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Several authors have reported a correla-
tion between land use patterns and
higher nitrate-nitrogen (NO3-N) concen-
trations of underground water resources
(Hallberg 1989; Juergens-Gschwind 1989;
Fletcher 1991; Wylie et al. 1994; Hall
1996). These authors have identified excess

nitrogen (N) inputs as potential sources of
NO3-N that can be leached out 
of the root zone and impact underground 
water resources. Animal operations and even
leaching from old septic tanks have been
correlated with the movement of NO3-N 
to underground water (Hallberg, 1989).

Hallberg (1989) reported that natural systems
have on average less than 2 mg NO3-N L-1

(2 ppm NO3-N). Madison and Brunett
(1985) reported that NO3-N originating
from human activities that has been leached
and transported into underground water
bodies can increase the NO3-N concentra-
tions beyond background levels and can 
cause groundwater NO3-N to exceed 10 mg
NO3-N L-1 (10 ppm NO3-N). Hallberg (1989)
reported that the distance from the source of the
leached NO3-N to the water bodies is correlat-
ed with the impact. For example, at a national
level, shallow wells less than 30 m (98.4 ft) deep
had 50% of their reported concentrations 
at higher than 3 mg NO3-N L-1 (3 ppm 
NO3-N). The frequency of concentrations
greater than 10 mg NO3-N L-1 (10 ppm NO3-
N) increased to more than 70% for the shal-
lower wells. All states have reported higher
NO3-N levels than those observed in natural
systems (Hallberg 1989; Fletcher 1991).

ABSTRACT: Nitrogen (N) inputs are essential for increasing yields and maintaining the economic
viability of farming systems worldwide. Although best irrigation and N management practices
have been used, increases in worldwide use of N fertilizers combined with average N use
efficiencies of 50 percent have contributed to increased leakage from the N cycle (e.g., higher
nitrate-nitrogen (NO3-N) leaching losses). Specific land use patterns have been correlated with
higher NO3-N concentrations in underground water resources. There is a critical need to continue
improving best management practices to reduce NO3-N leaching losses, increase the economic
viability of farming operations, and conserve water quality.

To help meet these objectives, this paper recommends the essentials for the development of a
national NO3-N leaching assessment tool. The resulting NO3-N leaching index (NLI ) should be
based on hydrological soil properties and climate, must consider management practices and
associated crop rotations, and incorporate off-site effects. Development of the NLI should
include the use of simulation models and expert systems; databases for soils, climate, and
management; and use of the Internet. The index also needs to allow input of local site-specific
information from producers and field personnel. The index needs to be national in scope and yet
flexible enough for use in specialized or difficult cases. Routine use of the index needs to be kept
simple and quick with minimal input from the user so that field office personnel can apply the
tool on a regular basis. Application of the NLI should be linked to the phosphorus (P) index so
that management of key nutrients—N and P—can be accomplished simultaneously.

We recommend a 3-tier approach to developing the NLI that would provide a uniform index
yet allow for refinement of accuracy in the index values as necessary to meet study needs. Tier 1
would involve the initial use of an expert system to separate medium, high, and very high NO3-N
leaching potentials from low and very low potential levels by qualitatively screening non-numeric
inputs obtained from users. This initial screening technique is similar to that used to develop the
P index, but would be designed specifically for NO3-N leaching. Tier 2 would involve computation
of the NO3-N leached (NL) index using application models or databases based on models,
followed by introduction of off-site effects and local interpretation and normalization to produce
the final NLI. In difficult cases, a tier 3 study involving detailed research models and field data
would be needed along with the off-site effects, interpretation, and normalization. The NLI could
be used routinely in conjunction with the P index to allow alternative management scenarios that
optimize both N and P for maximal economic return while protecting the environment.
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The NO3-N leaching index should be
designed for simultaneous use with a P index
to better coordinate the management of these
two essential macronutrients. Jokela (1999)
has attempted to make simultaneous applica-
tion of the P index and the leaching index
(LI) (Pierce et al., 1991) by developing an
expert system approach for Vermont. Much
additional work is needed along these lines to
allow a national NO3-N leaching index to
function with the P index.

Eventually, the NO3-N leaching index
should be generalized into an environmental
N loss index including NO3-N leaching, N
losses from surface runoff and erosion, and
atmospheric losses as N2O, NOx, and NH3.
For this paper, however, we will limit discus-
sions to the first phase, namely the NO3-N
leaching index.

