
residual inorganic N to increase from about 
100 kg N ha-' (90 lb N ac-') at the maximum 
economic yield rate to 225 kg N ha-' (200 lb 
N ac-') in the 2.4 m (8 Ec) depth of soil sam- 

* 

Figure 2 
Soil-crop-hydrologic cycle for an irrigated loamy sand growing spring barley in Colorado showing 
precipitation plus irrigation (Ppt + Irr, triangles), barley evapotranspiration (ET, solid line), soil 
water content to 0.3 m (Soil W, diamonds), and drainage below 0.9 m (Drain, circles) data 
adapted from Delgado et al. (20018). 
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pled at the end of the season. Simdarly, Power 
and Schepers (1 989) concluded that applymg 
the correct amount of N ferthzer was the 
most important single factor for reducing 
N leaching.Thus, the key to avoiding large 
levels of residual N03-N is to avoid over- 
fertilization-i.e., apply the recommended 
rate of N for the expected crop. Estimating 
optimal N additions for cropping systems has 
been an important area of applied research for 
soil and crop scientists during the last 50 
years. 

The Cooperative Extension Service in 
each state has implemented N-rate recom- 
mendations specific to each state's soil-crop- 
tillage systems. It is beyond the scope of t h s  
paper to describe these programs in detd,  
but Table 1 lists several key elements that are 
common to most recommendation systems, 
using corn as an example crop. In general, one 
should add ferthzer N for a reahtic yield 
goal afier malung allowances: for residual soil 

NO3-N (especially in sub-humid regions), 
for manure additions, for a previous legume 
crop, and for N contained in irrigation water 
(Meisinger 1984, Ferguson et al. 1991, 
Westfall et al. 1996, Dahnke and Johnson 
1990). 

Apply nitrogen in phase with crop demand. 
The third universal principle for managmg N 
leachng is to apply the N at a time and in a 
soil location that allows rapid crop utiliza- 
tion-i.e., apply N in harmony with crop 
need. Crop development involves an estab- 
lishment period when crop N need is low, a 
vegetative development period with rapid leaf 
growth and high N need, a period of 
reproductive development when dry matter 
production and N demand is high, and a 
period of senescence when the reproductive 
organs reach maturity and N uptake is low. 
Cumulative N need usually follows an 
S-shaped curve, with slow accumulations 
during establishment and an exponential 

I Table 1. Common factors considered in nutrlent recommendation programs. 

Factor 
____ ~ 

Expected yield 
Legume credit 
Manure credit 
Profile nitrate 
Irrigation N 
Other factors 

Some typical approaches for including factor in recommendation 

Average yield over 5 years omitting drought years; average yield plus 10% 
Alfalfa credited with 50-100 kg N ha-l; soybean credit 30-50 kg N ha-l 
Manure total N and NH4-N analysis, plus manure application method 
Direct analysis of 90 cm soil sample for NOrN 
Direct analysis of irrigation water 
Soil pre-sidedress NOBN analysis; adjust for time of application 
(pre-plant vs. sidedress); adjust for additives (e.g., nitrification inhibitor) 
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uptake rate during the vegetative and repro- 
ductive phases. Applyng N in phase with 
crop demand provides hgh soil-N concen- 
trations at the times needed for growth, while 
minimizing the exposure time of the high N 
concentrations to leaching losses (Power et al. 
1998). Smith and Cassel (1991) have 
estimated the probable leaching depth for 
various N application times for the soil-crop- 
hydrologic cycle depicted in Figure 1. Their 
results show that a November N application 
would probably leach to 1.5 m (60 in) by 
April 1, while a May 1 application would 
remain in the surface 30 cm (12 in) of soil. 
Data horn southern Mmnesota (Randall et al. 
1992, Randall and Mulla 2002) have shown 
that spring applications increase nitrogen use 
efficiency (NUE) by more than 20% com- 
pared with fall-applied N. Iowa data (Sanchez 
and Blackmer 1988) have reported that 50% 
to 64% of fall-applied N was lost hom the 
upper 1.5 m (5 ft) of soil by processes other 
than plant uptake. Proper timing is especially 
important for crops growing during the heart 
of the leaching season (e.g., winter wheat 
grown in humid climates), for shallow-rooted 
crops with short growing seasons (e.g., 
vegetable crops harvested for &esh market), 
and for crops grown on soils with restricted 
rooting depths (e.g., crops grown on soils 
with hard-pans or subsoil acidity). Proper 
placement of N is also important; lowest N 
losses are obtained if N is placed in the zone 
of active water uptake. Some examples of 
techniques that encourage proper timing and 
placement include: split N applications, N 
applications to forage grasses after each 
harvest, and application of N with high- 
clearance equipment or through irrigation 
systems during the period of rapid crop 
growth. 

Cropping System Tools for Managing 
Leaching 
Employing a systematic rotation of crops or 
using special purpose crops is a well-estab- 
lished method of managing leaching. The 
goal is to add crops that lead to a more com- 
plete utilization of the soil and water 
resources and/or to add a crop that provides 
active N uptake when the soil would other- 
wise be bare. For example, the addition of 
crops with deeper root zones, lower fertihzer 
inputs, longer growing seasons, tolerance to 
sahnity or water stress, or the addition of scav- 
enger crops to use residual N. 

Add a legume to a cereal-grain system. 
Adding a legume, such as soybeans (Glyn'ne 
max Mew.), to a cereal-grain system is one way 
to reduce the risks of N 1eaching.A six-year 
study monitoring tile-drain effluent in 
Minnesota (Randall et al. 1997a) reported 
flow-weighted NO3-N concentrations of 32 
mg NO3-N L-' (32 ppm) for continuous corn 
(C-C) and 24 mg NO3-N L-' (24 ppm) for a 
corn-soybean (C-Sb) rotation. The C-Sb 
rotation also resulted in a 17% increase in 
drainage volume compared with C-C. The 
average total N losses (NO3-N concentration 
x tile flow) for these rotations were 36 kg N 
ha-' yr-' (32 lb N ac-' yr-') for C-C and 34 kg 
N ha-' yr-l (30 lb N ac-' yr-') for C-Sb. 
Similar tile-drainage studies in Iowa (Kanwar 
et al. 1997) have reported three-year average 
nitrate concentrations of 30 mg NO3-N L-' 
(30 ppm) for C-C, compared with 14 mg 
NO3-N L-' (14 ppm) for C-Sb. Corres- 
ponding total NO3-N losses in the drainage 
were 58 kg N ha-' yr-' (52 lb N ac-' yr-') for 
C-C, compared with 29 kg N ha-' yr-' (26 lb 
N ac-' yr-') for C-Sb. Other studes in Ohio 
with large monolith lysimeters (Owens et al. 
1995, Owens et al. 2000) reported lowest 
leaching losses during the Sb phase of a C-Sb 
rotation and concluded that a C-Sb rotation 
was one strategy for reducing N losses to 
groundwater, particularly if a soybean 
fertilizer-N credit was applied to the suc- 
ceeding corn crop.The benefits of the C-Sb 
rotation are usually ascribed to lower fertihz- 
er N inputs for the rotated system and more 
vigorous corn growth caused by a reduction 
of disease and insects. However, the leachate 
NO3-N concentrations during the Sb phase 
of the Oh0 study were only reduced about 
5 mg N L-' (5 ppm) compared with the corn 
phase, which still produced a significant N 
leachng loss during the soybean years. Thus, 
a continuous grain-crop rotation, such as a 
C-Sb rotation, can moderate nitrate-leaching 
losses compared with C-C. However, the 
largest crop rotation benefit d come &om 
adding a forage crop to the system. (See fol- 
lowing discussion.) 

