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Nematode Damage Functions: The Problems of 
Experimental and Sampling Error 1 

H .  FERRIS 2 

Abstract: T he  development  and use of pest damage functions involves measurement  and experi- 
mental  errors associated with cultural, environmental ,  and distributional factors. Damage predictions 
are more valuable if considered with associated probability. Collapsing population densities into a 
geometric series of population classes allows a pseudo-replication removal of experimental  and 
sampling er ror  in damage function development. Recognition of the nature  of sampling er ror  for 
aggregated populations allows assessment of probability associated with the population estimate. 
The  product  of the probabilitie s incorporated in the damage function and in the population estimate 
provides a basis for risk analysis of  the yield loss prediction and the ensuing management  decision. 

Key words: crop loss, management  decisions, confidence intervals, risk analysis, economic thresh- 
olds. 

A knowledge of the relationship be- 
tween crop yield or value and numbers of  
plant-parasitic nematodes is fundamental 
to the application of quantitative rationale 
to nematode management decisions. A the- 
oretical basis for damage functions has been 
developed (8), and the influence of  envi- 
ronmental factors has been discussed ex- 
tensively (2). The  basic approach to devel- 
oping nematode crop damage functions is 
to establish different nematode population 
densities, either in field plots or microplots, 
and to grow a crop at each density. Yield 
and yield loss can then be related to initial 
nematode population densities. 

METHODOLOGY 

In one method, the soil is fumigated and 
known numbers of  nematodes are intro- 
duced to establish the range of  initial pop- 
ulation densities. The  independent vari- 
able (population density) is controlled, and 

j a replicated experiment can be conducted. 
Because the initial population densities are 
known, there is essentially no sampling 
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error in their measurement. Similarly, since 
the experiment can be replicated, it is pos- 
sible to measure and remove experimental 
error in yield by averaging across replicates 
for each initial population density level. A 
disadvantage of  this approach, however, is! 
the uncertainty involved in equating initial, 
nonulatlon densmes achieved by lnocula- 
1 -  l y  ] • l 
tion to field-measured population densl-~ I 
ties. The  uncertainty includes concern J 
about inoculum viability, spatial distribu- 
tion, and population age structure. Fur- 
thermore,  the preparation of  such exper- 
iments is costly. 

Another approach is to manipulate nem: 
atode population densities in a field site by 
multiple cropping and rotation patterns, 
or with pesticides. Such measures achieve 
a more natural population distribution and 
age structure. However,  the initial popu- 
lation density must be assessed by a sam-,/  
pling process, hence another source of  
variation is introduced into the data set. 
Because of  the sampling error involved in 
measuring the population, the indepen- 
dent variable is not precisely controlled. 
Consequently, both the nematode popu- 
lation and the crop yield are subject to 

~ sources of  error  (Fig. 1). The  yield estimate 
includes exper imenta l  e r ro r  genera ted  
through location effects, variable culture 
and cultivation of  the crop within the field, 
and measurement error. The nematode 

T h e  J O U R N A L  OF NEMATOLOGY for October  (15:475-654) was issued 16 December 1983. 1 
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population estimate includes sampling and 
assessment error. Since there is only one 
observation at each population density, we 
lose the ability to remove experimental 
error by averaging across replications at 
the same population density. Variability in 

-; the data set may mask relationships and 
result in low r 2 values. 

An analytical approach: This paper dis- 
cusses approaches to minimizing the sam- 
pling and experimental error components 
of damage functions developed in field 
plots. The  basic premise is that treatment 
averages from replicated experiments re- 
flect minimal experimental error. Nema- 
tode density estimates from soil samples 
incorpora te  e r ro r  reflective of  the 
variance associated with their aggregated 
distribution. As with many pest species, the 
aggregated distribution of nematodes is 
frequently adequately described in math- 
ematical terms by the negative binomial 
distribution (4,5). This distribution is de- 
fined by two parameters, the mean popu- 
lation density (~) or its sample estimate (R), 
and the index of dispersion (k). The prob- 
ability of assessing a population density x 
in a sample is 

P(x) = (1 -k(k + x -  1)! g 
+U x'.7-k---1).r 

A characteristic of such distributions is that 
5 the variance is greater than the mean, 

hence the variance and sampling error in- 
crease with population density. A sample 
providing a high population assessment re- 
flects a mean population density with a large 
variance. 

