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Figure 8. A-Index diagnostics plots, including Cook’s Distance, Studentized residuals
and hat-values for negative binomial regression of SCN population density after annual
corn rotation vs. predictors: SCN initial population (LogPi), pH, texture index, tillage,
irrigation and interactions between tillage-texture index and tillage-irrigation. B- Plot of
hat-values, Studentized residuals, and Cook’s distances for negative binomial regression.
Size of the circle is proportional to Cook’s Distance. Observations with high hat values
have high leverage.
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Figure 9. DFBETAS values for the negative binomial regression model fit to the training
data set with predictors: SCN initial population density transformed to the natural log
(LogPi), pH, texture index (T1), Tillage, Irrigation, and the interaction Tillage*TI and
Tillage*Irrigation. Influential observations on the estimated coefficients are those whose
absolute value is >1 (shown outside the dark red border lines in each plot), according to
the DFBETAS guidelines for influential observation for small to medium sized data sets.
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Figure 10. Regression of the predicted and the observed SCN population density (in the
natural logarithmic scale) after annual corn rotation in Nebraska based on a negative
binomial regression model fitted to the training data set. Model included SCN initial
population density and soil pH as predictors. Solid line is the regression line and dotted
line is the line with slope = 1, passing through the origin. Regression equation is shown
in the graphic. R? rounded to nearest two decimals.
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Figure 11. Regression of the predicted and observed SCN population density (in the
natural logarithmic scale) after annual corn rotation in Nebraska based on a negative
binomial regression model fitted to the validation sample data set. Model included SCN
initial population density and soil pH as predictors. Solid line is the regression line and
dotted line is the line with slope = 1, passing through the origin. Regression equation is
shown in the graphic. R? rounded to nearest two decimals.
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CHAPTER V. INTRA AND INTERPLOT SPATIAL VARIABILITY OF
SOYBEAN CYST NEMATODE POPULATION DENSITIES: A LOOK AT ITS
RELATION WITH YIELD ESTIMATION IN STANDARD SOYBEAN VARIETY

EVALUATIONS

ABSTRACT

The intra and interplot spatial variability of SCN population densities was
analyzed in three experimental areas through a composite and an intensive single-core
sampling. The relationship between the observed SCN population density variability and
soybean yield of two varieties, tested under a randomized complete block design, was
also examined. Spatial autocorrelation determined that SCN population densities
occurred in an aggregated pattern in the experimental areas, with population densities
showing spatial dependence with those of adjacent plots. The B-binomial distribution
adequately described data of incidence (number of SCN-positive soil cores per plot) and
suggested that SCN population density aggregation also occurred within plots (index of
aggregation e > 0). Correlogram analysis of thirty six transects of 28 to 35-m showed that
SCN population densities were spatially correlated with population densities located up
to 15 m. SCN reproduction factor was not related to the number of SCN-positive cores
per plot nor was it related to soybean yield in the two soybean varieties assessed (one
resistant and one susceptible). Consideration of plant density in the estimation and
comparison of yield of the two varieties consistently showed significant yield differences

that were not evident when plant density was ignored.
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INTRODUCTION

The soybean cyst nematode (SCN; Heterodera glycines Ichinohe, 1952) has
remained the most economically important pathogen of soybean in the U.S. (Niblack,
2005; Wrather and Koenning, 2006). In Nebraska, economic losses due to this nematode
were estimated at $40 U.S. million dollars in 2012 (Wilson and Giesler, 2013).
Management of SCN in Nebraska has relied on crop rotation and the use of SCN resistant
soybean varieties (Giesler and Wilson, 2011). Use of SCN resistant soybean varieties and
crop rotation are the most economical and sustainable strategies to mitigate the impact of
this pathogen (Niblack, 2005; Tylka, 2008).

More than 100 sources of SCN resistance have been identified and are now
available to breeders (Rao-Arelli et al., 1992; Rao-Arelli et al., 2000). The importance of
gene identification for development of resistant varieties is well recognized (Kim et al.,
2010). Of more practical relevance, however, is how to better assess resistance in relation
to cultivar response to SCN in field experiments. Every year, hundreds of soybean
varieties are evaluated for agronomic performance and response to SCN in the U.S.
(Giesler and Wilson, 2011; Tylka et al., 2012). The effectiveness of resistant varieties in
suppressing SCN population densities has been assessed according to an index of
nematode reproduction, referred to as the SCN reproduction factor (Rf) (Niblack et al.,
2002; Niblack, 2005). The Rf sustained by a given variety depends entirely upon the SCN
population density at planting (Pi or initial population) and the population density at
harvest (Pf or final population) estimated in an experimental plot. Estimation of SCN
population densities (Pi and Pf) in experimental plots is affected not only by the detection

limit of the processing method used, but also by the spatial variability of SCN population
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densities in a plot. The spatial variability of SCN population densities in a field plot
determines largely the probabilities of recovering SCN cysts and eggs from soil cores
during sampling. Soil cores are typically collected only along the two center rows of a
four-row experimental plot (Niblack, 2005; Tylka et al., 2012).

