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Stability and Characteristics of Spatial Description
Parameters for Nematode Populations’
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Abstract: The parameters of Taylor’s Power Law (s? = am’) relating variance (s?) to mean population
level (m) were acceptably stable in different fields with similar cropping systems. Values of both a
and b parameters varied with nematode species. The value of a was a function of sample size (number
of cores) and was characterized for each species. The value of » was stable across sample size and
reflective of the life history strategy of the species. The relationship between the economic threshold
and sampling intensity required to allow management decisions, with specified levels of risk, indicated

the need for improved sampling technology.
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The spatial pattern of plant-parasitic
nematode populations in an agricultural or
natural ecosystem has both macro-distri-
butional and micro-distributional compo-
nents. Macro-distribution within the sys-
tem is mediated by such factors as the length
of time the population has been present in
the system; variations in habitat suitability
factors such as soil texture, soil moisture,
and drainage patterns; and the selection
pressures of differential host plant distri-
butions or differential cropping history.
The micro-distributional attributes of a
nematode population are strongly linked
to the population’s life history and feeding
strategies. Sedentary endoparasitic nema-
todes deposit all of their eggs in the same
location, frequently in masses, resulting in
a highly aggregated spatial pattern. Ecto-
parasitic nematodes invest a proportion of
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assimilated energy into movement and se-
lection of feeding sites, presumably reduc-
ing the amount available for reproduction.
Further, since eggs are deposited individ-
ually as ectoparasites move through the soil,
a somewhat less aggregated pattern results.
Nematode micro-distribution, however, is
primarily mediated by the distribution of
food sources; for plant-parasitic nema-
todes, spacing and morphology of the plant
root system are primary determinants. The
integral effect of biological and edaphic in-
fluences results in varying degrees of ag-
gregation in the spatial pattern of nema-
tode populations.

Aggregated population distributions
usually can be described by the negative
binomial model (2,8,15,18). The negative
binomial model describes populations
where the variance is greater than the
mean. The mean and variance are esti-
mated by the sample statistics m and s%, and
the parameter k by k = m2/(s* — m). In this
model, £ may be defined as an index of
dispersion; since it is a function of popu-
lation mean and variance, it is a biologically
descriptive parameter in that its magnitude
is influenced by organism biology and ecol-
ogy. As a function of the population mean,
the magnitude of % varies through time.
This renders it difficult to use as a basis for
determining required sampling intensity to
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measure a population with specified pre-
cision (10,11,23).

The relationship between variance and
mean for an aggregated population also
can be described by Taylor’s Power Law
(s2 = am?) (2,10,20,21). The parameters a
and & are descriptive of the exponential
relationship between variance and mean,
such that & is considered an aggregation
parameter and « is a scaling factor de-
pendent on both sample size (8,20,22) and
field size (19). In some organisms, values
for both a and & have been reported to be
influenced by biology, population stage-
structure and age-structure, and sample size
(1,25). Taylor’s Power Law parameters
have been estimated for several nematode
species and, in some cases, their stability at
different sites and in field plots of different
sizes has been determined (3,6,17,19). If
the parameters for a given species in a pre-
scribed cropping system are stable over
time, the model could provide a useful ba-
sis for sampling strategies for assessing
nematode population densities. Experi-
ence in nematode advisory services has in-
dicated that the field area represented by
a single sample should be approximately
2-3 ha for annual crops in order to obtain
acceptable precision levels for population
assessment and economics (2). In addition
to providing a basis for decisions on sample
size and reliability, Taylor’s Power Law also
has been used to determine appropriate
normalizing transformations for nematode
count data prior to statistical analysis (6,17).

The relationship between variance and
mean as a descriptor of population disper-
sion is important from an applied aspect.
General formulae relating the number of
samples required to measure a population
with specified reliability, as a function of
the mean and variance of that population,
have been developed (16,24). The logic for
using these relationships to project re-
quired sampling intensity, as a function of
management costs and crop value, has been
explored (10). Fundamental to such sam-
pling decisions is definition of the relation-
ship of variance to mean for a given nema-
tode species. The objectives of this study

were to determine, in one location, the a
and b parameters of Taylor’s Power Law
for a range of plant-parasitic nematode
species in a field area of the size recom-
mended for advisory purposes; to examine
the stability of these parameters through
time; and to test their predictive capabili-
ties for the same species in other locations.

MATERIALS AND METHODS

Model: Taylor’s Power Law reflects that
the variance of a population is proportion-
al to a fractional power of the mean ¢ =
ap® or, using the sample estimators, s* =
am?, where a and b are population parame-
ters. Parameter a is a scaling factor related
to both sample and field size (8,19,20,22).
Parameter b is an index of aggregation,
varying continuously from zero for a reg-
ular distribution (so that s> = g, with g <
1), through 1 for a random distribution
(with @ = 1 so that s? = m), to co for a highly
contagious distribution. The parameter a
is often fairly constant for a species (8).
Since it is determined by linear regression,
using the transformed relationship In (s%)
= In (@) + b In (m), b is a function of the
natural log of the population mean, which
has a stabilizing effect. As the variance pre-
dictor, 4 is an exponent; thus, a predicted
variance will be sensitive to small changes
in b, and the apparent stability of this pa-
rameter may be deceptive. The value of b,
however, is calculated with a definable con-
fidence interval from population data. The
width of the confidence interval associated
with the estimate of b may modify its ap-
parent stability and the sensitivity of vari-
ance estimates to its magnitude.