Preliminary leaching index work
Leaching Index (LI). Previous work has
developed a range of model-based N leaching
indices that have attempted to account for
various soil, climate,management, and off-site
factors that influence NO3-N (Williams and
Kissel, 1991; Pierce et al., 1991; Shaffer et al.,
1991). Considerable experience has been
gained with applications involving these
indices, and each one has its own strengths
and weaknesses. The U.S. Department of
Agriculture-Natural Resources Conservation
Service (NRCS) has made use of the Leaching
Index (LI) (Williams and Kissel, 1991; Pierce
et al., 1991; van Es et al., 2002) as a measure
of potential NO3-N leaching based on esti-
mated water available to leach. The LI, also
called the Nitrate Leaching Index by some
authors (van Es et al., 2002), is actually a water
percolation index designed to identify fields
susceptible to NO3-N leaching due to deep
percolation of water. Williams and Kissel
(1991) used a storage routine to account for
the major effects of soil, crop, and climatic
factors, using the following equation:

SW1 = SWO1 exp(-∆t/TT1) (1)

where SW1 and SWO1 are water content at
the end and start of time interval ∆t and TT1

is the travel time through layer 1. By using a
water budget that accounted for crop evapotran-
spiration and water inputs,the percolation events
were calculated when the water content exceed-
ed the field capacity of the soil.To complete the
water budget, this percolation model is connect-
ed to an evapotranspiration model.

The U.S. Environmental Protection
Agency (USEPA) reported that drinking
waters with levels greater than 10 mg 
NO3-N L-1 (10 ppm NO3-N) are unsafe for
humans (USEPA 1989). Follett and Walker
(1989) and Follett and Follett (2001) reported
that there are several health concerns about
drinking water with greater than 10 mg
NO3-N L-1 (10 ppm NO3-N), including
methemoglobinemia.About 50% of the U.S.
population uses underground water resources
as their source of drinking water (Sogbedji
2000), making it imperative that we reduce
nonpoint sources of NO3-N and their trans-
port to underground water.

Even though it is almost impossible to
eliminate NO3-N leaching due to irrigation
and precipitation events (Pratt, 1979), several
authors have reported that leaching losses
from agroecosystems can be kept to a mini-
mum (Smika et al., 1977; Hergert, 1986;
Westerman et al., 1988; Schepers et al., 1995;
Thompson and Doerge, 1996a & b, Delgado
et al., 2001). Producers should use best
management practices that properly credit
NO3-N in irrigation water (Bauer et al.,
2001; Delgado 2001a & b). Best management
practices not only can reduce NO3-N leach-
ing, but they can also potentially be used to
mine or scavenge NO3-N from underground
water systems (Delgado, 2001a & b; Delgado
et al., 2001).

The greatest potential for mass transport of
“problem”N (NO3-N,N2O,NOx, and NH3)
from agriculture to the environment occurs
with conversion of N to the NO3-N form in
the crop root zone and subsequent leaching
to shallow aquifers (Kronvang et al., 2001).
These aquifers may drain into the surface
stream network via man-made or natural
drains (subsurface or surface), or the aquifers
may discharge directly into streams and lakes.
NO3-N from discharge of agricultural non-
point sources into the Mississippi drainage has
been implicated in hypoxic conditions in the
Gulf of Mexico (Goolsby et al., 1999;
Schilling and Libra, 2000). In the Midwest
region, a significant amount of this NO3-N
contribution originates from agricultural
drain discharges (Schilling and Libra, 2000;
Randall and Mulla, 2001).

Overland flow of water and associated soil
erosion from agriculture can also move N
into surface water bodies.Agricultural N can
also be lost to the atmosphere in the forms of
N2, N2O, NOx, and NH3. Emissions of N2O
and NOx greenhouse gases have been impli-

cated in global climate change (Barton 
and Schipper, 2001; Maggiotto et al., 2000).
NH3 emissions generate odor problems, may
contribute significantly to N deposition, and
may cause forest decline and species changes
(McCrory and Hobbs, 2001; Ni et al., 2000;
Sharp and Harper, 2002).

Sharpley et al. (2001) reported that U.S.
agricultural systems evolved from net P 
sinks to net P sources, particularly because of
intensive livestock agriculture, one of the
main P contributions to U.S. water bodies.
The P index was developed to help identify
areas with high potential for P transport 
and to contribute to P nutrient management
(Sharpley et al., 1999; 2001). Since the main
mechanisms for N and P dynamics and trans-
formations in soils are different, as well as the
mechanisms for N versus P losses, there is the
need to develop a separate index for N.
Sharpley et al. (1999) reported that if manure
applications are based on crop N needs and
manure N content, soil P concentrations will
be built up to excessive levels, increasing the
potential for off-site transport of P. On the
other hand, they reported that if the P index
is used, and conservation tillage practices that
reduce off-site P transport and runoff are
implemented, NO3-N leaching may increase
due to an increase in water infiltration.
Although Sharpley et al. (1999) identified the
need for a framework to manage N and P
export from watersheds,a corresponding nation-
al NO3-N leaching index that accounts for
management practices and that can be used
simultaneously with the P index has not been
developed. Data presented by Eghball et al.
(2002) clearly show that significant amounts of
the N and P present in compost or manure
organic sources will be available for crop uptake.
It is also clear from Delgado and Follett (2002),
Follett and Delgado (2002), and Sharpley et al.
(2001; 1999) that the dynamics of N and P and
their flows and transport in agricultural ecosys-
tems are different.

