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ABSTRACT sampling strategies that may miss field population clus-
ters and in existing management thresholds that areSite-specific management of soybean cyst nematode [Heterodera
based on whole-field sampling procedures. Thus, cur-glycines Ichinohe] (SCN) is plausible if its spatial and temporal dy-

namics are adequately known and structured. The hypothesis that rent SCN management practices involve treating whole
variation in the spatial distribution of SCN is sufficient in magnitude fields rather than nematode-infected areas only and with
and structure and sufficiently time invariant to support the use of uniform rather than condition-specific inputs. Advances
site-specific management in SCN-infested fields was tested. A nested in precision agriculture suggest that site-specific man-
survey sampling design with distances reduced by geometric progres- agement of SCN is plausible but only if the spatial and
sion was applied on two fields in Michigan. Cysts were extracted from temporal dynamics of SCN are adequately known and
single-core soil samples collected before planting in 1999 and 2000,

structured (Pierce and Nowak, 1999).the number of eggs per cyst was estimated, and the number of eggs
It is known that plant parasitic nematodes have aggre-per sample was obtained by multiplying eggs per cyst by the number

gated spatial distribution with frequency distributionsof cysts. The distribution of the three variables was characterized
generally described by the negative binomial functionusing geostatistical tools such as semivariograms, kriging, and cross-

correlograms on log-transformed values of the original data. Mean (Anscombe, 1950; Seinhorst, 1982). Taylor’s Power Law
cyst population density ranged from 6 to 33 cysts 100 cm�3 soil in the (Taylor, 1984) has been used to describe the distribution
two fields. Although the spatial structure of SCN population varied and to devise sampling strategies for nematodes (Ferris
between fields and SCN population density varied between years, et al., 1990; McSorley and Dickson, 1991). Unfortu-
the location of areas of high or low cyst density could be identified nately, while recommendations call for systematic soil
repeatedly. The reasons why nematodes exhibited an aggregated dis- sampling to obtain samples that represent the entire
tribution are not yet understood. The evaluation of factors associated

area sampled (Ferris et al., 1990; McSorley and Dickson,with the determination of SCN spatial distribution is part of an ongoing
1991), samples are composited to form a single sampleproject toward the development of SCN site-specific management.
representative of the site average. Such spatially nonex-
plicit sampling is not conducive to examination of the
possibility of site-specific management practices. TheSoybean cyst nematode is a major pest of soybean
high cost of obtaining and analyzing nematode samples[Glycine max (L.) Merr.] worldwide, accounting for
makes it imperative that methods of assessing spatialapproximately 54% (approximately 1.67 � 109 U.S. dol-
variability of SCN are highly effective and efficient.lars) of the soybean yield loss annually attributed to
Efficiencies can be achieved through robust samplingdisease-causing agents in the United States (Wrather et
designs or by relating SCN populations to more easilyal., 2001a, 2001b). Conducive cropping systems, highly
measured properties, such as soil pH or soil texture,adaptive behavior, and limited sources of resistance
that are known to have a somewhat structured spatial(Young, 1992; Young and Hartwig, 1992; Diers et al.,
variation (Pierce and Nowak, 1999).1999; Wang et al., 2000) are among the reasons SCN

Geostatistics provide tools for describing spatial vari-continues to be an economic threat. Eradication has
ation of soil properties and for local interpolation (krig-been unsuccessful, and the repeated planting of resistant
ing) to predict and map values at unsampled locations.cultivars in the field results in the selection of a nema-
Geostatistical methods can be applied to describe spatialtode population that can overcome plant resistance, re-
autocorrelation of nematode distribution, soil proper-ducing the longevity of the cultivar (Young, 1998). Thus,
ties, and host response to nematode infestation (Boag,a realistic strategy for managing SCN appears to be
1998). While it is difficult to compare over a range ofthrough cultural-based practices for suppressing nema-
experimental conditions, variability in the spatial distri-tode populations (Bridge, 1996). An important consid-
bution of the cyst nematodes has been clearly demon-eration in managing SCN is that its aggregated distribu-
strated. A study on local variance of SCN using geostati-tion varies in space and time (Francl, 1986a, 1986b;
stics showed that the scale of heterogeneity in theDonald et al., 1999). The spatial–temporal variability in
distribution of eggs between rows was similar to thatSCN is often overlooked in commonly used nematode-
within row (Francl, 1986a, 1986b). Webster and Boag
(1992) showed that the levels of cereal cyst nematode
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(Roundup Ready) was grown in both fields in 1999. Soybeanvariation was related to the direction of tillage but not
was planted in 19.1-cm rows at a rate of 519 000 viable seedsto other factors such as soil type or weed distribution
ha�1. Row orientation was north–south in Field A and east–(Donald et al., 1999). A better understanding of the
west in Field B. Fields A and B were planted within the samespatial and temporal dynamics of the incidence of SCN
week in mid-May in 1999 and in early June in 2000, withwould enable its more effective management by farmers. planting delayed by wet soil conditions. Weed control was

