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Improving the Accuracy of Sampling Field Plots for
Plant-Parasitic Nematodes'

L. J. FrancL?

Abstract: The validity of nematode data from field experiments depends largely on how well
samples represent the nematode population. Data from an intensive sampling of three field plots
before and after spring cultivation were used to compare eight simulated sampling schemes. Average
deviation from the plot mean ranged from 10% to 34% before cultivation and from 7% to 16%
after cultivation. Samples taken from only the plant row erred most before cultivation but were
comparable to other schemes after cultivation. Several schemes achieved a 25% deviation or less in
90% of the sample simulations. Sampling a2 nematode population usually involves subsampling a
composite bulk sample, however, and this increases error by an estimable amount. A random sample
with 35 cores and four random subsamples estimated mean plot densities within 25% with proba-
bilities ranging from 0.77 to 0.85. The probability of a sample—subsample combination coming
within a specified percent error of the true mean can be extended cautiously to any field mean and
variance more-or-less independent of species and area using formulae presented herein. The most

economical method of increasing sample accuracy was to increase the number of soil cores.
Key words: Heterodera glycines, soybean cyst nematode, subsampling.

Research on management of plant-para-
sitic nematodes often uses field experimen-
tation to generate data. The validity of
these data depends largely on how well the
samples estimated the nematode popula-
tions. Sampling for nematodes usually in-
volves taking the bulk soil sample and sub-
sampling the composite bulk sample. The
accuracy of the bulk sample in estimating
mean nematode population density de-
pends on the number of soil cores collected
and on how closely core spatial coordinates
represent the three-dimensional nematode
population dispersion. Mixing the bulk
sample at best randomizes nematodes so
that variance among subsample counts
equals the mean (3,6,8). Bulk sampling and
subsampling both contribute to the uncer-
tainty of mean estimation and to total
unexplained variation (2). My objectives
were to compare eight schemes for sam-
pling field plots for the soybean cyst nema-
tode (SCN), Heterodera glycines Ichinohe,
and to calculate the probable accuracy of
a population density estimate as a function
of the number of cores, number of sub-
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samples, mean nematode population den-
sity, and population spatial variation.

MATERIALS AND METHODS

Methods for selecting field plots and col-
lecting single-core samples in a lattice pat-
tern were discussed previously (4). Ran-
dom and systematic samples were drawn
with replacement from the data base of
each plot and combined to simulate a mul-
tiple-core bulk sample. The mean of the
multiple-core sample represented the sam-
ple result. Random samples (Fig. 1A) con-
sisting of 10, 20, or 40 cores were iterated
100 times per plot with grid coordinates
randomly selected on a uniform distribu-
tion as implemented in SAS (registered
trademark of SAS Institute Inc., Cary,
North Carolina). Manually drawn system-
atic samples used all possible nonrepetitive
starting points. The diagonal scheme (Fig.
1B) consisting of 25 cores was repeated 10
times per plot. The basic zig-zag scheme
had four variations (Fig. 1C, D). Two zig-
zag schemes sampled only the plant row
with either 12 or 25 cores and with eight
or four repetitions per plot, respectively.
A third zig-zag scheme covered the entire
study area with 25 cores, repeated 10 times
per plot. The final zig-zag scheme covered
the area enclosed by the plant rows with
25 cores and was repeated six times per
plot. Error rates for the sampling scheme
were calculated as percent absolute devia-
tion (PDEV, equation 1) from the grand
mean of the plot (3). The mean PDEV and



percentiles for the scheme iterations were
determined by PROC UNIVARIATE in
SAS.

Percent absolute deviation for jth iteration
of scheme i in plot k (PDEV)
=(|Xij—ik| X 100)/%, (1)

Subsampling the field sample: Randomness
of subsample counts was tested by linear
regression analysis on data from an SCN
field experiment. The data set, collected
in 1982 and 1983, consisted of 578 non-
zero samples, each with three subsamples.
Bulk samples were mixed by hand, and
100-g subsamples were eluted.

If subsampling was random, the subsam-
ple mean would equal the subsample vari-
ance and the slope (b,) should not differ
significantly from one when variance is re-
gressed on the mean (13).