In estimating parameters of the distri-
bution and dispersion descriptors, initial
approximations are determined from the
mean and variance of the population. The
relationship between variance and mean is
strongly influenced by sample unit (field)
size (8). If the size of the sample unit is
smaller than the size of an aggregate of the
population, the apparent dispersion may
be random (variance = mean); if the sample
unit size is approximately equal to aggre-
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gate size, the dispersion appears conta-
gious (variance > mean); and if the sample
unit size is very large, the dispersion ap-
pears regular (variance < mean) (8). Given
the general recommendations that nema-
tode samples for advisory purposes be rep-
resentative of field units of 2-3 ha (2), the
present study was restricted to that sample
unit size.

Data: A field was selected in Pixley, Cal-
ifornia (Tulare County), in which cowpea
(Vigna unguiculata (L.) Wolp. cv. California
Blackeye 5) and cotton (Gossypium hirsutum
L. cv. Acala SJ2), were grown in rotation.
Preliminary assessment of plant-parasitic
nematode species present included Crico-
nemella xenoplax (Raski) Luc & Raski, Hel-
icotylenchus dihystera (Cobb) Sher, Meloido-
gyne incognita (Kofoid & White) Chitwood,
M. javanica (Treub) Chitwood, Paratricho-
dorus minor (Colbran) Siddiqi, Pratylenchus
spp-, and Xiphinema americanum Cobb. Cot-
ton and cowpea differ in host status to these
species, differentially affecting their pop-
ulation dynamics. As an extreme example,
the M. incognita-resistant cowpea crop se-
lected for M. javanica, whereas the M. ja-
vanica-resistant cotton crop selected for M.
incognita (7).

A 25 x 25 grid pattern was superim-
posed on the field with grid intersection
points 6.5 m apart. This placed each col-
umn of the grid over a row of the cowpea
crop in the field at the first sampling date
and distributed the intersection points
along the cowpea rows. The site covered
approximately 2.6 ha of the field. The cor-
ners of the grid pattern were surveyed so
that the grid could be laid in exactly the
same place at different periods in time. At
any sampling period, an individual core of
soil (2.5 ¢cm d, 30 cm deep) was removed
at each grid intersection. When the field
was planted with cotton, and the rows did
not correspond with those of the former
cowpea crop, the grid intersections were
placed in the nearest plant row. In each
case, this involved a shift of no more than
30 cm. The field was sampled 11 times, at
approximately monthly intervals from
September 1982 until October 1983, such

that repeated sampling sites were within a
circle of 30-cm radius.

Although furrow irrigated, the field was
slightly unlevel, resulting in variations in
soil moisture. Also, the field was differen-
tially weedy, with a preponderance of Ber-
muda grass (Cynodon dactylon (L.) Pers.) in
the northwest sector. During the 1982 field
season, the field was plowed, disked, and
planted in a north—south direction for the
cowpea crop. It was held fallow during the
1982-83 winter and then disked, bedded,
and planted in the spring of 1983 in a
northwest—southeast direction for the 1983
cotton crop.

Nematode species identification and
population counts were made for nema-
todes extracted from the individual soil
cores. The weight of soil in a core was de-
termined to allow each sample to be stan-
dardized to a constant core weight. Nema-
todes were extracted from the individual
cores using a semi-automatic elutriator and
sugar flotation (4). Data for each nematode
species on each sampling date were stored
in a 25 x 25 matrix format (sets of 625
observations) in computer files.

Analyses: Computer software was devel-
oped to allow interactive interrogation and
analysis of the field data sets. The software
allows user input of the subset of the field
to be examined (whole field, a specified
stratum, a specified pattern of distribution
of soil cores, etc.). The number of cores
constituting a sample and the number of
repeated samples to be drawn from the data
set are also user determined. The program
generates random numbers for selection of
the soil cores that will constitute a specified
sample. The same core cannot be selected
twice for the same sample.