While previous studies clearly show the spatial depen- maintained using Roundup {[glyphosate [(N-(phosphonometh-
dence of SCN population density, more details are yl)glycine]} at the recommended rate, with one preplant appli-
needed on the nature of spatial dependence and how it cation in Field A in 1999 and 2000 and one application post-
varies in adjacent fields and over time. emergence in 1999. In Field B, there was one postemergence

application in 1999 and one preplant application in 2000.The objective of this work was to assess the magni-
Soil series in Field A were Belding sandy loam (coarse-tude, structure, and persistence in time of the spatial

loamy, mixed, frigid Argic Endoaquods), Breckenridge sandydistribution patterns of SCN cysts, eggs, and eggs per
loam (coarse-loamy, mixed, nonacid, frigid Mollic Endoa-cyst under field conditions using geostatistical tools. We
quepts), Brookston loam (fine-loamy, mixed, superactive, me-hypothesize that the spatial distribution of SCN is suffi-
sic Typic Argiaquolls), Conover loam (fine-loamy, mixed, ac-ciently structured and time invariant to support the use tive, mesic Udollic Endoaqualfs), and Newaygo sandy loam

of site-specific management in SCN-infested fields. (fine-loamy over sandy or sandy-skeletal, mixed, frigid Alfic
Haplorthods) (Fig. 1a). Soil series in Field B were Brookston
loam, Newaygo sandy loam, and Berville loam (fine-loamy,MATERIALS AND METHODS
mixed, mesic Typic Argiaquolls) (USDA-NRCS Soil Survey

Experimental Sites and Site Management Div., 2001). Soil series maps were digitized from Threlkeld
and Feenstra (1974) (Fig. 1b).The study was conducted in Shiawassee County, MI, in 1999

and 2000 on two fields (Field A and Field B) located 3.2 km
apart and maintained by the cooperating farmer. Field A was Soil Sampling Design
24 ha, managed under no-tillage since 1996, and planted to 1999corn (Zea mays L.) in 1998. Field B was 13 ha, conventionally
tilled after wheat in 1998, and managed under no-tillage there- A geostatistical sampling design was established in an 8-ha

area and a 5.25-ha area in the center of Fields A and B,after. A SCN-susceptible soybean variety ‘Asgrow 1901’

Fig. 1. Soil series maps and location of the soil samples collected from (a) Field A and (b) Field B in Shiawassee County, MI, in 1999 and 2000,
and (c) nested sampling design with geometric progression–reduced distances. Distances between pairs of samples are indicated; the direction
in which two consecutive samples were oriented was randomly selected. This design was applied within 50- by 50-m cells of a grid centered
in each field. In Fig. 1a and 1b, black circles indicate sets of sample locations in selected cells for both 1999 and 2000, and the crosses indicate
the locations of the additional samples collected in 2000 from alternate nodes of a 25- by 25-m grid. Soil series maps were digitized from
Threlkeld and Feenstra (1974).
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respectively (Fig. 1a and 1b). A grid of 50- by 50-m cells was niles were counted using standard laboratory procedures. The
average was used to determine the eggs per cyst for eachmarked on the area sampled. A nested survey sampling design

with distances reduced by geometric progression (adapted sample containing at least one cyst. Egg numbers were esti-
mated by multiplying the average number of eggs per cyst byfrom Webster and Boag, 1992) was applied to both fields

within alternate cells of the grid. In each selected cell, a first the total number of cysts in each sample.
pair of single-core samples was collected 20 m apart so that
the segment connecting them passed through the center of Statistical Analysis
the cell. A new point 7.9 m away from each sampled location

Soybean cyst nematode populations in Fields A and B werewas chosen in a random direction and also sampled. The proce-
analyzed separately, and no statistical comparison was madedure was repeated at 2.7, 0.9, and 0.3 m (Fig. 1c). The angles
between fields. For reasons beyond experimental control, afor each new location were randomly selected. Each angle
few samples were not collected from Fields A and B in 1999was expressed in north and east coordinates to facilitate the
or 2000. To compare populations between years, incompletelocation of the sampling sites in the field. This arrangement
pairs (1999 or 2000 sample missing for a specific location) andproduced 10 sampling locations per cell that were flagged and
additional data collected in 2000 were omitted only for thegeoreferenced using GPS (Fig. 1a and 1b, black circles). The
descriptive statistical analysis. Descriptive statistics for cysts,advantage of the nested survey design is to provide pairs
eggs per cyst, and eggs were calculated with the SAS Systemof observations at various short- and long-range separation
Release 8 (SAS Inst., Cary, NC). Histograms and cumulativedistances. This design guards against the potential pitfalls of
distribution functions were plotted to compare the frequencyregular grid-sampling designs when the shortest separation
distribution of cysts, eggs per cyst, and egg counts between yearsdistance exceeds the range of the spatial process, in which
in each field. Logarithmic transformation of the data was per-case description of the spatial dependency structure of the
formed whenever frequency distributions were highly skewed.spatial process would not be possible. Sampling locations were
Cumulative distribution functions for cysts [log10(cysts � 1)],staked before harvest in 1999 to mark them for sampling
eggs [log10(eggs � 1)], and eggs per cyst [log10(eggs per cyst �in 2000.
1)] were calculated and tested for log-normality with the Kol-
mogorov–Smirnoff test, used to compare probability distribu-2000
tions to a specific function. Logarithmic-transformed means