Field staffs, consultants, and farmers need a
simplified NO3-N leaching index as a screen-
ing or assessment tool to quickly estimate the
vulnerability of agricultural fields to NO3-N
leaching that could contaminate underlying
aquifers and enter adjacent streams and lakes.
The complexities of the N cycle with its
many potential sources and sinks for N make
calculation of a reliable quantitative NO3-N
leaching index essentially impossible without
the use of computer simulation model(s) and
reliable databases for soils and climate.
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Advantages of LI. This index can be com-
puted using soil, precipitation, and irrigation
data from available databases. There are
nomographs available for LI according to the
precipitation for the four hydrological groups
(Pierce et al., 1991).

Disadvantages of LI. LI is not tied to N
management practices, N dynamics, N sinks,
N uptake, or N sources. It does not estimate
the actual presence or leaching of NO3-N.
There is no estimate of how management
practices or crop rotations that can scavenge
residual soil NO3-N impact net NO3-N
leaching from agricultural systems. van Es et
al. (2002) reported that this method does not
accurately evaluate the NO3-N leached, since
it does not account for management practices
that affect NO3-N.

Movement Risk Index (MRI). The
Movement Risk Index (MRI) (Shaffer et al.,
1991) is a water (or solute) movement risk
index based on water available for deep per-
colation and the properties of the soil. This
index is based on the following equation:

MRI = 1 - exp[(-k)(WAL)/(POR1 + POR2)]
(2)

where k is the leaching coefficient (unitless);
WAL is the water available to leach; POR1 is
the porosity of the top foot; and POR2 is the
porosity of the lower horizon. If no leaching
occurs, the MRI will be equal to zero. If all
the NO3-N available to leach moves out of
the horizon, the MRI will be one.

Advantages of MRI.The WAL component
is calculated based on a detailed water budg-
et for the soil profile. MRI provides a gradu-
ated estimate (0-1 range) of the relative amounts
of NO3-N (if present) that would be expected
to leach from the crop root zone.

Disadvantages of MRI. The index does not
estimate the actual presence or leaching of NO3-
N and is not tied to N management or sources
and their interactions with crop N uptake and
leaching events. MRI does not account for N
dynamics,N sinks,N sources, or crop rotations.

Nitrate-N Available for Leaching (NAL).The
Nitrate-N Available for Leaching (NAL) index
(Shaffer et al., 1991) estimates the mass of
NO3-N available to leach from the soil (on a
monthly or annual basis).The index takes into
account the sources and sinks of NO3-N over
the time period, using the following equation:

NAL=Nf+Np+Nrsd+Nn-Nplt-Ndet-Noth (3)

where Nf is N from fertilizers; Np is NO3-N
from precipitation or irrigation water; Nrsd is
residual NO3-N in the soil profile; Nn is
NO3-N from nitrification of NH4; Nplt is N
uptake from plant; Ndet is NO3-N minus loss
to denitrification; and Noth is NO3-N loss to
erosion and runoff.

Advantages of NAL.The index accounts for
N sources and sinks (other than NO3-N leach-
ing), so it will account for the effects of crop
rotations and some N management practices.

Disadvantages of NAL. The index does not
account for movement of NO3-N in the
leachate, or water balances.This index does not
account for soil hydrological properties, water
budgets, irrigation, or precipitation events.The
NAL does not account for distance to water
bodies or other off-site considerations.
Resource managers sometimes confuse NAL
with the RN index defined below.

Residual NO3-N (RN). The Residual
NO3-N (RN) index (Shaffer et al., 1991) rep-
resents the summation of NO3-N in the crop
root zone at the end of the growing season.
This index has been correlated with NO3-N
leached during the non-cropped (fallow)
portion of the year (Chichester, 1977; Owens
et al., 2000). RN is similar to NAL as a
vulnerability index,but RN is taken at a point
in time, while NAL is based on a period of
time (usually 1 year or 1 month).

Advantages of RN. This is simple index
that can be easily measured in the field or
calculated with a nitrogen budgeting model.
Many areas of the Midwest tend to leach NO3-
N during the winter and spring months.

Disadvantages of RN. Off-season leaching is
not always a major contributor to annual
NO3-N leached. For example, irrigated
systems in semi-arid regions are often more at
risk for NO3-N leaching during the growing
season and may not have much residual NO3-
N left when the crop is harvested (already
leached or taken up by the crop). Effective 
use of RN as a leaching index is limited to
certain regions and/or cropping systems.