Adding a forage legume, such as alfalfa 
(Medicago sativu I,.), to a rotation is also a very 
effective approach to reducing leaching. The 
benefits of addng alfalfa arise from alfalfa's 
deep-root system, long growing season, high 
water use, and reliance on biological N fixa- 
tion that supplies N in phase with crop 
growth. Toth and Fox (1998) conducted a 
four-year study using zero-tension pan 

lysimeters in Pennsylvania, reporting N con- 
centrations of 4 mg NO3-N L-' (4 ppm) 
below alfalfa compared with 15 mg NO3-N 
L-' (1 5 ppm) leached fiom C-C receiving the 
economic-optimum rate of fertilizer N. 
Randall et al. (1997a) summarized a six-year 
Minnesota study that found average tile-drain 
effluent &om C-C to be 32 mg N03-N L-' 
(32 ppm), while alfalfa drain effluent averaged 
3 mg N 0 3 - ~  L-' (3 ppm); corresponding 
total N losses were 36 kg N ha-' yr-' (32 lb N 
ac-' yr-') for C-C and 1 kg N ha-' yr-' (1 lb 
N ac-' yr-') for alfalfa. Owens (1987) also 
reported that NO3-N concentrations from 
large monolith lysimeters were lower under 
alfalfa than under corn-e.g., leachate during 
two years of alfalfa was about 20 mg NO3-N 
L-' (20 ppm) lower than leachate &om two 
years of corn fertilized with 156 kg N ha-' 
(140 lb N ac-'). Soil nitrate concentrations 
below alfalfa crops have been consistently 
shown to be much lower than under corn, 
which leads to concurrent reductions in 
NO3-N leaching over the span of the rotation 
cycle. 

The benefit of rotating a legume into a 
cereal-grain system must also include proper 
accounting for the increased N avadable to 
the crop after the alfalfa. For example,Toth 
and Fox (1998) reported average leachate 
NO3-N concentrations of 15 mg N L-' (15 
ppm) for unfertilized corn h e r  alfalfa (the 
recommended N practice in Pennsylvania), 
compared with concentrations of 18 or 24 
mg N03-N L-* (18 to 24 ppm) for post-alfd- 
fa corn receiving 50 or 100 kg N ha-' (45 or 
90 lb N ac-'), respectively. Obviously, adjust- 
ing the N fertilizer rate for a previous legume 
is an important practice to M y  benefit from 
adding a legume into a cropping system. 
Leaching after an alfalfa crop can also be 
managed by using high-N demand cereals 
(e.g., corn or wheat) rather than low-N 
demand legumes (e.g., field beans (Phaseoh 
vtlEgaris L.)). Meek et al. (1995) estimated that 
leachng below 1.35 m (4.5 ft) horn two years 
of beans after alfalfa was 121 kg N ha-' (108 
lb N ac-'), wlde comparable leaching losses 
with two years of cereals (corn-wheat 
sequence) was 67 kg N ha-' (60 lb N ac-'). 

Expand the use of soil resources. A crop- 
ping systems' use of soil resources can be 
improved by growing species with Merent 
rooting depths, growing a more crop-intense 
rotation, or growing varieties with greater 
tolerances to growth-limiting factors such as 
subsoil acidity, salinity, or water stress. Delgado 

' 
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(2001a) reported a correlation between the 
depths of rooting systems, NO3-N leachng 
and N-use efficiencies ( W E ) .  Shallow- 
rooted vegetable crops are prone to higher 
leachmg losses (lower W E )  than deep- 
rooted cereal crops. Nitrate-leaching losses 
from shallow-rooted vegetable crops grown 
on irrigated sandy soils in Colorado were 75 
kg N ha-', (67 lb N ac-l) higher than those for 
small grains, which lost 29 kg N ha-' 
(26 lb N ac-*) (Delgado 2001a). The higher 
NO3-N leached from the vegetables was a 
hnction of rooting depths, amount of 
leachate, and N inputs. Delgado (2001a) esti- 
mated that leachng losses for the vegetables 
amounted to 19% of the total N input of 254 
kg N ha-' (227 lb N ac-'), while correspon- 
ding leaching losses for the small grains was 
10% of the total N input of 146 kg N ha-' 
(1 30 lb N ac-'). Thus, the adhtion of a deep- 
rooted crop, such as barley, into a potato 
(Solanurn tuberosum L.) system can improve 
the NUE with concomitant reductions in 
nitrate leaching (Delgado et al. 2001a). 
Another example of reduced leaching fiom 
improved exploitation of soil-water resources 
has been summarized by Westfall et al. (1996), 
who state that nitrate leaching h m  the tradi- 
tional wheat-fallow system of the Great 
Plains can be reduced by shifting to a more 
intense wheat-sorghum-fallow system, which 
shortens the fallow period and allows greater 
use of stored water. Baligar et al. (2001) 
has reported that NUE can be sigmficantly 
increased with deep-rooted varieties, 
aluminum tolerant varieties, or salt tolerant 
varieties. 
Add a scavenger mop to a cropping system. 

Adding a cover crop or other scavenger crop 
to a system is a longstanding method to 
reduce leachmg. A cover crop can reduce 
leaching by converting mobile NO3-N into 
immobile plant protein and thereby lower the 
soil N03-N concentration during the leach- 
ing season. Another important benefit of 
cover crops is their potential for soil and 
water conservation (Dabney et al. 2001).The 
effects of cover crops on nitrate leaching have 
been reviewed by Meisinger et al. (1991) and 
the advantages/&sadvantages of covers have 
been summarized by Dabney et al. (2001). 
Both of these reviews concluded that cover 
crops were a greatly under-used resource. 
Meisinger et al. (1991) concluded that cover 
crops can commonly reduce both the mass of 
N leached and the N03-N concentration in 
the leachate by 20% to 80%.A major factor 

affecting leachng was the species of cover 
crop. The average percent reduction in 
NO3-N leaching was 70% for non-legume 
covers and 23% for legume covers. 

Cover crop research in Maryland (Shipley 
et al. 1992) assessed the ability of five cover 
crops to conserve 15N labeled fertilizer 
applied to the previous corn crop by measur- 
ing the recovery of the 15N by the winter 
cover crop. The study reported that a rye 
(Secale cereale L.) cover crop recovered 60% 
of the corn ferdizer N at mid-April, the 
usual lull date for covers in Maryland. The 
corresponding recovery of I5N by annual 
ryegrass (Loliurn rnult$orcrrn Lam.) was 40%, 
whde covers of hairy vetch ( Viciu villosu Roth), 
crimson clover (E@liurn incurnuturn L.) or 
native weeds recovered less than 10% of the 
corn fertilizer.The greater effectiveness of the 
grass cover crops is attributed to a faster and 
deeper colonization of the root zone in the 
fall, greater cool-season growth, and greater 
winter hardiness. 

