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ABSTRACT

NITRATE LEACHING POTENTIAL AS AFFECTED BY THE
SPATIAL VARIABILITY OF Bt HORIZON MORPHOLOGY

By

Bruce Karl Johnson

The main objective of this study was to relate
estimated nitrate leaching to field-scale spatial
variability of Bt-horizon morphology. The six-hectare site
contained coarse-loamy and fine-loamy Typic Hapludalfs. The
site was cropped to corn and alfalfa, and irrigated with

water and dairy lagoon waste.
220 s0il profiles were grid-sampled and described. The

Bt-morphology data were analyzed using geostatistical

procedures. Semivariograms for Btl clay content, Btl

thickness, and 2Bt2 thickness displayed strong spatial

dependence over ranges of 10-30 meters. Control-section clay
content varied from 7-28 percent across the site.

Soil-water nitrate concentrations at a one-meter depth
were sampled weekly using suction lysimeters. The suction-
lysimeter data could not be directly correlated with Bt-
horizon morphology. However, the CERES Maize computer model
estimated nitrate fluxes under corn for the range of
control-section clay contents. The model predicted
consistently lower nitrate leaching with increasing clay

content, and accurately predicted corn-grain yield and soil-

water nitrate concentrations.
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INTRODUCTION

Nitrate contamination of groundwater is an
environmental concern, and agricultural activities are a
major source of nitrates. At the Kellogg Biological Station
(KBS) in southwestern Michigan, a center-pivot irrigation
system disposes dairy lagoon waste onto corn and alfalfa
fields. Research scientists, KBS farm managers, and local
residents were interested in estimating the degree of
nitrate leaching from these fields. The purpose of this
study was to estimate the nitrate flux under the KBS center-
pivot system, to predict the effects of soil spatial
variability on the nitrate flux, and to compare soil-water
nitrate concentrations under corn, alfalfa, and hardwood
forest. The goal was to provide information for farm-
management decisions and to determine if the soil
variability dictated special management practices for
reducing field-wide nitrate leaching.

Many factors influence the extent of agricultural
nitrate leaching to groundwater. Key management factors are
N;fertilizer rates and timing, water management, cropping
systems and tillage, all of which are essentially controlled
by the farmer. Soil morphology can also be an important
determinant of the rates and degrees of nitrate leaching.
Any management strategies which address nitrate leaching
must consider the inherent soil properties that interact

with management variables.
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Soil profiles with fine-textured horizons and/or

textural discontinuities restrict water movement through the

soil, thus increasing the potential for plant uptake or

denitrification (Pratt, et al., 1972; Devitt, et al., 1976).

Control-section texture has been significantly correlated

with average soil nitrate concentrations below the root zone

(Lund, et al., 1974). Control-section clay content alone
accounted for 68 percent of the subsoil nitrate variation.

Profile drainage, and hence nitrate leaching, is

probably governed by the least-permeable horizon in the

profile (Nielsen, et al., 1973; Jones and Kiniry, 1986). For

the Typic Hapludalfs of the KBS center-pivot field, the

least-permeable horizons are the Bt horizons. A 1987 study

BS demonstrated the spatial dependen
1989, unpublished data). Thus, it is

at K ce of Bt-horizon

morphology (J.R. Crum,

the spatial variability of the Bt-horizon morphology which

may control the degree of nitrate leaching under given

management practices at KBS. By documenting the Bt-horizon
spatial variability and modelling its effect on nitrate
leaching, it can be determined whether soil variations are

jnfluential enough to warrant special management practices

for areas more susceptible to nitrate leaching.

-



Hypothesis

Field-scale spatial variability of Bt-horizon
morphology significantly affects nitrate leaching in the
Typic Hapludalfs at KBS. Soil profiles which contain thinner
and/or coarser-textured Bt horizons may contribute

disproportionately to field-wide nitrate leaching.

Objectives

1) To characterize the spatial variability of Bt-
horizon morphology for a portion of the KBS center-

pivot field.

To examine the effects of soil variability and land-

2)
uses on soil-water nitrate concentrations.

To use actual soil-water nitrate concentricions and
computer-modelled profile drainage to estimate the
annual nitrate flux under corn, for a range of Bt-

horizon variationmns. _

4) To compare computer-modelled nitrate leaching
estimates for rainfed and irrigated simulations, and

to validate model outputs where possible.