Nitrate-N Leached (NL). The Nitrate-N
Leached (NL) index (Shaffer et al. 1991)
represents the mass of NO3-N leached from
the bottom of the crop root zone during a
one-year period. Usually, the amount of
NO3-N leached is given for dynamic steady-
state conditions. The NLEAP model uses
Equation 4 below to compute NL.

NL = (NAL) { 1- exp[(-k)(WAL)/POR2]} 
(4)

Pierce et al. (1991) used a simplified proce-
dure to compute NAL and substituted LI 
for WAL in Equation 4. Other N models use
algorithms that are different, but functionally
similar to Equation 4 when they calculate NL
(Ma and Shaffer 2001).

Advantages of NL. Numerical calculation
of NO3-N leached below the crop root zone
is done based on water and N budgeting for
the soil profile both under a growing crop
and during fallow periods.The NLEAP NL
calculation integrates the NAL and MRI
indices. Regardless of model, the NL index
accounts for management, soils, and climate
factors, water and solute movement, crop N
uptake, N dynamics, N sinks, N sources, and
crop rotations. NL has been correlated with
NO3-N concentrations in shallow underlying
aquifers (Wylie et al., 1994; 1995; Hall, 1996).

Disadvantages of NL. The index is not
directly tied to off-site factors that control the
fate and transport to aquifers, streams, and
lakes. This index is based on a series of
complex algorithms that usually need at least
an application level simulation model.

Nitrogen Use Efficiency (NUE). The
Nitrogen Use Efficiency (NUE) index (Bock
and Hergert, 1991; Shaffer, 1997) estimates
the percentage of applied N that is taken up
by the crop.

Advantages of NUE. In some soil-crop
systems, NUE values are highly correlated
with NO3-N leached. For example, Shaffer
(1997) found that simulated NUE was corre-
lated (r 2 = 0.75) with NO3-N leached in an
irrigated system in eastern Colorado.

Disadvantages of NUE. Measurement of
NUE in the field requires complex methods
usually involving tracers. Simulation of NUE
is feasible, but few models have this capability.
Only a limited number of soil-crop systems
have NUE values that are well correlated with
NO3-N leached. Situations where significant
N losses to denitrification, ammonia volatili-
zation, or immobilization occur or where
NO3-N is being stored in the crop root zone
would have low NUE correlations with
NO3-N leached.

Annual Leaching Risk Potential (ALRP).
The Annual Leaching Risk Potential (ALRP)
index (Pierce et al., 1991; Shaffer et al., 1991)
takes into account the NL index, plus off-site
factors controlling the fate and transport of
NO3-N to aquifers using the equation,

ALRP = f (NLy,TT, PA,VA) (5)



JOURNAL OF SOIL AND WATER CONSERVATION  N|D 2002330

analysis of total N losses from the system as
well as the cropping system N use efficien-
cies, where appropriate. When evaluating 
the effect of best management practices on N 
use efficiencies, it is recommended to have a
complete analysis of the effect of crop
rotations on net NO3-N leaching (Delgado,
2001a).

Management factors have emerged as
being dominant in determining the potential
for NO3-N to leach, especially when long-
term impacts are involved (Delgado, 1998;
Delgado, 2001a & b; Meisinger and Delgado,
2002; Shaffer et al., 1994; Shaffer, 2002).
Computer simulation model(s) used to make
reliable quantitative calculations of the NO3-
N leaching index should be run considering
the crop-rotation accounting for variable
rooting depths. For example, rotating deeper
rooted crops such as winter cover crops with
shallower rooted crops such as lettuce can
recover large amounts of NO3-N previously
leached out of the root zone of the shallower
rooted crops (Delgado, 1998; Delgado et al.,
1999; Delgado, 2001a; Dabney et al., 2001).
These large amounts, up to 300 + kg 
NO3-N ha-1 (267.8 + lb NO3-N ac-1)can be
recycled to the surface horizon. It is also
important to credit NO3-N added to irrigated
fields with irrigation water since there is
potential to mine and recover NO3-N from
underground water (Delgado, 2001a).

Figure 1 illustrates the primary considera-
tions for a general NO3-N leaching index:
management, soils, climate, and off-site
effects. Movement of water below the root

where NLy is the quantity of the NO3-N
leached form the root zone;TT is the travel
time to reach the aquifer; PA is the position
of the aquifer; and VA is the vulnerability of
the aquifer.

Monthly time steps are not recommended
because individual precipitation and irriga-
tion events are not included. The ALRP
index will account for travel time to the
aquifer, aquifer position, and aquifer classifica-
tion (sensitivity).