In addition to the 1999 sampling design, a grid with 25- and sample variances were compared between years within
by 25-m cells was superimposed on each field in 2000. The fields with a paired t test and an F test, respectively (� � 0.05).
additional grid was added to expand the level of sampling We used Taylor’s Power Law to provide a measure of aggre-
detail because the nested design applied in 1999 provided very gation in SCN population density (Taylor, 1961, 1984; Ferris
few pairs of samples for separation distances between 20 and et al., 1990). Means and variances were computed from pairs
60 m. Soil samples were obtained from alternate nodes of the of samples of cysts, eggs, and eggs per cyst, the samples being
new grid, providing 119 and 77 additional samples from Fields combined in different ways to give a range of spatial separa-
A and B, respectively (Fig. 1a and b, crosses). tions. The slope of the regression of log variance on log mean

(parameter b�) was estimated by simple linear regression. Pa-
rameter b� is an index of aggregation, varying continuouslySoil Sampling for Soybean Cyst Nematode
from 0 for a regular distribution to 1 for a random distribution

At each flag location, single-core soil samples were obtained to ∞ for a highly contagious distribution.
within a week before planting using an 8-cm-diam. by 23-cm-
depth bucket auger (Riverside Augers, Eijkelkamp, Giesbeek,

Geostatistical Analysisthe Netherlands). A total of 160 and 279 samples was collected
from Field A and 110 and 187 samples were collected from The semivariogram is a structural tool for depicting the
Field B in 1999 and 2000, respectively. Soil cores were placed spatial dependency in a realization of a mean–constant spatial
in individual plastic bags and, on arrival at the lab, were stored process [Z(s)]. Attributes of interest for which semivariogram
in 37.8-L (10-gallon) Rubbermaid containers at 4�C until they analysis was performed were the numbers of cysts, eggs per
were processed (within 30 d). cyst, and egg population densities. Various estimators of the

semivariogram are used in practice; Schabenberger and Pierce
(2002) summarize several of these. Here, the classical Math-Cyst Extraction
eron estimator

Cysts were extracted by adding 100 mL of soil in a beaker
containing 400 mL of tap water. A semiautomatic elutriator

�̂(h) �
1

2|N(h)| �
||si�sj||�h

{Z(si) � Z(sj)}2
(Res. Serv. Instrument Shop, The Univ. of Georgia, Athens)
was used for the extraction following standard procedures
(Byrd et al., 1976) with 60% extraction efficiency (standard was used (Matheron, 1963). The semivariance �̂(h) at a given

lag distance h is estimated as one-half the average squaredlab procedure). The last step in the elutriation process consists
of the collection of nematodes and small soil particles sus- difference between all observations at locations si, sj that are

separated by the h. The semivariogram for a given directionpended in water in a bowl. The bowl drains through 15 Tygon
tubes into a 75-	m aperture sieve (200 mesh) where cysts are is displayed as a plot of �̂(h) versus distance. Depending on the

data and sampling interval used, the shape of the experimentalretained. The volume of water and the amount of soil particles
flowing from 15 tubes overflowed the sieve, so cysts were semivariogram may take many forms. In general, the semivari-

ance increases with increasing distance between sample loca-collected from seven tubes instead. Cysts collected in the sieve
were further separated from soil particles following the sugar tions, rising to a more or less constant value (the sill) at a given

separation distance called the range of spatial dependence.flotation–centrifugation method (Dunn, 1969). Cysts were
then counted using a stereo microscope, and counts were ad- Samples separated by distances closer than the range are spa-

tially related. Those separated by distances greater than thejusted to estimate the total number of cysts per sample if all
15 tubes had been used. Three cysts were randomly selected range are no longer spatially autocorrelated. Semivariances

may also increase continuously without showing a definedfrom each sample and crushed. Eggs and second-stage juve-
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range and sill, thus preventing definition of a spatial variance, a drift or trend (nonstationarity of the mean) existed within
the area of interest, universal kriging was used; otherwise,indicating that the range is greater than the largest lag (h) or

the presence of a trend effect and/or nonstationarity (Webster ordinary kriging was the method of choice. Universal kriging
takes the drift into account, provided the form of the driftand Burguess, 1980). Stationarity means that the random field

sampled looks similar everywhere. A random field is second- and the semivariogram are known (Journel and Huijbregts,
1978). The distributions of cysts, eggs, and eggs per cyst wereorder stationary if the mean of the random field is constant

and does not depend on locations, and the covariance between mapped separately for each field and year with ordinary or
universal log-kriging predicting values at the nodes of a 1- bytwo observations is only a function of their spatial separation