3)




LITERATURE REVIEW

I. THE NITRATE "PROBLEM"

Groundwater quality is a major environmental concern.

One of the most ubiquitous contaminants in groundwater is

nitrate (NO3-), an inorganic form of nitrogen. In Michigan,

idence and severity of groundwater nitrate

contamination has risen sharply in the last two decades, a

onally and internationally

the inc

trend which is mirrored nati
(D'Itri et al., 1985; PFairchild, 1987; Kittleson and Kruska,
ainties exist about the significance,

ends, and possible solutions

1987). Many uncert

mechanisms, effects, future tr

associated with this problen.

Many natural and anthropogenic sources of nitrates

occur in the environment. In nature, principal sources of
position) of

inorganic nitrogen are mineralization (decom

organic matter and inorganic nitrogen found within

minerals/geologic deposits. Man-made sources of nitrates

include industrial and automotive emissions, industrial

discharge, urban sewage and runoff, agricultural N-

fertilizers, livestock wastes, and rural septic systems

(National Research Council, 1978). In rural areas, excessive

pitrates in surface and groundwaters are strongly tied to

agricultural activities and fertilizer use (NRC, 1978;
Spalding and Exner, 1980; Hubbard et al., 1984; Loehr,
1984) . Production agriculture may account for three-fourths
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(Keeney, 1982). Nitrates, due

of the nitrogen in US streams

to their high solubility and negative charge, migrate via

1-water movement in most temperate soils.

ltural nitrates affect both surface and

soi

Excess agricu

ground-water systems. small (<10 ppm) nitrate-level

increases have resulted in "moderate” increases in biotic

which can alter stream/lake ecology (NRC,

productivity

1978) . Nitrate is a limiting nutrient only in highly

eutrophic lakes and streams with low nitroqen-to-phosphoroua

ratios (NRC, 1978). In most inland aquatic ecosystens,

s the limiting nutrient,
ases are relatively small (NRC,

phosphorous i and the eutrophication

effects of nitrate incre

1978) . Nitrate increases in groundwater generate concern

primarily due to the degradation of drinking-water supplies.

The impact of nitrates on human health is not clearly

understood. Nitrates are directly toxic only in massive

doses, but nitrates can pe converted in human digestive

to nitrite (NO2-) and possibly N-nitroso compounds.

a potentially fatal

systems

In infants less than two years old,

condition known as methemoglobemia (cyanosis) can result

from excessive nitrate ingestion and subsequent nitrite

formation (NRC, 1978). Infants less than three months old

are particularly susceptible to the condition, due to the

presence of gastric pacteria which can readily oxidize

nitrates to nitrites. In 1962 the EPA established an upper

1imit for drinking water of 10 ppm nitrogen in the nitrate

form (10 ppm NO3--N). The incidence of methemoglobemia is

« 1
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rare when drinking water contains less than 10ppm NO3--N,

but it measurably increases at higher levels (NRC, 1978).

uethemoglobemia njg rarely fatal, is readily diagnosed, and

idly reversible with clinical treatment” (NRC, p.6).

is rap

Milk and bottled water are safe alternatives for infant

é
is suspectf No case of

diets if tap-water quality
d in an adult human (NRC,

methemoglobemia has been documente

1978).

A more serious health threat is represented by N-

nitroso compounds, which are potential by-products of

nitrate/nitrite ingestion. Nitrosamine derivatives are of

rn. In laboratory animals, nitrosamines are

particular conce

carcinogenic for all vital tissue types and can induce

ancy. Nitrosamine risk

risk

tumors from a single dose given at inf
factors for humans cannot be accurately estimated:’

estimates vary by one or two orders of magnitude (NRC,

1978) . Nitrosamines potentially metabolized from drinking

water are minute compared to such sources as cured meats and
cigarettes (NRC, 1978; Food Safety and Quality Service,

1978) . The real health risks posed by typical nitrosamine

exposure are believed small, but enough ambiguity exists for

limiting exposure to these compounds and their precursors

(NRC, 1978).