Advantages of ALRP. The ALRP index
integrates NL with underground off-site fac-
tors, giving a combined estimate of the many
factors needed in a nitrate-N leaching index.

Disadvantages of ALRP. Users have had
trouble identifying off-site factors and relating
to implications of index values; off-site factors
are fixed; index requires an application level
simulation model or detailed bookkeeping to
make calculations for NL using event-based
or daily time steps.

Aquifer Risk Index (ARI). The Aquifer
Risk Index (ARI) (Shaffer et al., 1991) esti-
mates the risk of a shallow aquifer exceeding
EPA standards for NO3-N, using the follow-
ing equation:

ARI =0.369 [No+(NL)(A)+Ns1 - N1]/AMV
(6)

where AMV is the aquifer mixing volume;
No is the initial NO3-N content of the AMV;
NL is the soil NO3-N leached to the aquifer;A
is the area of the field (farm);Ns1 is the NO3-N
entering the aquifer from sources outside of the
farm;N1 is the NO3-N that is leaving the aquifer
with pumped water, tile drainage.

Advantages of ARI. Index estimates impact of
NO3-N leaching on an underlying shallow
aquifer.

Disadvantages of ARI. Index requires shallow
aquifer information that may be difficult to
obtain. The aquifer model may be too sim-
plistic. Calculation of the ARI requires an
application level simulation model for NL.

Important influences on a nitrate-N
leaching index
A national NO3-N leaching index assessment
tool should be capable of conducting a quick
index assessment parallel to those conducted
for other essential nutrients (e.g., the P
index).The NO3-N leaching index needs to
identify the high risk NO3-N leaching areas
and the potential for NO3-N transport to
susceptible underground water resources.

A NO3-N leaching index analysis will not
necessarily be equivalent to a N use efficiency
(NUE) analysis, unless the main mechanism
for N losses from the system is NO3-N leach-
ing. For example, a high NO3-N leaching
index will mean that there is the need to
improve N management to reduce NO3-N
losses. If the main mechanism for N losses in
such a case is NO3-N leaching, then a higher
NO3-N leaching index will be indicative of a
lower N use efficiency and large NO3-N
leaching losses. Mitigation alternatives that
reduce NO3-N leaching losses will most
probably have similar impacts in reducing N
losses and increasing N use efficiencies.

But due to the complexity of the N cycle,
a lower NO3-N leaching index does not nec-
essarily mean lower N losses from the system.
Other mechanisms such as NH3 volatilization
from surface broadcast urea applied to alka-
line soils and denitrification of NO3-N from
flooded fine-textured or slowly-permeable soils
can be sources of higher N losses. Under these
scenarios where other mechanisms contribute to
significant losses of N from 
the system, a lower NO3-N leaching index will
not necessarily mean greater N use efficiencies.

Evaluation of the NO3-N leaching index
should consider the N cycle, with its many
potential sources and sinks. Computer
simulation model(s) using reliable databases
for soils and climate will have to be used to
calculate a quantitative NO3-N leaching
index. Strong computer simulation model(s)
combined with an expert system analysis of
the NO3-N leaching index will allow the

Figure 1
Essential components on NO3-N leaching index (NLI).

Crops
Fertilizer Manure

Irrigation



N|D 2002 VOLUME 57 NUMBER 6 331

process level (Shaffer and Ma, 2001; DeBusk
et al., 2001; Shaffer et al., 2001b). Calculation
of the process-based NL index (eq. 4) is now
feasible using any of several available applica-
tion or research level models (e.g.,GPFARM,
EPIC, LEACHM, NLEAP, GLEAMS,
RZWQM, ecosys). For a detailed description
of these N simulation models, see Ma and
Shaffer (2001).

These models utilize national databases for
soils and climate together with regional or
local crop and related management databases.
In some cases, the models and/or the associ-
ated databases are available on-line via the
Internet. Results obtained from these models
have been validated both nationally and
internationally and have been shown to have
an accuracy of about 22.4 to 56 kg NO3-N
ha-1 yr1, (20 to 50 lb N ac-1 yr1) (Shaffer
2002). Use of the NL (eq. 4) index as a reli-
able and known core can provide a sound
foundation for a national NO3-N leaching
index (NLI ).

Given these requirements and available
technology, we recommend a 3-tier approach
to a new NO3-N leaching index that pro-
vides a uniform method , yet allows for as
much refinement of accuracy in the index
values as necessary to meet study needs (Fig.
2).Tier 1 would involve the use of an expert
system to separate medium, high, and very high
nitrate leaching potentials from low or very low
potential levels by qualitatively screening
non-numeric inputs from users. This initial
screening technique is approximately parallel
to the P index, but would be designed specif-
ically for NO3-N leaching.The results would
not be used for regulation; they would repre-
sent only a flagging procedure, indicating 
if further study was needed. The NO3-N
leaching factors to include in the expert
system analysis are summarized in Table 2, and
include the basic components: management,
soils, climate, and off-site factors. Of these
categories, management is the most impor-
tant and requires special attention. Manage-
ment has been shown to dominate long-term
nitrate-N leaching, regardless of soil or
climate effects, which tend to be secondary.
Off-site effects may become important on a
regional or local basis, but generally remain
secondary to management.