The accuracy of a nematode density es-
timate is dependent upon the total varia-
tion among sample cores and subsamples.
An estimate of total variation of the density
estimate was given by equation 2, similar
in form to a random effects model (11)
except for the inclusion of a correction fac-
tor for finite subsample observations. An
adequate number of representative soil
cores thus is essential to reduce the effect
of ¢%, which is higher than the mean in
spatially aggregated populations (12). Fur-
thermore, the total number of nematodes
collected in the first stage of sampling pro-
vides requisite information for mean den-
sity estimation to the second stage. If sub-
sampling nematodes is a random process,
then the expected value of ¢2, equals the
area’s mean density, g.

Var(g) = ¢*,/n, + 0%/n, X (1 — ny/my)
@
Where:

Var(i) = variance in estimate of y;
g2, = spatial variance of field

population;
g%, = variance among subsam-
ples; '

n, = number of soil cores;

n, = number of subsamples (in

core units);

1 — n,/n, = correction factor.

Sample reliability is defined here as the
probability that a mean density estimate
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Fic. 1. Sample scheme patterns. A) Random, 10,

20, or 40 cores. B) Diagonal, 25 cores. C) Zig-zag, 25
cores from area between two rows (1 m wide) or 25
cores over entire width (2 m). D) Zig-zag, 12 or 25
cores taken only from plant rows.

will be within specified bounds of the true
mean. An error of = 25% from the mean
allows for the detection of population halv-
ing or doubling (12), sufficient for most
studies on nematode management. Reli-
ability of sampling was found by calculat-
ing a Z deviate (equation 3) and determin-
ing area under the normal curve between
Z and —Z. Subsampling from 100 40-core
random samples was simulated by gener-
ation of 1,200 pseudorandom variates in
SAS to check the validity of equations 2
and 3. (A BASIC program that extends
probability calculations to other means and
variances 1s available from the author.)

Z = % error X u/\/Var(Q) 3)

An estimate of the time required to sam-
ple and subsample a single field plot was
deduced from personal experience. It is
recognized that there are differences
among laboratory extraction techniques for
various nematode species (1).

RESULTS AND DISCUSSION

Field sampling: Deviation percentages for
eight sampling schemes were averaged
across plots within sampling time (Fig. 2).
Systematic samples taken only from the
plant rows had a mean deviation of 33-
34% before cultivation. This is a conse-
quence of taking samples from a stratum
having an average 26% higher population
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Fic. 2. Mean percent deviation from the average
number of Heterodera glycines cysts per soil core in field
lots calculated for eight sampling schemes before and
after primary cultivation.

density than the whole-plot means (4). An
in-row sample consisting of 20 or more
cores is the current recommendation for
nematode field plot research (1). This prac-
tice would result in an adequate represen-
tation of the population density at the be-
ginning of the season after plowing but
would overestimate the density of SCN at
the end of the season, represented here by
the first sampling time. In-row sampling
schemes provided good estimates of the

TABLE 1.
deviation at a = 0.90.

population density present in plant row
strata. In-row samples of 25 and 12 cores
before cultivation had an average devia-
tion of 11% and 18% of the row stratum
mean, respectively. Bias in the estimation
of mean plot density could be avoided by
collecting samples from between the rows
as well as in the rows. Average deviation
from the whole-plot mean decreased from
19% for 10 randomly collected cores to
10% for 40 randomly collected cores. The
rate of improvement in sampling accuracy
showed arithmetic returns as the number
of cores doubled from 10 to 20 and from
20 to 40. Increased numbers of cores
therefore yielded decreased returns to la-
bor. Before cultivation, the zig-zag cover-
ing the entire study area had the lowest
average PDEV of the systematic schemes
and was comparable to the 40-core random
sample. All sampling schemes were much
closer in average PDEV after cultivation.
Numerous plots often must be sampled
in field experiments; therefore the number
of large errors that can be expected to oc-
cur is an important consideration. Report-
ing only the mean error rate can be mis-
leading because there is a distribution of .
values around the mean. The 90th percen-
tile, for example, indicates that interval of
PDEV which occurred in 90% of the sam-
ples with the remaining 10% of the samples
having a larger PDEV. The distributions
of PDEV from sample iterations are com-
pared to formal probabilistic statements in
Table 1 (7). Most percentile estimates are
close to expected results from probability
calculations. Before cultivation, the 2-m-
wide zig-zag sampling scheme consisting of

