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Abstract: A FO R T R A N  computer  program was developed to simulate nematode soil sampling 
strategies consisting of various numbers  of samples per  field, with each sample consisting of 
various numhers  of soil cores. The  program assumes that the nematode species involved fit a 
negative binomial dislrilmtion. Required input  data are estimates of the mean and k values, the  
numh er  of samples per lield and cores per sample in the strategy to be investigated, and the 
numher  of times the simulation is to I)e replicated. Ou tpu t  consists of simulated values of the 
relative deviation from the mean and standard error  to mean ratio, both averaged over all 
replications. The  program was used to compare 150 simulated sampling strategies for Meloidogyne 
incognila, involving all combinations of two mean values (2.0 and 10.0 la.rvae/10 cm '~ soil), three k 
vahles (1.35, 0.544, and 0.294), live differem numbers  of samples pet" tield (1, 2, 4. 10, 20), and 
tire (lilterent numt)ers of cores per sample (I, 2, 4, 10, 20). Sinmlations resulting from different 
mean values were similar, but best resuhs were obtained with higher k values and 21) cores per  
sample. Re[alively few 20-core samples were needed to obtain average deviations from the mean 
of 20-25%. Kt)" words: computer  simulation, sampling error, spatial distribution, MeIoidogyne 
incognita. . |ournal of Nematology 1414):517-522. 1982. 

T h e  accuracy of a sampling plan is 
critical to the operat ion of a nematode 
diagnostic laboratory,  yet recommendat ions  
on the numbers  of samples and num ber  of 
soil cores per sample to be collected per 
fiehl vary greatly (1). Relatively little in- 
format ion is available about  how to con- 
struct an accurate and efficient sampling 
plan, but  available studies (5,8) suggest 
that  obta ining accurate estimates of field 
populat ions requires considerable effort. 

A recent study (7) has examined the 
relative errors involved in est imating soil 
populat ions from a single composite soil 
sample composed of mul t ip le  cores from 
ilelds of various sizes. In  some cases, esti- 
mates of field populat ions within acceptable 
error limits could not  be obtained wi thout  
collecting very large numbers  of cores. How- 
ever, it may be possible to obtain more ac- 
curate estimates by taking several replicated 
composite samples from a field with a lower 
nnmber  of cores per composite sample. 

Goodell  and Ferris (5) have developed 
a method for compar ing the relative ac- 
curacy of different sampling schemes con- 
sisting of different numbers  of composite 
samples aml cores per sample. T h e i r  method 
involves searching a large data base of 
nematode counts from an alfalfa field (4) 
for s imulated nematode counts in various 
sample and core combinations.  T h e  rela- 
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t i re accuracy of several sampling strategies 
were compared  by calculating DEV, the 
deviation of the estimate from the field 
mean (of the large data base), expressed as 
a percentage of the field mean.  Results were 
then used to optimize sampling plans to 
achieve m a x i m u m  efficiency. 

This  paper  outlines a F O R T R A N  corn- 
tinter program developed to extend the 
work of Goodell  and Ferris (5) to the more 
general s i tuat ion in which the under lying 
spatial dis tr ibution is the negative binomial .  
Instead of obta ining simulated counts from 
a stored data base, this program uses simu- 
lation from a negative b inomial  distribu- 
tion to obtain counts of nematodes per  soil 
core. Provided that  a nematode  popula t ion  
fits a negative b inomial  distr ibution model,  
a sampling p lan  in terms of number  of 
samples and cores per sample can be de- 
veloped by using the appropr ia te  mean and 
k values. T h e  relative efficiency of several 
sampling strategies can be compared  in 
terms of relative deviations from the mean 
and standard error to mean  ratios. 

C O M P U T E R  P R O G R A M  
S T R U C T U R E  

Required  input  variables are the mean  
(f¢) and k value for tile appropr ia te  negative 
1)inomial distr ibution.  Using these values, 
the individual  terms of the negative bi- 
nomial  dis t r ibnt ion are calculated from 
generalized formulae developed from Elliott 
(2). T h e  probabi l i ty  of a zero value (Po) is 
calculated from the formula:  
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while the probability of each successive i th 
term (P0 is given by: 

x p .  

The cumulative probability (CMP 0 is also 
calculated for each term, and calculations 
continue until the first 1,000 terms are com- 
puted or a cumulative probabili ty of 
I).999995 is reached. 