Delgado et al. (1999) conducted studies 
with winter cover crops (rye, Secule cereale L. 
and wheat) in Colorado and found that when 
used as scavenger crops in lettuce (Lactucu 
sutivu L.) potato, and spinach (Spinaciu oleruceu 
L.) rotations, they reduce wind erosion, 
scavenge from 20 to 300 kg N ha-' (1 8 to 268 
lb N ac-') and can serve as forages. The 
amount of N scavenged wdl depend on the 
initial residual soil NO3-N and time of plant- 
ing.The C /N ratio in the winter cover crops 
can be kept lower than 20 by lulling or by 
incorporating them early in spring, whch 
increases the potential for mineralization and 
N cycling during the next growing season. 

Meisinger et al. (1991) used the EPIC 
model to estimate the impact of winter cov- 
ers on nitrate leachng across the United 
States. They concluded that the greatest 
potentials for cover crops were in humid 
regions, particularly the Mid-Atlantic and 
Southeast, and in irrigated agriculture. 
Delgado (1998, 1999, 2001a) conducted 
NLEAP simulations of winter cover crops 
and found that they reduced NO3-N leaching 
and increased the NUE of the system when 
included in lettuce and potato rotations. 

Managing adjacent ecosystems, tillage, 
equipment, nitrification inhibitors, other 
approaches. Additional approaches for 
managmg leaching include use of nonagro- 
nomic land withm a watershed, such as 
Conservation Reserve Program (CRP) areas 
and riparian zones, and use of d a g e  practices 

and improved N application equipment to 
reduce N leachng. Nitrogen ferdzer addi- 
tives, such as nitrification inhibitors, also offer 
opportunities to reduce N leaching. 

The CRP acres have been shown to 
markedly reduce nitrate leaching. Randall et 
al. (1 997a) reported six-year average N03-N 
concentrations fiom tde drainage beneath 
CRP plots, C-C plots, and C-Sb plots of 
2, 32, and 24 mg N03-N L-' (2, 32, and 24 
ppm), respectively. The unfertihzed CRP 
system exerted t h s  marked reduction in 
leaching by providing a deep-rooted 
perennial grass that actively immobilized N 
during the entire growing season. A modest 
CRP area withn a watershed could therefore 
dilute the recharge from grain-producing 
areas and thereby reduce N leaching from the 
watershed. 

Riparian zones, areas of native trees or 
shrubs adjacent to streams, have been shown 
to be effective N sinks for N03-N that leach- 
es out of agricultural areas en route to surface 
waters. l pa r i an  zones wdl have the largest 
impact in humid regions and in areas where 
groundwater flow from agricultural areas is 
forced through the root zone of the riparian 
area before it enters adjacent surface waters. 
For example, Jacobs and Gdliam (1985) 
showed that average annual NO3-N concen- 
tration leachng &om an agricultural area in 
North Carolina's Coastal Plain was 15 mg 
NO3-N L-' (15 ppm), but the average con- 
centration of water emerging fiom the adja- 
cent riparian zone was 1-2 mg N03-N L-' 
(1-2 ppm). The corresponding quantities of 
N leached were 31 kg N ha-' (28 lb N ac-') 
from the agricultural area, compared with 
5 kg N ha-' (4 lb N ac-') lost fiom the ripar- 
ian area. Other riparian research by Lowrance 
et al. (1984) in Georgia and by Peterjohn and 
Correll (1984) in Maryland have reported 
that riparian zones can reduce NO3-N losses 
from agriculture areas by 50% to 90%. Most 
researchers agree that the primary mecha- 
nisms of nitrate removal by riparian areas are 
plant uptake and denitrification, although the 
precise mechanism will vary with the loca- 
tion depending on climate, extent of vegeta- 
tive growth, and degree of water saturation. 
Dinnes et al. (2002) present an extended 
lscussion on riparian zones and wetlands. 

Tdlage practices, per se, usually have only 
secondary effects on nitrate leachng, but the 
timing of the &age can impact the timing of 
nitrate release &om decomposition of soil 
organic matter and residues. Cameron and 
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Wild (1 984) reported significant N03-N 
leaching &om fall plowing of temporary 
grassland in England. New Zealand research 
by Francis (1995) reported that leaching 
losses fbm early-fall tillage of temporary 
legume pastures amounted to 72-106 kg N 
ha-' (65-95 lb N ac-I), losses from late-fall 
tillage were 8 to 52 kg N ha-' (7 to 45 lb N 
ac-'), while losses h m  spring a g e  were 2 to 
15 kg N ha-' (2 to 13 lb N ac-'). Kanwar et 
al. (1997) compared leaching losses of tile 
drains h m  moldboard plowing, chisel plow- 
ing, ridge tillage, and no-tillage and reported 
that total N losses were not affected by the 
tdage treatments. Randall and Iragavarapu 
(1995) summarized an 11-year C-C study 
comparing no-tillage (NT) with moldboard 
plow tillage (PT) on a poorly drained, south- 
eastern Minnesota soil fertilized with 200 kg 
N ha-' (175 lb N ac-') annuallyThey reported 
12% higher tile-drainage with NT (315 mm 
with NT vs. 280 mm with PT), but a 5% 
reduction in average N leaching with NT 
because of lower NO3-N concentrations with 
NT. Randall and Iragavarapu (1 995) conclud- 
ed that PT had a positive effect on grain yreld 
and grain N removal compared with NT, but 
ullage had minimal impact on NO3-N losses 
to tile drainage. 

Improved N application equipment can 
also reduce N leaching by improving the 
accuracy of N application rates and increasing 
crop "E. Researchers have found that 
improving the conventional anhydrous 
ammonia distribution manifold can markedly 
improve the accuracy of N application rates 
(Boyd et al. 2000, Hanna et al. 1999). 
Conventional manifolds commonly have 
coefficients of variation among application 
kmves of 10% to 70%, dependmg on N rate 
and operating conditions. Improved mani- 
folds, such as the vertical-dam manifolds, can 
markedly reduce this variability (Boyd et al. 
2000, Hanna et al. 1999). Other application 
equipment is aimed at improving the place- 
ment of liquid urea-ammonium-nitrate 
(UAN) fertilizers. The point-injector system 
was designed to inject liquid N through 
projecting spokes on a wheel, which places 
the N below the soil surface with minimal 
disturbance of surface residues (Baker et al. 
1989). Randall et al. (1997b) summarized a 
three-year study that found that pre-emer- 
gent point injection of UAN into the ridge of 
ridge-tillage corn optimized N uptake, grain 
yreld, and economic return compared with 
band or broadcast applications of UAN. 

Another approach knifes N into the soil and 
then covers the knife zone with a localized 
compacted dome (LCD) of soil to reduce 
water infiltration and leaching through the 
knife zone (Ressler et al. 1997).A nonweigh- 
ing drainage lysimeter evaluation of the LCD 
equipment was conducted in Iowa (Ressler et 
al. 1998) that followed the movement of an 
anion tracer from LCD and conventional 
application techniques. The study reported 
that at the end of 18 months, 25% of the 
tracer applied by a conventional knife shank 
leached into the subsurface drains, while only 
13% leached fiom the LCD application 
method. The above improvements in applica- 
tion equipment offer the prospect of increas- 
ing NUE, but the general applicability of 
these techniques will require firther testing 
under a wider range of soils and climates. 

