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Spatial Analysis of Soil Fertility for Site-Specific Crop Management
M. . Cahn,* J. W. Hummel, and B. H. Brouer

ABSTRACT

Spatial patterns of soil properins and nulrienl concentrations feed
tu he characterized to develop site-apeciBe Tarming practices 1hat mieich
agriculiural inputs with regiomal ¢rop needs. The spatial variation of
sodl organic C (8000, soil water coment (8WL), NOL=N, P{),.~P, and
K were evaluated in the 0 to 15cm layer of 8 33-ha Beld (Typic
Haplaquetl and Argiaquic Argulball) cropped with maize {Zea mays
L.} and soybean [(dycine mar (L.) Merr.]. The range of spatiul coreela-
tinn was determioed from serivacdance atalyses of the data and was
found 1o vary amvong and within fertility parameters. Nitrate had the
shortest correlation range (<5 m} and SO0 had the longest (> 1580 m),
whereas SWO, F4-F, and K had inlermediate spatial correlaiion
ranges. In addition, S0} was found e huve smaull-scule spatial varia-
tinn nested within large-scale spatial vurisiion. The spatial pailiern ol
Mh=N changed with timt. Frequency dislribotions of SO0C and SWC
were clise o nurmil, whervas the distributions of NO,=M, K, and
PO =P duta were shewed, Medion pollshing detrending and rimming
of vutlving data were useful methods 10 remove the elfects of nonsta-
tlonarlty and non-pormalicy from the semivariance analysis. The re-
sults suggesr that reducing sampling intervals from 50 to 1 m wauld
reduce the variance of SWL, SO0, NOy=N, POL=F, and K cslimates
by T4, 98, 25, fd, and 58%, respectively, A wselul sampliog paiiern
for charuclerizing the spalial variation of several soil properthes-
nulrkents und seales shuold be random wilh sampde spacitng as Close
a5 1 m und ax Tar uparl ax Lthe longest dimenston of Lhe Held,

Scm FROPERTIES AND 50IL NUTRIENTS Often vary acToss
# Ncld such that oniform fertilizer applications may
result in over- amd underfertilized avcas. Runoff and
leachate from overfertilized areas may contaminate water
supplies, while crop vield may be restricted in underfer-
tilized areas. To reduce this source of application error,
maps of soil productivity and variable rate applicalors,
iterfaced with navipational and computer control sys-
tems, are used o mawch agricultural inputs with sire-
specific crop needs . In addition o equipiment innovations,
statistical methuods that can accurately surnmarias spatial
patterns of soil data are needed to determine site-specific
application rates.

Geostatistics. originally used in the mining industry
{Matheron, |963), has proven useful to suil science
for characterizing and mapping spatial variation of soil
propertics, Geostatistics consists of varingraphy and krig-
ing. Variography uscs scmivariograms o characteriag
and mwodel the spatial variance of data, wheresas kriging
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uses (Burgess and Webster, 1980} the modeled variance
to eatimate values between samples. Details about variog-
raphy anmd kriging are well documented {Burgess and
Webster, 1980; Matheran, %63}, and specifics about
using kriged values o develop maps for site-specific
farming can also be found in the litgrature (Muila, 1991
Mulla, 1989, However, lew works have focused on
using variography {or estmating parameters important
to site-specific farming, such as the optimum dimensions
of application zones and distance berween soil samples,
amed even fower works have discussed asing variography
for predicting the agromomic benefits of sitc-specilic
applications.

The semivariogram illustrates the relationship between
the sample variance and the lateral distance, known as the
fag, separating samples (Fig. 1). From this relationship,
a lateral distance between samples can be chosen that
oplimizes sample vatiance and number of samples. The
lag distance where the variance approaches an asymptotic
maximumn, known as a siF {(Fig. 1), is the range across
which datz are spatially correlated (Clark, 1979). As
the lag distance approaches zero, the variance usually
approaches a finite value, called the nugget variance
(Burgess and Webster, 1980). The nugget represents
residual variation, not removed by close sampling. Han
ol al (1994) presented a mathematical procedure thar
uses the variance -distance relationship, summarized by
the range, nugpet, and sill, to optimize the dimensions
of the application zong.