Percent deviation of sampling schemes evaluated at the 90th percentile and expected percent

Before cultivation

After cultivation

Sampling schemes Observed Expected Observed Expected
(cores) Iterations error error Iterations error error
Random (10) 300 38 43 200 35 35
Random (20) 300 28 31 200 25 25
" Random (40) 300 22 22 200 19 18
Diagonal (25) 30 28 27 20 24 22
Zig-zags
1 m wide (25) 18 32 27 12 26 22
2 m wide (25) 30 23 27 20 24 22
In row (25) 12 52 27 8 13 22
In row (12) 24 73 40 16 25 32
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Fic.3. Observed errors (squares) at 10th and 90th
percentiles from a computer simulation and predicted
(solid lines) 80% confidence intervals from equations
2 and 3 for sampling plot 1 prior to cultivation with
40 cores and 1-4 subsamples. Plot mean is marked
with broken line, and the upper and lower bounds at
25% error at 23.3 and 14.0 cysts per core, respec-
tively.

25 cores gave less than the expected error
under the assumption of random sampling.
In-row sampling schemes erred most be-
fore cultivation but produced better than
expected results after cultivation. This lat-
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ter result is possibly due to the method of
cultivation.

Subsampling the field sample: Subsampling
a composite bulk sample is an efficient way
to reduce the time required to collect data
but it adds to the total error expected from
a sample. The only exception to this rule
occurs when the dispersion of the sampled
characteristic in the bulk sample is uniform
with zero variance. Therefore, the sam-
pling schemes in the previous section should
be considered relative to one another rath-
er than as indications of what is achievable
in practice,

Subsample variance was regressed on
subsample mean by year for 1982 and 1983
to test the hypothesis of random nematode
dispersion in the bulk sample. The slope
(b;) was not different from one in 1983,
but in 1982 it was significantly greater than
one (P < 0.01). Subsamples with large mean
numbers of cysts had higher than expected
variance in 1982 under the hypothesis of
randomness. This result indicates that ran-
domization is the best consequence to be
expected from mixing a bulk sample and
that higher variances can occur. Subsam-
pling error is confounded with errors in
handling and counting. Further discussion
will assume that subsamples follow a ran-
dom (Poisson) process.

The validity of equations 2 and 3 for
estimating Var(i) and sampling reliability
was tested by comparing the predicted

TaBLE 2. Probabilities that a sample result will be within 25% of true mean for different sample and
subsample sizes. Calculated for plot 2 where means were 10.2 and 12.5 cysts per core and variances were 77

and 70 before and after cultivation, respectively.

Cores in sample (n;)

Subsam-
ples (ng) 20 25 30 35 40 45 50 55 60
Before cultivation
1 0.51 0.52 0.53 0.54 0.54 0.54 0.55 0.55 0.55
2 0.62 0.64 0.65 0.66 0.67 0.68 0.68 0.69 0.69
3 0.67 0.70 0.72 0.73 0.74 0.75 0.76 0.76 0.77
4 0.70 0.73 0.76 0.77 0.78 0.79 0.80 0.81 0.82
5 0.73 0.76 0.78 0.80 0.81 0.82 0.83 0.84 0.85
6 0.74 0.78 0.80 0.82 0.83 0.84 0.86 0.86 0.87
After cultivation
1 0.57 0.58 0.59 0.59 0.60 0.60 0.60 0.60 0.60
2 0.70 0.71 0.72 0.73 0.74 0.74 0.75 0.75 0.76
3 0.76 0.78 0.79 0.80 0.81 0.82 0.82 0.83 0.83
4 0.80 0.82 0.84 0.85 0.86 0.86 0.87 0.87 0.88
5 0.82 0.84 0.86 0.87 0.88 0.89 0.90 0.90 0.91
6 0.84 0.86 0.88 0.89 0.90 0.91 0.92 0.92 0.93
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TasLe 3. Relative cost efficiency of processing
nematode samples that met the criterion for 0.80
probability of a result within 25% of the true mean.

