JOURNAL OF NEMATOLOGY

VOLUME 17

JULY 1985

NUMBER 3

Journal of Nematology 17(3):245-251. 1985.
© The Society of Nematologists 1985.

Overestimation of Yield Loss of Tobacco Caused by the
Aggregated Spatial Pattern of Meloidogyne incognita'
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Abstract: Overestimation of yield loss caused by Meloidogyne incognita on tobacco was calculated as
a function of the statistical frequency distribution of sample counts. Sampling frequency distributions
were described by a negative binomial model, with parameter k, and the resulting probability
generating function was used to calculate discrete damage probabilities. Negative binomial damage
predictions were compared to mean-density estimates of damage. Predictions based on mean density
alone overestimate yield loss by values ranging from 300% at a k of 0.1 to less than 10% at a k of
1.0. Damage overestimation was described as an exponential function of k and mean density. Preplant
sampling data for M. incognita were used to derive a linear model for the estimation of k from mean
density, allowing the calculation of yield-loss overestimation based on one parameter, the field mean
density. Overestimation of damage ranged from 288% at a density of 50 juveniles/500 cm® soil, to

5% at a density of 1,000 juveniles/500 cm?® soil.
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Management decisions aimed at mini-
mizing losses caused by plant-parasitic
nematodes are based on estimates of nema-
tode population density and resulting crop-
loss predictions. The validity of economic
crop-management decisions is limited by
the accuracy and precision of the infor-
mation on which they are based. Accuracy,
or bias, is a measure of how close the ex-
pected value of an estimator is to the true
population parameter, and precision is a
measure of the repeatability, or agreement
in estimates obtained from independent
samples (7). Precision of nematode density
estimates derived from field samples is af-
fected by spatial patterns of plant-parasitic
nematodes (2,15), and techniques are avail-
able to estimate sampling precision as a
function of distributional parameters
(8,13-15,21). The precision of crop-loss
estimates also is influenced by spatial pat-
terns, as well as other sampling factors.
Techniques for estimation of the precision
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of nematode damage functions have been
presented by Ferris (10).

Precision of estimates may be calculated
to provide an indication of the confidence
one may place in a sample parameter, and
precision may be increased by improved
experimental and sampling techniques.
The accuracy of estimates also may be in-
creased by improved techniques. Addition-
ally, however, inaccuracy (i.e., predictable
bias) may be compensated for by knowl-
edge of the source and amount of bias.
Seinhorst (20) has demonstrated that ag-
gregated spatial patterns of plant-parasitic
nematodes caused consistent overestima-
tion of yield losses where only mean den-
sities were used in crop-loss models. In that
study, yield losses attributable to nematode
densities in more than 100 locations in a
field were summed to derive an estimate
of total yield loss in the field. This total
then was compared to an estimate obtained
by using the arithmetic mean density of the
individual samples in the same yield loss
model. In a different approach, Perry (17)
simulated the effects of an aggregated spa-
tial pattern on crop root damage. It was
shown that serious errors could occur in
estimates of yield loss if only the field mean
density was used. Perry suggested that sam-
ples be taken from different locations with-
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in a field, and that the nematode density
at each location be input to a root-damage
model.

This paper presents an approach to es-
timating inaccuracy in crop-loss predic-
tions resulting from aggregated nematode
spatial patterns with a mathematical anal-
ysis of frequency distributions and damage
functions. As an example, the response of
tobacco (Nicotiana tabacum L.) to Meloido-
gyne incognita (Kofoid & White) Chitwood
will be analyzed.

Rationale for the mathematical approach:
Least-squares parameter estimation has
been used to quantify the relationship be-
tween nematode density and yield loss (5).
This method can be used to fit a number
of different curves, with each function
specifying a different crop—nematode re-
lationship. Population density—yield loss
relationships then can be applied to nema-
tode assay results from a particular field,
in order to project damage caused by plant-
parasitic nematodes (4,9). The nematode
density reported in 2 nematode assay, how-
ever, represents the mean number of
nematodes in a composite sample of indi-
vidual cores taken from a number of lo-
cations within a field (3). If the quantitative
relationships were derived in greenhouse,
microplot or field plot studies with artifi-
cially uniform patterns of nematode inoc-
ulum, then for the yield-loss model to apply
to field assay results one of two assumptions
must be met:

1. The nematodes must be distributed
uniformly throughout the field, so that
each host plant will encounter the mean
density of parasites.