The sgronomic benedits of using site-specific crop
management practices are presumably relatcd 1o the spa-
tizl pamerns of soil properties and soil nutrient concentra-
tions, Vanography has been used to compare spatial
variation of soil properties, scales, and times. For exam-
ple. semivariograms of soil propertics have shown that
the range of spatial correlation for PCu-P and K to be
>100 m (Muolla, 1989, Webster and McBratney, 1987,
Yost el 4l., 1982), in contrast to the 1- to 30-m range
reported for NO,-N (Duhiya etal., 1985; Van Meirvenne
and Hofman, 1989; White et al., 1987}, Variography
also has been used to measire the range of spatial corvela-
tion of small- and large-scale variation {(Gajemn ¢l al.,
1981, Van Meirvenne and Hofman, 198%). Finally, ¥an
Meirvenne and Hofiman {1989} used variography to show
that the range of spatial correlation for NO-N increased
as mean NOs~ levels decreased during fall and winter,
Given the present limitations on accuracy of navigation
systemns and apphcators and cost of sample analysis,
the benefits of spatial applications may be highest for

Abbreviations: 30, sail arganic ©, SWC_ s01] water content.



TAHM ET AL.: 50IL FERTILITY SFATIAL ANALYSIS

Sill

Sermivarignce

L

Hugget

Range

I i E 1 1

Log distance
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nutrients exhibiting long ranges of spatial correlation,
large-scate varialion, and spatial patterns that are tenmpo-
tally correlated.

The: semivariogram must be correctly cstimated to be
useful, Variography is based on the theory of regionalized
variables, developed from the assumptions that the semi-
variance statistic is normally distributed and that dats
are stavonary (Webster, 1985). Simply stated, data are
stationatry when the semivariance for any lag is the
same in all regions of the study area. When a trend or
large-scale variation exists in a fleld. data may not be
stationary and the variance-distance relationship may
depend on ditection. In addition, outlying values of a
skewed frequencey disidbution may influence the vari-
ance—distance relationship (Henley, 1981).

Several authors described exploratory techniques thal
can remove the effects of skewed distributions and nonsta-
tionarity on the shape of the semivariogram and that can
aid in understanding the structure of spatial variation
(Hamlett et al., 1986; Tevisetal., 1991), Van Meirvenne
and Hofman {1989}, using polynomial detrending, sepa-
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rated small-scale varialion from large-scale variation in
soil NO+-N data, while Hamlent et al. {1986}, using
median polishing detrending, accomplished the same
uhjective for soil-water pressure potential data. Tevis
ef al. (1991) illustrated the use of mathematical transfor-
mations and eliminatien of outlying values to reduce the
effect of 4 skewed frequency distribution. Although these
technigques may improve spatial analyses of seil dara,
they have not been extensively cvaluated.

The purpose of this study was to compare spagial
variation among different soil properties, scales, and
times in 4 central Illincis field. Using geostatistical,
detrending, and data trimming methods, we compared
semivariograms for S30C, SWC, NOw-N, PO-P. and
K and discussed the relevance of the results 1o site-specific
CIOp Manzgement strategies.

MATERIALS AND METHODS
Experimental Site

The cxperimental sile was a 3. 3-ha ficld in a maize- soybean
rodation, lecated in central Wlineis on Drummer sibty clay loam
tfine-silty. mised. Mesic Typic Haplaquolly and Thorp silt
loam (fine-silty, mixed, Mesic Argiaquic Argialboll). The sitc
received dairy cow manure in 1985 and 1990 by comibined
broadcast and injection applications {76-cm rows). Manure
was incorparated to a 13-cm depth. No lertilizer amendments
were applicd after 1990, The field was planied with soyhean
on 13 May 1991 and with maize on & May 1992,