The impact of sample size (number of
cores) on the a and b values of Taylor’s
power function was determined by calcu-
lating the mean and variance for two sam-
ples of the specified sample size, and re-
peating the procedure 100 times to produce
a data set for determination of dispersion
parameters. Means and variances were
based upon two samples so that 2 maximum
range of estimates of means was obtained
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in the 100 repetitions. When more samples
are incorporated into each mean and vari-
ance calculation, the means tend to con-
verge on the true mean of the finite data
set, thus reducing their range. The com-
puter program checked the range of the
calculated means; if the range spanned less
than three log units, the set was rejected
and another set of observations selected.
This provided greater resolution of the lin-
ear regression and greater confidence in
the parameters of the regression model.
The selection process also ensured that the
regression slope was positive; if the range
of mean values was small, the data points
were clustered, and there was a possibility
for the best-fit regression line to have a
negative slope. Linear regression of the log-
transformed variance and mean values al-
lowed determination of In a as the inter-
cept, and & as the slope.

The core selection process was repeated
with sample sizes increasing from 1 to 12
cores, and the procedure was conducted
for H. dihystera, Meloidogyne spp., and P.
minor for each of the 11 sampling dates.
Population densities and frequency of oc-
currence for the other species in the field
were considered too low on some dates to
yield robust estimates of the power func-
tion parameters; however, they were de-
termined where possible.

The effect of sample reporting size (the
weight or volume of soil for which densities
of nematodes are reported, e.g., per 100
g, 250 g, 1 kg, etc.) was also explored for
its impact on determination of dispersion
parameters. Standardized a and & values
were determined for each species on each
sampling date using 100 replications of two
100-g soil samples of 12-core size. This
provided a basis for evaluation of change
in @ and b values with species and with time.

Validation: For assessment of the stabil-
ity of the dispersion and variance-predict-
ing parameters for various species at the
Pixley site, four population data sets were
collected from cotton fields in California’s
San Joaquin Valley. These fields are des-
ignated Demaster, Corcoran, Lombardi,
and Superior. Because it has been shown

that parameter values of Taylor’s power
function change with size of the area sam-
pled (19,22), the Pixley data set was sam-
pled repeatedly in a systematic pattern, us-
ing the computer sampling program, to
determine the smallest subset of cores for
which the distribution parameters were the
same as those of the entire data set. This
smallest common subset consisted of every
second core across the entire 2.6-ha field
area. Thus, the smallest subset was 144
cores (12 X 12 matrix with 13 m between
cores). A 144-core subset on a closer spac-
ing did not provide the same parameter
values, consistent with the expected impact
of sample unit size (8,19,20,22). Data sets
from the four new fields were used to test
the stability of the descriptions of distri-
bution derived from the Pixley data set.
Data from all five fields were used to de-
velop parameters of distribution more gen-
erally descriptive for all sites. The validity
of the Taylor’'s Power Law model, with
these parameter values, and the degree to
which the a and b values were stable over
time and across fields were tested.

For each species in each field, on one
date during the winter (January) and one
date during the summer (August) growing
season, 30 separate determinations of ¢ and
b were made. These were based on 100
means and variances derived from two
samples of 1-core sample size. The average
of these 30 a and b determinations became
the field estimator for each date. For every
field in which a species occurred, the field
estimators were averaged to form a global
estimator. To test the field and global es-
timators, a new set of 100 means and var-
iances was created for each field and each
date, as before, using 1-core sample size.
Least squares linear regression provided
determinations of best-fit ¢ and b values
for that field. Least squares regression was
used to explore the degree to which the
field and global 2 and & values were de-
scriptive of mean to variance relationships
for any field.

A lack-of-fit (model appropriateness) test
(b) was used to determine whether the Tay-
lor Power Law model with global and field
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parameter values was adequately descrip-
tive of variance to mean relationships for
a particular field and date. In summary,
this standard test involves partitioning the
sum of squares (8S) residual (SS total — SS
regression) into that portion which rep-
resents the random fuctuation of points
and that portion which represents the lack
of fit of the model. This can be accom-
plished by having multiple ordinate (vari-
ance) values for a single abscissa (mean)
level or, as was done with these data sets,
by dividing the abscissa into segments and
calculating an average abscissa value for
each segment. The sums of squares of de-
viations of the individual ordinate values
from the average ordinate value in each
segment are pooled. This pooled SS esti-
mates a SS “pure error”’ which can be sub-
tracted from the SS residual to give a S§S
lack-of-fit. The SS lack-of-fit and SS pure
error estimates are divided by the respec-
tive degrees of freedom to give a mean
squares lack-of-fit (MSL) and a mean
squares pure error (MSE), allowing an F-test
for model appropriateness (MSL/MSE). A
significant F value indicates that the model
with the current parameter values is in-
adequate because the lack of fit is greater
than that expected by random variation. If
the F value is not significant, there is no
statistical reason to reject the model.