Limiting the ingestion of inorganic nitrogen depends on

e of the relative contribution from various sources.

of dietary nitrates from

knowledg

An "average" American ingests 80%

per day of water at the BPA limit

vegetables, and two liters

-
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would contribute only 17 percent to total daily intake (data

1975; re-calculated by author for 10ppm NO3--N

from White,

water). Because ingested nitrates are significant due to

their conversion to nitrite (NO2-), we must also consider

The largest source of ingested

direct nitrite ingestion.

nitrite is saliva, but the slow rate of formation and

ingestion probably produces minimal effect (NRC, 1978).

est single-dose

Otherwise, cured meats represent the larg

nitrite source. Cured meats are also a direct source of

nitrosamine compounds (Food safety and Quality Service,

alth risks associated with nitrates, nitrites, and

1978), but drinking

1978) . He

nitrosamines are controversial (NRC,

ese compounds. Because

water is not a major source of th

typical nitrate ingestion from water ijs relatively minor,

infant health and public policy enforcements are the prime

reasons for maintaining the EPA standard (NRC, 1978).

in groundwater data suggest that nitrate

regardless of current

Trends

increases may persist for some time,

activities. With the rates of nitrate accumulation in

groundwater largely unknown, and health effects still

uncertain, a conservative approach toward nitrate-leaching

management seems wise. Furthermore, nitrogen losses continue
t sub-optimal yields for farmers, economic input

to represen

losses, and inefficient recycling of nitrogen wastes.

The research emphasis on nitrates may seem questionable

given the apparent seriousness of such problems as pesticide

contamination of groundwater. But nitrates do provide an

- |



opportunity to study how a rather ubiquitous, mobile
contaminant leaches through soils and enters groundwater
systems. Nitrate-leaching research provides important clues
for soil-to-aquifer transport processes and contaminant
travel times. This knowledge is applicable to a wide range

of groundwater contamination problems.

II. MANAGEMENT FACTORS AFFECTING FERTILIZER NITRATE
MOVEMENT TO GROUNDWATER

Two conditions are essential for nitrate leaching to
groundwater: 1) soil nitrates must be available for
leaching, and 2) water must transport nitrates below the
root zone (Smika, et al., 1977). These two conditions
highlight the central roles played by nitrogen application
and water management as primary management variables for
limiting nitrate losses. However, crop uptake of N is
dependent upon so many interrelated factors that the entire
farming system must be geared toward maximizing N-use
efficiency. As Keeney (1982, p.626) states, "The greatest
néed is to predict accurately the N dose-response
relationship for a given crop on a given farm." There is no }, e
advantage in applying excess N if other factors are limitinQS

production.



Nitrogen Fertilizer Rates

The environmental effects of nitrogen fertilizer rates
are not due to the rates per se, but to the degree to which
the crop can use the applied N (NRC, 1978). This fact has
frustrated attempts to recommend simple, environmentally
sound, fertilizer-rate guidelines. The difference between
applied N and crop uptake represents a potentially leachable
fraction, depending largely upon the degree of
denitrification (Stanford, 1973). Given the variability in
quantifying directly-measured N-leaching, the nitrogen mass
balance remains a good overall indicator for estimating
leaching potential at field scales (Pratt et al., 1972).

While total N uptake may increase with N-application
rates, the percent recovery of N decreases (Gerwing, et al.,
1979; Olson & Kurtz, 1982; Motavalli et al., 1989).
Nightingale (1971) found a positive correlation between N-
fertilizer rates, soil NO3--N concentrations below the root
zone, and groundwater concentrations of NO3--N. The study
included several crops and soil types, and emphasized that
N-use efficiency was more deterministic of leaching than
N-fertilizer rates themselves. Residual NO3--N after harvest
is a major factor in leaching, and excess N may not appear
in water wells for many years (Pratt et al., 1972). Smika et
al. (1977) found a high negative correlation (r=-0.99)
between nitrate leaching at 1.5 meters and total dry matter

production for corn, suggesting a strong inverse

al
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relationship between N-leaching and N-use efficiency. Total
residual-N in soil profiles is related to fertilization
rates (Olsen et al., 1970; Chichester & Smith, 1978), and
long-term overapplication can result in greater losses to

subsurface water (Chichester & Smith, 1978).

Fertilizer Timing

If excess soil nitrate is limited throughout the
growing season, the probability of a precipitation or
irrigation event transporting nitrate is reduced. The theory
behind timed N-applications is that fertilizer applications
should be synchronized with crop demand, thereby placing
nitrogen in the environment only when there is good
probability of crop uptake (Stanford, 1973; Olson & Kurtz,
1982).