Sample Collection and Chemical Analyses

Samples of the §- 1y 1 5-cm horizon were collected to compare
the spatial variation of sail notrienls (SOC, SWC, N, -N,
PO.-P, and K) at two scales ((1.25 and 3.3 ha). Samples were
collecied uwsing Duech angers on a 50-m grid (n = 25) and
teom 200 randomly chosen locations within ane 0.25-ha grid
cell (Fig, 2) on 15 Junc 1991, A poartion of each sample was
placed inly preweighed cans, and approximately 10 g of soil
were added ro preweighed borles containing 50 mlof 2 A K1

93

Fig. 1. Sampling paiteens in the 0.25- and 3 3ha areas and boeundaries of the 3.25-ha and 1.1-ha arcus,
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The remainder of the sarnple was air doied for detcrminations of
SOC, POy-P, and K. Soil in cans was oven dried 48 hoat
185°C for pravimelric delermination of SWC, Soil organic C
was measuted by dry combustion in an induction furnace.
Sarnples were extracted with Bray No, 1 (0.025 M HCL and
.03 NH.F) at a 1001 solutiondseil ratic. The cxtracts were
analyzed for K by Aame emission using an atomic speciropho-
tometer and analyzed for POy-P by 2 Mo bluc-gscorbic acid
ocolotimetric method using a Mow injoetion system (Lachat Quik
Chem AE., Lachat Instrumenls. Milwaukee, WI), Polassiorm
chloride extracls were analyzed for NO-N using the cop-
perized Cd reduction merhod described by Keeney and Nelson
(1982} and the Lachat flow injectinn system. Calculations of
s0il nuirient concentrations were adjusted for the nitial water
content of the soil.

Epatial patterns of soil NO-N in carly and late spring of
1992 were also compared. Because the resulis of the 1991
samples indicated i soil NOL-N data were noisy. the saim-
pling paitern was changed. Samples of the 0- 1o 15-cm horizon
were collected using a hand probe from 120, 6 by 15 m cells
(1.1 ha area} 13 May and 15 June (992 (Fig. 2}. Composites
of six subsamples from the central 3 by 1 m of cach cetl
were added W preweighed cuns for pravimetric determination
of SWC, and approximaely 20 ¢ were added to hottles con-
taining 100 mL of 2 M KC|. Soil extracts were analyzed
colorimetrically for NO,-NW as described above.

Statistical Analysis

Normality of the data was examined by kurtosis and skew-
ness tests {Table 1), Sce Snedecor and Cochran (19803 for
detailed desenptions of kortosis and skewness tests. Tn cases
where distributions showed significant kurtosis and skewness
(P < 0.01), data greater than four standard deviations from
the mean (highest 1-1.53% of the data) were discarded.

1satropic (direction independent) semivariance of data was
calculated using GS' peostatistical soflware (Garnma Design
Software, 1993}, Scmivariance is defined in the Following
equalion:

1 mih

20 2y = Zi - ) [t]
|2mth)) ;<) g

where ¥ 5 the semivariance for s data pairs scparated by a
distance of &, known as 2 lag, and £ is the valuc at posilions
x, and x, — A (Matheron, 1963; Webster, 1%35),

¥ Ay =

Lag widths and maximum lag distances were selectad o
that the minimuin number of dala pairs per lag class was 52,
112, and 3% for the 0.25-, 1.1-, and 3.3-ha areas, respectively.
Many data and lags were used in the analysis so that the range
of spatial correlation {distance to the sill) could be visually
estimated (rom the semivariogram. The ranpes of spatiab corre-
lation are summuarized in Table 2.