Once the terms of the appropriate nega- 
tive binonfial distribution have been calcu- 
lated, the sampling loops are run for a 
given sampling strategy. Reqnired input  
variables for each such problem are the 
number  of samples (IS) and numher of 
cores per sample (IC) to be collected under 
the given strategy, the number  ol times the 
sinmlated strategy is to be replicated (IR), 
and a seed for the F O R T R A N  pseudo- 
random number  generator (S). 

A Monte Carlo simulation technique 
(3) was used for generating simulated values 
for the nematode counts in each core 
collected. A pseudo-random number  is 
matched to the corresponding point on the 
cumulative probability distribution and the 
corresponding discrete count is used in the 
simulation. 

The  interaction of the various sampling 
loops is illustrated (Fig. 1). Each simulated 
core count is accumulated until IC is 
reached, at which time a mean count for 
the sample is calculated. Means of successive 
samples are computed in a similar manner  
until the total number of samples (IS) for 
the strategy is reached. At this point, a 
mean count (f') for the strategy is com- 
puted, and DEV, the relative deviation 
from the theoretical mean, is calculated, 
where 

The  procedure is repeated for each replica- 
tion, after which AMDEV, an average value 
of DEV, is calculated. Stamlard error to 
mean ratios are also computed for each 
replication, and an average value, 
ASMDEV, is computed for all replications. 
Thus, for a sampling strategy of four corn- 
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posite samples of 20 cores each, replicated 
10 times, simulated values for 800 cores of 
soil would be generated and included in 
the computations. A second strategy can be 
compared with the first by entering a sec- 
ond set of IC, IS, IR, aml S values. Outpu t  
for each problem consists of AMDEV, the 
average deviation from the field mean, and 
ASMDEV, the average standard error to 
l n e a l l  ratio. 

S I M U L A T I O N  RESULTS 

Sinndations were run using data from 
a previous study (7) on counts of Mel- 
oidogyne, incognita (Kofoid g: White) 
Chitwood larvae. Appropriate  k values were 
1.35 for fields of ca. 0.5 ha in size, 0.544 for 
ca. 1.0 ha and 0.294 for fields of ca. 1.5 ha 
(7). With each k value, mean counts of 2.0 
and 10.0 larvae per 10 cm ~ of soil were used. 
Thus, sinmlations were performed for a 
tot,d of six different combinations of R 
and k values. For each combination, simula- 
tions of 25 different sampling strategies 
were run. These strategies consisted of all 
combinations of five different numbers of 
composite samples per scheme (1, 2, ,t, 10, 
20) and five numbers of cores per composite 
sample (1, 2, 4, 10, 20). All combinations 
were replicated 20 times. Resuhs of the 
simulations are shown for the ~ = 2 cases 
for the 20 cores per sample (Fig. 2A) and 
the 10 cores per sample (Fig. 2B) strategies. 
Theoretical curves of tile form y = ax ~' 
were fit to the simulated points for each k 
value. For a given k value, it is apparent  
that more composite samples of 10 cores/ 
sample (Fig. 2B) are needed to maintain 
the same relative deviation (AMDEV) than 
in the corresponding 20 cores/sample case 
(Fig. 2A). In general, the smaller the field, 
the greater the k value will be (7). For a 
given number  of cores per sample, fewer 
samples per field are needed to maintain a 
given level of error with a larger k value 
compared to a smaller one. 

Simulated values for the average rela- 
tive deviation from the mean (AMDEV) 
aml tile average of the standard error to 
mean ratios (ASMDEV) were similar for a 
given case; thus, only AMDEV values are 
shown (Fig. 2). 

In comparing the z2 = 2 cases (Fig. 2) 
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Fig. 1. Flow chat't ,~f program for genera t ing  tel'ins of at negative b inomial  d i s t r ibu t ion  and s imula t ing  
t¢~rresponding nematode  counts  per  core. sample, and  replicatiCm. IS = n u m b e r  of samples; IC = n u m b e r  
of cores; ]R = n u m b e r  of replications;  Pt = probabi l i ty  of the ith term; CMP i = cumula t ive  p robab i l i ty  
i tu lud iug  Ihe i ~I, term. 
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Fig. '2. Relationship between average of percent deviation from tield mean (AMDEV) and nmnl)er of 
samples per field for mean = 2.0 and various k values. Simulated values indicated by points; curves rep- 
ro'so'hi bcsl tit to silnlllated points. A) 20 cm'e pet" sample. B) 10 cores per sample. 