Nitrification inhibitors (NI) delay the 
conversion of ammonium-N to nitrate-N. 
They offer the prospect of reducing leaching 
by extending the time that fertilizer ammoni- 
um-N can be retained on soil cation 
exchange sites, rather than being converted to 
mobile NO3-N. The effect of NI on nitrate 
leaching has been studied in Minnesota and 
0hio.A six-year study in Ohio grew corn on 
undisturbed-soil monolith lysimeters (Owens 
1987) and reported nitrate leaching of 48% of 
the applied N for untreated urea, while NI- 
treated urea lost 35% of the 336 kg N ha-' 
(300 lb N ac-') that was applied. The Ohio 
study intentionally used an excess rate of fer- 
tilizer N to more easily measure the leachng 
effects. Owens (1987) concluded that NIs 
have the potential to reduce NOJ-N leaching 
for ammonium fertilizers. Nitrification 
inhbitors were also evaluated by Timmons 
(1984), using field lysimeters on a sandy loam 
soil fertihzed with 224 kg urea-N ha-' (200 lb 
N ac-'). Timmons (1984) reported that NI 
reduced annual N03-N leaching losses by 
about 7% compared with nontreated urea 
over the three-year study, the greatest benefits 
occurring during the growing season. 
Timmons (1984) also concluded that 
although NI can help reduce growing-season 
N03-N leaching on irrigated sandy soils, the 
N not used by the crop would s t d  be subject 
to over-winter leaching. Thus, it is important 
to adjust ferthzer N rates for other N man- 
agement practices (such as NI) that can 
reduce leachng and increase crop N utiliza- 
tion. Corn N response experiments with NI 
in Ohio (Stehouwer and Johnson 1990) and 
Minnesota (Randall et al. 1992) have report- 

ed s m a l l  yield increases h m  NI used with 
fall-applied N, but little or no yield benefit 
&om NI used with spring-applied N. Fall N 
applications, with or without a NI, were asso- 
ciated with lower yields and lower crop N 
contents than spring-applied N. Walters and 
Malzer (1990) also grew irrigated corn on a 
sandy-loam soil in Minnesota and monitored 
nitrate leaching with field lysimeters that 
received two rates of urea-N (90 or 180 kg N 
ha-'), two NI treatments (with or without 
NI), and two fertilizer incorporation treat- 
ments (incorporated or not incorporated). 
The results of their three-year study showed 
that the NI influenced the time of nitrate 
leaching (leaching losses were delayed 25 to 
50 days by using the NI), but the total 
quantity of N lost through leaching was not 
affected by the NI.The largest factor affecting 
NO3-N leaching was the rate of fertilizer 
N, leaching losses amounting to 18% of the 
90 kg N ha-' (80 lb N ac-') addition but 
increasing to 30% of the 180 kg N ha-' (160 
lb N ac-') addition. The authors concluded 
that NI may delay nitrate leaching, but NI 
wdl be most effective if combined with other 
N-leaching management practices, such as 
proper N rates, soil nitrate testing, and con- 
servative irrigation-water management. 

Shoji et al. (2001) discussed the potential to 
use controlled release fertilizers (CRF) and 
NI with urea-based fertilizers to increase 
NUE and to conserve air quality. They 
reported that CRF at 50% of the N rates used 
by traditional farmers were able to produce 
the same total potato tuber yields as the tradi- 
tional practices. If the rate of N release fiom 
CRF can be set to match the c&p demand, 
there is a sipficant potential to reduce N 
losses. Shoji et al. (2001) estimated that the 
maximum possible reduction in environmen- 
tal impact from N fertilizer management was 
67%, whch resulted fiom reductions in 
leaching and atmospheric losses. 

Water Management Tools for Reducing 
leaching 
Nitrogen leaching is driven by water trans- 
port (Equation l), which interacts with the N 
management practices and the natural 
hydrology of a given site. Water-management 
tools are the most hrect methods of limiting 
N 1eaching.The most common tools are irri- 
gation management and water-table control 
strategies. 

Irrigation scheduling. About 17% of U.S. 
cropland is irrigated, with about 75% of this 
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acreage lylng west of the Mississippi Rwer 
(USDA-NRCS 2000). The water resources 
used in irrigation are derived &om ground- 
water (60%), rivers (22%), local ponds (lo%), 
or a combination of these sources.Yields on 
irrigated land are fkequently double of those 
on rain-fed systems (Rangely 1987, Bucks et 
al. 1990, Tribe 1994). Irrigated lands usually 
include cropping systems and soh that are 
vulnerable to leaching, i.e., coarse-textured 
soils, shallow-rooted vegetable crops, and high 
fertilizer rates. 

In irrigated systems, excess irrigation or 
poorly timed irrigation is a primary factor 
contributing to N leaching. Irrigation sched- 
uhng is an important tool for applying the 
proper amount of water at the proper time. 
Irrigation scheduling systematically integrates 
local factors such as crop growth and water 
use, soil infiltration, soil water content, soil 
texture, water application system, and rainfall 
into a water-management system that fore- 
casts irrigation needs for a specific field. To 
ensure that water in not moving past the root 
zone, irrigation scheduling systems typically 
monitor: local weather condtions that affect 
ET, soil water content before and after irriga- 
tion, and irrigation system flow rate, pressure, 
timing device, and application uniformity. 
Soil water content before and afier irrigation 
can be monitored with hand probes, ten- 
siometers, resistance blocks, and time domain 
reflectance (TDR) instruments. Soil-water 
monitoring is important for controlling water 
movement, which is fbndamental for reduc- 
ing leachng. Several authors such as Penman 
(1963),Jensen and Haise (1963) or the mod- 
ified Jensen-Haise method (Follett et al. 1973, 
Jensen et al. 1990) have developed equations 
to estimate reference ET, whch undergirds 
irrigation scheduling. Computer models such 
as SCHED (Buchleiter et al. 1992) and 
Cropflex (Lorenz and Broner 2001) can be 
used to schedule irrigation for specific fields. 

With surface irrigation, run distances and 
stream-size controls can optimize efficiency, 
with the goal of reducing erosion and N 
transport. Adhtionally, polyacrilamide (PAM) 
can reduce soil erosion and off-site transport 
of N. Irrigation tail water should be recovered 
in ponds or reused if possible. Higher- 
efficiency surface systems, such as surge flows, 
sprinkler, and/or drip irrigation systems 
should also be considered to upgrade less- 
efficient systems. 

Irrigation research by Hergert (1986) on 
sandy soils in Nebraska documented grow- 

ing-season leaching for two sprinkler irriga- 
tion rates of 0.85 ET and 1 .O ET. The study 
reported average growing-season drainage of 
85 mm (3.3 in) for the 0.85 ET treatment, 
which transported 61 kg N ha-' (54 lb N 
ac-l), while the 1 .O ET treatment lost an aver- 
age of 187 mm (7.5 in) of leachate transport- 
ing 1 11 kg N ha-' (99 lb N ac-'). A five-year 
research project in h e s o t a  (Timmons and 
Dylla 1981) used field lysimeters on a sandy 
loam soil and also reported lower percolate 
volumes for deficit-irrigation treatments- 
e.g., percolate losses averaged 112 mm vs. 180 
mm (4.6 in vs. 7.2 in) for irrigation scheduled 
to add 50% of water use or 100% of water 
use, respectively. The corresponding N03-N 
leaching losses averaged 81 kg N ha-' (72 lb 
N ac-') for the deficit-irrigation treatment 
and 106 kg N ha-' (95 lb N ac-') for the fbll- 
irrigation treatment. These studies concluded 
that irrigation scheduling of modest water 
inputs (less than 1.0 ET) were especially 
important on sands. However, water manage- 
ment must also be combined with prudent 
N management (proper rate and time of N 
application) to minimize N03-N leaching. 
The N simulation model NLEAP can also be 
used to simulate water budgets and irrigation 
scheduling, along with N dynamics and 
nitrate leaching (Beckie et al. 1994, Delgado 
et al. 2000b, Shaffer and Delgado 2001). 