The analysis of spatial variability through spatial pattern has been an important
tool in the understanding and interpretation of pathogen populations and disease
dynamics (Noe and Campbell, 1985; Campbell and Madden, 1990; Gottwald et al.,
1992). Field variation, optimum plot size and shape, and relationship with soil factors are
among the practical information that spatial pattern analysis provides (Modjeska and
Rawlings, 1983). Francl (1986) reported intensive sampling for SCN in field plots and
the analysis of spatial variability suggested that 6 m was the minimal plot length to
account for SCN spatial heterogeneity. Relationship of SCN spatial heterogeneity with
soybean yield was not the focus of his analysis (Francl, 1986).

Reliable and accurate assessment of response of resistant varieties to SCN are
fundamental to the selection of improved cultivars and to enable better cultivar
recommendations to soybean growers. The objectives of this research were to (i)
determine the spatial pattern of SCN population densities in standard variety evaluation
field plots; (ii) describe the SCN field spatial variability commonly encountered in
standard-size variety evaluation experimental plots using geostatistics; (iii) determine the
relationship between SCN population densities and mean incidence intraplot and
interplot; and (iv) characterize the information obtained from objectives i to iii in relation

to soybean yield.
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MATERIALS AND METHODS
Field plot establishment

Three experimental areas (one per location) were established in fields with a
history of SCN near Bellwood, Plattsmouth and Waterloo, Nebraska in 2012. The
Bellwood field had a loamy sand soil texture and was under central-pivot irrigation. The
Plattsmouth field had a silty clay loam texture type and was non-irrigated, and the
Waterloo field had a sandy loam soil type and was under central-pivot irrigation.
Bellwood and Plattsmouth fields were conventional-till fields and Waterloo was a no-till
field.

The experimental area in each location consisted of an array of 6 x 6 plots, each
plot being 5.2-m long and 3-m wide. In each location, the experimental area was
stratified into six blocks and each of two glyphosate-resistant soybean varieties, one
registered as SCN-resistant (Pioneer 93Y'15, source of resistance Pl 88788) and the other
as SCN-susceptible (Pioneer 93M11), was randomly assigned to three plots in ach block.
Varieties were planted at a density of 140,000 seeds per acre. The four soybean rows of
each plot were spaced at 0.76 m, and 0.60 m alleys were left between plots. Planting was
done on May 22 in Bellwood and on May 23 in Plattsmouth and Waterloo. Agronomic
management of the plots followed the recommended practices for high yield soybean

production in the region.

Sampling for SCN
The first sampling for SCN was executed immediately after planting in each

location and consisted of a composite or bulk sampling followed by a single-core
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sampling. Before collecting the soil samples, a 4-m inner segment of the two center rows
of each plot was delimited and marked for future reference. Five soil cores, one at every
1.0 minterval, were collected along each of the center rows. The 10 cores obtained were
mixed to a composite sample. Cores were 2.5-cm-diameter and 15 to 20-cm-deep.
Following the collection of the composite samples in the plots, 10 additional soil cores
were collected along the same center rows of each plot, in a similar manner as before.
However, in this sampling each single core constituted an individual sample. Each single
core was extracted within a radius of 10 cm from where the cores for the composite
samples were removed, attempting to obtain cores with similar soil amounts. Core
extraction was repeated if a core appeared to have less soil amount than that predefined
for a regular rich-soil core sample. Soil probes were washed and rinsed in a bucket
between each core extraction to avoid SCN contamination between individual samples
and between plots.

A second sampling of composite samples was conducted at harvest in each
location. These samples were used for estimation of SCN population density at harvest,
which was used in the calculation of the SCN reproductive factor in each of the two
varieties assessed. In order to sample near the areas of the two center rows where soil
cores were removed in previous samplings, probing was done within an approximate
radius of 10 to 15 cm from where first composite sampling cores were removed. This was
aided by the plots markers that were placed in the center rows at the beginning of the
study. In addition to SCN sampling, soil composite samples were collected in each
location for analysis of soil texture, fertility, pH, organic matter and soluble salts. These

were done by a commercial soil laboratory (Wards Laboratories, Inc., Kearney, NE).
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Sample processing and determination of SCN population density

In the laboratory, each composite and single-core soil sample was thoroughly
mixed to obtain a homogenous sample. For the composite samples a 100 cm® subsample,
measured by volumetric displacement, was processed to determine the number of SCN
eggs/100 cm® of soil using standard sieving techniques for cyst nematodes. The rest of
the methodology has been previously described (Pérez-Herndndez and Giesler, 2013).
For the single-core samples, the soil samples were processed in the same manner as the
composites. Weight and volumetric displacement of each sample was determined before
processing and the obtained SCN population density was adjusted to the standard 100

cm?® of soil.