In Minnesota, single N-applications increased aquifer
nitrate levels by 7 to 10 ppm under irrigated corn, but no
nitrate increase resulted from the same rate split over four
applications (Gerwing et al., 1979). Timmons and Dylla
(1981) reported 12% greater NO3--N losses for one-time
broadcast versus split fertilizer applications, but only
under higher (5cm/application) irrigation rates. The Timmons
study lacks treatment-specific yield data, however, leaving
crop uptake differences as an uncontrolled variable. On a
sandy Wisconsin soil, saffigna et al. (1977) reduced

seasonal nitrate leaching under potatoces from 200 to 120 kg
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N/ha by decreasing N-fertilizer rates and increasing the
frequency of split applications. Potato yields were the same
for both the conventional and improved treatments.

Crop simulation models provide an interesting
theoretical glimpse at benefits derived from timed
applications. Alocilja and Ritchie (1989) used the CERES
Maize model to schedule nitrogen applications, optimizing
economic returns versus nitrate leaching. If the model is
validated for a given geographic area and proper irrigation
equipment is available, this approach may represent a state-
of-the-~art, dynamic management strategy for optimizing
nitrogen use and environmental quality.

The practice of splitting applications is a farm
management decision. Split applications for most farmers are
limited to an initial broadcast and single sidedress, due to
traffic considerations and operational costs (Keeney, 1982).
Farmers cannot synchronize these early applications with the
peak nitrogen demand by corn and other non-leguminous crops.
For operations with irrigation systems, multiple split
applications can maximize N-use efficiency and reduce

nitrate losses (Keeney, 1982).

Water Management

Nitrogen application rates and methods are intimately

related to water management in minimizing nitrate losses to

groundwater. Water movement plays a critical role in nitrate

R W i MR
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leaching because: 1) nitrate is extremely water-soluble, and
nitrates are not adsorbed by soils with net CEC; 2)
insufficient moisture may result in poor N-uptake, leaving
large amounts of leachable residual N, 3) intense
precipitation events may drive nitrates below the root zone,
and 4) hydraulic discontinuities or saturation may
accelerate denitrification.

Owens (1960) directly related leaching losses to water
movement in soils. Pratt et al. (1972) found excellent
correlation between observed soil NO3--N amounts to 30
meters and flux estimates calculated by multiplying excess
N/year estimates with water transit times. Limiting
percolation below the root zone by varying sprinkler
irrigation reduced nitrate losses in two studies (Saffigna,
et al., 1977; Smika et al., 1977). Hergert (1986)
demonstrated that even incrementally applied N can be
leached if sandy soils are over-irrigated. In an extreme
demonstration, Endelman et al. (1974) noted nitrate movement
of 15-20 cm per day on a loamy sand under 2.5 centimeters of
applied water per day. This finding underscores the high

potential for nitrate leaching through coarse-textured

soils.

Tillage and Cropping Effects

Several factors influence the effects of tillage

practices on nitrate leaching. Tyler and Thomas (1977) found
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higher leaching rates for NO3--N and a chloride tracer under

no-till versus conventional tillage. This was consistent

with the generally-accepted view that, on average, no-till
produces greater water infiltration. Kanwar et al. (1985)
demonstrated an opposite effect, with far less nitrate
leaching to 1.5 meters under no-till. Gilliam and Hoyt
(1987) attributed the discrepancy to differences in nitrogen
distribution within the soil matrix. Macropore flow accounts
for proportionately greater solute transport when N is
relatively unincorporated; displacement flow transports the
N in the soil matrix (Tyler and Thomas, 1981). Most current
theories regarding nitrogen dynamics and water
infiltration/movement suggest a probable increase in NO3-
leaching under no-till (Gilliam and Hoyt, 1987).

Cropping systems can affect seasonal nitrate leaching,
but long-term effects are unclear. Crops which require high
N inputs obviously engender some increased risk of N-loss.
Olsen et al. (1970) related higher nitrate leaching levels
to the frequency of corn in a corn-fallow rotation. Alfalfa
can reduce soil profile NO3--N in rotations with non-
leguminous crops (Stewart et al., 1967; Schertz & Miller,
1972), and the residual NO3--N can be removed down to
several meters (Mathers, et al., 1975). The literature
regarding magnitudes and rates of nitrogen release after
legume plow-down is scarce and conflicting. Legume residues
can contribute to higher leached-N levels than residues from

N-fertilized non-legumes (Adams and Pattinson, 1985;
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Groffman et al., 1987). Further research is needed regarding
long-term nitrogen balances and redistribution of soil-N

under crop rotations.