2. Ifthe nematodes do not have a uniform
spatial distribution, then each nema-
tode must cause the same amount of
yield loss regardless of how many other
nematodes are nearby.

These assumptions are, however, seldom
fulfilled under field conditions. Plant-para-
sitic nematodes usually have an aggregated
spatial pattern (2,12,15,16). Most of the
nematodes occur in clusters of relatively
high population densities, whereas large
areas of the field have low population den-
sities. Additionally, where nematodes oc-
cur in clusters the potential yield loss from
an individual nematode is decreased. There
are a limited number of feeding sites on a
root, and plant-parasitic nematodes are re-

stricted in their ability to move out of clus-
ters and attack other hosts. There is a point
beyond which additional nematodes cause
no further damage (minimum yield, or
death of host), and the damage per addi-
tional parasite becomes zero. Decreasing
damage per parasite is inherent as density
increases in log-linear or exponential yield-
loss models (4,19). The slopes of yield-loss
functions eventually decrease, and the
curves become asymptotic with some value
(minimum yield).

Concepts of decreasing damage per par-
asite can be quantified readily in existing
crop-loss models. In order to compensate
for this effect on a field basts, the propor-
tion of a field likely to contain a given
nematode density must be calculated. One
approach to this calculation has been sug-
gested (17,20), where data from discrete
sampling locations were input to crop-loss
functions. This is essentially a process of
using field-specific sampling frequency dis-
tributions to estimate probability densities.
However, frequency distributions derived
from nematode field-sampling data often
can be described mathematically by the
negative binomial probability distribution
(12,15,16).

The negative binomial distribution is
positively skewed, which means that values
with a density less than the mean are more
frequent than values with a density greater
than the mean. The negative binomial is
described by the mean and a parameter k.
The parameter k may be used as an index
of dispersion to indicate the degree of ag-
gregation in a field population (1,22);
smaller k-values are associated with a more
aggregated population and a more posi-
tively skewed frequency distribution. Neg-
ative binomial k-values are a function of
mean density for most biological popula-
tions (22).

The spatial patterns of plant-parasitic
nematodes should be considered and in-
corporated into yield-loss models in order
to accurately predict potential crop loss.
The bias induced by spatial patterns may
be estimated through a combined analysis
of crop-loss functions and frequency dis-
tributions.

MATERIALS AND METHODS

A coefficient of yield-loss overestimation
was calculated as the ratio of two separately
derived estimates of damage. The numer-



ator of the ratio was a damage estimate
based on arithmetic mean density alone.
The denominator was an estimate based
on frequency probabilities for population
density categories calculated from a neg-
ative binomial model. Discrete population
density probabilities were computed iter-
atively using a FORTRAN program. The
zero probability class P(0) was calculated
as:

P(0) = [1 +

Subsequent probability densities were cal-
culated from the formula:

R

» |__mean
mean + k

where P(I) represented the probability, un-
der a negative binomial model, of a density
of “I”” nematodes occurring for a given
combination of mean and k. This proba-
bility was multiplied by the yield loss caused
by a density of “I"” nematodes D(I) using a
percent yield-loss damage function for M.
incognita on tobacco (5):

D(I) = 0.1 log,(T)

The resulting yield-loss components were
summed over all densities until the discrete
probability of occurrence was less than
1.0 X 10~%. The remaining probability in
the tail of the negative binomial distribu-
tion was multiplied by the maximum yield
loss expected from the damage function.
This term was added to the negative bi-
nomial estimate of damage so that the
probability densities summed to one.

The yield loss expected from a given
population mean density assuming a uni-
form spatial pattern for M. incognita was
computed from the damage function as:

D(mean) = 0.1 log,;,(mean)

This estimate can be derived from a pro-
cess similar to the negative binomial al-
gorithm. Since a uniform spatial pattern is
assumed, all locations in a field would have
anematode density equal to the mean. The
probability of any density other than the
mean occurring is zero, whereas the prob-
ability of the mean occurring is one. The
summation takes the form:
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P(n)D(n) = P(0)D(0) + P(1)D(1) + . ..
+ P(mean)D(mean) + ...
+ P(n)D(n)
=0+ 0+ ...+ (1)D(mean)
+...+0
= D(mean)

since all probability terms other than the
mean are zero.