For each regression, the sum of squares
error (squared deviation between observed
variance and variance predicted by the re-
gression equation) was calculated and two
ratios determined, (field SSE)/(best SSE),
(F/B), and (global SSE)/(field SSE),(G/F).
Thirty random samples were taken from
the respective data sets and an average of
the ratios determined. The F/B ratio is an
indicator of the reliability of the field a and
b values as descriptors of the variance to
mean relationships for that field. The G/F
ratio is an indicator of the degree to which
the global ¢ and b parameters, established
across fields, are good estimators of pop-
ulation mean and variance relationships in
any particular field. The F /B ratio also was
used to test the stability of the a and &
parameters over time in one location; i.e.,

PREDICTED a VALUES FOR s2=anP

1.2 — M. javanica
1 ~~ M. incognita
0.8 ++ H. dihystera
u 3 — P. minor
‘%“ 0.8 | — X, emericanum
o 04 — T. cylindricus
0.2
0 1 3 5 7 9 11 13 15
SAMPLE SIZE (NUMBER OF CORES) (n)
Fic. 1. Relationship between the a value of Tay-

lor’s Power Law (s> = am®) and sample size (n), as
defined by the model a = cn?, for Meloidogyne javanica,
M. incognita, Helicotylenchus dihystera, Paratrichodorus
minor, Xiphinema americanum, and Tylenchorhynchus cy-
lindricus.

the August values against other dates in
the cropping season and the January values
against other dates in the overwinter sea-
son at the Pixley field. The G/F ratio was
used to test the predictive capabilities of
the parameters across different fields by
testing the global values against samples
from all locations (Pixley, Demaster, Lom-
bardi, Superior, and Corcoran).

REesuLTS

Sample size: The study of the impact of
number of cores on ¢ and b parameters of
Taylor’s power function was confounded
by computational problems as larger num-
bers of cores were used for each sample.
As the number of cores increased, the range
of population levels exhibited in the data
set decreased. This resulted from samples
of larger size being more representative of
the mean population in the field and,
therefore, being more consistent. Since the
parameters are determined by linear re-
gression and extrapolation to determine
the ordinate intercept (In a), the precision
of the intercept estimate will decrease as
the range of abscissa values (In m) decreas-
es. Precision of determination was greatest
at low sample size when there was a wide
range of values along the abscissa.,

As sample size increased, the value of a
decreased in a manner described by the
equation a = ¢n?, where n is the number of
cores, ¢ is the intercept, and d is a negative
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TaeLE 1. Sample and field ¢ and 4 values for ¢ =
sample size (r; number of cores).

¢en?, relating the @ value of Taylor’s power function to

H. dihystera P. minor M. javanica M. incognita

Sample month c d c d c d c d

Sep 0.90 —1.09 1.1 —0.75 1.16 -2.10

Oct 0.90 —1.08 1.25 —-1.19 0.94 —-1.18

Nov 1.38 —1.24 1.66 —2.44 1.07 —1.56

Jan 1.23 —1.94 0.48 -0.74 1.12 —1.41

Feb 0.87 —1.51 1.08 —1.41 1.14 —-1.33

Mar 0.74 —1.22 1.18 —0.52 0.94 —0.99

Apr 0.83 -1.75 2.64 —2.60

Jun 0.96 —1.34 0.66 —0.56

Jul 0.79 —0.54 1.05 —0.56

Aug 0.96 —0.85

Oct 0.75 —0.49 1.10 —0.49
Field mean 0.94 -1.19 1.24 -1.20 1.06 —1.43 1.10 —-0.49
SEt 0.19 0.43 0.59 0.76 0.09 0.35 0.00 0.00

Only data for dates where significant 7* values were obtained in the regressions are presented.

1 SE = standard error.

value. The parameters of this predictive
equation for o were determined for each
species on each date (Table 1, Fig. 1). The
regressions of variance against mean, for
determination of a values, became incon-
sistent at sample sizes greater than six cores.
This tendency was greatest for species with
a less aggregated distribution, thus con-
founding parameter determination. Re-
peated determinations of ¢ values for high-
er core numbers, however, revealed an
average result consistent with that deter-
mined by extrapolation of the curve
through the a values for sample sizes of 1-
6 cores (Fig. 1). Consequently, the coeffi-
cients of the negative exponential model
relating a values to sample size were de-

termined for sample sizes of 1-6 cores.
For larger sample sizes, a values were
calculated by extrapolation using these co-
efficients. Where the 72 value indicated
significant deviation of points from the log-
transformed linear regression model,
parameter values are not reported (Table
1). The ¢ and d parameters were defined
for each species to allow determination of
the a values for any sample size across sam-
pling dates (Table 2, Fig. 1).

For Meloidogyne spp., the a values sepa-
rated into defined groups at different times
of the year (Fig. 1); one group represents
the a values for sampling dates between
crops, and the other group represents the
a values for sampling dates within the cot-

TasLe 2. Global values of ¢, 4, and b and degree of confidence in the estimates for s? = (¢né)(m?), relating
variance (s?) to mean (m) and sample size (n) for plant-parasitic nematodes in cowpea and cotton.