to the ~: = 10 cases (not shown) in tile 
simulation runs, the mean deviations 
(AMDEV) obtained for the R = 10 case 
were only slightly lower than those obtained 
for the R = 2 case. Largest deviations are 
generally obtained for the smallest mean 
values. Thus, in developing a sampling 
plan for a field where no previous estimate 
of the mean has been made, the most con- 
servative sampling strategy is to assume a 
very low mean value for the computer simu- 
lation. One must also assume that the 
spatial distribution of the nematode fits a 
negative binomial model, and an appropri- 
ate k value for the nematode species and 
field size involved should be selected (7). 
Tranformat ion  o[ mean values depend on 
the fitted negative binomial distributions. 
Actual raw counts are normally used in the 
goodness of fit tests (4,7), and the mean 
values used here also represent actual 
counts per 10 cm~ of soil. 

DISCUSSION 

It is impossible to develop meaningfid 
error estimates for nematological sampling 
plans without knowledge of the spatial 
distribution of the nematode species in- 
volved. Much additional research into the 
statistical distribution of plant  parasitic 
nematodes is needed to determine if there 
are consistent patterns for a given species, 
crop, or geographical region. Use of this 
particular computer program assumes 
knowledge of the mean and k parameters 
of the appropriate negative binomial dis- 
tr ibution for the nematode to be studied. 
The  program also assumes a random sam- 
pling scheme in the field. Similar results 
would be anticipated for other patterns, 
and so the division of the field into strips 
for sampling is recommended (5). In this 
study, multiple samples of multiple cores 
refers to repeated samples from the same 



field. Dividing a field into port ions and 
taking a separate sample f rom each por t ion 
can give different results and transposes to 
the single sample /mul t ip le  cores case (7). 
In general, subdividing a field into smaller 
units will require more sampl ing effort, bu t  
can provide more  detailed informat ion  if 
spot t rea tment  of only a por t ion of the field 
is feasible. T h e  advantage of computer  
s imulat ion in developing sampling plans is 
apparent .  For example,  to test a strategy of 
20 samples of 20 cores per sample, repli- 
catetl 20 times, count data  on 8,000 cores of 
soil would be needed. 

Various statistics have been used to eval- 
uate the magni tude  of error terms in sam- 
piing studies. Goodell  and Ferris (5) and 
the present study used DEV, as defined by 
equat ion 3. Th is  is a part icular ly useful 
term when compar ing  the deviations ob- 
tained by two simulated sampling strategies, 
since it can compare  the single sample /  
mul t ip le  core case to the mul t ip le  sample /  
muh ip le  core case. T h e  standard error to 
mean ra t io  (E) is widely used in entomol-  
ogy, where it is called relative var ia t ion 
when expressed as a percent  (9). Sampling 
error can also be expressed in terms of per- 
centage confidence limits of the mean,  and 
various formulae are available for comput-  
ing such terms (2,6,10). 

Because it is a measure of precision and 
therefore requires at least two samples for 
its computat ion,  the s tandard error  to mean  
ratio, E, is not as versatile as DEV in simu- 
lation studies such as the present  study or 
that of Goodell  and Ferris (5). T h e  limita- 
tion is that  it is difficult to compare  the 
single sample /mul t ip le  core case to the 
mult iple  sample /mul t ip le  core case using E. 
Nevertheless, E is the more meaningful  
term, statistically. In  the present  study, 
ASMDEV, an estimate of E obta ined  for 
mult iple  sample /mul t ip le  core cases, was 
relatively close to the corresponding values 
of AMDEV. 

For the single sample /mul t ip le  core 
case, E must  be calculated over the cores 
involved in the single sample by the for- 
mula  used elsewhere (7,10): 

q) n = - ~ g -  :~ + (4) 

For n = 20 cores per sample, 5~ = 2, and k 
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= 1.35, equat ion  4 simplifies to E = 0.249. 
In the s imulat ion of the one sample of 20 
cores case for these mean  and k values, 
AMDEV = 0.213, relatively close to the 
calculated value of E. 

I f  informat ion  on the spatial distribu- 
tion of a given nematode  is available, then 
the procedures described here and else- 
where (5) can be used to develop sampling 
schemes. Because these methods involve 
simulation, error estimates obta ined by 
them are stochastic and therefore a number  
of replications should be run  to assure that  
the estimates are reasonable.  Calculat ion of 
actual error terms is possible only for the 
single sample /mul t ip le  core case using 
equat ion 4. This  calculation can be com- 
pared with the s imulat ion results to assure 
that sttmcient replications are being used in 
the simulation. 