III. SOIL MORPHOLOGY FACTORS RELATED TO NITRATE
CONTAMINATION OF GROUNDWATER

Effects of Soil Morphology

Soil morphology can strongly affect rates and degrees
of nitrate leaching. Such factors as soil texture,
structure, horizonization, and microtopography determine
soil hydraulic behavior, which subsequently affects leaching
rates and denitrification potentials (Nielsen, et al., 1973;
Van De Pol et al., 1977; Cameron et al., 1979; Wagenet,
1984). Soil morphology and hydraulic characteristics are
spatially variable and are, therefore, difficult to relate
statistically to nitrate leaching (Nielsen et al., 1982)

Soil texture is a major determinant of nitrate leaching
potential. Lund et al. (1974) related control-section
texture to deep (1.8-8m) nitrate concentrations on Alfisol
and Entisol soils; the regression explained 86% of the
nitrate variability. Well-drained, coarse-textured profiles
typically exhibit low denitrification potentials and high
hydraulic conductivities (Devitt et al., 1976; Saffigna et
al., 1977; NRC, 1978). These conditions favor nitrate

persistence and transport below the root zone. Coarse-
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textured soils have low water-holding capacities and require
frequent irrigation, thus increasing the potential for
nitrate leaching (Smika et al., 1977). Many studies document
the nitrate-leaching problems associated with coarse-
textured soils (e.g. Devitt et al., 1976; saffigna and
Keeney, 1977:; Hughes, 1983: Hergert, 1986).

Morphological properties which tend to restrict water
movement reduce the probability of nitrate leaching. The
combined effects of soil texture, structure, horizonization,
and pore continuity strongly affect leaching processes
(Bouma, 1983). Finer-textured layers may decrease
percolation rates, increase probability of plant uptake, and
promote denitrification (Pratt et al., 1972; Nielsen et al.,
1973) . However, well-structured fine layers can be rapidly
permeable. Textural discontinuities between layers can
suspend water and create saturated zones favorable for
denitrification (Lund et al., 1974). The hydraulic
characteristics of the least-permeable soil layer probably
govern profile drainage and hence nitrate leaching (Nielsen,
et al., 1973; Jones and Kiniry, 1986).

| Solute transport is often modeled using displacement
theory, which apparently fails to describe real flow in
structured soils (Tyler and Thomas, 1981). McMahon and
Thomas (1974) demonstrated faster solute movement in
undisturbed soil cores versus disturbed soil cores. Many
studies (Wild and Babiker, 1972; Quisenberry and Phillips,

1976; Tyler and Thomas, 1981; Richter and Jury, 1986: Priebe
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and Blackmer, 1989) implicate preferential flow via
macropore channels as a major avenue for solute movement.
Visual dye tracings in two studies confirmed water movement
in continuous soil channels (Wild and Babiker, 1972; Tyler
and Thomas, 1981). Macropore flow may occur more often where
field microtopography produces ponded conditions (Cameron,
et al., 1979).

The extent of macropore flow depends upon soil moisture
conditions and precipitation intensity. Many macropore-flow
studies employ water applications at or near soil
saturation, and saturation is not representative of normal
field conditions (Cameron et al., 1979). Quisenberry and
Phillips (1976) found that applied water is less likely to
flow through channels when the initial soil moisture is well
below field capacity. At water inputs greater than one pore
volume, structured soils can actually leach less solute than
unstructured soils, due to non-mixing of percolating water
with the soil matrix (Tyler and Thomas, 1981; Kanwar et al.,
1985). Soil-structure effects depend upon such factors as
the distribution of solute in the soil matrix, water
infiltration rate, and initial soil-water content

(Quisenberry and Phillips, 1976; Gilliam and Hoyt, 1987).

Variability of Nitrate Leaching Processes

Several reviews document the spatial variability of

soil morphology (Beckett and Webster, 1971; Webster, 1977;
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Wwilding, 1984). The morphological factors which determine

soil hydraulic properties often interact independently over

variable scales (Trangmar, 1984) . Therefore, it is not

surprising that soil hydraulic properties typically display

much greater variation than soil morphology properties. The

spatial variability of hydraulic characteristics is further

complicated by the high degree of temporal variability in

soil-water content and distribution (Wagenet, 1984).