¢ d b SE () (129 (1,009  Conf.§
Meloidogyne javanica 1.06 —1.43 2.19 0.12 113,443 10
Meloidogyne incognita 1.10 -0.49 2.07 0.04 537,148 8
Helicotylenchus dihystera 0.94 -1.19 1.94 0.04 32,122 10
Paratrichodorus minor 1.24 —-1.20 1.81 0.39 16,920 4
Xiphinema americanum 1.20 —0.49 2.01 0.04 389,836 6
Tylenchorhynchus cylindricus 1.01 —-1.20 2.08 0.08 88,982 5

Only data for dates and locations where significant 72 values were obtained in the regressions were included in the global

estimators.
+ SE () = standard error of b value.

¥ Calculated variance associated with a population mean of 1,000 obtained with 12-core samples.
§ Author’s subjective confidence rating of the robustness of the ¢, d, and b values.
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Meloidogyne javanica

A
4
k|
[-]
i
-]
02345678 89101112
SAMPLE SIZE (NUMBER OF CORES)
c Helicotylenchus dihystera
5
4 e
Sar
[=]
i
8

12345678 9101112
SAMPLE SIZE (NUMBER OF CORES)

Meloidogyne incognita

B
4 -
S3r
u >
it
£
023 456789101112
SAMPLE SIZE (NUMBER OF CORES)
D Paratrichodorus minor
5

b—value

123456789101112

SAMPLE SIZE (NUMBER OF CORES)

Fig. 2. The relationship between the b value of Taylor’s Power Law (s = am!) and sample size (r), with
regressions forced through calculated a values. A) Meloidogyne javanica. B) M. incognita. C) Helicotylenchus

dihkystera. D) Paratrichodorus minor.

ton crop. When the cowpea—cotton crop-
ping sequence is considered, the difference
in the relationship of « to sample size prob-
ably reflects differential host status to the
two Meloidogyne species present, rather than
seasonal difference, thus allowing defini-
tion of a values for each species separately.

Regression of variances and means were
recomputed with the regression line forced
through the average predicted a value in-
tercept for a given number of cores. This
allowed determination of b values for sta-
bilized regression lines for each species,
across all sampling dates relative to num-
ber of cores (Table 2, Fig. 2A-D). The b
parameter appeared stable for a given spe-
cies at different sample sizes, except in the
case of Paratrichodorus minor where it was
variable but tending to increase as sample
size increased. The large standard errors
associated with & value estimates for P. mi-

nor, however, indicates lower sensitivity of
variance to change in & than in other spe-
cies,

Sample reporting size: The effect of in-
creasing the reporting size of the popula-
tion density (for example, per 100-1,000
g soil) shifts the data set along the abscissa,
which results in further extrapolation to
the ordinate to determine the In a inter-
cept during the linear regression. Repeat-
ed trials with different nematode species
and different dates indicated no effect of
sample reporting size on a and » parame-
ters but, rather, resulted in a decrease in
their consistency of estimation. Sample re-
porting size, of course, impacts both mean
and variance by a constant and should not
affect the parameter values, assuming that
there is no uncorrected change in efficien-
cy of extraction with any change in sample
size removed from the field.
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TasLE3. Stability of Taylor’s Power Law parame-
ters for Helicotylenchus dihystera at the Pixley location,
measured as ratios of SSE values.

TasLe 5. Stability of Field and Global Taylor
Power Law parameters for Meloidogyne incognita, mea-
sured as ratios of SSE values.

Sample month F/Bi m.a.f r2§ Location Month F/Bf} G/Ff m.a.$§ 72|
Sep 1.017 n.s. 0.84 Pixley Oct 1.000 1.000 ns. 0.88
Oct 1.019 n.s. 0.85 Lombardi Jan 1.018 1.112 ns. 0.63
Nov 1.042 * 0.88 Aug 1.080 0964 ns. 0.80
Jan 1.015 n.s. 0.83 Superior Jan  1.018 1.079 ns.  0.96
Feb 1.028 n.s. 0.82 Aug 1.026 1.130 ns. 0.97
Mar 1.013 n.s. 0.84 m 1.028 1.057
Apr 1.025 n.s. 0.76 SET 0.027 0.064
Jun 1.013 n.s. 0.84
Jul 1.028 n.s. 0.86 '['BF/ B = ratio of SSE f}(:rd predictions based on Field values

to Best estimates on each date.
Aug 1.025 1.5, 0.80 ¥ G/F = ratio of SSE for predictions based on Global values
Oct 1.020 n.s. 0.81 to Field values on dates indicated.
m 1.022 § m.a. = lack-of-fit (model appropriateness) test.
SE| 0.008 | »* values are for regression to determine Best estimates

T F/B = ratio of SSE for predictions based on August Field
values to Best estimates on each date.

1 m.a, = Jack-of-fit (model appropriateness) test.

§ 72 values are for regression to determine Best estimates
using data for each date.

I SE = standard error.

Validation: The degree to which the field
and global estimators of Taylor’s power
function parameters were stable over time
and across fields (Tables 3-5) varied with
the nematode species. Helicotylenchus dihys-
tera was monitored at the Pixley location
but was not found at appreciable densities
at other sampling sites. For this nematode
species, average field values were estab-
lished and tested for predictive ability over
time at the Pixley site. There was a low,
stable incidence of zero counts over the

TapLE4. Stability of Taylor’s Power Law parame-
ters for Meloidogyne javanica at the Pixley location,
measured as ratios of SSE values.