Example rankings from the expert system
for the upper two levels might be as follows:
high potential for nitrate leaching vulnerability =
irrigated areas; tile drained in the Midwest;
manure application (disposal) areas; risky crop

Table 1. Essentials of a national nitrate-N leaching index (NLI) developed on an expert
system platform with strong emphasis on management as well as basic soils, climate, and
off-site factors. The initial tier 1 should be viewed as a screening tool, with access to
various models as needed for quantitative estimates at tiers 2 and 3.

I. An Expert system platform must:
1) be firmly grounded with basic components such as management, soils, climate,

and off-site factors.
2) be based on applicable existing technology.
3) accept site-specific information from producers and field personnel.
4) be able to quickly link to modeling studies for tier 2 semi- to quantitative analyses.
5) provide qualitative tier 1 index values that have been validated.
6) be quick and easy to use.

It should also:
7) have fast configuration for the important parts of a regional/local analysis.
8) include the effects of time—initial versus steady-state effects.
9) be accessible from the Internet (web-based).

II. Management concerns are:
1) framework must be applicable nationally.
2) needs to quickly distinguish the problem areas from the minimal problem areas.
3) long-term management effects are important.
4) should include the effects of the timing of fertilizer, manure applications, and

other N management.
5) must have allowances for regional and local customization.
6) underlying data must be a combination of field data and model simulations.
7) N and P indexes should not be treated as independent.
8) should consider risk assessment.

III. Soils databases:
1) should consider the potential leaching of residual nitrates.
2) should include the effects of soil spatial and temporal variability.
3) must access national soils databases from the web.
4) must access national soil management databases from the web.

IV. Climate databases must access national climate databases from the web.

V. Off-site factors:
1) should allow GIS analysis of soils across fields, fields across farms, and water-

shed effects.
2) should include consideration of potential off-site impacts (eg. shallow vs confined

aquifers).
3) should consider the proximity to streams, lakes, karst areas, and riparian buffers.
4) should consider drinking water supplies and tile drained areas.

zone is also important; N leaching cannot
occur without deep percolation of water.
In this diagram, management is shown to be
of primary importance, but is tempered by
soils, climate, and potential off-site effects.
Management considerations such as crop
types (Delgado, 2001a), varieties and rotation
systems (Delgado et al., 1998a & b), fertilizer
and manure applications and timing (Delgado
et al., 1996; Shoji et al., 2001; Kirchmann and
Bergstrom, 2001), and irrigation play major
roles, along with many other management
aspects such as those described by Meisinger
and Delgado (2002).

Framework for a nitrate-N leaching
index (NLI)
The essential framework components of 
an effective NLI index assessment tool are
summarized in Table 1. Development of a
simple NLI index should include the use of
appropriate available technology, methods,

and databases. These include simulation
models and expert systems; databases for soils,
climate, and management; use of the Internet
(especially client-server methods); and appli-
cation of Geographic Information System
(GIS) technology. The index also needs to
allow the input of local site-specific informa-
tion from producers and field personnel.The
index needs to be national in scope and yet
flexible enough for use in specialized cases.
Use of the index needs to be kept simple and
quick with minimal input from the user so
that field office personnel can apply the index
on a routine basis.

Empirical indices developed using local or
regional data can function on a limited basis,
but do not provide a general framework for
the development of a national index. The
complexity of the nitrogen cycle with its
many N sources and sinks makes generaliza-
tion to a unified framework difficult without
the use of a mechanistic approach at the
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rotations (e.g., shallow rooted vegetable
crops); coarse textured soils and high precipi-
tation; shallow drinking water supply; near a
lake or stream; karst area. A high potential
becomes even more critical in combination
with sandy soils, a history of high residual
nitrates after harvest, fall fertilizer applica-
tions, risk for winter/spring leaching from
precipitation, or over-application of N
fertilizers. Multiple occurrences of potential
problems would be justification for a ranking
of very high potential for nitrate leaching vulnera-
bility. The approach has to be kept simple,
but should include the concept that poor
management over an extended time period
can cause potential NO3-N leaching prob-
lems anywhere, regardless of soils or climate.
Soil or climate alone should not trigger
concern, especially under good management.
Managers might want to customize expert
system parameters on a regional or state basis.
For example, a local crop rotation or practice
might be vulnerable to N leaching, but not
commonly used elsewhere.