The coefficient of damage overestima-
tion (COD) was calculated as the ratio of
the estimate of damage caused by a given
mean density D(mean), where only the
arithmetic mean density was input to the
damage function, to the estimate from the
summation of individual negative binomial
probability terms:

D(mean)

COD =550

X 100

A coefficient of 100 indicated no overes-
timation, whereas a coefficient of 200 in-
dicated a 200 percent overestimation of
potential yield loss. A ratio statistic was se-
lected to indicate the degree of error, since
it remains the same regardless of the actual
yield loss levels. The actual levels of yield
loss were a function of the nematode—host
system selected as an example, and they
would vary widely for different nematode—
host combinations.

Data on mean density and k-values for
M. incognita were collected from 10 tobac-
co fields. Soil samples were collected in a
systematic grid sampling plan (ten 2.5-cm-d
cores per quadrat, 64-100 quadrats per
field) prior to planting in the spring. M.
incognita juveniles were extracted from the
soil by elutriation and centrifugation (6).
A negative binomial distribution was fitted
to frequency counts of M. incognita with a
FORTRAN program (11), deriving max-
imum likelihood estimates of the parame-
ter k.

Preplant mean densities and k-values
from the 10 fields were used to establish a
range of values which would be of practical
significance in projecting yield losses caused
by M. incognita on tobacco. A COD was
calculated for combinations of mean den-
sity and k-values in the prescribed ranges.
The calculated coeflicient of damage over-
estimation over varying mean and k-values
formed a response surface. An exponential
relationship was suggested as:

QOD = 100 + aY® + ¢Zme>
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Fic. 1. Coefficient of overestimation of percent

damage caused by Meloidogyne incognita on Nicotiana
tabacum versus negative binomial k-values. Coefficient
was calculated as the ratio of a damage estimate from
population mean density to an estimate from the sum-
mation of individual negative binomial damage com-
ponents multiplied by 100. Coefficient of 100 indi-
cates no overestimation.

where a, b, ¢, Y, and Z were parameters
estimated by fitting the response surface
with the NLIN procedure of the Statistical
Analysis System (SAS) (18). Field data also
were used to quantify the relationship of
k to mean density for the M. incognita—to-
bacco system. This relationship was used
to calculate the COD as a function of mean
density alone, using predicted k-values. A
mathematical formula has been derived
from the negative binomial distribution (8),
relating k to the mean and variance of a
population. However, to use the equation
an estimate of population variance is nec-
essary, and this would require that multiple
samples be assayed from a single field. The
models in this study were derived to illus-
trate a method of computing the effect of
spatial dispersion on yield-loss estimates
with a single estimate of field mean density
as input.

REsuLTs

Preplant mean densities of M. incognita
ranged from 23 to 1,890 juveniles /500 cm®
soil, and k-values ranged from 0.09 to 2.6
in the 10 tobacco fields. Negative binomial
distributions were fitted to frequency
counts from all fields, with a chi-square test
for goodness-of-fit not significant at the
0.05 probability level.

A coefficient of yield-loss overestimation
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Fic. 2. Coefficient of overestimation of percent
damage caused by Meloidogyne incognita on Nicotiana
tabacum versus nematode population mean density.
Coeflicient was calculated as the ratio of a damage
estimate from population mean density to an estimate
from the summation of individual negative binomial
damage components multiplied by 100. Coefficient of
100 indicates no overestimation.

calculated for k-values ranging from 0.1 to
3.1, at a mean density of 200 (Fig. 1), de-
creased as k increased, from 250% over-
estimation at a k of 0.1 to less than 5%
overestimation at a k of 3.1. The coeffi-
cient decreased very rapidly from a k of
0.1 and was less than 10% for k-values
greater than 1.0. The accuracy of yield-
loss estimates increased rapidly with in-
creasing k-values.