(Schabenberger and Pierce, 2002). Whenever semivariograms 1-m cell grid using all of the data points in each sample and
the parameters from the models fitted to the empirical semiva-showed nonstationarity, the data were detrended by carrying

out a polynomial least-squares regression, and semivariogram riograms.
The cross-correlogram is used to describe the spatial conti-analysis was performed on the residuals. Other semivario-

grams show complete absence of spatial structure, implying nuity between measurements of different attributes or of the
same attribute measured at different times. The cross-correla-that the value observed at one location carries no information

about values at other locations. The nugget effect (C0) is a tion function given by Goovaerts (1997) was used here to
calculate cross-correlograms for logarithmic-transformeddiscontinuity of the semivariance near the origin. It consists

of measurement error variability and/or the sill of a microscale cysts, eggs per cyst, and eggs between years and for logarith-
mic-transformed eggs per cyst and eggs in 1999 with cysts inspatial process. The error variance is a measure of repeatability

of the data measurements, whereas microscale variance is a 2000. Only the data points from locations sampled in both
1999 and 2000 were used for this analysis.measure of variation that occurs at separation distances less

than the smallest sample spacing (Cressie, 1993).
To reduce the influence of extreme values and to achieve

RESULTSgreater symmetry, log-transformed data were used for the
geostatistical analysis. Experimental omnidirectional semiva- Population Densities of Soybean Cyst Nematode
riograms of cysts [log10(cysts � 1)], eggs per cyst [log10(eggs

Cyst and egg population densities of SCN, as well asper cyst � 1)], and eggs [log10(eggs � 1)] were calculated for
each field and year for lags ranging from 1 to 30 m, with a eggs per cyst, varied significantly between fields and
lag tolerance of one-half of the lag used (h/2). The minimum years. Cyst population density for entire fields ranged
number of pairs required for each lag was 30. The reduced from as low as 6 cysts 100 cm�3 soil in Field A in 1999
number of samples in the east–west direction in Field A and to as high as 33 cysts 100 cm�3 soil in Field B in 2000.
the predominant southwest–northeast arrangement of the The lowest and the highest egg population densitiessamples in Field B prevented the calculation of reliable direc- were also found in Field A in 1999 (87 eggs 100 cm�3
tional semivariograms. Variography was performed with the

soil) and in Field B in 2000 (4939 eggs per 100 cm�3
Surfer 7.02 software package (Golden Software, 1999).

soil), respectively (Table 1).Kriging is the best linear unbiased prediction of regionalized
variables at unsampled locations using the structural proper-
ties of the semivariogram and the sampled values at observed Field A
locations. Soil properties often exhibit lognormal probability

While mean cyst density in Field A remained similardistributions, in which case log-Gaussian kriging is employed.
and low in 1999 and in 2000, with positively skewedIt involves computation of semivariograms and kriging on
frequency distribution (Table 1 and Fig. 2a), the samplelog-transformed values of the original data using the same

procedures as for simple linear kriging (Cressie, 1993). When variance of cyst density increased significantly in 2000

Table 1. Summary statistics of soybean cyst nematode (SCN) cyst and egg population densities and eggs per cyst from two fields in
Shiawassee County, MI, before planting in 1999 and 2000.

Cysts Eggs† Eggs per cyst‡

1999 2000 1999 2000 1999 2000

Field A Counts 100 cm�3 soil
Arithmetic mean§ 6.4 NS 8.4 NS 86.6* 851.5* 13.0* 48.9*
Standard deviation¶ 6.56* 10.8* 129.2* 1571.4* 20.6* 48.2*
CV, % 102 129 149 184 158 98
Min.–max. 0–41 0–69 0–656 0–8369 0–270 0–168
Sample size# 157 157 115 115 115 115
b� value (SE)†† 1.4 (0.03) 1.5 (0.03) 1.6 (0.02) 2.0 (0.03) 1.8 (0.02) 1.4 (0.05)

Field B
Arithmetic mean§ 14.5* 32.9* 2442.6* 4938.7* 116.5* 87.9*
Standard deviation¶ 22.1* 58.2* 3531.5* 8975* 58.8 NS 69.7 NS
CV, % 152 176 144 182 50 79
Min.–max. 0–121 0–484 0–17 368 0–68 284 0–298 0–285
Sample size# 109 109 79 79 79 79
b� value (SE)†† 1.7 (0.03) 1.7 (0.03) 2.1 (0.04) 1.8 (0.02) 1.1 (0.13) 0.9 (0.06)

* Significance at the 0.05 probability level.
† Egg density in each sample was estimated by multiplying the average number of eggs per cyst by the total number of cysts found in the sample.
‡ The number of eggs per cyst is the average number of eggs counted after crushing three randomly selected cysts in each sample.
§ Arithmetic means of logarithmic-transformed data were compared between years using the paired t test. Arithmetic means of original data are shown

for clarity.
¶ Sample variances of logarithmic-transformed data were compared between years using the F test. Standard deviations of original data are shown for clarity.
# Sample size for analyses of eggs and eggs per cyst include only samples with at least one cyst.
†† Taylor’s Power Law index of aggregation b� and standard error (SE).
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Fig. 2. Frequency distribution and cumulative distribution function (cdf) of (a) cysts 100 cm�3 soil, (b) eggs per cyst, and (c) eggs 100 cm�3 soil
from Field A and (d) cysts 100 cm�3 soil, (e) eggs per cyst, and (f) eggs 100 cm�3 soil from Field B. Samples were collected before planting
in 1999 and 2000. The number of eggs per cyst was estimated as the average number of eggs found after crushing three randomly selected
cysts in each sample.