The relationship belween the sample variance and the dis-
tance belween samples was summnarized by comparing the
variances of the minumem and maximem lags:

Ay = [¥mas — Ymin % 100 2]
Fira

WHELE Yy, 15 the semivarance of the mioiouom lag distance,
Yoo 18 the sempvariance of the maximum lag distance, and Ay
expresses the perceatage reduction in the semivariance when
the interval between samples is reduced from the maximum
lag to the minimum lag distance {Table 2}, The scmivariance
dircctly relates (o the sample variance, In fact, Webster (1985)
demonstrated tat the semivariance 15 denved Irom the sample
variance 57

§a—— 13]

where Z is the mean of n data, For a pair of data (n = 2
separated by a distance

S =2 -2+ [Fx+ - F) (4]
5 = %IZ{x} — Zix + Ry 13

The wrm on the right side of Eq. |5) equais Eq. |I] where
the number of data pairs, m, = |. Baw data lrom the (L.25- and
1.1-ha areas were detrendad using median polishing software of
Han (1993, See Tukey {1977, Hamlett et al. {I%84), and
Cresgie el al, (19900 for detziled descriptions of median pol-
ishing. The procedure blocked the 0.25-ha area inte a grid of
100 25-m? cells and the 1. 1-ha arca into a grd of 60 183-m°
cells. Median polishing removed the median tow and column
values from the raw data through successive ilerations until
convergence was atlained. The median potishing algorithm
modeled the trend cffects as:

Table 1. Statistical summary af soll data from the 0.25-, 1.1-, and 3.3-ha areas in central fllinois.

Yariable n Average 5N Max. Min. K urtosist Skewneast
0,28h and 3,3hg areasp
the '

Wiy 115 154, 3 9.0 4.1 141.8 31 .52
200 125 17.2 1% 4.6 8.7 2.9 o1
mg kg~'

NOWw=N 125 6.2 EA o2 0.5 0.5 2az
P0,-F 215 T4.0 63 e.3 .5 T L.24
K 115 68 2 114.5 W56 1.9 11.0 L3

1.1-ha areas
NOy,-MN May 120 B.3 13 5.4 0.4 15.4 A1R
NO;-M June 115 1.6 041 4.3 U4 3 063

* Data showed significant kuresis (F < 0,01} if values were >3.98 or <2,37 for the (.25- and 3.3-ha areas and >d. M or 2224 Tor the 1_1-ha area (Snedecer

and Cochran, 1980, p. 492).

1 Data showed significant skesness (F < 0.01) O values were 2,382 Tor the 0.25- and 3.3-ha areas and 0,508 for the 1.1-ha area (Snedepnr and Cochran,

1980, p. 492},
§ Data from the 0.25 and 3_3-ha arcas were pouled.
{ SWC = soil water content; S(}° = s0il prganic .
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Table 1. Semivariance statistics of sail data from 0.25-, 1.1-, and 3.3-ha aress in central iHinois.

1243

0.25-ha area 3.3-ha area

Wariable P Yunt Avh Rangef Yot Famd Ay Range

— kg % g hkg! % n

SWOH 43000 1682.00 T4 44 =5 410 8.71 5293 125
S0CH 0.85 18,00 o = ) 012 L.O8 T9.63 = 150

my' kg~ — -mg kgt
Ni-N T.24 .44 21,31 5.15 6,48 18.74 = 45
M,-P 457 112800 54.17 = 50 391,47 3314 =-1.70 —
K 5265.R0 1261040 58.24 30=58 420660 404650 247 =4}
1.1-ha ares May 1.1-ha area June

Yem?t b L J Ay Range Yot Mot L Range

—  mg ke % — g kg % m

MO-N 23k 1m0 18.10 .67 054 1024 -

t Semivartance of fhe minimum lag distance,
t Semivariance of the mazimum lag distance.

§ Comparisan of semivariances of minimum and mazitum Bgs: AT = (e ~ Frb¥od = 100,
Y Range of spails] cormefation, determined foom the semivarivgrams in Fig. 4 and 6.

¥ SWE = aoll waler content; S0 = soil organic C,

1t Range of spatial correlation coutd ol be determined from the semivaringrams In Fig, 4 and 6.

fun=atrnto+ B
k=1,._.p
I=1,..4q 161

where far p rows and g columns, 2 is the value of ccll &, [
@ 15 the general efloet, £ is the effect of row &, ¢ is the cffect
of column [, and £ is the residual error.