The coefficient was next calculated for
mean densities ranging from 50 to 1,000
juveniles/500 cm?® soil, at a constant k-val-
ue of 0.4 (Fig. 2). Overestimation de-
creased as the mean increased, from a val-
ue of 47% at a mean of 50 to 28% at a
mean of 1,000. Accuracy of yield-loss es-
timates increased with increasing mean
densities.

Yield-loss overestimation was more a
function of changes in k than changes in
mean density (Fig. 3). The slopes of re-
sponse curves along the mean density axis
are not as steep as the slopes along the k
axis. Responses to changes in mean density
are larger at smaller k-values, indicating
interaction between these two negative bi-
nomial parameters. _

The proposed exponential function was
adequate to describe the response of yield-
loss overestimation to varying mean and
k-values (Table 1). The parameterized for-
mula fits the computed data well and allows
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Fic. 3. Response surface of coefficient of overes-

timation of percent damage caused by Meloidogyne in-
cognita on Nicotiana tabacum versus population mean
density and k-values. Coefficient was calculated as the
ratio of a damage estimate from population mean
density to an estimate from the summation of indi-
vidual negative binomial damage components multi-
plied by 100. Coefficient of 100 indicates no overes-
timation.

the prediction of a coefficient of overesti-
mation without going through the iterative
algorithm for the M. incognita—tobacco sys-
tem.

The relationship of k to mean density in
the 10 selected tobacco fields was described
by the linear model:

k = 0.0018(mean)

with an r-squared of 0.82 and a standard
error about the estimate of 0.0003. This
simple model was adequate to describe the
relationship of k to mean density within
the range of values sampled and enabled
the computation of yield-loss overestima-
tion solely as a function of mean density.
The estimated yield loss for a mean den-
sity of 50 juveniles/500 cm?® soil was 17%
(Table 2). The estimate dropped to 6%,
however, where yield loss was calculated
with a negative binomial distribution, re-
sulting in a difference of 11%. The esti-
mated yield loss at a density of 400 was
26% where only the arithmetic mean was
input, and 22% using negative binomial
damage components. The resulting differ-
ence of only 4% demonstrated the decrease
in overestimation as mean and k-values in-
creased. Damage caused by M. incognita on
tobacco would be overstimated by 288% at

TasLE 1. Nonlinear least squares fit of model for
response of yield-loss overestimation to mean popu-
lation density and negative binomial k-value.

Param-
eter* Estimate Standard error
a 261 4.1
b 97 0.6
C 24 0.8
Y 0.93 0.001
Z 0.99888 0.00008

Least squares summary statistics:

Source df  Sum of squares Mean square
Regression 5 4,201,468 840,294
Residual 195 3,597 18

Total 200 4,205,065

* Model parameters: COD = 100 + aY** + ¢Z™ where COD
is the coefhicient of damage overestimation, k is a parameter
from the negative binomial distribution, m is mean popula-
tion density/500 cm?® soil.

amean density of 50 juveniles /500 cm?® soil
(Fig. 4), which corresponded to the 11%
disparity in yield-loss estimates reported in
Table 2 (17%/6%). The overestimation
decreased rapidly as the mean increased
and was less than 10% for nematode pop
ulation densities greater than 400. :

DiscussioN

This study has presented a method for
using information on the spatial patterns
of nematodes to improve the accuracy of
yield-loss estimation. Yield-loss overesti-
mation caused by spatial aggregation was
a significant factor in analysis of data for
M. incognita on tobacco and could result in
erroneous management recommenda-
tions. With a preplant mean density of 50
juveniles /500 cm? soil, the difference be-
tween the compensated (6%) (Table 2) and
uncompensated (17 %) estimates of yield loss
could easily be across the economic thresh-
old. Treatment could be recommended,
based on a standard nematode assay, when
in fact it would result in a2 net economic
loss. Actual values for the yield-loss esti-
mates depend on the dynamics of each
nematode—host system, but the ratio should
remain stable for a given probability dis-
tribution,

A negative binomial model was used to
describe the frequency probabilities of
nematode densities. Other discrete fre-
quency distributions have been fitted to
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TaBLE 2. Two estimates of percent yield loss
caused by Meloidogyne incognita on Nicotiana tabacum.
One estimate was based on mean population density

alone, and the other was adjusted for frequency dis-
tribution by a summation of damage components from
negative binomial frequency probabilities (negative
binomial parameter k predicted from mean density).
Estimate of percent
Mean number yield loss
of M. incognita Frequency
juveniles/500  Predicted  Mean density distribution
cm® soil k-value* based adjusted