The effects of irrigation scheduling, com- 
bined with N management, were evaluated at 
79 corn production fields in Nebraska by 
Ferguson et al. (1991), who studed both cen- 
ter-pivot and furrow-irrigation systems. 
Nitrogen management practices used fertilizer 
N recommendations based on yield goal 
(average yield for previous five years plus 5%), 
pre-plant soil nitrate N content to 1.2 m 
(4 ft), and nitrate content of irrigation water. 
This study reported that with carefbl water 
management and proper N accounting, an 
average grain yield of 10.8 Mg ha-' (173 bu 
ac-') was acheved with 145 kg fertilizer-N 
ha-' (130 lbs N ac-'); the remaining N was 
supplied from 85 kg N ha-' of soil nitrate (76 
lbs N ac-') and 21 kg N ha-' in irrigation 
water (19 lbs N ac-').The authors found that 
yield was surprisingly insensitive to f e d z e r  
N rate. Instead, yield was influenced more by 
irrigation water NO3-N concentration, 
amount of irrigation, and soil NO3-N level. 

Delgado (2001a) reported results from 
studies conducted on 38 fields located on sev- 
eral farms in south-central Colorado where 
the recommended management practices 

F s t a u  1999) were implemented. Nitrogen 
and water budgets were studied for these sites, 
including N fertihzer applications, N03-N 
background in irrigation water, and initial 
and final residual inorganic NO3-N and 
NH4-N. Nitrogen cycling and mineralization 
fkom crop residues and soil orgamc matter 
were simulated with the NLEAP model. 
These water and N budget studies found that, 
even with best management practices for 
shallow rooted crops, there was a net mini- 
mum movement of NO3-N out of the soil 
profile (0 to 0.9 m) (0 to 36 in) that ranged 
&om 5 to 12 kg NO3-N ha-' (5 to 11 lb N ac- 
'). For deeper-rooted crops, such as small 
grains, there was a net recovery of NO3-N 
from underground water sources which 
ranged fkom 13 to 79 kg N03-N ha-' (12 to 
71 lb N ac-'). By incorporating the small 
grains in the vegetable and potato rotations, 
the systems had minimum net NO3-N losses 
or were recovering N03-N fiom the under- 
ground water sources. 

Other water-management tools. Other 
water-management approaches include 
water-table management and drainage ditch 
water-level management. Water-table man- 
agement can be accomplished by design of 
tile drainage systems and by use of tile outlets 
as water-level control devises. Water-table 
management can affect leaching by altering 
the distribution of N between various soil N 
cycle pathways. Specifically, different water- 
table depths can change the aeration status of 
the soil, which will affect crop N recovery, 
leaching, and denitrification. 

An example of the effect of water-table 
management on N leaching has been 
reported by Steenvoorden (1 985), who sum- 
marized a three-year lysimeter study using 
liquid swine manure applied to a sandy soil 
and cropped to orchardgrass in the 
Netherlands. The spring water-table depths 
were controlled at 0.5, 1.0, or 1.5 m (20,40, 
or 60 in), but summer water-table depths 
were all allowed to fall to 1.5 to 1.7 m (60 to 
67 in) because of ET 1osses.The data showed 
that the 1.5 m (60 in) deep water table 
resulted in crop recoveries of 24%, leaching 
losses of 39%, and unaccounted-for losses 
(most likely denitrification) of 37%. The 1.0 
m (40 in) deep water table produced crop 
recoveries of 28%, leaching losses of 27%, and 
unaccounted-for losses of 45%.The N budget 
for the 0.5 m (20 in) deep water table was: 
plant recovery, 35%; leaching, 5%; and unac- 
counted-for losses, 60%. These data show 
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that a shallow water table can lead to lower 
leachng losses, higher crop N recoveries, and 
higher unaccounted-for losses. Shallow 
management of the spring water table thus 
channeled as much as 60% of the N into 
denitrification for the carbon-rich manure 
source of this study, which resulted in a 
marked reduction of nitrate leaching. 

Tile-line or drainage-ditch water manage- 
ment typically involves use of water-level 
control structures to change the water height 
in the ditches and water-table depth beneath 
adjacent fields. Water level is usually raised in 
the winter months to encourage poor aera- 
tion and promote denitrification. Controlled 
water-level studies have been reported &om 
North Carolina by Gilliam et al. (1979), who 
studied drainage outflows h m  controlled- 
vs. uncontrolled-drainage fields, which 
included moderately well-drained soils and 
poorly drained soils. These studres reported a 
reduction in NO3-N movement through 
the tde lines of moderately well-drained 
soils from 25 to 40 kg N ha-’ (22 to 35 lbs N 
ac-’) to 1 to 7 kg N ha-’ (1 to 6 lbs N ac-’) 
with controlled dramage. The lower NO3-N 
losses are attributed to a lower tile-drainage 
volume. On poorly drained soils, controlled 
drainage resulted in a 50% reduction in 
NO3-N movement through drainage ditches 
because of a reduction in tde-flow. The 
reduction in tde outflow on these soils was 
accompanied by an increase in water move- 
ment into, and through, the deeper soil 
horizons. On well-drained (well-oxidized) 
soils, this increased percolation simply trans- 
ported NO3-N through the soil, rather than 
through the tile lines. On poorly drained 
soils, the increased percolation resulted in 
increased N losses through denitrification 
because of the poor aerated status of the sub- 
soils. However, the final impact on down- 
stream water quality h m  these field water- 
level control studres could not be determined 
because of undocumented N transformation 
in the drainage canals and dilution along the 
drainage canals. Nonetheless, the data clearly 
demonstrate that water-level control tech- 
niques offer another avenue for management 
of N leaching, especially on poorly drained 
soils with slopes of less than 1%. 

The above water-table management prac- 
tices have specific geographic- hydrologic 
applications because of the limited areas with 
hgh water tables, poorly drained soils, and flat 
topography (e.g., the Atlantic Coastal Plain, 
Gulf Coast Plain, etc.). However, where 

water-table management is possible, it offers 
another tool for management of N leachmg. 

On-site Monitoring of Nitrogen Status 
On-site monitoring of crop N status is a valu- 
able method to avoid excess N addrtions and, 
therefore, reduce potential leaching losses. 
On-site monitoring methods can be grouped 
into an “in-season monitoring” class and a 
“real-time monitoring” class. Seasonal meth- 
ods monitor the N status of the crop and 
include the pre-sidedress soil nitrate test 
(PSNT), the leaf chlorophyll meter (LCM), 
and plant-nitrate tests. Real-time methods 
include spectral reflectance measurements 
with remote sensing, coupled with modeling 
to forecast N needs of the crop in real time. 