Residual data were caloulsted by subtracting the rend value
of cach cell (the swn of @, v, and &) from the raw data. Sums
of squarcs of raw and residual data were caleulated o estimate
the portion of variance represenied by the trend (Tahble 3),
Isotropic semivariances of the residuals were caleulated o
detecr scnall-seale spatial variation.

RESULTS
Exploratory Analysis

Nitrate, K, and PO,-P data sets were highly skewed
due o several outlying values that greatly exceeded the
tnean. whereas SOC and 5WU data followed nearly
symmetric, normal distributions (Table 1). These high
values may represent sites of hiph microbial activity or
localized accumulations of nutrients. The shape of the
semivariogram was found biased by values greater than
four standard deviations from the mean. The semivario-
grams of the NCx-N and K data from the 0.25-hy areq

Table 3. Sum i syuares satistics of soil data feoim 025 and 1.1-ha
areas in central [linols.

Percentage of sum

Sum of aquares
ol squares

Svurce " Tarad Treod  Mesidual  represeoted by trend
[.15ha area
AWl 200 Log804.6 Q08H52  TRHT4 53,5
SN 200 13124 ol A 34 5.6
MO-M 107 msg =179 0537 -1.%
Mh-P 195:  L1%366 4 48BOQG  TIS556.5 32
K L¥TE IBALISI.A 6004483 1070934.0 VN
L1-hs area
NO-N Mar 1194 35 EliN] 3T [1VR1]
- June 120 e 131 1.6 2.7

AW = soil water content; S0C = suil organic O
1 Cutlying data were discarded.

(Fig. 3) exhibited a quadratic shape, indicating that data
were most correlated at small and large lag distances.
These variograms appeared 1o depart from the classical
rugget—sill model presented in Fig, 1. Removal of data
that were four standard deviations greater than the mean.
{highest 1.5% of the data) eliminated the quadratic shape
of the NCh-N and K semivanograms (Fig. 4). Additionat
trimming of the data (removal of highest 3% of the data)
did not significantly change the shape of the semivario-
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Fig. 4. Semivariograms of raw and residual SWE, SO0, NOL=N,
PO=F, and K dats froem the 0= to 15-cm horizon of the 0.25%ha
area (residual data = raw data = trend datsj.

grams presented in Fig. 4 {data not presented), demon-
strating that only the extreme values needed to be trimimed
to ascertain the shape of the semivariogram. Hence, the
highest 1.5% of NO,-N and K data and highest 1% of
PCs-P data were not included in the following analyses.

Comparison of Soil Fertility Properties

Examination of the semivariograms of the raw daia
in Fig. 4 showed that the range of spatial correlation
varied among soil properties. Within the intensely sam-
pled 0.25-ha cell, K was spatially correlated to a distance
#30 m. Nitriste had the shortest range of spatial corrcla-
tion (<5 m). The semivariance for SWC increased with
distance without reaching a sill in the 0.25-ha cell. Similar
results were obtained for 30C and PO,-P. sugpesting
that the range of spatial influence was >50 m for these
soil properties.

In the 3.3-ha arca, the semivariance of SWC reached
a sill near 140 m (Fig. 5), whereas semivariance of SOC
datz increased without approaching an asymptotic value
at the maximoem lag distance (180 m). Semivariance of
PCy-P reached a maximum at 100 moand then decreased,
Possibly a trend tollowing a quadratic or second degree
polynomial function would cause data of the shortest
and the longest lag distances o he most correbated.
Consistent with the variograms from the 0.25-ha areas,
the semivariance for NO.-N and K in the 3.3-ha field
was constant with lag distance, indicating that dara were
not spatially correlated across distances >50 m.