(Table 1). Taylor’s Power Law index of aggregation b� aggregation indicated aggregation in egg population and
insufficient evidence of aggregation in the number ofindicated a moderately aggregated distribution of cysts

in 1999 and 2000. Mean egg density and sample variance eggs per cyst in 1999 and 2000 (Table 1). Relative fre-
quency distributions of eggs per cyst appeared normalwere significantly higher in 2000 than in 1999 as a result

of the increased production of eggs per cyst in 2000 in both years, with medians (109 eggs cyst�1 in 1999 and
75 eggs cyst�1 in 2000) close to the means (113 eggs(Table 1; Fig. 2b and 2c). The degree of aggregation in

the population of eggs was also greater in 2000 than in cyst�1 in 1999 and 86 eggs cyst�1 in 2000) (Fig. 2e).
1999, whereas the opposite was true for the number of
eggs per cyst (Table 1). The proportion of cysts without Geostatistical Analysis
eggs decreased from 36% in 1999 to 23% in 2000, indi-

Although the spatial structure of SCN populationcating that more cysts had eggs at planting and, there-
density varied between fields and years, the spatial auto-fore, that there was a greater infection potential in
correlation in cyst and egg population densities, as well2000 (Fig. 2b).
as eggs per cyst, was structured to a lesser degree in 2000
than in 1999. Empirical semivariograms were calculatedField B
and graphed for lags ranging from 3 to 30 m, but only

Soybean cyst nematode population density in Field those calculated for a lag of 10 m were selected for
B was moderate in 1999 and high in 2000. The mean modeling because they represented more clearly the
number of cysts found in 2000 was 2.3 times greater structure of the spatial variability in these fields. The
than in 1999, with greater variability as well (Table 1). models fitted and their corresponding parameter esti-
The distribution of relative frequencies was positively mates are given in Table 2.
skewed in both years (Fig. 2d). In 1999, cysts were not
detected in 19.3% of the samples, whereas in 2000, this

Field Aproportion decreased to 13.6% (Fig. 2d). The same mod-
erate degree of aggregation in cyst population was ob- The data exhibited nonstationarity in mean for loga-

rithmic-transformed cyst data in 1999 (data not shown).served in 1999 and 2000 (Table 1). The number of eggs
found in 2000 was significantly greater and more vari- Therefore, the semivariogram was calculated with the

residuals after a polynomial trend was removed. Theable than in 1999 (Table 1 and Fig. 2f). In contrast to
Field A, the production of eggs per cyst was reduced experimental semivariograms of cyst density in 2000,

and egg density and eggs per cyst in both years showedby 25% from 1999 to 2000 (Table 1), and 13.7% of the
cysts were without eggs in 2000 compared with only stationarity in the distribution (Fig. 3b–3f). Empirical

semivariograms clearly showed periodicity in the spatial2.3% in 1999 (Fig. 2e). Therefore, the increase in egg
density in 2000 was due to the greater number of cysts structure of the distribution of cysts, eggs, and eggs per

cyst (Fig. 3a–3f). However, because of the large nuggetand not to increased egg production. Taylor’s index of
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Table 2. Parameters of the theoretical semivariogram models of soybean cyst nematode (SCN) population density in two fields in
Shiawassee County, MI, before planting in 1999 and 2000.†

Drift‡ Model function C0§ C¶ Range# C0 /(C � C0)††

Field A 1999 m
Cysts‡‡ Linear Nugget 0.08 0.50

Wave 0.04 3.6
Spherical 0.04 819.3

Eggs per cyst§§ No Nugget 0.34 0.77
Spherical 0.1 168.3

Eggs¶¶ No Nugget 0.8 0.77
Wave 0.24 4.5

Field A 2000
Cyst No Nugget 0.18 0.69

Spherical 0.08 122
Eggs per cyst No Nugget 0.33 0.44

Wave 0.41 7.13
Eggs No Nugget 1.32

Field B 1999
Cysts Linear Nugget 0.07 0.35

Wave 0.13 12.16
Eggs per cyst No Nugget 0.08 0.44

Wave 0.1 11.93
Eggs No Nugget 0.25 0.43

Wave 0.33 10.22
Field B 2000

Cyst Linear Nugget 0.09 0.37
Wave 0.08 2.62
Spherical 0.07 268

Eggs per cyst No Nugget 0.44
Eggs No Nugget 1.1 0.86

Wave 0.18 4.24

† Models were fitted by least squares based on empirical semivariograms calculated for lags (h ) ranging from 1 to 25 m, with a lag tolerance of h/2. The
minimum number of pairs required for each lag was 30.

‡ Whenever semivariograms showed nonstationarity, the data were detrended carrying out a simple polynomial least-squares regression, and semivariogram
analysis was performed on the residuals. The polynomial order of the trend is indicated when a drift or trend was removed.