In-season monitoring tools. The PSNT is a 
commonly used soil test in the Northern 
Corn Belt and Northeast that measures the 
soil NO3-N concentration in the surface 30 
cm (1 fi) of soil when corn is 20 to 30 cm (8 
to 12 in) tall. Bundy and Meisinger (1994) 
have described the principles underlying the 
PSNT and the detds of using the PSNT. 
Basically, the PSNT provides a timely moni- 
toring of soil NO3-N pool, which has been 
shown to successfully identifjr N-sufficient 
sites and to provide guidance for sidedress 
fertilizer N recommendations. The ability 
of the PSNT to affect leaching has been eval- 
uated by Guillard et al. (1999) on a 
Connecticut sandy loam growing silage corn 
using zero-tension pan lysimeters to monitor 
leaching. This two-year study compared 
fertihzer N management systems of a standard 
196 kg N ha-’ (175 lbs N ac-’) preplant appli- 
cation (no PSNT), a PSNT based system that 
received 90 kg N ha-’ (80 lbs N ac-’) preplant 
with sidedress N determined by PSNT test, 
and a PSNT-based system that received all the 
N at sidedress. Flow-weighted N03-N con- 
centrations averaged 20 mg N03-N L-’ 
(20 ppm) for the standard preplant treatment, 
7 mg NO3-N L-’ (7 ppm) for the PSNT 
receiving preplant N, and 5 mg N03-N L-’ 
(5 ppm) for the PSNT receiving all sidedress 
N.The corresponding quantities of N lost by 
leachng were 50, 19, and 15 kg N ha-’, 
respectively (45,17 and 13 lbs N ac-’, respec- 
tively). Guillard et al. (1999) found no signif- 
icant difference in corn yields among the 
three treatments, with average silage dry mat- 
ter (DM) yields being 16.5 Mg ha-’ (24 t ac- 
’ of 30% DM silage). The main factor con- 
tributing to the leaching reduction was the 
avoidance of excess N applications, because 

the average ferthzer N rate was 196 kg N 
ha-’ (175 lbs N ac-’) for the standard preplant, 
113 kg N ha-’ (100 lbs N ac-’) for the PSNT 
with preplant N, and 80 kg N ha-’ (71 lbs 
N ac-’) for the sidedress N treatment. 
The authors concluded that a properly cali- 
brated PSNT could reduce excess fertihzer 
N, reduce nitrate leachng, and reduce the 
potential for nitrate contamination of 
groundwater.These results agree with a four- 
year study inVermont (Durieux et al. 1995) 
that evaluated the PSNT vs. conventional 
manure-crop-history N-management sys- 
tems, it concluded that the PSNT system 
reduced the levels of residual N h e r  harvest 
and therefore reduced the potential for N 
leaching during winter.The PSNT was also 
evaluated in a five-year Midwest regional trial 
with more than 200 site-years of data (Bundy 
et al. 1999).Ths evaluation did not estimate 
N leaching but was based on a crop-response 
criterion. The study reported that the PSNT 
success rate for predicting a N response was 
83% for the traditional 30 cm (1 fi) deep 
sample, but the success rate for a deeper 
60 cm (2 fz) sample rose to 90%. Sampling to 
60 cm (2 fz) also improved the success of 
predicting nonresponsive sites, because nitrate 
N in the 30 to 60 cm (1 to 2 fk) depth is read- 
ily avadable to corn; accounting for this 
deeper N should result in improved NUE 
and reduce the risk of N leaching. 

A direct measure of crop N status can also 
provide very usehl information for N man- 
agement. However, plant N indexes are 
point-in-time measurements that reflect both 
N availability and the ability of the crop to 
convert photosynthate into protein or 
chlorophyll (affected by water stress, sunlight, 
growth stage, and other factors). The leaf 
chlorophyll meter (LCM) has been developed 
to monitor crop N status by Schepers et al. 
(1992a, 1992b) and Wood et al. (1992a, 
1992b). The LCM uses a local N-sufficient 
area in the field as a comparison to standard- 
ize factors such as variety, growth stage, water 
stress, and sunlight conditions. The LCM 
reads the “greenness” of a small area of a spe- 
cific leaf &om the test area and compares this 
reading with the local N-sufficient plant leaf. 
The comparison of these readings has been 
used to indicate the need for fertilizer N 
(Peterson et al. 1993, Reeves et al. 1993).The 
LCM is especially usefbl in irrigated systems 
where water stress is small and readings can be 
taken throughout the growing season, with N 
added as needed through the sprinkler irriga- 
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tion. Ths approach is particularly advanta- 
geous if N levels can affect yield and crop 
quality. Delgado et al. (2001b) reported a 
correlation between the LCM and the yield 
and tuber quality of potato (production of 
larger tubers at harvest). 

Other useful plant N tests are based on 
measurements of stalk or sap NO3-N at a 
spec& physiologic stage. These tests are used 
to detect N stress or N excesses (Scaife and 
Stevens 1983, Blackmer et al. 1992).The tests 
have been carefdly calibrated to interpret 
the N03-N concentration into a plant-N 
stress/excess category. The end-of-season stalk 
nitrate test was developed for corn by Binford 
et al. (1990).The test is based on the fact that 
N03-N can accumulate in the basal part of 
the corn stalk at maturity, if the plant has 
received sufficient or excess N.The timing of 
the test makes it a post mortem measure of 
N sufficiency/excess during the previous 
growing season. Blackmer et al. (1992) and 
Sims et al. (1995) have proposed an optimum 
concentration range of about 0.7 to 2.0 g 
NO3-N kg-' (0.7 to 2.0 ppm); values below 
the optimum probably would have respond- 
ed to adchtional N, while values above the 
optimum are considered excessive-N sites. 

The N03-N concentration of plant sap 
(Scaife and Stevens 1983) has also been suc- 
cessfdly used to identifjr N stress or excess in 
vegetable crops during the growing season. 
(See below.) Delgado et al. (2001b) reported 
a correlation between potato petiole NO3-N 
content and the yeld and tuber quality at 
harvest.There is potential to use this test to 
evaluate how N-management practices affect 
the in situ N status of the crop and its quahty. 
Another use for sap N03-N tests is in systems 
that use scavenger crops for grazing. Winter 
cover crops can accumulate NO3-N to levels 
that can be toxic to animals. Delgado and 
Follett (1998) reported that the sap NO3-N 
test can be used to iden@ potential high lev- 
els of NO3-N in winter cover crops that have 
scavenged residual N03-N and are intended 
for grazing. 

Using in-field soil or plant N tests such as 
the PSNT, the LCM, or plant NO3-N tests 
are valuable tools for identifjmg N-sufficient 
sites and avoiding excess N applications. 
Avoiding excess N inputs is one of the basic 
principles for managing N leachng. 

Real-time monitoring took. Real-time 
monitoring methods are the newest tools for 
managing N leaching (Delgado 2001 b; 
Delgado et al. 2002).There is potential to use 

the spectral reflectance in remote sensing for 
N management (Stanhdl et al. 1972,A.l-Abbas 
et al. 1974). Remote sensing and spectral 
reflectance have permitted the development 
of several indexes that can be used to deter- 
mine the crop N status during the growing 
season. For example, Bausch and Duke (1996) 
have developed the N reflectance Index 
(NRI) and Tucker (1979) the Normalized 
Difference Vegetation Index (NDVI) to 
directly monitor crop N status.These indexes 
can separate stressed vs. vigorous plants based 
on their reflectance in the green part of the 
spectrum (530 to 570 nm, 5300 to 5700 A) 
and in the near-infi-ared portion of the 
spectrum (780 to 850 nm, 7800 to 8500A). 
These real-time monitoring tools offer the 
prospect for direct detection of N-stressed 
areas that can then be ferhlized with site-spe- 
cific N applicators to tailor N management to 
the precise need of the crop in a specific area 
of the field.These tools can take much of the 
weather forecasting guesswork out of N 
management planning, resulting in improved 
NUE and subsequent reductions in N leach- 
ing. 