Seinhorst (8) adapted Nicholson's (6) 
competition theory to demonstrate that the 
damage per nematode is less at high than 
at low population densities. The assump- 
tion herein is that i t  is reasonable to par- 
t i t ion the cont inuously  varying set of  
independent variables from a damage- 
function data set into discrete groupings 
which could be considered replicates of 
each other. Densities within each class are 
considered essentially equal in effect on 
plant growth, but' they reflect an associated 
unmeasured sampling error. Following the 
rationale of increased variance and de- 
creased importance per nematode with in- 

creased population density, I select a con- 
venient geometric series of density classes, 
the log2 series which is frequently used to 
display nematode damage functions. For 
each density class i, the mean density 9~i is 
calculated for all population values be- 
tween 2 (j-°.~) and 2(~+°5L Similarly, the mean 
yield, ~, is calculated for the correspond- 
ing yield measurements. Exceptions to this 
are that density class i = 0 consists of all 
values with x = 0, and class i = 1 consists 
of all values 0 < x < 21.5 . Note that the 
arithmetic range incorporated in each den- 
sity class increases with x~. 

This approach reduces variability within 
a data set of paired observations. First, the 
variance associated with assessment of the 
nematode population density, a "horizon- 
tal variance," is stabilized by averaging val- 
ues within population size classes which are 
biologically appropriate and justified. Each 
density estimate is considered a represen- 
tative of one of these classes. Second, ex- 
perimental error or "vertical variance" is 
stabilized by using the mean yield associ- 
ated with all population estimates which 
fall within a density class as being repre- 
sentative of the influence of that class. By 
fitting a model to such a modified data set, 
we have reduced known sources of error 
and, hence, have more confidence in the 
goodness-of-fit assessment of the damage 
function. There  is a fundamental problem 
with attempting to fit a model to the means 
of nematode density classes. Since the de- 
sign of the experiment is not readily bal- 
anced, there will inevitably be different 
numbers of observations within each class. 
By using the means of each class, equal 
weight is given to one observation as to the 
mean of 20 observations. This situation is 
unsatisfactory, although the problem may 
be minimal if there is a large number of  
plots. An alternative is to include the den- 
sity class mean and average yield in the data 
set as many times as there were observa- 
tions in that range. Thus each observation 
is equally we, i'ghted for measurement of the 
goodness-of-fit of the model to the error- 
corrected data set. 

The method described is especially ef- 
fective with a large data set. Five exper- 
iments over 4 years have produced results 
on the response of tomatoes to varying 
levels of Meloidogyne incognita (Kofoid & 
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White) Chitwood infection (unpubl. data). 
Population densities of  second-stage juve- 
niles were measured prior to planting and 
corrected for extraction efficiency. If  each 
year's data are standardized by dividing 
through by the maximum yield for that 
year (Fig. 1), a nematode damage function 
can be fitted to this multiple data set by 
the method described (Fig. 2). The  high r 2 
value obtained by grouping observations is 
produced at the expense of  reducing the 
number of degrees of  freedom to two less 
than the number of density classes. As a 

-,~ consequence of weighting the density class 
averages by the number of observations (n~) 
constituting each average, the minimum 
yield estimate obtained using a curve-fit- 
ting alogrithm (3) may appear different 
from that represented by the data (Fig. 2). 
The n~ values are recorded above each point 
in the graph. Frequently, however, the best 
estimate of  minimum yield may be a few 
observations at high nematode density, and 

the unweighted data set may better  reflect 
this parameter (Fig. 3). 

Variability in yield prediction." The yield 
value predicted by the damage function is 
a mean value for plants subjected to a par- 
ticular nematode population density. In 
fact, there is a population of such yield 
estimates, normally distributed about the 
damage function for any nematode popu- 
lation density. Assume that an exper imen t  
is conducted to develop a damage function 
for a crop-nematode combination in a se- 
ries of" 100-m 2 plots in a field; assume also 
that there are several replicates of  each 
nematode density class. For each density 
class, there will be a series of yield obser- 
vations equal to the number  of  replica- 
tions. The mean of  these yield observations 
is the best estimate of  the damage function 
value for the density class and reflects the 
removal of  experimental error  already dis- 
cussed: If a whole field was divided into 
100-m 2 plots, and if yields for each density 
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class from these plots were averaged to- 
gether in groups equal to the number of 
replications in the experiment, a family of 
observed mean yields and densities would 
be obtained. The family of mean yields 
would be normally distributed around the 
damage function prediction, but more 
tightly grouped than the original plot ob- 
servations on which they were based. The 
average of this family of  mean yields would 
be the best possible estimate from that field 
of the yield at the average of the mean 
nematode population densities. The vari- 
ation associated with the family of means 
is a useful measure of the expected varia- 
tion in using the damage function as a pre- 
dictor of yield in a whole field. If  the dam- 
age function were to be used as a predictor 
of  yield in an individual plot from that field, 
the expected variation would be much 
greater. 