The semivariograms alse iliustrate that sampling at

YOI, 54, JULY-AUGUST L9
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Fig. 5. Semivariograms of the raw SWC, S04, NOx-N, POL-F, and
K duta from the - to 15-cm hotizon of ibe 3.3-ha area.

small intervals may improve the estimates of SOC and
SWC more than estimates of other soil parameters. For
example, sampling at 45-m intervals instead of 180-m
intervals in the 3.3-ha area would reduce the variance
of SWC and SOC estimates by 53 and 80%, respectively
(Table 2, Fig. 5). Sampling at 1-m instead of 50-m
intervals in the 0.25-ha area may further reduce the
variance of SWC and SO estimates (Table 2). In con-
trasl. the variance of NO:-N estirnates wolld be reduced
by <<24% in the (0.25-ha area and 20% in the 3.3-ha
area by sampling at the minimum lag distances {Table
23, The arnount that the sample variance would decrease
due to reducing the lateral distance between samples
may depend on the shape of the semivariogram. Reducing
the interval between samples from 50 to 35 m would
resluce the variance of PO-P estimates by 47% but
would net reduce the variance of NC--N estimates (Fig.
4]

Nested Spatial Variation

Median polish detrending was useful for removing
large-scale spatial variation from data of the 0.25-ha
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a. Raw data

cell so that the small-scale variation could be analyred.
Large-scale variation, or trends, tend to make the semiva-
riance direction dependent (s¢mivariance is greatest par-
allel to the trend and smallest perpendicular to the trend)
and nonstationary (the semivariance is greater where the
trend is steepest). As shown in Fig, 6, strong trends
were present in the SWC, PO,-F, and 5OC data, whereas
a slight trend was present in the K data and almost no
trend was present in the NOy-N data; the NO-N data
therefore seemed most stationary, In a similar pattemn,
Table 3 quanttatively shows that the trends for SGC
and SWC data were stronpest, representing the highest
percentage of the total sums of squares, and NO.-N
and K trends were weakest, representing the lowest
percentage of the total sums of squares. A negative
value was calculated for NO;-N, presumably because
the median polish method less efficiemly estimated the
trend than did the arithmetic average. Unlike least squares
regression, median polishing dees not minimize the sum
of sguares.

B. Trend

frm)
Fig. 6. Spatial distrihutions (a} and trends ) of SWC, S0C, NO;=N, PO,-P, and K duta foom the 0- to 15-cm borizon of the D.25-ha srea.

Semivariogtams of residual data {raw data — trend
data) were used to determine if data exhibited small-scale
spatial variation (Fig. 4). The semivariograms for SW{
and PO.-P residual data showed almost no slope, indicat-
ing that the trend removed most of the varation repre-
sented by spatial correlation. Residual SOC data were
found spatially correlated to a 25-m range in addition
to the = 180-m range reported above. These two ranges
represent two scales of spatial variation, and both may
have agronomic significance, Semivanograms of raw
and residual NOs—N data (Fig. 4) were similar, which
might be cxpected because no variation was removed by
detrending (Table 3). Significant variation was removed
from the K data by detrending, and the semivariograms
of the residual and raw data were different (Fig. 4], The
semivariogram of the residual K data may indicate a
range of spatial correlation of less 5w, but the difference
between the nugget amd the sill values was too small to
be conclusive,
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()

Fig. 7. Spatil distributions and semivaringrams of raw and residusl NO,-N datg (- 15 cm) From the 1.1-ha area in May and June 1932

Time Elfects on Spatial Yariation of Soil Nitrate

Spatial vanation af soil NOs-N changed significant]y
during the spring of 1992, %oil concentrations of NOs-
N in the O~ to 15-cm depth decreased from an averape
of 8.3 1o 1.6 mg kg ' between 13 May and 15 June
1992 (Fig. 7, Tabl: 1). A significant portion of the NO.-
N may have been leached to lower depths, denitrified,
or absorbed by the maize crop before the June sampling.
The NO»-N levels of May and June were weakly corre-
lated (R = 0,24}, The shape of the semivariograms for
NO0:-N (Fig. 7) also changed between May and June,
The semivariogram for NO--N reached a sill at <30 m
in May, whereas in June, the semivariance was constant
with incregsing lag distance until 50 m where the variance
increased tw a maximoem value at 80 m. This increase
in variance was presumably due (i large-scale variation,
because detrending produced a flat residual scmivario-
gram, known as a pure nogpet effect, (Fig. 7, Table 3),
which indicates an absence of spatial correlation. In
contrast, detrending of the May data removed lintle varia-
tiom (Tabie 3) and did not significantly change the semiva-
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ricgram shape (Fig. 7), suggesting that most of the spatial
vatiation was small scale. These resalts indicate that
tmimg of soil sampling could influcnee maps of soil
NOL-N, used to estimate site-specific application rates
of N fertilizer.

