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Use of proper sampling methods throughout the agri-food chain is crucial when it comes to effectively

detecting contaminants in foods and feeds. The objective of the study was to estimate the performance

of sampling plan designs to determine aflatoxin B1 (AFB1) contamination in corn fields. A total of 840

ears were selected from a corn field suspected of being contaminated with aflatoxin. The mean and

variance among the aflatoxin values for each ear were 10.6 μg/kg and 2233.3, respectively. The vari-

ability and confidence intervals associated with sample means of a given size could be predicted using

an equation associated with the normal distribution. Sample sizes of 248 and 674 ears would be

required to estimate the true field concentration of 10.6 μg/kg within (50 and (30%, respectively.

Using the distribution information from the study, operating characteristic curves were developed to

show the performance of various sampling plan designs.
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INTRODUCTION

Food safety issues have recently been treated at the interna-
tional level with a homogeneous trend aimed at guaranteeing as
much as possible the protection of animal and public health from
farm to fork by the implementation of preventive actions based
upon the adoption of good agricultural practices as a starting
point (1). In this context, European Regulation 178/2002 (2)
stated that all of the stakeholders involved in the agri-food chain
are directly responsible for the safety of raw agricultural com-
modities including food and feed. In this scenario, different tools
can be taken into consideration, but undoubtedly the sampling
step is one of the most crucial and sometimes the most under-
estimated part of the multifaceted and complex activities aimed
at addressing and managing food safety issues. In practice, the
overall objective of a good sampling program is to provide
reliable sample test results representing the basis for “fit for
purpose” investigations (3). Therefore, the most important rea-
son for collecting food samples for the investigation of contami-
nants such as mycotoxins is to increase as much as possible the
effectiveness of methods used to protect consumer health and
verify the compliance of food and feed with acceptable safety
standards. This issue is crucial for all of the involved stakeholders.

The primary objective of a food safety program is to guarantee
the right to health as a non-negotiable issue.However, differences
in food safety approaches and regulations worldwide can sig-
nificantly interfere with marketing of food products, creating

discrepancies in food safety standards and serious legal and eco-
nomic obstacles to trade and restricting competition among trading
enterprises. In addition, the appropriateness of the final information
to beused in risk analysis depends on the reliability and coherency
not only of the experimental data but alsoof the relatedmetadata.
(Metadata means “data about data” or the structured informa-
tion that describes, explains, locates, or otherwise makes easier to
use or manage the experimental data.) As far as sampling is con-
cerned, the rule of the four Ws (why, what, when, and where)
should be adopted throughout the overall agri-food chain to put
in place the most convenient strategy for detecting contaminants
in food and feed (3).

In this context, the advantage of sampling agricultural commodi-
ties in fields has not been investigated as extensively as sampling
commodities for contaminants after harvesting or processing. The
estimation of the true aflatoxin concentration in a field is a comp-
lex issue, first due to the heterogeneity of the aflatoxin distribu-
tion among units of concern in the field and second because of the
large variability among unit concentration values, which is made
more complicated by the period of maturation of the crop. A
heterogeneous distribution of aflatoxin B1 (AFB1) among mem-
bers of a population is characterized by a distributionwith a small
percentage of highly contaminatedmembers in comparison to the
rest of the population with little or no contamination. For this
reason, an Italian project named AFLARID was finalized with
the aim to define a sampling plan to determine the AFB1 con-
centration among individual corn ears in a corn field. In parti-
cular, the purpose of this study was to determine the effect of
sample size (number of ears) on the variability among sample
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concentrations of a given size. With this information, sample size
can be recommended to farmers that will reduce the risk of mis-
classifying fields as acceptable or unacceptable when it comes to
aflatoxin contamination levels.

MATERIALS AND METHODS

In-Field Sampling Plan. The first step was to choose a corn field
suspected of AFB1 contamination. A field was chosen that had approxi-
mately 83000 plants. Eight hundred and forty ears were selected from the
field according to ISO 2859 (4). It was assumed that 840 ears was large
enough to have an accurate estimation of the true AFB1 contamination of
the field. The field was divided into four areas, and the ears were taken
from each area following a triangular-shaped model where 37 or 38 ears
were taken from every side of the triangle. This pattern allowed ears to be
taken from both the central and peripheral zones of the field (Figure 1).