The proportion of yield estimates which 
will occur within a given distance from the 

predictive line for damage is calculable if 
the standard deviation among the family 
of estimates is known. Consequently, it is 
possible to apply confidence bands around 
the damage function which reflect the nor- 
mal distribution of the means of individual 
estimates (Fig. 4). Confidence bands of this 
type are narrowest at the point reflecting 
the means of the population density and 
yield estimates. This is the region of the 
regression about which there is the most 
information. As the deviation of popula, 
tion estimates from this mean increases, so 
confidence in the prediction decreases.~Ac- 
tually, the confidence bands in Fig. 4 rep- 
resent confidence limits on a prediction of  
the 4-year mean yield for a nematode pop- 
ulation density. Predictions for individual 
years would have wider confidence bands 
for the same probability level. The confi- 
dence bands are calculated from the stan, 
dard error of the y (yield) values pooled 
across all x (population) values, weighted 
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by the number of  observations and dis- 
tance from the mean population estimate 
for the damage function and by Student's 
t value at the chosen probability level. An 
extra term is incorporated in the estimator 
for predictions of  individual plot yield val- 
ues (10). 

Variability in the sample estimate: Another 
problem in yield prediction using a damage 
function derived from an independently 
collected data set is variation in the nem- 
atode density estimate (sampling error) for 
which the prediction is being made. A fam- 
ily of possible population estimates is dis- 
tributed about the mean sample density. 
Projection of the nematode density esti- 
mate confidence intervals on the damage 
function and its confidence intervals pro- 
duces an expected yield interval (Fig. 5). 
Since the damage function is indepen- 
dently derived, the associated probability is 
the product of the respective probability 
levels associated with the confidence inter- 

vals of the damage function and the pop- 
ulation estimate. If  the nematode popula- 
tion is estimated to lie within a given range 
at P = 0.5, and the damage function con- 
fidence belt is generated at P = 0.8, the 
yield estimate interval is known at P = 0.4 
(i.e., 0.5 x 0.8). As the probabilities asso- 
ciated with each of these independent as- 
sessments approach 100%, so the loss in 
precision associated with their multiplica- 
tion is reduced. If  the variances associated 
with the damage function and population 
estimate remain at their current size, the 
probability associated with the yield esti- 
mate can only be improved by widening 
the range of the confidence band. The only 
way to improve the precision of  the yield 
estimate is to narrow the confidence bands 
on the damage function and population es- 
timate without reducing probability. 

The index of  dispersion of the statistical 
distribution which describes the nematode 
distr ibution influences sampling error .  
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Since such indices may change with t ime 
dur ing  and be tween  growing seasons, t ime 
o f  sampling and sampling intensity affect 
sampling er ror .  T h e  magni tude  of  the e r ro r  
can be measured  by taking repea ted  sam- 
ples f rom the same area. Since the popu- 
lation is aggregated,  the density classes are 
not  symmetrical  about  the mean. Conse- 
quently,  the conf idence  interval  about  the 
mean  assessment is not  symmetrical;  the 
variance is h igher  on the uppe r  side. An 
approx imat ion  is p rov ided  by log t ransfor-  
mat ion to a t t empt  to normal ize  the distri- 
but ion  (1). T h e n  the mean o f  the trans- 
f o rme d  counts  (el) is [2; log(x + 1) i /n ,  and 
the t r ans fo rmed  conf idence limits are 

e l ----- t N / ~ q ) / n  

or  in ar i thmet ic  terms: 

2q x 2t(V~-q)/n)  and 2~ + 2t(V~-gq)/n) 

where  s 2 is the variance o f  the t r ans fo rmed  
x values and log2 is used. T h e  convenience  

o f  using log2 is that  the t r ans fo rmed  con- 
f idence interval  can be plot ted on the same 
scale as the popula t ion density o f  the dam- 
age funct ion (Fig. 5). T h e  log2 scale is es- 
tablished simply as a geomet r ic  series o f  2, 
or by the t ransformat ion  

log2 x = (1og,0x)/(Iogl02). 