Accurate estimation of field-scale nitrate leaching

requires data for both nitrate concentrations and profile

drainage at specific points in time. These data sets often

exhibit large spatial and temporal variability, and thus

require intensive sampling schemes for reliable

characterization. Typically, suction or block lysimeters

collect samples for nitrate concentration measurements.

Several methods, including lysimeters and water-balance

calculations, estimate soil-water drainage volume. Biggar

and Nielsen (1976) indicate that estimating solute flux as a

product of average solute concentrations and average water I

drainage is theoretically unsound. A logical approach is to

calculate a solute flux for each sampling date, using a mean

field-wide solute concentration and estimates of water

1989, personal

drainage below the root zone (B.G. Ellis,

communication). Seasonal flux totals can then be calculated

from the incremental flux calculations.

In summary. intrinsic soil properties are major

determinants of nitrate leaching potential. These properties

e |
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also affect leaching by influencing management requirements

and practices (e.g. irrigation of sandy soils). soil

phological properties affect nitrate leaching (Lund et

1976) and also display spatial

mor

al., 1974; Devitt et al.,

variability (Wilding and Drees, 1983). Soil surveys account

for some morphology variation, but morphological variation

within map units and fields can create differential leaching

(Richter and Jury. 1986). Estimation of soil spatial

variability is necessary for identifying extreme soil

conditions which may contribute disproportionately to

excessive nitrate leaching (Wagenet, 1984).

IV. SOIL SPATIAL VARIABILITY

Soil variability is a traditional problem in the

agricultural sciences. As early as 1915, Harris remarked

that soil variability could "profoundly” affect agronomic

experiment results (Campbell, 1979) . Classical "aggie

devoted to estimating means from cro

e control of such experimental-

statistics" were p-yield

trials, which required th

error sources as soil changes (Gutjahr, 1984). In the 1920's

r developed randomization and blocking techniques

ts of soil variability on agronomic

R.A. PFishe

to minimize the effec

but without estimating its magnitude or

experiments,
structure (McBratney, 1984).

Soils vary syatematically across landscapes, which is

an essential paradigm for pedologists (Wilding and Drees,

—
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1983) . Soil variance is partitioned geographically by

mapping soils into relatively homogeneous units, and

taxonomically by separating soils into diagnostic classes

(Webster, 1985) . The basic objective is to enhance

predictive capabilities of soil-property occurrence by

minimizing within-unit variance and maximizing variance

The intended soil use often dictates the

between units.
which is tied to activities

scale and nature of observation,

such as soil characterization, land-use planning, agronomic

experiment design, and fertilization recommendations.

Typical soil surveys do not map significant soil variation

for many intensive uses, though there is 1ittle value in

s than the minimum management capability

mapping soil at les

(Beckett and Webster, 1971).

It was not until the 1970's that widespread interest

emerged in the application of statistics to the degrees and

patterns of soil variability (Wilding and Drees, 1983). The

emergence of qeostatistical methods, or statistical analyses
which consider the spatial orientation of observations, was

perhaps the most significant development (Webster, 1985).

This accompanied more intensive land-uses and an increasing

level of sophistication in soil management. Systematic

pedogenic processes and landscape position determine soil

occurrence, therefore random statistics are not easily

applied to spatial variation. The systematic spatial

variation of soil properties, if qeostatistically
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can provide greater predictive capabilities than

quantified,
1983).

conventional statistics (McBratney and Webster,

Statistical procedures first require definition of a

sample population. In soil science, the samples are usually
drawn from a geographic volume (e.g. horizon, pedon, field)

or from defined taxonomic units (e.g. series, map unit, sub-

ation

group) (Webster, 1985). A basic statistical characteriz

requires knowledge of the sample probability distribution,

mean, and standard deviation (Warrick and Nielsen, 1980).

s are either normally or log-normally

Most soil propertie

distributed (Wilding and Drees. 1983). A normal distribution

is required for conventional statistics, so log-normal or

complex distributions require transformation prior to

statistical analysis.

The relationship between the sample mean and standard

jcator of sample variability. A commonly

deviation is an ind

used statistic is the coefficient of variation (CV), which

is the standard deviation as a percent of the sample mean

(Wilding and Drees, 1978: Warrick and Nielsen, 1980). The CV

is unitless and therefore allows comparisons of variability

among data sets. It is a valid statistic only when there is

a normal distribution, non-zero mean, and no covariance

between the mean and standard deviation (Wilding and Drees,

nd standard deviation can also indicate the

1978). The mean a
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number of samples required to estimate a soil property to a

given level of precision; that is, place confidence limits

on a randomly-drawn observation for a specified probability.