Spatial pattern of SCN population densities in the experimental areas

The spatial pattern of SCN population densities in the three experimental areas
was determined from egg densities of the first composite sampling using spatial
autocorrelation analysis with the LCOR2 software (Gottwald et al., 1992). The analysis is
based on the Modjeska and Rawlings model for spatial correlation analysis of uniformity
data (Modjeska and Rawlings, 1983). The model assumes symmetry of the correlations
and that all pairs of observations that have the same spatial relationship have the same
correlation. In the analysis, all counts or quadrats values are compared with all others in
the matrix of quadrats.

In the 6 x 6 plot matrix of each experimental area in the present study, each plot
was considered as a quadrat, so the spatial position of each individual quadrat was

identified by the row number and the column (position) of the quadrat within the row (a
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row corresponded to the block of the two soybean center rows of each plot where SCN
was sampled). In the data matrix, the spatial location was identified by subscripts i and j,
suchthati=1,2,...,and j = 1,2,... designate row and column numbers respectively. The
correlations at different distances are given by p(l, k), where / = i’-iand k = ;- j define
lags in two dimensions or number of quadrats from quadrat (i, j) across rows and
columns, respectively, to quadrat (i, j ). The mathematical basis of the correlation model
is given in Modjeska and Rawling (1983).

In addition to the spatial autocorrelation analysis, geostatistical maps of SCN egg
densities were generated with data of the first composite sampling to visually inspect the
SCN spatial pattern in experimental area. Maps were generated using the nearest
neighbor spatial interpolation method in SURFER software (Golden Surfer 6.04, Inc.,

Golden, CO).

Intraplot SCN population density and relationship with incidence

The relationship between the mean SCN population density in each plot (obtained
from the first composite sampling) and the incidence observed within each plot (obtained
from the single-core sampling) was examined with correlation analysis and a discrete
probability distribution. Incidence was operationally defined as the number of soil cores
that tested positive to SCN out of the 10 cores that were collected in each plot. Frequency
distribution of incidence was determined for each experimental area. In the statistical
literature (Snedecor and Cochran, 1989), sampling in which incidence data are collected
from groups of neighboring sampling units is referred to as cluster sampling. In the

present study, every plot in each experimental area was considered as a sampling unit,
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thus there were N = 36 sampling units in the Bellwood and Plattsmouth experimental area
(32 in Waterloo) and n = 10 individuals observed in each sampling unit. The number of
plots testing positive to SCN in the entire experimental area was represented by Y and the
number of “diseased” individuals (SCN-positive cores) in the ith sampling unit by Y;; i =
1,2,3,...,N. The proportion of diseased individuals in the ith sampling unit was
represented by y;. The mean proportion, which is an estimate of the probability of a soil

core containing SCN countable units (cyst with eggs), was then estimated as

i Sirny i
y=5= =

N n.N

and the unbiased estimate of the variance of the y; values is:

2 Z (Yu - y)z
S, ==—"—
Y N -1
Since incidence here is a discrete variable with a natural denominator, a -
binomial distribution was used to describe the data. The Goodness of fit of the
distribution was assessed with the moment estimates, p and o. The respective estimates

for these parameters are y for p and the o parameter is estimated as:

s, —y(1-y)/n

6= — 2
yd-y)-s,

In this case, p is interpreted as the average probability of a

soil core being SCN-positive and o is an index of aggregation.

Interplot spatial variability of SCN population density
The interplot spatial variability of SCN population densities was determined with

geostatistical analysis using the egg density data obtained from the single-core sampling
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of the rows of each block. Twelve transects (two in each block) were formed and
examined in each experimental area, with values for alleys assigned by running average
interpolation. The length of the transects was 35-m in Bellwood and Plattsmouth
experimental areas and 28 and 32-m in the Waterloo experimental area. Transect lengths
in Waterloo were different because in a few blocks soil conditions made some plots
unusable for sampling. Spatial variability of SCN along the transects was described with
correlograms created in Sigma plot (Sigma Plot, Systat Software, Inc. San Jose, CA). The
correlogram (Dobermann et al., 1997) in the analysis measures the similarity between
adjacent SCN egg densities. In our data, the set of n=28, 32 or 35 egg density values in
the transects was denoted by z(u,), o = 1,2,...n, where u, is the vector of spatial
coordinates of the ath observation. The similarity between adjacent egg density values is
depicted by plotting each observation z(u,) versus the one measured 1m away, z(u, + h)
with |hl = Im. Scattergrams, plots of pair of measurements at points separated by a given
distance |hl, were generated to obtain tables of the correlation coefficients and distance.
The graphical representation of distance vs. the Pearson correlation coefficient is called a

correlogram.

Soybean plant density and yield assessment

The number of soybean plants in the 4-m segment originally delimited in the two
center rows of each plot was determined six weeks after planting and again within 1 to 5
days before harvest. This number was converted or adjusted to number of plants per acre.

Prior to harvest, plots were end-trimmed to exactly the 4-m segment. Harvest of the plots
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was done on September 28 at Plattsmouth, October 8 at Bellwood and October 11 at

Waterloo. Yield was adjusted to 13% moisture at harvest and converted to bushels/acre.