If, for  example ,  a popula t ion  density es- 
t imate of  1,000 is based on soil samples 
containing 600 and 1,400 nematodes ,  the 
respective log2 values are 9.97, 9.23, 10.45. 
T h e  variance on the t r ans fo rmed  scale is 
0.778 and the t value at 1 d f f o r  80% prob-  
ability is 3.078. Hence ,  the 80% conf idence 
interval  on a log2 scale is 9.97 + 1.92 (Fig. 
5). In ar i thmet ic  terms, the limits are 265 
and 3,795, obviously not  cen te red  on the 
ar i thmet ic  density mean  o f  1,000. 

Influence of nematode distribution: T h e  dis- 
pers ion p a r am e te r  of  the negative bino- 
mial statistical descr ipt ion o f  n em a to d e  dis- 
t r i b u t i o n  in f luences  the  p r ec i s i o n  o f  
nema tode  density estimates. T h e  distri- 
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encompasses variability associated with sampling er ror  and damage function determination.  

bution is skewed, with a high frequency of 
low population density observations and a 
low frequency of extremely high popula- 
tion density observations. The applicability 
of this distribution is a consequence of the 
feeding habits, food distribution, and be- 
havioral and reproductive patterns of nem- 
atodes and other organisms. The arith- 
metic mean- - tha t  is, the total number of 
organisms observed divided by the number 
of observational units (samples)--may seem 
intuitively to be an unsatisfying measure of  
population density' for an aggregated pop- 
ulation. The process of nematode sam- 
pling, where a sample consists of a com- 
posite of  soil cores, is equivalent  to 
obtaining an arithmetic mean estimate of 
the population. By compositing cores, in- 
dividual population counts occurring in 
each core are added. Further, if the field 
is represented by more than one composite 
sample, standard practice would be to av- 
erage across samples as a measure of the 

population density. Consequently, the es- 
timate is the arithmetic mean of a negative 
binomial distribution, with a greater num- 
ber of observations on one side of the mean 
than on the other. 

The effect of using an average nematode 
population density is to underestimate yield 
(7,9). The descriptive parameters, ~ and k, 
of the negative binomial distribution can 
be derived from sample assessments of  the 
population providing estimates of the mean 
and variance (1). An interesting approach 
to the analysis of sampling efficiency is to 
simulate nematode distribution across a 
field and to predict total field yield. A field 
may be divided into a finite number of  sam- 
ple units; as an extreme example, say the 
total number of  2.5-cm-d soil cores which 
could be removed from the field. The pa- 
rameters of  distribution of  the population, 
as described by the negative binomial, al- 
low calculation of the proportion of cores 
in the field representing specific density 
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classes of nematodes. If  a nematode dam- 
age function for that crop and nematode 
combination is known, the yield loss in- 
curred by the fraction of the crop growing 
in each core volume of soil can be calcu- 
lated. By summing the remaining fraction- 
al yields across the whole field, the actual 
yield is determined. Computer simulation 
studies reveal slightly inflated damage es- 
timates from the arithmetic mean of nem- 
atode population density. The  magnitude 
of  the inflation varies with the parameters 
of the damage function and of the distri- 
bution. The effect is to promote conser- 
vative crop management decisions, which 
should foster user confidence. 

DISCUSSION 

The variability associated with predic- 
tions of expected yield loss caused by plant- 
parasitic nematodes is an important com- 
ponent of the pest management decision 
process. Prediction of expected yield loss 
at a specified probability level allows risk 
analysis of the management decision. Fur- 
ther research and consideration of the 
variability associated with population as- 
sessment, and the impact of the descriptive 
parameters of nematode distribution, is 
necessary. It is interesting to speculate on 
the impact of an "old infestation" versus 
a "new infestation" on sampling error. A 
new infestation is defined as a new intro- 
duction or focus in a field, whereas an old 
infestation has been established sufficiently 
to express the full potential 0fits biological 
distribution. Unless there is an obvious rea- 
son for stratification of  a new infestation 
field, sampling errors may be greater than 
expected. Vertical gradients in the disper- 
sion parameters of population distribution 
probably occur. Sampling errors may vary 
with depth, underscoring the need for con- 
sideration of  the location of the population 
likely to influence the proposed crop prior 
to preplant sampling. Measurement of a 
surface nematode population density for 
yield-loss prediction is meaningless if over- 
wintering survival occurs at greater depths. 
Such scenarios can be simulated if relevant 
dispersion parameters are identified. 