Number
of sample Number of  Relative
cores subsamples  efficiency
Before cultivation
Plot 1 66 2 1.00
37 3 0.95
31 4 0.80
28 5 0.68
Plot 2 121 3 0.86
48 4 1.00
36 5 0.89
Plot 3 41 3 1.00
27 4 0.88
22 5 0.75
After cultivation
Plot 1 44 3 1.00
24 4 0.91
19 5 0.78
Plot 2 33 3 1.00
21 4 0.86
17 5 0.74

Total cost (in minutes) = 0.25 X n; + 9.5 X n, + 5.0 where
n, = number of soil cores and n, = number of subsamples.
Relative cost efficiency of optimal combination = 1.00.

range of 40-core random samples at several
probability limits with the observed range
of sample simulations between comparable
percentiles. Predicted and observed con-
fidence limits were in close agreement (Fig.
3). Skewness was detected in the observed
results due to aggregation of the field pop-
ulation, but this was not an important
source of error. Equation 2 casts subsample
size in soil core units because subsample
volume or weight, not subsample number
per se, is the determinant of variance (3).

The reliability of sampling within 25%
of the mean of plot 2 before and after cul-
tivation using 20-60 soil cores and 1-6
subsamples is presented in Table 2. This
plot had the highest and lowest sampling
reliability over the course of the experi-
ment. The choice of an acceptable level of
reliability and error rate is up to the in-
dividual investigator. A minimal probabil-
ity for success in the 0.75-0.80 range seems
both reasonable and achievable for SCN if
a 25% deviation is acceptable. More than
one subsample is necessary for improved
sampling accuracy. Many more samples
would have to be collected to reach a 10%
error rate. A 0.50 probability of a sample

result within 10% of the mean of plot 2
after cultivation would have required 65
cores and five subsamples.

Three subsamples and 45 cores was an
economic compromise in most plots (Table
3). However, a conservative approach when
extracting SCN or other nematodes from
soil with a four-cone semiautomatic elu-
triator would be to have all four cones pro-
cess a single sample and to eliminate vari-
ability among cones as a source of error.
Taking four subsamples therefore leads to
choosing 35 cores as an acceptable level of
sampling intensity. Probabilities ranged
from 0.77 to 0.85, and the relative cost
efficiency was at worst 80% of the most
efficient combination of cores and subsam-
ples (Tables 2, 3).

Sample reliability is independent of
nematode species. Area and formulae pre-
sented here should prove useful for any soil
characteristic, organic or inorganic, pro-
vided that the sample represents the spatial
dispersion of the organism or property and
that subsampling the composite is a ran-
dom process (11). Stratification of large
areas therefore remains a sound recom-
mendation (5). The utility of equations 2
and 3 is illustrated by reanalyzing the data
of Proctor and Marks (10). They stated
that five 40-core samples, each with five
subsamples, were needed to estimate the
mean density = 20% of Pratylenchus pene-
trans (Cobb) with a probability of 0.95 and
with a total expenditure of 7 hours per
plot. Nematodes were extracted from 25
g and a 20% aliquant of the final volume
was counted. A subsample in this case was
about ¥, of a soil core (10). Calculations
presented in this paper estimated a prob-
ability of 0.95 at = 20% and 0.99 if the
interval of acceptance is widened to + 25%.
The time expended per subsample would
increase by perhaps 20 minutes if the
entire final volume were counted, but the
reduction in total sample variance is sig-
nificant. A 40-core sample with four sub-
samples (two soil core equivalents) could
have estimated the population = 25% with
a probability of 0.95 and might have been
accomplished within 1.5 hours.

Nematode population density and spa-
tial dispersion usually are unknown before
field experiments begin, and it is not prac-
tical to run a uniformity trial prior to every
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experiment. As more reports on spatial
analysis for specific plant-nematode situ-
ations are published (4,9), precise scientific
methodologies should emerge for sam-
pling plant-parasitic nematodes in field
plots.
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