SCN reproduction factor estimation and comparison of variety yield

The SCN reproduction factor for each variety was calculated with the formula: Rf
= Pf/Pi, where Pfis the final SCN population density or population at harvest and Pi is
the initial SCN population density or population at planting. Descriptive statistics of the
variables Pi, Pf, Rf, plant density (PD), and yield were obtained for each variety, by
location. A multivariate analysis of variance (MANOVA) was performed to test for
differences between the varieties considering all variables at once (Pi and Pf log
transformed) (GLM Procedure of SAS, SAS Institute, Cary, NC). Next, focus was on the
comparison of the two soybean varieties for differences in PD and yield. Yield of the two
varieties was compared without considering plant density or number of plants per acre
and with consideration of plant density (GLIMMIX procedure of SAS). These two

comparisons were made by location.

RESULTS
Spatial pattern of SCN population densities in the experimental areas
In the Bellwoood experimental area, SCN egg densities in the plots were
positively correlated (P = 0.01) with densities of adjacent plots within block and across

blocks (Fig. 1, Table 1). No skewness of the spatial pattern was detected here in relation
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to the sides of the experimental area, as interpreted from the values of the diagonal lag
correlations of the LCOR2 output (Fig. 1-A).

In the Plattsmouth field plot, SCN population densities in the plots were also
positively correlated (P = 0.05) with egg densities of adjacent plots within block and
across block. In addition, significant correlations (P = 0.05) occurred at two plots away in
a diagonal direction (Fig. 1, Table 1). As in Bellwood, no spatial pattern skewness was
detected in relation to the sides of the experimental area.

In the Waterloo field plot, SCN population densities in the plots were positively
correlated (P = 0.05) with population densities at two plots away within block, but not
across block (Table 1). No skewness of the spatial pattern was detected here in relation to
the sides of the field plot. The surface prediction maps showed higher SCN population
densities in the entire experimental area of Bellwood compared with Plattsmouth and
Waterloo locations (Figs. 2 to 4). However, in the Plattsmouth experimental area, the

SCN population densities appeared to be more evenly distributed (Fig. 3).

Intraplot SCN population density and relationship with incidence

SCN population densities varied across locations. Mean population densities from
the first composite sampling was 2,081, 406, and 47 SCN eggs/100 cm? of soil in
Bellwood, Plattsmouth and Waterloo experimental areas, respectively. Overall, SCN egg
densities in the plots, estimated from the first composite sampling, were positively
correlated with the number of SCN-positive soil cores in each plot (correlation
coefficients of 0.34, 0.54 and 0.63 for Bellwood, Plattsmouth, and Waterloo,

respectively; P <0.05; Fig. 10). The highest frequencies of SCN-positive soil cores per
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plot were observed in Bellwood, with most plots having 8 to 10 positive cores (Fig. 11).
The lowest frequency of positive soil cores per plot was observed in the Waterloo
experimental area (Fig. 11). The observed mean proportion of SCN-positive soil cores
and the associated empirical variance was 0.94 and 0.0054 in Bellwood, 0.81 and 0.0441
in Plattsmouth, and 0.41 and 0.0435 in Waterloo, respectively. The f-binomial
distribution described the incidence data adequately with aggregation index (¢) of
0.0035, 0.2694 and 0.0972 in Bellwood, Plattsmouth, and Waterloo experimental areas,
respectively (higher aggregation in Plattsmouth). Based on this distribution, the average
probability of a soil core being SCN-positive was 94% in the Bellwood field plot, 81% in

the Plattsmouth field plot and 41% in the Waterloo field plot.

Interplot spatial variability of SCN population density

Variability of SCN egg densities with distance was more remarkable in the
transects of the Bellwood experimental area (Fig. 5) than those of Plattsmouth and
Waterloo (Fig. 6 and 7). The change of SCN population levels with distance suggested
the existence of a dispersal gradient of SCN along the transects examined. The dispersal
gradient varied even between rows of the same block, but this variability was more
evident in Bellwood than in the other two locations. The distances at which correlations
became negligible varied across locations and transects (Tables 2 to 4. Figure 8). The
distances with high correlations are interpreted as the range distance beyond which two
SCN population density values can be considered as statistically independent. The

average range was 9.0, 8.0, and 4.0 m in Bellwood, Plattsmouth and Waterloo,
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respectively (Fig. 8, Tables 2 to 4). A scattergram representing transect 2 of the Bellwood

field area is displayed in Fig. 9.

SCN reproduction factor estimation and variety yield comparisons

The observed value of the SCN reproduction factor, Rf, was consistently higher in
the susceptible than in the resistant variety in Bellwood and Waterloo, but the opposite
occurred in Plattsmouth (Table 5). In Bellwood, SCN Rf was 1.6 and 47 in the resistant
and susceptible variety, respectively. These values, though apparently different, were
only marginally significant (P = 0.09), as suggested by the statistical comparison using
the 18 replications per variety. In Plattsmouth, SCN Rf between the resistant and
susceptible variety was not significantly different (Rf = 406 in the resistant and 203 in the
susceptible; P = 0.55). In Waterloo, SCN Rf was significantly different between the
varieties (Rf=6.5 and 42 in the resistant and susceptible variety, respectively; P = 0.02).