DISCUSSION

Although the data are a limited Tepresentation of the
spatial variation of soil fertility in central llinois, they
illustrate several points televanl to spatial analysis of
«oil data and site-specific crop management.

Proper estimation of the semivariogram is essential
for characterizing the spatial patterns of soil nutrients.
The semivariogram is hased on the assumptions that the
semivariances are nurmally distrbuted and that the data
are stationary. Although the daty of this sdy did not
always salisfy these assomptions, the combination of
median pelish detrending and rrimming of outlying valucs
reduced nonstationarity and increased normality of the
raw data. Logarithmic or 4th root transfermation of the
data may remove much of the effects of skewness and
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kurtusis {Cressie and Hawkins, 19807, but residual outli-
crs would still bias the estimates of the mean semivariance
catculated with Eq, [1]. Hamlett ¢t al. (1986} noted that
some researchers advocate detrending data with polyno-
tigls, but this method assumes thal nonstationarity is
deterministic when in fact. it may also have a stochastic
component (Davidoff et al., 1986). Median polishing
can remave buth deterministic and stochastic components
of nomstationarity, and therelore, may be more flexible
than polynomials. However, median polishing is a non-
parametric method without 2 statistical procedure for
testing the significance of fied trends.

Nonstationary and outlying data may also reduce the
accuracy of maps of soil properties. Han et al. (1993
suggested that a good approach for mapping sl proper-
ties where dita exhibit large-scale variation would be
(1) detrend the data by median polishing, {ii} model the
variance—distance relationship of the residual data, (iii)
develop kriged estimates of the residual values at unsarm-
pled locations (rom the modeled variance, and {iv) add
these cstimated values back to the trend. In addition o
this procedure, our results would sugpest that removing
outlying data may aid in modeling the variance—disgme:
refationship. (ther methods, such as universal kriging,
also have been propesed to account for mmstalionarity
Webster amd Burgess {1980} discussed some limitations
of using universal kriging for estimating soil properties.

These results showed that soil fertility parameters had
differetit runges of spatial correlation within the same
field. The different ranges of spatial correlation for nutri-
ents may be related to the mobilities of the lons. Nitrate,
the most maobile of the three ions of this study, had the
shortest range of spatial correlation, whercas POs-P,
presumably the least mobile, was spatially correlated
acrass the longest distance. In addition, spatial distribu-
tion of POs—P appcared to be correlated with SOC.
Semivariograms of POy-P and S0C from the 0.25-ha
cell were similar in shape (Fig. 47, the raw data exhibited
similar trends {Fig. &}, and the POy-P and SOC data
were correlated {r = 0,56},

The results atso indicated that some soil parameters
will be more difficult to use for site-specific soil manage-
meni than others. Specifically, soil NO:--N may have
limited applications for site-specific crop management.
First, becaus: the spatial patterns of soil NO.-N may
not be correlated across long time intervals, the interval
between sampling and application may need to be short.
A short range of spatal correlation imposes additional
applicadon and symple limitations. With a4 5-m range
of spatial correlation (data from the 0.25-ha area), an
applicator traveling at 8 km h ~' would need to modulate
fertilizer rates every 2.25 s to match N fertilizer rates
t2 soil NOs-N levels, Also, sampling at this correlation
range would require 400 samples ha=' 1 develop an
accurate soil NOw-N map. Thus, modulating N ferlizer
rates to match soil NOw-N levels may not be economical
without using an automated system for real-time measure-
ment of soil NO;—N. Several researchers arc developing
automated syslems that can conduct real-time measure-
ments of NO=N levels in the plow layer (Adsett and
Zoerb, 1991; Birrell and Hummel, 1992Y. Even if these
systetns could reduce measurement intervals from 5) to

I m. the results of this stedy show that the variance of
soil NO«-NM data may not decrease by more than 25%.