§ C0 is the nugget effect or a discontinuity in semivariance at the origin due to microscale variability or sampling error.
¶ C is the partial sill defined for spherical models.
# Observations that are spatially separated by more than the range are uncorrelated.
†† C0 /(C � C0) is an indicator of the degree of spatial structure—the lower the number is, the stronger the spatial autocorrelation.
‡‡ Semivariograms for cysts were calculated for log10(cysts 100 cm�3 soil � 1). Cysts were extracted from a 100-cm3 soil subsample with a semiautomatic

elutriator and counted.
§§ Semivariograms of eggs per cyst were calculated for log10(eggs per cyst � 1). The number of eggs per cyst was estimated as the average number of

eggs counted after crushing three randomly selected cysts in each sample.
¶¶ Semivariograms for eggs were calculated for log10(eggs 100 cm�3 soil � 1). Egg density was determined for each sample by multiplying the average

number of eggs per cyst by the number of cysts in the sample.

effect in some cases, a wave- or hole-effect model could shown). Therefore, semivariograms were calculated
from residuals after removal of a polynomial trend. Innot be fitted (Fig. 3b, 3c, and 3f). The empirical semivari-

ogram of cysts in 1999 showed two scales of spatial 1999, the distribution of cysts showed strong spatial au-
tocorrelation described by a wave-effect model with astructure: one described by a wave-effect model with a

short range indicating the presence of small clusters of range of 12 m (Fig. 4a). In 2000, the structure of the
empirical semivariogram was similar to the one ob-cysts and the second by a spherical model with a much

greater range describing the spatial autocorrelation of served for cysts in Field A in 1999. A wave-effect model
and a spherical model described the short- and long-those smaller clusters (Fig. 3a). A similar pattern was

observed in 2000 although the periodicity could not be range structures, respectively (Fig. 4b). The periodicity
observed in the empirical semivariograms of eggs permodeled in this case (Fig. 3b). The semivariance of eggs

per cyst increased with increasing lag distance up to a cyst and eggs could be described by wave-effect models,
except for eggs per cyst in 2000 where the nugget effectrange of almost 170 m in 1999 (Fig. 3c). In 2000, a

wave-effect model with a range of 7 m described the was too large (174 pairs in the first lag) (Fig. 4c–4f).
These semivariograms indicate clustered distribution ofperiodicity in the distribution of eggs per cyst (Fig. 3d).

The semivariance for eggs fluctuated about the sample eggs and eggs per cyst.
variance with increasing separation distance between
data pairs in 1999 and 2000, indicating a clustered distri- Kriging
bution of eggs within a very short range, even though The distributions of cysts, eggs, and eggs per cyst were
a wave-effect model could not be fitted in 2000 because mapped separately for each field and year with ordinary
of the large nugget (first lag represented by 131 pairs) or universal log-kriging using the parameters from the
(Fig. 3e–3f). models fitted to the experimental semivariograms

(Table 2).
Field B The distribution of cysts in Field A varied slightly

from 1999 to 2000. In 1999, small clusters of cysts wereThe data exhibited nonstationarity in mean for loga-
rithmic-transformed cyst data in both years (data not aggregated in larger patches. Cyst density was lower in
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Fig. 3. Semivariograms of (a and b) cysts [log10(cysts 100 cm�3 soil � 1)], (c and d) eggs per cyst [log10(eggs per cyst � 1)], and (e and f) eggs
[log10(eggs 100 cm�3 soil � 1)] from Field A in (a, c, and e) 1999 and (b, d, and f) 2000. Black circles indicate omnidirectional empirical
semivariogram, the solid line indicates the theoretical model fitted by means of least squares, and the dashed line is the sample variance.

the center of the area sampled and in the north end. of the nature of the semivariogram model (pure nugget
effect), the map of egg distribution in 2000 representedThe highest cyst density was found in the south portion

of the field and in a band of approximately 100 m wide the egg mean density throughout the field (not shown).
The distribution of eggs per cyst and eggs were uncorre-located between 550 and 650 m north (Fig. 5a). In 2000,

cyst density increased throughout the field, and the dis- lated between 1999 and 2000 (Fig. 6b and 6c). Cyst
population density at planting in 2000 was poorly corre-tribution pattern changed in some portions of the field

when compared with the pattern observed in 1999 lated with eggs per cyst or eggs at planting the previous
year (Fig. 7a and 7b).(Fig. 5b). Even though the grouping in small clusters

disappeared, cyst density remained low in the center and The distribution of cysts in Field B indicated the pres-
ence of a well-defined area with high cyst density locatedthe northwest corner of the field. The most significant

change in the distribution was observed in the southeast in the northeast corner and an area with low cyst density
in the southwest corner of the sampled site in 1999.corner of the field where cyst density decreased mark-

edly in 2000. Despite the similarities in cyst distribution Clusters of high and low cyst density were mixed in
between these extreme locations (Fig. 8a). The patternbetween years, the cross-correlogram indicated weak