The overall multivariate analysis of variance (data from all locations together)
indicated significant differences between the varieties considering SCN Pi, Pf, Rf, plant
density and yield (Hotelling-Lawley Trace = 14.34, P<0.0001). Further, comparisons of
the varieties for individual variables showed significant differences for Pf, plant density
and yield, but not for Pi and Rf. In the MANOVA by location (Table 6), SCN Pf, plant
density, and yield were significantly different between the varieties (P < 0.0001) in
Bellwood. In Plattsmouth, only SCN Pf and plant density were significantly different
between the varieties (P < 0.0001). In the Waterloo field plot, only Rf and plant density
were significantly different between the two varieties (P < 0.05), but initial and final

population density, and yield were not significantly different.
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mean SCN population density, but in that experimental area the frequency of SCN-
positive cores was 8 to 10 cores most of the time.

Distribution theory has been widely used in biology and ecology to study
relationships between diseased entities (Smith, 1983; Madden and Hughes, 1994; 1995).
Here, a probability distribution model was fitted to incidence data (humber of SCN-
positive soil cores per plot out of 10 collected) to characterize the relation of incidence
within each sampling unit (plot) relative to each other. A B-binomial distribution with
incidence as a discrete variable adequately fitted the data and indicated that in SCN-
infested experimental areas with a maximum and mean density of 330 and 50
eggs/100cm® of soil, respectively, the average probability of finding one SCN-infested
soil core was 41%. The observed index of aggregation suggested that SCN population are
also aggregated within plots.

Geostatistics includes statistical tools to characterize the spatial variability of a
diverse number of phenomena (Cressie and Hawkins, 1980). Central to geostatistics is the
use of the correlogram and semivariogram. In our study, intense mapping of SCN was
carried out to refine the information on intraplot SCN spatial variability. Correlograms
provided information on the SCN dispersal distance over 35-m transects. For example,
based on the range of the significant correlations in the Bellwood experimental area, the
estimated mean distance at which SCN points are no longer autocorrelated was 9 m. The
36 transects examined indicated gradients of dispersal and existence of SCN infestation
foci along the transects. Considering transects along the same block, it was noticeable

that shape of the gradients varied greatly even within the same block. Generally, the
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largest range was observed in the Bellwood field plot (Table 5), which had a mean
population density of 2,081 eggs/cm® of soil.

The SCN reproduction factor, Rf, sustained by a soybean variety in a single
growing season has been an important measure of soybean variety response to SCN. In
this study, intense and point-precise sampling within plots was conducted for estimation
of the Rf. The difference in the Rf between the resistant and the susceptible was
marginally significant in Bellwood (P = 0.09), not significant in Plattsmouth (P =0.55)
and significant in Waterloo (P = 0.02). This result is in partial agreement with the
characterization of the Heterodera glycines (HG) typing of the SCN populations in the
three locations of this study (Giesler et al., 2012). HG type 2.7. occurred in Bellwood,
and according to the HG type test scheme, this “race” is capable of reproducing greater
than 10% in varieties having source of resistance from Pl 88788 (Niblack et al., 2002),
which is the source of the resistant variety used in this study. HG type 0 occurred in
Plattsmouth, which according to the HG type test is not expected to attack any of the
seven sources of resistance listed in the HG type scheme (Niblack et al., 2002).
Nonetheless, this population reproduced successfully in the resistant variety in the
Plattsmouth location. The observed Rf was 406.4, which was in fact the highest Rf
observed in the entire experiment. HG type 7 occurred in Waterloo. In this location, the
Rf on the resistant variety was 6.4 and 42.2 in the susceptible. The discordance between
the Rf observed and the observed HG type suggests the hypothesis SCN Rf and female
index may differ in field conditions. The calculated SCN Rf appeared not to be related to

yield neither in the resistance nor in the susceptible variety in any of the locations.
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Yield is the major parameter for judging the selection of varieties in agriculture.
Main yield components include number of plants per plot (plant density), number of pods
per plant, number of seeds per pod, and weight of seeds (Wilcox, 1994). In the present
study, plot plant density (converted to number of plants per acre) was examined for its
relationship with yield. Plant density varied for variety and location, but it was
consistently different between the varieties. Comparisons of yield of the varieties without
regarding the number of plants per acre indicated that the resistant variety yielded more
than the susceptible in Bellwood, but not in Plattsmouth and Waterloo (Table 5). The
difference in number of plants per acre between the resistant and susceptible variety in
Plattsmouth was of 7,389 whereas in Waterloo the difference was 18,178 plants. When
stand counts are incorporated to adjust yield to number of plants, significant differences
between the varieties became apparent in Plattsmouth and Bellwood. Soybean is well
known to compensate for yield. However, thresholds or ranges of number of plants for
such compensation is not known. In the present analysis, data were estimated based on 18
replications per variety (include table of estimates, p values and standard errors). The
results suggest that the number of plants should be considered when assessing yield and
SCN Rf.