In multiple-species infestations, it is im- 
portant to recognize that dispersion pa- 
rameters are species specific. A single sam- 
pling plan is unlikely to minimize sampling 
error for all species, and confidence in pre- 

dictions will vary among species. This com- 
plicates the assessment of  yield-loss prob- 
ability for multispecies models.  The  
estimate with the lowest probability be- 
comes the limiting factor if all species pres- 
ent have equal damage potential. Differ- 
ences in pathogenicity and abundance of 
the individual species would confound the 
probability component of the yield-loss as- 
sessment. 

The predictive capability of damage 
functions for different growing seasons is 
important. Examples used in this paper 
(Figs. 1-4) reflect the relatively stable con- 
ditions of  i r r igated agr icul ture  in the 
southwestern United States. Wider confi- 
dence bands would be expected on 4-year 
averages for rain-fed agricultural systems. 
Also the use of relative yields, corrected 
for seasonal variation andproduct ive  po- 
tential of the field, removes much of the 
error which would be associated with pre- 
dicting actual yields. Validation of damage 
functions across years and geographic re- 
gions, including measurement of associ- 
ated variance, is an important aspect of the 
science of crop loss. 

In summary, the purpose of this paper 
is to encourage the development of nem- 
atode damage functions. Data sets from 
small field plots are amenable to adjust- 
ment for experimental and sampling error 
which reveal the relationship between crop 
yield and nematode population density. 
Measurement of the variability associated 
with damage functions and population es- 
timates will promote refinement of tech- 
nique in both areas. It also allows statement 
of probability levels associated with yield- 
loss predictions. 
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Effect of the Entomogenous Nematode 
Neoaplectana carpocapsae on the Tachinid Parasite 

Compsilura concinnata (Diptera: Tachinidae) 1 

HARRY K. KAVA ~ 

Abstract: The  entomogenous nematode Neoaplectana carpocapsae and its associated bacterium, 
Xenorhabdus nematophilus, could not  infect the pupal stage of the tachinid Compsilura concinnata 
th rough the puparium. N. carpocapsae had an adverse effect on 1-, 2- and 3-day-old C. concinnata 
larvae within the armyworm host in petri dish tests. All 1-day-old larvae treated with nematodes 
died in their  hosts, whereas 61% and 69% of 2- and 3-day-old larvae t reated with nematodes, 
respectively, died. However, the survivors developed to adults. Nine to thirty-seven percent  of  adult 
tachinids which emerged from nematode-treated soil (50 nematodes /cm ~) were infected with N. 
carpocapsae. T he  nematode adversely affects C. concinnata directly by the frank infection of the 
tachinid and indirectly by causing the premature  death of the host which results in tachinid death. 

Key words: interaction between parasite and nematode, biological control, insect-nematode in- 
teraction. 

The tachinid Compsilura concinnata par- 
asitizes a large number of  lepidopterous 
insects (1). Its biology has been studied by 
Culver (3) and Fusco et al. (5). The  adult 
is larviparous, and more than one larva may 
emerge from a host. The  parasitized host 
becomes moribund in 3 -4  days, but the 
tachinid larva does not emerge until the 
7th day. After emergence, the larva forms 
a puparium in the soil or on any convenient 
surface such as silken webs or bark crev- 
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ices. Adult flies emerge 9-12  days after 
pupation. 

The  entomogenous nematode Neoaplec- 
tana carpocapsae (= Steinernema feltiae) (see 
13), along with its associated bacterium, 
Xenorhabdus nematophilus, infects a wide va- 
riety of  insects, including many pest species 
(11,12). The  impact of  this nematode-bac- 
terium complex on beneficial parasitic in- 
sects has been examined only recently by 
Kaya (6,7) and Kaya and Hotchkin (10). 
They showed that N. carpocapsae infects 
and kills the lepidopterous host, resulting 
in the death of the larval stages of certain 
hymenopterous parasites. The pupal stages 
of  the hymenopterous parasites Glyptapan- 
teles militaris (= Apanteles militaris), Cotesia 
medicaginis (= Apanteles medicaginis), Hypo- 
sorer exiguae, and Chelonus spp., however, 
are resistant to nematode infection be- 
cause the nematode cannot penetrate the 
nonporous, inner silken layer o f  the co- 
coon (10). Laumond et al. (1 1) found that 
adults of  the tachinid Metagonistylum mi- 
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