correlation between cysts in 1999 and 2000 for very was maintained in 2000 with a relatively high linear
correlation coefficient (Fig. 6d), but the infected areashort lags and no cross-correlation beyond a separation

distance of 20 m (Fig. 6a). The poor spatial structure was larger, extended toward the south, and did not in-
clude low-density clusters (Fig. 8b). The cross-correlo-and the low number of eggs per cyst in 1999 generated

a distribution of kriged values rather uniform through- gram for cysts between years showed a decrease in cor-
relation as the separation distance between samplesout the field (Fig. 5c). The increased number in eggs per

cyst and cysts with eggs in 2000 may have contributed to increased (Fig. 6d). Patches of eggs-per-cyst density
slightly higher than the mean were distributed through-a better defined spatial structure. Kriged values for eggs

per cyst in 2000 showed small clusters of high and low out the field in 1999, with the lowest numbers located
on the southeast corner of the site (Fig. 7c). In 2000,values distributed randomly throughout the field

(Fig. 5d). The distribution of high and low egg density the distribution of eggs produced per cyst was repre-
sented by the mean throughout the field because of theareas resembled that of cysts in 1999 (Fig. 5e). Because
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Fig. 4. Semivariograms of (a and b) cysts [log10(cysts 100 cm�3 soil � 1)], (c and d) eggs per cyst [log10(eggs per cyst � 1)], and (e and f) eggs
[log10(eggs 100 cm�3 soil � 1)] from Field B in (a, c, and e) 1999 and (b, d, and f) 2000. Black circles indicate omnidirectional empirical
semivariogram, the solid line indicates the theoretical model fitted by means of least squares, and the dashed line is the sample variance.

Fig. 5. Log-kriged maps represent the distribution of cysts in the area sampled within Field A in (a) 1999 and (b) 2000, the distribution of eggs
per cyst in (c) 1999 and (d) 2000, and the distribution of eggs in (e) 1999. The shading scale indicates levels of cysts [log10(cysts 100 cm�3

soil � 1)], eggs per cyst [log10(eggs per cyst � 1)], and eggs [log10(eggs 100 cm�3 soil � 1)]. A solid line delineates the field boundaries.
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Fig. 6. Cross-correlograms between (a and d) cysts [log10(cysts 100 cm�3 soil � 1)], (b and e) eggs per cyst [log10(eggs per cyst � 1)], and (c and f)
eggs [log10(eggs 100 cm�3 soil � 1)] in 1999 and 2000 in (a, b, and c) Field A and (d, e, and f) Field B. r � linear correlation coefficient.

nature of the semivariogram model (not shown). The lated with egg density at planting in 1999 (Fig. 7c
and 7d).distribution of eggs matched well that of cysts in 1999

and 2000 as expected because the number of eggs is a
linear function of cysts and eggs per cyst and the coeffi- DISCUSSIONcient of variation (CV) of cysts was much greater than
the CV of eggs per cyst (Fig. 8d and 8e; Table 1). In The objective of this work was to assess the magni-

tude, structure, and persistence in time of the spatial1999, it was possible to identify clusters of spatial auto-
correlation in the distribution of eggs, whereas in 2000, distribution patterns of SCN cysts, eggs, and eggs per

cyst under field conditions using geostatistical tools.the clusters appear to merge into more homogeneous
bands. The correlation in the distribution of eggs per Geostatistics have been used to study the spatial distri-

bution of soil-inhabiting plant pathogens such as fungus-cyst between years was poor at short lags, becoming
negative with increasing separation distance and nonex- vectored viruses (Workneh et al., 2001), soil nematode

community structure (Robertson and Freckman, 1995),istent beyond 60 m (Fig. 6e). The distribution of eggs
was moderately correlated between years at very short and cyst nematodes under semicontrolled and field con-

ditions (Francl, 1986a, 1986b; Webster and Boag, 1992;lags and uncorrelated beyond 20 m (Fig. 6f). Cyst popu-
lation density in 2000 was poorly correlated with the Evans et al., 1998; Donald et al., 1999, 2001). In almost

all cases, spatial patterns have been demonstrated. How-number of eggs per cyst in 1999 but relatively well corre-



AVENDAÑO ET AL.: SPATIAL DISTRIBUTION PATTERNS OF SOYBEAN CYST NEMATODE 945

Fig. 7. Cross-correlograms between (a and c) eggs per cyst [log10(eggs per cyst � 1)] in 1999 and cysts [log10(cysts 100 cm�3 soil � 1)] in 2000
and (b and d) eggs [log10(eggs 100 cm�3 soil � 1)] in 1999 and cysts in 2000 in (a and b) Field A and (c and d) Field B. r � linear
correlation coefficient.

ever, the precision of defining the spatial structure seems SCN population, with positive and negative correlation
between samples as the separation distance increased. Ato vary with the type of sampling design used. The sam-

pling design selected for this study allowed for the con- plot of Taylor’s index b� vs. separation distance between
samples would probably have reflected the fluctuationsstruction and analysis of detailed semivariograms for

short separation distances, thus contributing to the un- observed in the empirical semivariograms.
The spatial distribution of SCN cysts, eggs, and eggsderstanding of SCN spatial distribution patterns. A reg-

ular grid may provide more uniform coverage of the per cyst exhibited varying degrees of aggregation and
structure, and the spatial structure varied between years.area to be sampled, but the scale of spatial autocorrela-

tion may be missed if the distance between nodes is While the exact causes of varied SCN spatial distribution
are poorly understood, nematode multiplication andlarger than or equal to the range of the semivariogram.