As soil variation increases, the number of samples required

can increase drastically (Wilding and Drees, 1983).

Soil properties exhibit some general trends in their

degree of variation. Typically. soil morphological and

physical properties are less variable than management-

ed properties (Wilding and Drees,

play greater nutrient spatial variab

affect 1983). Cultivated
fields tend to dis ility

than uncultivated fields (Beckett and Webster, 1971). Soil

1ic properties are among the most-variable properties,

gsoil pedogenic processes

hydrau

which have great implications for

and soil behavior (Bouma, 1983). Total sample variance

put contributions from

increases with size of sample area,

various observation scales "follow no consistent pattern"

(Wilding and Drees, 1983) . Beckett and Webster (1971)
indicated that any square meter of soil can account for up

to half of the total within-field variance for many soil

properties.

Systemic Versus nRandom” Variation

Soil variability results from interactions of soil-

forming factors, processes and soil management: long-range

phenomena produce long-range variations, and short-range

phenomena produce changes over small distances (Beckett and
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Webster, 1971; Trangmar, 1984). Soil-forming factors and

processes are themselves spatially—dependent, which results

in spatially-dependent soil property variation (Burrough,

1983) . However, these pedogenic and management factors

interact stochastically (probabalistically) over many

scales, which produces both systematic variation and

apparent randomness in soil-property observations.

Systematic variation (i.e. vgpatial correlation”) has

been observed for soil properties at virtually all scales of

observation (Burrough, 1983). A given soil property,

measured at different sample intervals, displays structure

in the variance but shows different ranges of spatial

dependence for different scales (Uehara et al., 1984). Soil

properties can be considered as fractal quantities in which

variation patterns are a function of observation scale. In

fact, systematic versus random variation is entirely scale-

dependent and jncreasingly-finer scales reveal structure to

apparently random variations (Burrough, 1983) . The

quantification of soil variability is also dependent upon

and sampling methodology, a crucial fact

the soil property
n such studies (Trangmar, 1984; Wagenet,

often ignored i

1984) .

Nested Soil Variationm and Observation Scale

Scale dependence reflects the "nested" nature of soil

variation; that is, small-distance variations occur within
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the context of larger variations. Variances of soil
properties do not increase constantly over increasing
distances, but step-wise across new scales of variation.
These abrupt changes in variance reflect the predominance of
a new controlling factor or process (Webster, 1977).

When nested variation occurs, it is advantageous to
identify abrupt changes in the mean for a property (Burrough
(1983b) . Nested sampling and analysis partitions variance
between hierarchical sub-divisions of a population, which
can be divided geographically or taxonomically (Youden and
Mehlich, 1937). The variance contribution and scale differ
with the sample population and property at a given
observation scale. The total variance, of course, increases
with increased sample area (Webster, 1985).

Nested analysis assumes that the variation has
independent components of variation at each level (Webster,
1985). The complex interaction of soil-forming phenomena and
the nested character of genetic factors make this a tenuous
proposition. Geostatistical techniques do not require these
assumptions, but only characterize the continuous nature of
spatial variation. In doing so, they can often identify
nested variation over several scales (Trangmar, et al.,

1985).
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V. GEOSTATISTICS

"Geostatistics" refers collectively to the procedures
for sampling and estimating spatially-dependent variables
(Trangmar, 1984). The techniques originated primarily within
the South African gold-mining industry, where statistician
D.G. Krige sought an empirical method for predicting gold
ore placement. Georges Matheron generalized these empirical
techniques into a rigorous mathematical theory during the
1950's and '60's (see Matheron, 1971). The foundation of
Matheron's spatial statistics is the theory of regionalized
variables. It not only accommodates the statistical analysis
of spatially-related data, but provides theories for
sampling variability and sample size, including a complete
theory of estimation error. A major application is the
optimal, unbiased intérpolation of spatial data points, with
an associated variance estimate (i.e. confidence) for each
point (Trangmar, et al., 1985). Significantly, it allows an
evaluation of sampling-scheme variance before sampling,
provided a basic idea of the spatial variability is known
(McBratney and Webster, 1983).