Month F/Bt m.a.} 2§
Sep 1.073 n.s. 0.70
Oct 1.023 n.s. 0.86
Nov 1.020 ns. 0.86
Jan 1.019 n.s. 0.88
Feb 1.015 n.s. 0.87
Mar 1.022 ns. 0.87

m 1.029

SE} 0.020

T F/B = ratio of SSE for predictions based on January Field
values to Best estimates on each date.

§m.a. = Jack-of-fit (model appropriateness) test.

§ 72 values are for regression to determine Best estimates
using data for each date.

| SE = standard error.

using data for each location and date.
1 SE = standard error.

sampling dates. The August field value was
a very good predictor of the mean-vari-
ance relationship in this species through-
out the 11 sampling dates, with an average
deviation from the August field value of
2.2%. The greatest departure from this
value was 4.2% (Table 3). The Taylor Pow-
er Law model, with the measured param-
eter values, was an appropriate and stable
descriptor of the mean—variance relation-
ship for H. dihystera at Pixley, with some
indication of weakness at the November
sampling.

The two Meloidogyne species at Pixley
were not separated quantitatively at each
sampling date. Qualitative impacts of crop-
ping sequence on the populations were de-
tected. Incidence of detection of this genus
was high in the Pixley field throughout the
overwinter period (September to March),
and because this period followed the M.
incognita-resistant cowpea crop, the popu-
lation is assumed to be predominantly M.
Javanica. Population densities were lower
during the early part of the crop season,
presumably as the M. javanica-resistant cot-
ton selected for M. incognita, and only
reached appreciable densities by October.
The population density of M. incognita was
high at the Lombardi and Superior fields
in January and August but too low for con-
sideration at Corcoran and Demaster.

The field parameters were good predic-
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tors of the mean-variance relationships of
M. javanica at the Pixley site during the
period of abundance of that species (Table
4). Since M. javanica was only detected at
the Pixley site, the field estimators are also
the best available global values. The mean
deviation resulting from use of global pa-
rameters was 3% and only as high as 7%
on one occasion. The power law model,
with the measured parameter values, was
appropriate in describing the mean-vari-
ance relationships, except on one sampling
date when it was questionable.

At the Pixley site, population densities
of M. incognita juveniles were sufficiently
frequent for model parameter estimation
only in October. Thus, the October as-
sessment at Pixley constituted the field val-
ues for that field (Table 5). The field values
for the Lombardi and Superior fields ad-
equately described the variance to mean
relationship in those fields. Global a and b
values were acceptable predictors of the
variance to mean relationship for M. incog-
nita in all fields. The average deviation was
6% and the largest was 13%. With these
parameters, the model was an appropriate
descriptor of the mean-variance relation-
ship for M. incognita in all cases (Table 5).

The population distribution of P. minor,
in the Pixley field, was less aggregated than

that of the other species, and the frequency

of zero observations in cores was very low.
Repeated samples from the data set tended
to produce a cluster of mean—variance
points and to reduce precision in fitting the
model to the data set (Table 6). The prob-
lem was accentuated during the growing
season as population densities increased
across the field (Table 6). The Demaster,
Lombardi, and Corcoran sites had a higher
frequency of zero counts and a wider range
of estimates of the mean, thus resulting in
higher 72 values for the Taylor model and
more stable parameters. The Superior field
was heavily populated with P. minor with a
low frequency of zero counts, and reduced
precision in fitting the model was again ex-
perienced (Table 6). At all locations and
across all sampling dates, however, Tay-
lor’s power function, with the measured

TasLe 6. Stability of Field and Global Taylor
Power Law parameters for Paratrichodorus minor,
measured as ratios of SSE values.

Location Month  F/B} G/Ff m.a.d 2]
Pixley Sep 1.015 1.009 ns. 054
Oct 1.022 1.010 ns. 047
Nov 1.055 1.028 ns.  0.32
Jan 1.039 1.025 ns. 037
Feb 1.053 1.029 ns. 0.29
Mar 1.026 1.017 ns.  0.38
Apr 1.095 1.224 ns.  0.29
Jun 1.018 1.128 ns.  0.43
Jul 1.025 1.074 ns. 041
Aug 1.053 1.196 ns. 0.23
Oct 1266 1296 ns. 0.11
Demaster  Jan 1.015 1.025 ns.  0.69
Aug 1016 1.016 ns. 0.80
Lombardi  Jan 1.016 1.013 ns. 0.67
Aug 1.009 1.056 ns. 082
Superior Jan 1.020 1.029 ns. 0.4l
Aug 1.051 1.097 ns. 037
Corcoran  Aug 1.014 1.017 ns.  0.77
m 1.045 1.072
SET 0.058 0.083

T F/B = ratio of SSE for predictions based on Field values
to Best estimates on each date.