Before a sampling program is estab- 
lished, it is apparen t  that  consideration 
should be given to the amoun t  of error that  
can be tolerated. T h e  method  by which 
error terms are to be calculated should be 
understood, since discrepancies or mis- 
understandings can lead to differences in 
the numbers  of samples to be collected. 
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Estimating Relative Error in Nematode Numbers from 
Single Soil Samples Composed of Multiple Cores ~ 

R.  ~[CSORLEY AND J .  L .  PARRADO'-' 

A bsltacl: Spatial distr ibutions of several species of plant-parasitic nematodes were determined 
in each of three fallow vegetable fields and in smaller subuni ts  of those fields. Goodness of fit to 
each of several theoretical distr ibutions was tested hy means of a X z test. Distr ibutions for most  
species showed g~od agreement with a negative binomial model. An exception occurred with 
Crictmemella sp., which showed a bener  tit to the Neyman Type A distribution. For nematodes 
distritmted according to the negative binomial model, tfie n u m b e r  of cores per  composite 
sample tteedcd to achieve specified relative errors was calculated. For a given nematode species, 
such as Qubtisttlcitts actus (Allen) Siddiqi or Meloidogyne incognita (Kofoid & White) Chit- 
wood. the k values for the negative binomial  dis tr ibut ion increased as field size decreased, with 
the restth that fewer cores were ueeded to achieve the same level of precision in a smaller field. 
Best resttlts were achieved when the single sample was used to estimate popula t ions  in fields of 
0.25-0.45 ha in size. When using only a single composite sample to estimate mixed popula t ions  
of the nematodes stmtied here in a field of that  size, approximately 22 cores per composite 
sample would be needed to estimate all popula t ion  means within a s tandard error  to mean 
ralio of _,)'~r°:/o. Considerably, more cores were needed to mainta in  a given level of precision in 
fields of 1.0 ha or  greater, and it may be necessary to subdivide larger unils (ca, 1.5 ha and up) 
for accurate sampling. Key wo~ds: spatial distribution, negative binomial  distribution, Neyman 
Type A distribution, Criconemella sp., Helicotylenchus dihhystera, ~.Ieloidogyne incognita, 
Quinisulcius acutus, Rotylenchulus reni[ormis. 

Journa l  of Nematology 14(4):522-529. 1982. 

T h e  need for accurate sampling plans 
to estimate soil populat ions of plant- 
parasitic nematodes has become apparen t  
with the greater emphasis by diagnostic 
services on nematode  numbers  and eco- 
nomic thresholds. Few plans are available 
for sampling agronomic and vegetable crops 
for nematodes other than Heterodera spp. 
Twen ty  cores of soil for a 1.6-ha field have 
given adequate results in Nor th  Carol ina 
(1), bu t  Proctor and Marks (11) found that  
precise data on Pratylenchus penetrans 
(Cobb) Filipjev k Schuurmans-Stekhoven in 
small plots could not be obtained wi thout  
considerable effort and would be imprac- 
tical in most cases. Goodell  and Ferris (5) 
found that  different combinat ions of sample 
and core numbers  were needed to estimate 
populat ions of different plant-parasit ic 
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nematodes in a 7-ha alfalfa field. In  most 
cases, five hours of collecting and laboratory 
work were needed to estimate populat ions 
within acceptable limits of error. 

Becanse of the wide variety of crops, 
nematodes,  and nematode distr ibutions that  
may occur in any one geographical  area, it 
is unlikely that  any one sampling plan will 
suffice in all situations. I t  is desirable to 
demonstra te  a methodology by which a 
~ampling plan can be developed for a par- 
ticular situation. T h e  present study ex- 
amines the feasibility of est imating mean  
nematode populat ions from a single com- 
posite sample consisting of mul t ip le  cores 
from fallow fields of various sizes. T h e  
single sample per field case is considered 
first because 1) the mathemat ics  of the 
single sample case are more straightforward 
than the mul t ip le  samples per field case, 2) 
diagnostic laboratories may be required at 
times to make diagnoses from a single 
sample, and 3) it is desirable to demonstra te  
the smallest field uni t  that  can be accurately 
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