Several review papers summarize the development of
geostatistics and its application to soil science. Among
them are Burgess and Webster (1980a,b,&c), Trangmar et al.,
(1985), and Webster (1985). Simplified derivations of the
underlying mathematical theories are given by Olea (1975),

along with applications for exploration geology. The most
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complete and rigorous discussions are presented by Matheron
(1971) and Journel and Huijbregts (1978), but they are
difficult for most readers. This review begins with a
discussion of regionalized variables and stationarity,
concepts that provide theoretical justification for
semivariance and kriging calculations. The semivariance is
the major statistic for indicating spatial dependence, and
kriging (after D.G. Krige) is the subsequent interpolation

procedure.
The Theory of Regionalized Variables

Consider a data set of soil pH values collected from a
farmer's field. Each value is a random variable which is
part of an infinite set of sample pH values for that field.
When a particular random variable is associated with the
coordinate where it was sampled, the variable becomes a
regionalized variable. That is, both the pH value and its
position in space are relevant to the statistical analysis.
If the infinite set of pH values were associated with their
respective infinite sample points, it would generate a
probability density function. This function is called the
random function. The concepts of random variables,
regionalized variables, and random functions constitute the
core of regionalized-variable theory.

The concept of a "random function” may seem paradoxical

in describing spatially-dependent phenomena. In fact, a
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random function may describe a highly-structured, spatially
dependent set of data, or the converse. The random function
does not imply necessary randomness, but simply indicates
that any element within the probability distribution can
theoretically associate with any given geographic point.
This satisfies the requirements of statistical randomness
and allows the application of some conventional statistical
concepts to geostatistics (Olea, 1975). Gutjahr (1984)
describes the random function as a "spatial stochastic
process”, a phrase that well-describes many soil property
occurrences.

Regionalized data must exhibit a normal distribution or
be transformable to a normal distribution (Trangmar, 1984).
The regionalized variables possess several characteristics
not usually shared by conventional data. The geometric
support describes the sample size, shape, and orientation
(Olea, 1975; Webster, 1985). It can be a critical
consideration, as many measured soil properties (e.q.
hydraulic conductivity) are highly dependent upon the
sample's characteristics (Wagenet, 1984). The larger volume
from which the samples are drawn is termed the geometric
field. Spatial data may exhibit anisotropy, or differential
variance according to sampling direction. Regionalized
variables generally display continuity at most scales of
observation (Olea, 1975).

The exact nature and determinants of the probability

density (i.e. "random") function are usually unknown, as in
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conventional statistics. The essential assumptions required
for geostatistics involve the concept of stationarity, which
is analogous to the independence of observations and errors
in classical statistics (Olea, 1975). The concepts of random
functions and stationarity serve as the basis for
statistical inferences regarding expected values and
variances within a region.
§tgtignarity1

The random function, herein designated Z(x), is defined
as the set of infinite random variables (of one property)
which are associated with any location "x" in a specified
region. Stationarity (i.e. statistical independence)
requires that the random function be identical for all

sample locations. Expresséd in statistical terms, the

expected value of a randomly-drawn sample is the mean of the

random function:

E[{Z(x)) = u = mean

It follows that two random samples separated by a vector "h"
({termed the "lag") have the same expected value u, and

therefore the expected difference is zero:

1 For simplicity, statistical notations used herein are
consistent with Trangmar (1985).
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E[Z(x)-Z(x+h)] = O

If the random function satisfies these two requirements, it
exhibits first-order stationarity. It is "first order" in
the sense that the mean estimate has a power of one.
Variance statistics are squared terms (o2, s2) and are
therefore "second-order" statistics. It is important to note
that "h" is a vector quantity which contains both distance
and directional components.

Whereas first-order stationarity implies regional
stability of the distribution mean, second-order
stationarity indicates constancy of the spatial covariance

C(h):

C(h) = E[Z(x)-u] [Z(x+h)-u]

If the spatial covariance is constant for each pair of
observations separated by lag "h", regardless of pair
location in the region, then there is second-order
stationarity. The existence of second-order stationarity
indicates that the sample variance s2 is finite and constant
throughout the region.

Certain natural phenomena exhibit unlimited dispersion,
and cannot be described correctly using a finite variance
(Olea, 1975). Thus there is no strict second-order
stationarity. In such cases, a weaker assumption of variance

stability is used, which requires only a finite variance
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between observation pairs separated by lag "h". Once again,
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