§ G/F = ratio of SSE for predictions based on Global values
to Field values on dates indicated.

§ m.a. = lack-of-fit (model appropriateness) test.

|| 72 values are for regression to determine Best estimates
using data for each location and date.

7 SE = standard error.

parameter values, was an appropriate de-
scriptor of the mean—variance relationship
for P. minor.

Significant population densities of X.
americanum occurred in the Pixley (on some
dates) and Corcoran data sets. The global
a and & values (Table 2) were very similar
to the field values and were sufficient pre-
dictors of mean—variance relationships oc-
curring throughout the year. The genus
Pratylenchus occurred in low population
densities in four fields. There was a high
incidence of zero counts, and the individ-
ual field and global @ and b values obtained
from these data sets were considered not
sufficiently robust for reporting. Popula-
tions of Tylenchorhynchus cylindricus Cobb
occurred at the Demaster and Superior
fields. Field a and & values were very sim-
ilar, and the global values (Table 2) were
descriptive of variance to mean relation-
ships for both fields on both sampling dates.
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DiscussioN

Taylor’s Power Law parameters, mea-
sured in a particular field, can be used to
estimate mean-variance relationships for
nematode species in that field at various
times. Pooled global values for a nematode
species across several fields are acceptably
descriptive of variance in individual fields,
confirming the results of Mathias (17).
Pooled values provide useful information
for the design of sampling strategies and
determination of sampling intensity. Ob-
taining parameter values for the model re-
quires large data sets distributed over areas
similar in size (2-3 ha) to the strata from
which samples will be removed in popu-
lation assessment. Parameter values are
readily calculated from data sets for most
nematode species, but they are more dif-
ficult to obtain when populations exhibit
less aggregation or when fields contain very
low population densities resulting in a high
frequency of zero observations. In the for-
mer case, the mean—variance data sets used
to obtain parameter values are too tightly
grouped for reliable linear regression anal-
ysis. In the latter case, the parameter values
of the model are functionally based on very
few observations, resulting in low 72 values
and unacceptable F values for model ap-
propriateness. In both cases, the problem
is an analytical one, rather than a lack of
model descriptiveness, and can be over-
come by repeating the calculation many
times to obtain stable, average values.

Characterization of the relationship be-
tween a and sample size allows generaliza-
tion of the Taylor Power Law model,

52 = (cné)(m?),

where 7 is the number of cores, and ¢ and
d are the parameters which relate a to n.
The data in Table 2 provide parameter
values for this generalized form of the
model. The & parameter is undoubtedly
influenced by organism biology and age-
structure, as demonstrated by Banerjee (1)
and Wilson and Room (25) for other or-
ganisms. The value of b was substantially
influenced by sample size only at very low

numbers of cores or when the distribution
was less aggregated (few zero counts, high
population densities, generally dispersed)
as with P. minor.

The comparative variances expected for
1,000 individuals of six nematode species
(Table 2) indicate differences compatible
with species feeding habits and life history
strategies. The migratory ectoparasites
tend to show lower variance than the sec-
ond-stage juveniles of sedentary endopar-
asites. The variance associated with X.
americanum is high, but this species is prev-
alent only in the northwest quadrant of the
Pixley field; consequently, samples re-
moved from the whole field had consid-
erable variability.

The difference in distribution of the two
Meloidogyne species may reflect differences
in distribution of root systems of the host
crop plants. The cowpeas supporting M.
Javanica were more densely planted than
the cotton supporting M. incognita. Spec-
ulatively, then, the higher variance of M.
incognita on cotton than M. javanica on (and
following) cowpea may result from the food
distribution of the nematode rather than
any fundamental differences in organism
biology.

When parameter values for the Taylor’s
Power Law model are determined for spe-
cies of plant-parasitic nematodes, at least
in one large geographic region in Central
California and in a similar cropping se-
quence, pooled values appear sufficiently
robust to describe mean—variance relation-
ships for the same species in various loca-
tions. These parameter values provide a
basis for assessing the required sampling
intensity to measure a nematode popula-
tion at various densities. Duncan et al. (6)
observed a similar robustness in Power Law
parameters for Tylenchulus semipenetrans
Cobb in Florida citrus orchards, based on
samples taken at different time periods and
in different geographic locations. We have
addressed elsewhere (9,10) the logic of cal-
culating sampling intensity as a basis for
management decisions based upon deter-
mination of the population density if it is
at the economic threshold. Those discus-
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sions did not address the fact that the spe-
cies composition of the nematode com-
munity in the field may not be known in
advance of the sampling. If a species of
known virulence to a crop is suspected to
be present, however, sampling intensity can
be determined for that species. On the oth-
er hand, because root-knot nematodes are
frequently the most virulent nematode
pathogens expected in a cropping se-
quence, and because their biology and re-
productive potential tend to make them
the most aggregated of plant-parasitic spe-
cies, often it will be appropriate to use dis-
tribution parameters for the most highly
aggregated species as a general basis for
determining sampling intensity.