In summary, this study demonstrated that at the scale of standard size plots used
in variety evaluations SCN egg densities tend to be aggregated, at least with population
densities of adjacent plots. This spatial dependence, coupled with information obtained
from a wider sample of experimental plots, could be incorporated into analyses to
determine the number of replications needed to detect differences among varieties for

their response to SCN.
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Table 1. Autocorrelation coefficients (p) and associated degrees of freedom (df) for SCN

egg density data in Bellwood, Plattsmouth, and Waterloo experimental areas, obtained
with LCOR2 software.

Axes 3
p df p df p df p df
Bellwood 0 1.00** 34 056** 28 022 22 006 16
1 0.59** 28  0.36 23 022 18 -0.09 13
2 0.36 22 0.38 18 018 14 015 10
3 -0.01 16 0.12 13 -020 10 015 7
Plattsmouth 0 1.00** 34 0.46* 28 033 22 032 16
1 0.43* 28 0.34 23 0.49* 18 049 13
2 0.10 22 0.14 18 050 14 041 10
3 -0.05 16 0.06 13 023 10 025 7
Waterloo 0 1.00** 34 0.17 28 -0.19 22 -0.03 16
1 0.40* 28 0.21 23 -0.15 18 -0.16 13
2 0.42* 22 0.11 18 -018 14 -0.19 10
3 0.45 16 0.19 13 -007 10 -015 7

* and ** indicate significant autocorrelations at P = 0.05 and 0.01, respectively
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Table 2. Correlation coefficients (p) associated to the distances at which SCN population
densities (eggs/100 cm® of soil) are considered to be dependent or independent in each of

twelve 35-m long transects (T; to T12) sampled in the Bellwood experimental area.

Correlations up to only 15-m are shown.

T. T2 Tz T4 Ts Te T7 Tg Ty Tio Tu T
D? Correlation coefficients (p)
1 084 097 081 0.67 0.69 0.90 0.74 0.93 0.85 0.77 092 0.87
2 057 089 048 0.20 0.12 0.71 0.27 0.81 0.56 051 082 0.63
3 036 080 018 -0.29 -043 0.55 0.23 0.67 0.27 0.28 0.68 045
4 026 072 005 -0.27 -0.64 043 0.33 0.56 0.10 0.15 052 0.37
5 023 069 001 -0.30 -047 0.29 0.23 0.49 0.03 0.08 034 042
6 023 0.70 0.03 -0.20 0.04 0.15 0.03 053 -0.03 -0.03 0.17 0.1
7 020 069 014 -011 041 0.05 0.00 059 -0.09 -0.12 0.04 0.55
8 0.17 077 031 -005 044 -0.02 -025 067 -0.13 -0.18 -0.06 0.44
9 0.09 085 055 0.02 0.14 -0.09 -037 074 -017 -0.23 -0.15 0.29
10 0.07 091 0.72 0.14 -034 -0.12 -044 069 -0.27 -0.27 -0.21 0.19
11 0.15 089 0.69 0.15 -053 -0.13 -048 055 -039 -030 -0.23 0.24
12 039 081 040 0.08 -0.35 -0.15 -041 041 -050 -0.32 -0.26 0.49
13 060 0.74 0.09 -0.11 0.06 -0.18 -0.36 025 -053 -0.32 -0.29 0.65
14 076 0.66 -0.09 -0.32 0.39 -0.18 -0.22 0.12 -050 -0.28 -0.26 0.63
15 075 078 -0.15 -0.36 0.41 -0.15 -0.07 0.22 -046 -0.33 -0.20 0.1

4D = distance in meters

Shaded portions of the columns indicate the range or distance beyond which SCN

population densities in a transect are considered to be independent.



160

Table 3. Correlation coefficients (p) associated to the distances at which SCN population
densities (eggs/100 cm® of soil) are considered to be dependent or independent in each of
twelve 35-m long transects (T; to T12) sampled in the Plattsmouth experimental area.

Correlations up to only 15-m are shown.

T, T, T3 T4 Ts Tse Ty Ts To  Tio Tu Tp
D? Correlation Coefficient (p)
1 092 08 091 081 08 086 08 084 091 082 094 090
2 077 064 076 051 063 068 069 073 084 048 086 0.75
3 060 042 066 039 054 053 053 062 073 024 080 066
4 045 027 060 037 064 045 046 065 070 0.18 081 065
5 030 020 052 031 071 042 046 067 068 028 083 068
6 017 021 039 020 065 059 051 064 067 040 082 065
7 015 046 027 005 052 021 059 054 059 040 072 052
8 020 071 016 -006 046 008 071 043 051 032 060 026
9 018 080 008 -012 042 -001 081l 038 037 014 046 005
10 013 059 -002 -017 044 -004 078 035 020 -0.02 037 0.15
11 010 027 -016 -023 042 -012 064 028 -0.02 -003 024 0.17
12 004 000 -030 -023 029 -025 051 -004 -022 -0.07 017 -0.04
13 025 -016 -034 -020 012 -039 050 -0.32 -0.38 000 0.09 -0.30
14 040 -013 -037 -020 -003 -047 0.65 -042 -045 -0.19 0.7 -0.31
15 036 007 -042 -037 -007 -048 081 -031 -042 -032 008 -0.31

4D = distance in meters

Shaded portions of the columns indicate the range or distance beyond which SCN
population densities in a transect are considered to be independent.
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Table 4. Correlation coefficients (p) associated to the distances at which SCN population
densities (eggs/100 cm® of soil) are considered to be dependent or independent in each of
twelve 28 and 32-m long transects (T; to Ty2) sampled in the Waterloo experimental area.