Crop simulation models. Crop simulation 
models are powerful tools for managing N 
leaching. The Nitrogen Leaching and 
Economical Analyses Package (NLEAP, 
Shaffer et al. 1991) has been used to evaluate 
the effects of best management practices on 
N-use efficiencies, leaching, and NO3-N 
dynamics (Beckie et al. 1994, Shaffer et al. 
1995, Delgado et al. 2000 and 2001a, Hall et 
al. 2001). This model is capable of estimating 
the effects of various N-management scenar- 
ios such as rate and time of N application, 
crop rotations, irrigation strategies, and other 
N-management options on crop N uptake 
and potential N loss. A sipficant advantage 
of using models to evaluate management 
strategies is the fact that models can be run 
over several growing seasons to assess the 
long-term effect of various strategies. 
The primary purpose for NLEAP is to eval- 
uate the hkelihood for using specific best 
management practices to protect ground- 
water quahty-i.e., manage N leaching. For 
example, Delgado (2001a) found that the 
NUE for irrigated small grains and deep- 
rooted crops was higher than shallow-rooted 
crops receiving higher N inputs. (See discus- 
sion below.) The NLEAP model can also be 
used to identift. N hot spots in a field or 
across regions (Delgado 2001a, Hall et al. 
2001). 

Site-spec$@ management. Site-specific 
management is another approach for applying 
several of the above tools (e.g., expected yeld, 
soil water holding capacities, etc.) to hscrete 
small-scale management zones through preci- 
sion agriculture. The central component of 
site-specific management is the use of global 
positioning systems (GPS) to record the 
precise geographcal locations of sampling 
and harvesting data. Geographc information 
systems (GIS) can store, organize, and manip- 
ulate large data sets of geographcally defined 
data (e.g., soil properties, soil tests), as well as 
various agricultural operations that can 
impact N leaching ( e g ,  fertihzer application 
rates, irrigation rates). A new technology that 
is well-suited for GPS systems is theVerisBa 
model 3100 sensor cart, whch measures soil 
electrical conductivity (EC) (Lund et al. 
1999). Traditional data resulting from in-sea- 
son monitoring techniques (e.g., the PSNT, 
the LCM, and plant N03-N tests) can also be 
used with GPS and GIS to identifjr areas of N 
sufficiency or deficiency. The application of 
GPS and GIS to long-term soil productivity 
properties (e.g. , water-holding capacity, mot- 
ing depth, organic matter, etc.), previous 
management (e.g. crop history, previous 
yields, etc.), and recent yeld-defining factors 
(e.g., rainfall/irrigation, crop water stress, 
etc.) should open the door to real-time site- 
specific N management. 

Summary of Case Studies for Managing 
Nitrogen leaching 
Methods and materials. Irrigated cropping 
systems of south central Colorado have been 
monitored since 1992 on more than 30 farms 
involving more than 70 fields. Nitrogen and 
irrigation management practices have been 
collected with specific response studies con- 
ducted at some sites. Specific information 
about best management practices applied at 
these sites can be found in Ristau (1999) and 
Delgado (2001 a). These studies have involved 
collaboration with Colorado State University, 
local farmers, the U.S. Department of 
Agriculture-Natural Resources Conservation 
Service (USDA-NRCS) and others to devel- 
op a Best Management Practices Bulletin for 
irrigated systems of south-central Colorado 
(&stau 1999). 

Management-practice information was 
collected at each site, including all N inputs, 
time of N application, and irrigation manage- 
ment. Soil chemical and physical properties 
were also measured and entered into the 
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Figure 3 
NLEAP simulation of water dynamics for a center-pivot irrigated barley and potato rotation. 
Simulated evapotranspiration (ET), available soil water (ASW), and observed Rain + Irrigation 
inputs (Rain + Irr) are shown. The nitrate leached from the root zone (NO3-N LRZ) for these 
shallower (potato) and deeper-rooted (barley) crops, as well as from a similar soil depth of the 
soil profile (NO3-N LSP), were simulated. (For additional information on simulations from 
multiple soil depths see Delgado et al. [~ooo].) 
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Figure 4 
NLEAP simulated the N dynamics in a center-pivot irrigated barley and potato rotation. The 
nitrate leaching from the root zone (NO3-N LRZ) for these shallower (potato) and deeper-rooted 
(barley) crops, as well as from a similar soil depth (NO3-N LSP), were simulated. (For additional 
information on simulations from multiple soil depths, see Delgado et al. [zooo].) 
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brated for accuracy, and the NO3-N in irriga- 
tion water was measured and factored into 
the management system. Climatic data was 
collected from the nearest weather station, 
and local rain and/or snow was measured at 
each site. 

Plant N dynamics at selected sites were 
monitored with the LCM (the SPAD' 
meter), plant sap N03-N tests (the Cardy' 
meter), and remote sensing. These data were 
collected within a GPS fiamework and sum- 
marized with GIS to assess the N and irriga- 
tion-management practices (Delgado et al. 
2001 b, 2002). Remote sensing images 
were acquired with a Duncan Tech MS3100 
multispectral digital camera (Duncan 
Technologies) to monitor N status. This 
camera acquired data in the green, red, and 
near-infiared regions of the electromagnetic 
spectrum. Remote sensing images were 
acquired from an aerial platform and with 
flight navigation using MediaMapper soft- 
ware (Red Hen Systems Inc.). Image process- 
ing and analyses were done with ERDAS 
Imagine v8.4 (ERDAS Inc.) software. 
Ground control points were used for 
geo-rectification of the acquired images. 
Surface maps were created with SojlRx@ and 
MapCalc (Red Hen Systems Inc, Fort 
Collins, CO). 

Results and discussion. Figure 3 summa- 
rizes the water dynamics for a typical field, 
irrigation and rain inputs (dashed line) 
followed potential ET (solid line), which 
contributed to a small water surplus and a 
reduction of NO3-N losses h m  the system. 
Although the average precipitation in this 
region is about 175 mm (7 in) per year, local 
thunderstorm events can contribute to leach- 
ing events from the root zone. Because there 
were differences in root depths between the 
deep-rooted barley and shallow-rooted 
potato, the avadable soil water for barley and 
potato were 40 mm (1.6 in) and 31 mm (1.25 
in), respectively. The only precipitation event 
that was greater than 16 mm (0.65 in) during 
the two growing seasons shown in Figure 3 
was 38 mm (1.5 in) early in the barley grow- 
ing season (May 9), about one month after 
planting barley. At this time the available soil 
water was low, because barley root depth was 
shallow. For potato there were two local large 
rain events during the growing season, 40 
mm (1.6 in) on July 3 and 35 mm (1.4 in) on 
Aug. 29. The first large precipitation event 
was before the close of potato canopy and the 
late August event occurred when the residual 
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soil NO3-N susceptibility to leaching was 
hgh.The water inputs from the local thun- 
derstorms were the driving force for N03-N 
leachng out of the root zone. However, the 
irrigation and N management practices kept 
NO3-N leachng to a minimum, as discussed 
below. 