AFB1 Detection. AFB1 was determined in each ear of corn using an
analytical method developed previously by Brera et al. (5). Basically, corn
kernels from each ear (200 g on average) were thoroughly ground with a
ZM200 ultracentrifugal mill (Retsch, Haan, Germany) mill using a screen
with 0.5 mm diameter openings. From the ground corn, a 25 g test por-
tion was extracted with methanol/water (80:20) (Carlo Erba, Vigevano,
Italy); the extract was filtered, diluted with a phosphate-buffered saline
solution, filtered on amicrofiber glass filter, and applied to anEasi-Extract
Aflatoxins RP70N immunoaffinity column (R-Biopharm Rhône, Glas-
gow, Scotland). The column used was a 250 mm � 4.6 mm i.d., 5 μm,
Symmetry RP-18 (Waters, Milford, MA); it was washed with deionized
water (Millipore, Billerica, MA) to remove interfering compounds, and
the purifiedAFB1was elutedwithmethanol (CarloErba, Vigevano, Italy).
AFB1 was separated and determined by reversed-phase LC with fluores-
cence detection after postcolumn derivatization (Giasco, Great Dunmow,
U.K.).

Using the Normal Distribution To Determine the Effect of

Sample Size onPrecision.The law of large numbers (6) indicates that re-
gardless of the aflatoxin distribution among individual units in the popu-
lation (corn ears in the field), as the size of the sample taken from the
population increases, the distribution among sample means of a given size
approaches a normal distribution.Under the assumption of normality of the
distribution of sample means, the sample size (n) is computed, for a certain
precision, according to eq 1 (7, 8)

n ¼ v1
Δ2

� Z2 ð1Þ

where v1 = variance among individual units, Δ = deviation of sample
mean about the populationmean, andZ=the critical value of normal dis-
tribution at 95% level of confidence.

This classical approach to calculating a sample size for a given precision
is based on the assumption of normality of the distribution of the sampling
means.

Monte Carlo Approach To Determine the Effect of Sample Size

on Precision. The Monte Carlo approach (9) was used to sample theo-
retically the field. to evaluate the effect of the sample size on the normality
assumption, and to determine the variability (precision) among sample
means of size nwhen the true fieldAFB1 concentrationwas estimated. This
approach is an iterative, nonparametrical technique that does not need to
make an assumption (as in the classical approach) about the aflatoxin
distribution among the ears of corn in the field (9). The sole assumption is
that the observed aflatoxin distribution among the 840 ears is considered
to be the “true” aflatoxin distribution among individual ears of corn in the
field.

With the Monte Carlo method, a uniformly distributed random
number between 0 and 1 is generated to simulate the random selection
of an ear of corn from the cumulative aflatoxin distribution among the 840
ears of corn. Generating n random values is equivalent to selecting a
sample of n ears of corn from the field. To study the effects of sample size
(number of ears) on the variability (precision) among samples of size n,
samples of 5, 10, 20, 40, 80, 160, and 320 ears were selected form the
aflatoxin distribution among the 840 ears. Each sample size was selected
10000 times, and several simple statistics and confidence limits were
computed.

RESULTS AND DISCUSSION

Descriptive Analysis of AFB1 Contamination of the 840 Ears.

Simple statistics such as themean and variance among the aflatoxin
test results for the 840 individual ears have been computed. The
average AFB1 concentration among the 840 values was 10.6 μg/
kg, the median was 0.03 μg/kg (LOQ/2), the variance was 2233.2,
and the coefficient of variation was 446.5%. The simple stati-
stics indicate that the variability among the 840 AFB1 values for
each individual ear is large, and because the mean (10.6 μg/kg) is
greater than the median (LOQ/2), the AFB1 distribution among
the 840 ear values is positively skewed. These features of the afla-
toxin distribution resulted from the presence of a large percentage
of ears with little to no aflatoxin contamination in comparison
with very few earswith high levels of contamination. In particular,
five ears measured above 300 μg/kg (369, 400, 542, 600, 662 μg/
kg). In 12% of ears, the AFB1 levels were>5 μg/kg, which is the
legal limit according toECRegulation 1881/2006 (10) for food.A
total of 10% of ears had concentrations >20 μg/kg, which is the
legal limit for feed (Directive EC/2003/100) (11).

Figure 1. Pattern of sampling used in the study. Zones and areas of the field.
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Analysis by Areas of the Field. Each of the 840 AFB1 values are
identified by one of the four areas (A, B, C, D) of the field from
which each ear was taken to determine if the mean AFB1 con-
tamination level was different among the four areas (Figure 1).
Comparing the mean AFB1 contamination level for each of the
four areas showed similar average contamination values among
all four areas. ThemeanAFB1 contamination level for areaB had
both the lowest variance and average contamination level of the
four areas (Table 1). The GENMODprocedure in SAS (SAS Ins-
titute Inc., Cary, NC) was used (12,13) to test the null hypothesis
of homogeneity of the mean contamination in the four areas. The
output of this test indicated that the null hypothesis could not be
rejected at the 95% confidence level.