An applied use of the distribution pa-
rameters allows understanding of the risk
associated with the management decisions
for a given level of sampling intensity. Con-
versely, the sampling intensity must be
great enough to measure the populations
so that the management decision can be
made at an acceptable level of risk (10).
For preplant management decisions re-
garding plant-parasitic nematodes in an-
nual crops, the economic threshold is de-
fined as that population density of
nematodes causing damage equal to the
cost of the control considered (9). Thus,
the expected crop value corresponding to
the economic threshold population is con-
sidered to be the decision threshold (10).
The economic threshold varies with the
magnitude of the control cost. If the con-
trol cost is considered at different propor-
tional levels of the gross crop value, the
number of samples of specified sample size
(number of cores) needed to measure the
population so that a management decision
is made with a defined level of risk (Fig. 3)
can be calculated. Damage function param-
eters for cotton and tomato (Lycopersicon
esculentum L. cv. UC82) (13) were used, and
the population densities were calculated for
economic thresholds corresponding to
control costs representing varying propor-
tions of the crop value,

P=(n((y’ — m)/(1 — m))/InZ) + T,

where P is the economic threshold popu-
lation, y’ is the relative crop value at the
decision threshold such that 1 — y’ is the
cost of control as a proportion of crop val-
ue, m is the crop value at minimum yield,
Z is a rate-determining parameter, and T
is the nematode tolerance level (10). The
acceptable risk level for the management
decision is established as a range about the
decision threshold; for example, 10% as a
conservative level and 20% representing a
higher risk level, corresponding to 90% and
80% precision in the crop value prediction,
respectively.

The population levels (P, and P,) cor-
responding to the extremes of the decision
range are calculated as for the threshold,
which allows calculation of the half-width
of the confidence range (R) within which
the population should be measured (R =
0.5(P, — P,)/P). The number of samples
(N) necessary from a uniform stratum of
2-3 ha or less is then defined by the gen-
eralized relationship,

N = (t/R)¥cn)(P?),

derived from both the sampling intensity
equation of Karandinos (16) and Taylor’s
Power Law (20), modified for sample size
(n). Parameter values used were for M. in-
cognita (Table 2) from this study. An iter-
ative process for selecting a Student’s
¢-value, appropriate for the calculated
number of samples, was used in the cal-
culations.

The number of samples required to pre-
dict damage, with a specified level of pre-
cision (or risk), is a complex function of the
shape of the damage function, sample size,
rate of increase of population variance rel-
ative to population size, and the magnitude
of the nematode management investment
contemplated (Fig. 3). For any precision
level (e.g., 90%, that is crop value predic-
tion within a 10% range, as in Fig. 3A), the
required number of samples increases as
the management cost increases. As the
management cost increases, however, the
economic threshold at which the decision
is made also increases, and the associated
variance increases, thus increasing the
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Fic. 3. Relationship between sampling intensity
and proportional nematode management costs based
on distribution parameters for Meloidogyne incognita
and the damage functions for this nematode on to-
mato and cotton. A) Number of 10-core, 15-core, and
20-core samples required to measure the population
with 90% precision in the damage estimate for to-
mato, at different management costs. B, C) Number
of 15-core samples required to measure the popula-
tion with 90, 85, or 80% precision in the damage
estimate at different management costs for tomato
(B) and cotton (C).

range within which the population must be
measured and decreasing the required
number of samples. The required number
of samples can also be decreased by in-
creasing the sample size (Fig. 3A); this in-
creases the physical effort per sample in
the field but reduces the total diagnostic
effort in the laboratory.

The number of samples required de-
creases dramatically as the precision (risk)
level for the management decision is re-
laxed (Fig. 3B, C). For 15-core samples, the
sampling intensity for a management de-
cision costing 10% of the expected crop

value drops from 9 to 3 samples on tomato
(Fig. 3B), and from 14 to 4 on cotton (Fig.
3C), as the precision requirement is re-
laxed from 90% to 80%.

A precision level of 85% may be reason-
able and attainable as a basis for nematode
management decisions. Depending on the
cost of the management alternative, the
required number of 15-core samples rang-
es from 1 to 7 for tomato (Fig. 3B) and
from 5 to 12 for cotton (Fig. 3C). This level
of sampling intensity, however, is several-
fold higher than that of current recom-
mendations (14) and would involve additional
costs not factored into the calculations. Al-
though extraction and processing technol-
ogy have improved (4,12), soil sampling
methodology for nematode population de-
tection and assessment has changed little
in the last century. Equipment for obtain-
ing representative soil samples of greater
size is necessary. A single 100-core sample
would substantially increase the precision
of the damage estimate. An automated de-
vice capable of economically obtaining such
a sample would revolutionize the manage-
ment decision process in nematology.
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