Figure 4 summarizes the N dynamics for 
the same field and shows that N03-N leach- 
ing losses from the root zone were 24 and 72 
kg NOJ-N ha-' (21 and 64 lb N ac-') for 
barley and potato, respectively. The N03-N 
leaching losses fiom the 1 m (3.2 fi) deep soil 
profile were 12 and 22 kg NO3-N ha-l (1 1 
and 20 lb N ac-') lower than those from the 
root zone. The NO3-N applied with irriga- 
tion amounted to 27 and 21 kg N03-N ha-' 
(24 and 19 lb N ac-') for the barley and 
potato, respectively. For barley, the irrigation 
water N03-N was smaller than the amount 
leaching from the soil profile.Thus, the barley 
had a net effect of removing about 15 kg 
NO3-N ha-' (13 lb N03-N ac-').The rotation 
of a deep-rooted small grain with a shallow- 
rooted vegetable crop promoted the scaveng- 
ing of NO3-N out of the lower soil depths, 
reduced net NO3-N leaching, and con- 
tributed to the conservation of groundwater 
resources. Irrigation scheduling was a signifi- 
cant factor in reducing NO3-N losses from 
the soil profile. Although the potato system 
had a net leachng loss of about 1 kg NO3-N 
ha-' (1 lb NO3-N ac-'), the net effect for the 
rotation was an annual removal of about 7 kg 
N03-N ha-' (6.4 lb N03-N ac-'). Therefore, 
the rotation of deep-rooted small grains with 
shallow-rooted crops contributed to the 
recovery of NO3-N from ground water. 
Nitrogen use efficiency is correlated with 
root depth, and management practices that 
increase NUE will reduce N leaching from 
irrigated systems. 

An important principle demonstrated in 
these studies is the need to apply N to irri- 
gated systems with split applications, i.e., by 
sidedressing or by small additions through the 
irrigation system. Splitting N applications 
contributes to increase NUE, especially when 
N is applied at the time of greatest demand. 
These on-farm studies have also shown the 
value of monitoring the crop N status with 
measurements of petiole NO3-N content on 
a dry matter basis, as recommended by Ristau 
(1999). The LCM and in situ N03-N test 
have been correlated with the dry-tissue test 
and are viable alternatives that farmers can 
use to monitor the in situ N status of these 

Figure 5 
Spatial variability of clay (a), soil and NO3-N for the surface o to 0.6 m (b) and correlation 
between fine particles (clay and silt) and soil NO3-N (c) of a center-pivot irrigated of south- 
central Colorado. 

crops.The yield of irrigated barley was signif- 
icantly correlated (8>0.75) with both the 
LCM and sap NO3-N readings. 

The principles and concepts for managing 
N leachng discussed above can be hrther 
evaluated with new GIS and GPS software 

and technologes. There is potential to apply 
these principles and concepts to specific areas 
of the fields, or management zones. Figure 5 
shows the spatial distribution of soil clay 
and residual soil N03-N to 60 cm (24 in). 
Figure 5 shows regions where the accumula- 
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Figure 6 
Spatial variability of NDVI of a barley center-pivot irrigated of south-central Colorado. 

tion of residual NO3-N is correlated with soil 
texture (Delgado 1999,2001b; Delgado and 
Duke 2000), although the correlation is not 
strong (?=0.29), it was significant at 
P<O.OOl. Delgado (1999) reported that the 
residual soil NO3-N was higher in the finer- 
textured areas for three fields, before and after 
harvest of lettuce, potato and small grains. 
Farmers can take advantage of this correlation 
to construct N budgets by zones and apply 
the needed amounts of N that wdl contribute 
to high yields, better-quahty crops and lower 
environmental impacts. Delgado et al. (2001b) 
reported the application of remote sensing 
technologies to monitor crop N status during 
the growing season. Figure 6 is an NDVI 
image of the center-pivot system, which 
shows areas that were correlated to the hgh  
concentrations of residual soil NO3-N. 
These preliminary data (Figures 5 and 6) sug- 
gest that remote sensing technologes will be 
useful tools in defining areas with high N 
accumulation @gher N recoveries) and dis- 
tinguishing them from areas with low N 
accumulation that are susceptible to hgher 
N03-N leaching (Delgado 2001a; Delgado et 
al. 2001b, 2002).The NLEAP model was able 
to simulate the effects of management prac- 
tices on the high and low N accumulation 
and NO3-N leaching for these areas (Delgado 
1999, 2001a). These high NO3-N leachmg 
areas can then be targeted for site-specific 
application of one or more of the above 
leaching-management techniques to reduce 
N03-N leaching. Additionally, by using man- 
agement zones, accurate N budgets can be 
conducted for those areas of high N accumu- 

lation, reducing N applications and losses 
from the system. 

Case studies synopsis. Irrigation schedul- 
ing and N management practices, such as N 
rates consistent with expected yield, split N 
applications, and accounting for soil NOgN, 
can increase NUE and reduce NO3-N leach- 
ing. Use of crop rotations will also contribute 
to reduced N 1eaching.The use of N and irri- 
gation best management practices minimized 
net losses of NO3-N from the soil profile, 
which will protect groundwater quality. New 
sensing technologies combined with spatial 
statistics can monitor the crop N status and 
contribute to a further reduction of N leach- 
ing from irrigated fields. 

Summary and Conclusions 
Controlling N leaching presents a challenge 
to nutrient managers, who must develop N 
management plans that consider rate and 
application strategies that account for soil 
properties, hydrology, and crop-dage systems 
of a specific site. Major leaching events occur 
when soil N concentrations are high and 
water is moving through the soil prof3e.The 
universal tools for managmg N leaching 
include understanding the soil-crop-hydro- 
logic cycle, avoiding excess N applications, 
and applying N in phase with crop demand. 
Specific cropping system tools for managing 
leaching include use of grass cover crops, 
adding a legume to a rotation, and adding 
crops that more f d y  use the soil-water 
resources. The primary water-management 
tool to reduce N leaching is irrigation sched- 

uling. Other watershed approaches to reduce 
leaching losses include use of riparian zones 
and conservation reserve program areas. Site 
monitoring tools such as the pre-sidedress soil 
nitrate test, leaf chlorophyll meter, and tissue 
nitrate tests are usehl in identifjring N-suffi- 
cient sites and avoiding excess N rates. Real- 
time monitoring techniques, such as the N 
Reflectance Index and the Normalized 
DXerence Vegetation Index, can be com- 
bined with GPS and GIS to produce maps of 
the crop N status. Crop simulation models 
can also be used to integrate N and water 
dynamics during a growing season, as well as 
to provide guidance in designing practices for 
reducing N leaching. The application of the 
above N-management tools to fields, or to 
specific management areas within a field, will 
improve crop N recoveries with subsequent 
reductions in N leaching. 

Endnotes 
aNames are necessary to report factually on 
available data; however, the USDA-ARS nei- 
ther guarantees nor warrants the standard of 
the product, and the use of the name by the 
USDA-ARS implies no approval of the prod- 
uct to the exclusion of others that may be 
suitable. 
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