Correlations up to only 15-m are shown.

T T Ts T4 Ts5 Te Ty Tg To Tio Tu  Tp

D? Correlation Coefficient (p)

1 0.48 0.55 033 029 070 0.37 0.67 0.70 0.80 0.80 0.84 0.79
2 -0.15 -0.08 -0.10 -0.13 0.19 0.02 0.09 0.40 0.39 0.42 0.56 0.39
3 -0.36  -0.23 0.12 -0.16 -0.08 032 -0.21 0.22 -0.03 0.05 0.31 0.09
4 -0.34 -0.20 036 -0.23 -0.13 042 -0.21 0.14 -030 -0.12 0.14 -0.07
5 -0.26 0.34 0.01 -032 -0.09 010 0.04 0.09 -042 -0.05 0.20 -0.23
6 0.03 0.42 0.02 -0.18 -0.03 -0.18 0.28 0.02 -0.44 0.13 0.48 -0.38
7 0.30 0.19 035 0.09 -0.02 0.22 0.08 0.09 -041 0.23 0.59 -0.34
8 0.09 0.30 024 022 -0.07 043 -0.16 0.05 -0.38 0.29 047 -0.17
9 -0.27 -0.20 -0.06 0.19 -0.14 0.11 -0.20 -0.09 -0.32 0.25 0.33 0.21
10 -0.21 -0.39 -0.14 0.27 -0.15 -0.18 -0.08 -0.10 -0.27 0.17 0.23 0.60
11 o.07 -0.37 -0.13 0.11 -0.14 0.05 -0.07 -0.20 -0.21 0.14 0.32 0.75
12 022 -0.20 -0.14 -0.17 -0.05 053 -0.28 -042 -0.14 0.22 0.55 0.59
13 013 0.12 -0.15 -0.07 -0.08 -0.04 -035 -049 -0.01 0.43 0.64 0.34
14 044 045 -0.15 002 -0.15 -058 -0.08 -0.33 0.19 0.57 0.44 0.25
15 -047 0.15 -0.11 -0.36 -0.21 -0.32 0.37 0.06 051 0.54 0.15 0.28

4D = distance in meters

Shaded portions of the columns indicate the range or distance beyond which SCN
population densities in a transect are considered to be independent.
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Table 5. Descriptive statistics (mean, standard deviation, min. and max. values) of SCN
initial and final population densities (Pi and Pf), reproduction factor (Rf), soybean plant
density per acre (PD), and yield in one SCN resistant and one susceptible soybean variety
in the three locations in Nebraska.

Location Variety N Variable Mean Std Min Max
deviation

Bellwood Resistant 18 Pi 2,406 2,472 147 9,107
Pf 1,918 1,780 293 7,787

Rf 1.64 2.0 0.06 8.5
PD 28,172 5,399 15,628 36,577

Yield 52 5 43 61

Susceptible 18 Pi 1,756 2,113 80 8,000
Pf 20,966 18,314 2,107 67,573

Rf 47 112 2.8 484
PD 49,996 3,671 38,905 51,540

Yield 38 3.7 30 44

Plattsmouth Resistant 18 Pi 362 352 0 1,200
Pf 3,598 2,440 747 9,853

Rf 406 1,397 1.24 5,893
PD 44,077 3,768 36,910 50,875

Yield 41 4 32 45

Susceptible 18 Pi 450 321 0 1,280
Pf 11,874 6,167 1,253 25,107

Rf 203 592 241 2,533
PD 51,466 3,321 46,220 57,526

Yield 40 4 33 47

Waterloo Resistant 6 Pi 158 138 13 333
Pf 331 271 13 693

Rf 6.5 11.5 0.17 30
PD 12,247 4,266 6,318 16,958

Yield 39 14 15 50

Susceptible 6  Pi 49 44 0 120

Pf 1,138 1,077 67 2,800

Rf 42 28 2.33 70
PD 30,425 7,041 16,293 34,915

Yield 50 16 22 64

N = number of plots (replications) on which descriptive measures and analysis were done
Pi = SCN population density at planting (eggs/100 cm? of soil)

Pf = SCN population density at harvest (eggs/100 cm? of soil)

Rf calculated as Pf/Pi
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PD = soybean plant density or number of soybean plants per acre
Resistant variety =Pioneer 93Y15, resistance source Pl 88788
Susceptible variety =Pioneer 93M11

Yield in bushels per acre at 13% moisture
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Table. 8. Statistical significance of the comparison of Pi, Pf (both log transformed), SCN
reproduction factor (Rf), soybean plant density per acre (PD) and yield, of the SCN
resistant and susceptible soybean variety after multivariate analysis of variance in three
locations: Bellwood, Plattsmouth, and Waterloo.