Tier 2 would provide for routine estima-
tion of a numeric NL index using appropri-
ate application level models. Ideally, these
models would be accessible from the Internet
along with national databases for soils and cli-
mate. There are several models available that
are tied to regional or national databases and
that can make the appropriate NL calcula-
tions at dynamic steady-state for long-term
crop rotations. Examples include NLEAP
(Shaffer et al., 1991), GPFARM (Ascough et
al., 2001),GLEAMS (Knisel, 1993), and EPIC
(Williams and Renard, 1985). The steady-
state NL results from this calculation could
then be normalized to a common range that
is tailored to regional or local off-site effects.
This would involve the determination of an
allowable maximum for NL given potential
off-site conditions. For example, the presence
of a shallow aquifer used for drinking water
supplies might require the maximum NL be
set to 28 kg NO3-N ha-1 yr-1 (25 lb NO3-N 
ac-1 yr-1) to prevent the aquifer from exceed-
ing EPA standards of 10 mg L NO3-N 
(10 ppm NO3-N). If a 0 - 32 range is selected
for the NLI similar to that selected by
Sharpley et al., (2001)  for the P index, then
the 0 - 28 kg NO3-N ha-1 yr-1 range (0 - 25
lb NO3-N ac-1 yr-1) would be normalized to
the 0 - 32 NLI range. Vulnerability class
names could be assigned to ranges within the
overall 0 - 32 range, similar to the way they
are assigned with the P index (Sharpley et al.,

Table 2. Factors important to nitrate leaching index Tier 1 (initial screening, expert system).

Management factors —
General Management

Use of simulation models to evaluate N use efficiencies and total N losses
Use of geographic information systems (GIS) to manage variability

Irrigation
Efficiency
Scheduling (use of models)
Type
Water quality (hard water, salts, sodium)
Drainage systems (surface or tube)

Cultivation
Minimum tillage
Tillage/residue management systems

Fertilizer N
Applied proper N application rate (N budgets)
Split N applications
Nitrification inhibitors
Fertilizer type
Method of application
Time of application 
Management zones for N applications
Credits for SOM mineralization
Credits for residual N management
Credit NO3-N in N in irrigation water
In season monitoring of N status (e.g., petiole NO3-N analysis)
Real time monitoring tools (remote sensing, NRI, NDVI)

Manure
N application rates
Compost /liquid applications
Credits for N and P content

Crop
Shallower versus deeper rooted crop
Leguminous versus non-leguminous
Rotation (total N uptake, N removed, N recycled)
Diseases

Soil factors —
Soil physical and chemical properties

Texture
CEC
Bulk density
Organic matter
Drainage
Profile depth
Coarse fragments
pH
Phytotoxic ions
Water-holding capacity
Porosity
Preferential flow
Slope

Climate factors —
Temperature
Rainfall, total precipitation, and distribution
Probability of having a precipitation event greater than 1, 3, or 12 inches 
Humidity
Drought periods
Precipitation timing (significant off season, e.g., winter and spring precipitation)
Precipitation exceeds ET? (arid, semiarid versus humid)

Off-site factors —
Watersheds

Side of the watershed
Use of buffers or other recommended practices
Presence or absence of riparian buffer zones
Proximity to streams or lakes
Karst area

Aquifers
Depth to water table
Underlying shallow aquifer (drinking water source) versus deeper confined aquifer
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1999).A final N leaching index with a com-
mon definition would allow comparisons of
the index to be made from one region to
another where different sensitivities to N
leaching may occur.

Tier 3 would provide a case-specific
refined estimation of the NLI for specific
management and conditions using research
models and field research. For cases in which
a more detailed simulation and/or field study
are needed, research models such as
RZWQM, LEACHM, or ecosys, and research
plots or farms can be used to establish refined
values for NLI. Unusual, difficult, or sensitive
situations not handled by the application
models would be candidates for the Tier 3
approach. Examples include a fluctuating

shallow water table extending into the root
zone, wetland conditions such as the growing
of rice, and karst geomorphology.

Role of simulation models
Models have several potential roles in the
development of the NLI index tool, includ-
ing providing data and information to assist
with refinement and extension of the tier 1
expert system. But the most important mod-
eling function would be providing simulation
capabilities for calculation of the NLI for the
second and third tier analyses.This is a critical
part of whole process and needs to be done
using reliable tools that have been thoroughly
tested.