In contrast, SWC, 80C, P(3,-P, and K showed prom-
ise as variables for site-specific crop management. Soil
moisture information may be used for varying sced plant-
ing depth, 500 data for regulating soii-applied herbicide
rates or estimating N mineralization potential, and PO,-
P and K tests for estimating P und K fertilizer rates.
Currently, sensors are being developed for automated
measurement of moisture {Christensen and Hummel,
1385, Price et al., 1990), SOC (Sudduth et al., 1991},
and K {Cardwell et al., 1988; Tsukada et al_, 1990) so
that data collection might be economical at a small scale.
These resalts indicate that redocing measurements from
a 50- w a I-m scale would reducr variation of SWC,
50C, P(-P. and K data by 74, 94, &4, and 58%,
respectively. Even sampling intervals of larger distances,
such as 10 m, would sill reduce the variance assoeiated
with these varizbles. Timing soil sampling for analysis
of SOC, PO,-P. and K may not be as critical as for NO.-
N becuuse these varizbles presumably change slower with
lime than does NO;-N,

The correlation between soil parameters snd the fertil-
izer requircments of a crop alse needs to be considerad
when discussing the apronomic benefits of site-specific
soil applications. Varying N fertilizer rates as a function
of soil NO:-N concentrations would be agronomically
beneficial only if seil NO-N iz an imdicator of plant
availabte N. Studies in several iocations in the USA have
sherwn that pre-sidedress levels of NO;-N in the plow
layer are correlated with maize grain yicld {Blackmer
et al.. 1989; Binford et al., 1992 Brown et al., 1992;
Meisinger ¢t al., 1992). Very little information is avail-
able o compare variable rate and conventional technolog-
ies for applying fertilizers, Side-by-side compurisons
have shown that less fertilizer could be applied with
variable rate than with conventional applications without
yickl loss (Mulla 2t al |, 1992), but these studies do not
preclude the possibility that the fertilizer rates emploved
may have excecded the needs of the crop. In such studies,
fertilizer efficiency could also be increased by reducing
conventional application rates.

Additionally, these resnlis demonstrate that sampling
patterns used for manual collection of soil samples need to
accommaodate the variety of ranges of spatial correlation
associated with different soil properties. Perhaps the most
flexible pattern wonld be random locations with samples
as close as 1 m and a4 far aparnt as the longest dimension
of the field. Cind panterns are easiest to set wp but
requite more samples than do random patterns to measure
variznees of small lag distances. Alternatively, intensely
sumpling one or several grid cells to measure the van-
ances of small lag distances, as was dong in this study,
bigsed results to particular regions of the field. With
improved and less expensive geographical positioning
systems becoming available, sampling on random pat-
terns in large areas may become feasible.

CONCLUSIDNS

The results of this study demonstrate that within the
same figld, spatial patterns may vary among several soil
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fertility parameters, scales, aml times. Although this
study characierized the spatial patterns of soil fertiliry
at a single location in central Illinois, the results illustrate
some useful concepts relevant to site-specific crop man-
agement: {i} Variography can be a nseful ool for design-
ing effective soil samphing strategies, for establishing
the dimensions of application zones, and for scresning
soil fertility variables for use in site-specific apphications.
(ii) Medizn polish detrending and data trimming tech-
niques, used wogether with varogruphy and kriging, may
improve charactenizations of spatial varation and aceu-
racy of soil productivity maps. (it} Soil sampling patterns
need to be flexible 1o accurately charactetize the spatial
patterns of several soil properties.
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