For exploratory spatial analysis, the nested sampling population density equilibrium are influenced by host–
nematode interactions and the prevailing environmentaldesign of Webster and Boag (1992) has an advantage

over regular grids in that it provides information for a conditions (Seinhorst, 1967). For example, SCN repro-
duction and subsequent survival could be influenced byvariety of short separation distances (lags), thus en-

abling the analysis of the structure of the semivariogram nonhost plants or the presence of a resistant cultivar
(Riggs, 1987). These, in turn, may lead to a less struc-when the scale of spatial variability is unknown. Taylor’s

Power Law has been used to determine the degree of tured and more random distribution of the surviving
cysts in soils. Hence, the low number of SCN cysts ob-aggregation of many nematode species (Boag and To-

pham, 1984; Duncan et al., 1989; Ferris et al., 1990; served in Field A before planting in 1999 appears to be
the outcome of corn, a nonhost crop, grown the previousMcSorley and Dickson, 1991; Webster and Boag, 1992).

While the index of aggregation b� was not affected by year, thereby possibly explaining the poorly structured
spatial distribution observed for cysts in Field A in 1999.sample size (Boag and Topham, 1984), it differed by

species and by the separation distance between samples When infective juveniles hatch where a susceptible soy-
bean variety is grown, SCN can complete several genera-(Boag and Topham, 1984; Webster and Boag, 1992). In

Fields A and B, Taylor’s index of aggregation did not tions during a growing season, and population density
can increase sharply if conditions are adequate (Lauritiscorrespond with the information obtained from the sem-

ivariograms on the spatial structure in SCN population. et al., 1983; Bonner and Schmitt, 1985). Soybean cyst
nematode population densities that were below the de-This might be due to the periodicity encountered in
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Fig. 8. Log-kriged maps represent the distribution of cysts in the area sampled within Field B in (a) 1999 and (b) 2000, the distribution of eggs
per cyst in (c) 1999, and the distribution of eggs in (d) 1999 and (e) 2000. The shading scale indicates levels of cysts [log10(cysts 100 cm�3

soil � 1)], eggs per cyst [log10(eggs per cyst � 1)], and eggs [log10(eggs 100 cm�3 soil � 1)]. A solid line delineates the field boundaries.

tection limit at planting in 1999 may have increased with lower nematode densities. At the same time, cysts
located in the northeast corner of the field containedto detectable levels in 2000 after susceptible soybean,

generating changes in the spatial structure poorly corre- similar numbers of eggs in 2000 as cysts found in areas
with healthier plants (pure nugget effect semivario-lated between years. The cysts and eggs distribution

maps in Field B showed that the areas with more eggs gram). Soil properties are very likely also involved in
this relationship (Koenning et al., 1988; Todd and Pear-in 1999 resulted in increased cyst density in 2000, and

areas with fewer eggs in 1999 resulted in relatively fewer son, 1988; Koenning and Barker, 1995). Among other
factors, poor growth could be a function of soil moisturecysts in 2000 (Fig. 8), indicating a positive correlation

based on spatial location between eggs at planting and where generally more, deeper, and less evenly distrib-
uted roots develop under drought stress, offering morecyst density the following spring. This correlation was

corroborated by the cross-correlogram (Fig. 7d). Over feeding sites to nematodes (Huck et al., 1986). The por-
tion of the field where plants grew poorly was welltime, and under adequate conditions, the spatial distri-

bution of cysts in this field, and possibly in Field A too, drained (Newaygo sandy loam), suggesting that drought
stress may have been an adverse factor for plant growthmay become more structured.

Plant parasitic nematodes act as sinks of photoassimi- in addition to the abundance of SCN. These observa-
tions correspond with those of Koenning and Barkerlates and nutrients, and their ability to function as such

will vary considerably depending on their physiological (1995) where plant growth was adversely affected in
coarse soils with poor water-holding capacity even whenage (Bird and Loveys, 1975). Soybean cyst nematode

females are more likely to reach maturity in primary there was a continuous water supply. A combination of
causal factors could result in patches of cyst density andrather than in secondary or tertiary roots; thus, maturity

may be related to the distance between the infection variation of egg production, thereby generating spatial
autocorrelation over time and in the presence of a suit-site (the sink) and the shoot (Melton et al., 1986). Plants

with large root biomass offer more feeding sites to nem- able host.
Although strong winds, farming equipment, animals,atodes, favoring infection but not necessarily improved

egg production. In Field B, we observed that the soy- and flooding may disperse eggs and cysts in a field or
move them to new locations, the most common dispersalbean plants located in the area where cyst and egg densi-

ties were high grew more poorly than plants in areas mechanism of SCN is movement of soil (Lehman, 1994).
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