For example, the MRI is calculated in the

NLEAP versions 1.2 and 1.3. NLEAP incor-
porates both the MRI and NAL indices to
estimate NL.The NLEAP NL index has been
shown to be correlated  with NO3-N con-
centrations in shallow underlying aquifers
(Wylie et al., 1994; 1995). Some modeling
might also be needed to extend the NL
values to become the NLI based on local
conditions off-site. For example, associated
qualitative interpretation of the NL numbers
to become NLI would depend on local con-
ditions and policies. A good starting rule of
thumb for irrigated agriculture over shallow
aquifers might be NL > 56 kg NO3-N ha-1

yr-1 (50 lb NO3-N ac-1 yr-1) will have a NLI
= potential for moderate NO3-N leaching impact;
NL > 112 kg NO3-N ha-1 yr-1 (100 lb NO3-
N ac-1 yr-1) will have a NLI = potential for high
NO3-N leaching impact; NL > 168 kg NO3-N
ha-1 yr-1 (150 lb NO3-N ac-1 yr-1) will have a
NLI = potential for very high NO3-N leaching
impact. But local conditions off-site, such as
close proximity to a karst area or surface
stream, would require refinement of these
number ranges along with possible normal-
ization to a common scale such as the 0 - 32
range used with the P index.

Importance of Internet Capabilities
All users of the NLI assessment tool need to
have access to the same (and latest) expert sys-
tems, models, and databases.The best way of
accomplishing this is to make use of client-
server technology on the Internet.This would
provide for consistency in NLI results across
the country and would greatly simplify main-
tenance and updating of the computer code
and databases. The computer programs and
databases would reside on server computers
located anywhere in the country and client
users could access the NLI system from any-
where that a suitable Internet connection is
available.

Integrated NLI Assessment Tool
Figure 3 shows the completed overall NLI
assessment tool with expert system screening
to identify potential NO3-N leaching prob-
lems or sensitive cases and computation of 
the NL index using application models or
research simulations for difficult cases, fol-
lowed by application of off-site effects and
local interpretation to produce the final NLI.
Benefits of this type of tool include rapid
initial screening to identify potential NO3-N
leaching problem areas; rapid simulation
analyses or database table look-ups to put

Figure 2
Tier structure of proposed NO3-N leaching index (NLI).

Compute N screening index.

Application models compute NL index,
converted to NO3-N leaching index (NLI)

Research models & field research
compute NL index, converted to

NO3-N leaching index (NLI)
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Tier 2

Tier 3

▼

▼
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Figure 3
Overall NO3-N leaching assessment tool.
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numbers on qualitative results from the
expert system screening by using on-line
models and databases on the Internet; and
refined results containing normalized NLI
values based on local off-site effects.

Since the dynamics and transformations of
N and P are different as well as their mecha-
nisms for N and P transport, we need to
develop a NLI assessment tool that can be
used separately but simultaneously with the P
Index to improve our assessment and evalua-
tion of potential management alternatives
that can contribute to N and P cycling 
and the conservation of our environment.
Application of a NLI that has been normal-
ized for a range similar to the P index should
help to simplify this process. Management
trade-offs may be needed to allow both NLI
and P index values that are within acceptable
ranges.

Summary and Conclusions
This paper recommends the essentials for the
development of a NO3-N leaching assess-
ment tool.The resulting NLI should be based
on hydrological soil properties and climate,
with consideration of management practices
and associated crop rotations, and inclusion of
off-site effects. Management factors have
emerged as being dominant in determining
the potential for NO3-N to leach, especially
when long-term impacts are involved. The
NLI assessment tool should be designed for
use separately but in conjunction with the 
P Index to improve our assessment and eval-
uation of potential management alternatives
that optimize both N and P cycling for envi-
ronmental protection.

Development of the NLI should include
the use of simulation models and expert
systems; databases for soils, climate, and
management; and use of the Internet and GIS
technology.A 3-tier approach should be used
in order to provide a uniform index, yet allow
for as much refinement of accuracy in the
index values as necessary.Tier 1 involves the
use of an expert system to rapidly do an initial
qualitative screening to separate medium, high,
and very high nitrate leaching potentials from
low or very low potential levels based on non-
numeric inputs from users. Tier 2 includes 
the computation of the NL index using
application models, followed by introduction
of off-site effects and local interpretation and
normalization to produce the final NLI. In
difficult cases, a tier 3 study involving detailed
research models and field data would be

needed along with the off-site effects, inter-
pretation, and normalization.

The NLI calculation system would essen-
tially consist of a refined version of the ALRP
index approach (Pierce et al., 1991; Shaffer et
al., 1991) that would include the addition of a
web-based expert system for the initial
screening of medium, high, and very high 
NO3-N leaching potentials, followed by the
calculation of the NL index at dynamic
steady-state using web-based application
models and databases, and a final web-based
calculation of a normalized NLI based on
regional or local criteria and off-site condi-
tions.The NLI should be used in conjunction
with the P Index to generate alternative
management scenarios that optimize both N
and P for maximal economic returns while
protecting the environment.Technology, data-
bases, and development tools are already avail-
able that could be used to build this NLI tool.
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