50 0.09 17 6

100 0.18 20 10

150 0.27 22 14

200 0.37 23 16

300 0.55 25 20

400 0.73 26 22

500 0.91 27 24

600 1.10 28 26

700 1.28 28 27

800 1.46 29 27

900 1.64 30 28

1,000 1.83 30 29

*k = 0.0018 (mean).

frequency counts of plant-parasitic nema-
todes, including the Neyman type-A (15,16)
and the Thomas double Poisson (16). If
another distribution were fitted to the same
data as was the negative binomial, and both
fits were adequate, then the alternative dis-
tribution would be generating very similar
probabilities. If the two distributions were
generating essentially the same probabili-
ties, then the summation of damage com-
ponents would be the same, regardless of
the distribution used in the algorithm.
Thus, the effects of substituting another
discrete distribution for the negative bi-
nomial in the algorithm would be minimal.

The degree of error in yield-loss esti-
mation induced by the frequency distri-
bution is largely a function of its skewness,
or asymmetry. The increased percentage
of counts below the mean and the relatively
few very large counts cause overestima-
tion. The skewness of the negative bino-
mial is related to k. Thus, the coeflicient
responded strongly to changes in k over a
critical region. As k increased beyond 3.0,
the coeflicient rapidly became asymptotic
and the skewness was minimal.

A computational advantage of using the
negative binomial derives from the fact that
it is specified by mean density and only one
other parameter, k. This parameter can be
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Fic. 4. Coefficient of overestimation of percent
damage caused by Meloidogyne incognita on Nicotiana
tabacum versus population mean density. Predicted
k-values from linear least-squares model of relation-
ship between preplant population densities and k-val-
ues of M. incognita in 10 fields. Coefficient was cal-
culated as the ratio of a damage estimate from
population mean density to an estimate from the sum-
mation of individual negative binomial damage com-
ponents multiplied by 100. Coefficient of 100 indi-
cates no overestimation.
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used as an index of dispersion, which pro-
vides a method to relate the frequency dis-
tribution back to spatial pattern. Also, for
some biological populations, including M.
incognita in tobacco fields, k is a quantifi-
able function of mean density. For advisory
purposes, only mean density need be as-
sessed, as is commonly the practice (3).
Mean density can be used to predict a
k-value, and then the mean and k can be
used in an appropriate response model to
predict a level of damage overestimation.

The degree of damage overestimation is
an interaction between the shape of the
probability distribution and the yield-loss
model. The steepness of decline in yield
and the population density at which the
curve becomes asymptotic determine the
effect of differing probability models on
predicted damage. A relatively simple log-
linear yield-loss model was selected to il-
lustrate the techniques in this study. Other
models could be substituted in the algo-
rithm for damage estimation. Seinhorst’s
explanatory model (19) incorporates the
concept of a damage tolerance level into
the yield-loss relationship. Since no dam-
age is predicted for population densities
below the tolerance level, there can be no
overestimation of damage at densities be-
low this level. However, use of the Sein-



horst model may result in an underesti-
mation of damage. Where nematodes occur
in clusters, host plants in certain parts of
a field may sustain damage even though
the overall mean density is below the tol-
erance level.

The form of a yield-loss model is impor-
tant to overestimation, but the relative level
of damage is not. The coefficient is calcu-
lated as a ratio. Changes in scale for the
damage function will have no effect on the
calculated overestimation, but may affect
the practical significance of the results. The
difference between 1% yield loss and 2%
yield loss is of little economic importance,
even though it represents a 200% overes-
timation. In the example given in this study,
the actual damage estimates and differ-
ences in the estimates were significant, but
other nematode-host combinations would
need to be analyzed individually to mea-
sure the importance of spatial pattern com-
pensation to those systems. After selection
of an appropriate damage function and
probability distribution, the derived re-
sponse model can be used to predict a level
of yield-loss overestimation. This tech-
nique should provide more accurate dam-
age estimates and allow improved econom-
ic decision making.
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