Bellwood Plattsmouth Waterloo
Variable P value P value P value
LogPi 0.2030 0.4164 0.1762
LogPf 0.0001 0.0001 0.1451
Rf 0.0850 0.5544 0.0241
PD 0.0001 0.0001 0.0005
Yield 0.0001 0.7348 0.2244

Resistant variety: Pioneer MY913 with resistance source from Pl 88788
Susceptible variety: Pioneer MY 321
Yield (bushels/acre) adjusted to 13% moisture
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Figure 5. Variation of SCN population densities (eggs/100 cm?® of soil) with distance (m)
in 12 transects of 34 m formed from the six blocks in the Bellwood experimental area.
Two transects were formed along each block. Population densities were estimated from
single cores.
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Figure 6. Variation of SCN population densities (eggs/100 cm?® of soil) with distance (m)
in 12 transects of 34 m formed from the six blocks in the Plattsmouth experimental area.
Two transects were formed along each block. Population densities were estimated from
single cores.
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Figure 7. Variation of SCN population densities (eggs/100 cm?® of soil) with distance (m)
in 12 transects of 28 m formed from the six blocks in the Waterloo experimental area.
Two transects were formed along each block. Population densities were estimated from
single cores.
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area.
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CHAPTER VI. GENERAL CONCLUSIONS

Rotation with nonhost crops and growing soybean cyst nematode (SCN) resistant
soybean varieties are effective practices to reduce SCN population densities and remain
the most economical and sustainable strategies to mitigate the impact of this pathogen.

In three consecutive years of assessment, the percent change in SCN population
density after annual corn rotation in Nebraska was found to be 50.62%. Soil texture (% of
sand, silt and clay) was related to SCN population densities before (Pi) and after corn
rotation (Pf), but such a relationship depended on the proportional ranges of the textural
constituents. Soil texture alone was found to be a dominant component over the Pi and Pf
variability observed in commercial soybean fields annually rotated with corn.
Consistently, higher population densities before rotation were found in fields having soils
with an increased sand content than in fields with predominant silt or clay content.
Specifically, higher SCN population densities occurred in soils with sand content range
between 57 and 95% (1 to 28% silt and 7 to 20% clay) than in soils with silt and clay
content range between 23 to 61% and 6 to 44%, respectively (sand content between 13
and 37%). Although SCN Pi showed a strong relationship with soil texture, SCN Pf with
consideration of the Pi appeared to have an insignificant association with texture. As the
soil is a polyphasic system where complex biological, chemical and physical interactions
take place, it is reasonable to hypothesize that SCN population densities can also be
affected by other soil components such as soil structure, compaction, pH, organic matter,
soil temperature, and soil moisture.

Modeling of the SCN population density after annual corn rotation found that soil

pH and the SCN population densities before rotation are the major determinants of the
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resulting SCN population densities after rotation in commercial production fields. In
Nebraska, prediction of such SCN population density can be made with the model that
was developed in this study. The model showed a high predicting capability (79.6%) and
the only inputs needed were data of SCN population densities before rotation and soil pH
from samples representing a field. While only two input variables showed a high
explanatory power, additional predictors such as tillage, texture and soil temperature are
potential candidates to research and these should be evaluated in larger data sets.

In variety evaluation trials, even in experimental areas with mean SCN egg
densities as low as 47 eggs/cm?® of soil, spatial autocorrelation among SCN population
densities in adjacent plots was identified. Consequently, comparison of varieties for
response to SCN should take into account such correlations to ensure valid estimates with
the methods of analysis currently used. The SCN reproduction factor, often used to assess
the response of a soybean variety to SCN, was not related to soybean yield in field
conditions neither in a resistant nor in a susceptible variety in three locations. This claim
is supported by analysis on four times greater number of replications than what is
normally done in standard variety evaluation trials. Parameters more accurately revealing
the relationship between variety agronomic performance and response to SCN are
therefore needed to improve variety selection and enhance SCN management decisions.

Number of soybean plants per acre is one major component of soybean yield and
should be considered in yield estimations, especially if the yield response of a given
variety is being related to the SCN population density and not necessarily to the
reproduction factor. More accurate and realistic soybean yield estimations were obtained

when plant density was taken into account. This should be considered cautiously, since,
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though it is suggested that soybean has a compensatory yield response for number of
plants, a threshold still needs to be determined. Research on soybean root growth patterns
in different soil types and conditions and phenological synchrony with above-ground
growth should be coupled with refined characterization of SCN population densities and
their spatial variability. This will provide insights into the dynamics of SCN development
and on how this minute organism is capable of inducing significant yield reductions in

such an important crop.