Aflatoxin Distribution by Zones of the Field.To determine if the
AFB1 contamination can be different in the center of the field
compared to the perimeter of the field, the entire field was divided
into three concentric zones: center of the field (center), inter-
mediate zone of the field (middle), and perimeter zone (peri-
meter). A graphical representation of the three zones is shown in
Figure 1. Each ear AFB1 value was classified into one of the three
concentric zones of the field from which the ear was taken to
determine if there are differences in theAFB1 contamination level
of the three concentric zones (Figure 1). Comparing the mean
AFB1 contamination levels inTable 2 shows that the middle zone
had the highest average contamination value. The GENMOD
procedure in SAS (SAS Institute Inc.) indicated that the differ-
ence between mean contamination level among the middle zone
and the others zones of the field is statistically significant (p =
0.0011) (12, 13).

Location of Contaminated Ears in the Field. With the aim of
identifying potential clustering points where hot spots of con-
tamination could be concentrated, the location of the contami-
nated ears in the field was evaluated. The highly contaminated
ears were distributed throughout all three zones. However, five
ears with the most contamination were all located in the middle
zone. This resulted in the middle zone having the highest AFB1

contamination level in comparison to the other zones.
Monte Carlo Sampling. For each of seven sample sizes (5, 10,

20, 40, 80, 160, and 320 ears), the 95% interval of confidence (IC)
among the 10000 sample concentration values was determined
(Figure 2 and Table 3). As expected, the average AFB1 among
the 10000 sample means was similar for all seven sample sizes.
However, as the sample size increases from 5 to 320 ears, the
median and average of the aflatoxin distribution among sample
means became similar. As sample size increases, the median app-
roaches the average and the distribution among sample concen-
tration becomes more symmetrical or approaches a normal
distribution. The variance among sample means (fourth line of
Table 3) decreases as sample size increases, and the confidence
interval becomes tighter (line seven of Table 3). In fact, Monte
Carlo results followed those predicted by theory,which states that
if sample size is doubled, the variance among sample means is
reduced by half.

The upper (97.5%) and lower (2.5%) probabilities associated
with 95% confidence limits inTable 3 are plotted in Figure 2. The
plot was developed by interpolating between the 95% confidence
limit computed for samples of various size (5, 10, 20, 40, 80, 160,
320 ears) in Table 3. Figure 2 graphically describes how the con-
fidence interval of the distribution of sample mean decreases as
the sample size increases, reflecting a reduction in variance as
sample size increases.Moreover, the graph in Figure 2 shows that
the 95% confidence intervals are not symmetrical, especially for
small sample sizes about the true field concentration (10.6 μg/kg),
until sample sizes exceed 200-300 ears. Through the use of the
Monte Carlo method, the precision for different sample sizes
was computed without having to assume the distribution among

Table 1. Descriptive Analysis of AFB1 Contamination per Area of the Field

area frequency percentage av contamination (μg/kg) SD variance

A 215 25.6 11.0 52.4 2743.8

B 199 23.7 8.2 27.6 763.3

C 215 25.6 10.6 38.2 1460.5

D 211 25.1 12.4 62.5 3908.7

total 840 100.0 10.6 47.2 2233.2

Table 2. Descriptive Analysis of AFB1 Contamination per Zone of the Field

zone frequency percentage av contamination (μg/kg) SD variance

perimeter 368 43.8 5.9 22.3 497.0

middle 330 39.3 17.3 69.2 4793.1

center 142 16.9 7.0 25.2 635.1

total 840 100.0 10.6 47.2 2233.2

Figure 2. AFB1 distribution among 840 individual ears of corn. Average
AFB1 concentration among all 840 ears is 10.6 μg/kg. The maximum ear
concentration was 662 μg/kg AFB1 and is not shown.

Table 3. Precision and Distribution Estimates among Sample Test Results for Samples of Various Sizes Taken from All Ears (N = 840; Monte Carlo Approach)

sample size in number of ears

5 ears 10 ears 20 ears 40 ears 80 ears 160 ears 320 ears

no. of samples analyzed 10000 10000 10000 10000 10000 10000 10000

av of sample means of AFB1 in all samples (μg/kg) 10.8 10.8 10.7 10.7 10.7 10.6 10.6

median of sample means of AFB1 in all samples (μg/kg) 1.0 5.9 7.8 8.6 9.6 10.2 10.4

variance of sample means of AFB1 in all samples 447.9 225.0 113.3 56.3 28.3 14.1 7.1

min AFB1 of sample means of AFB1 in all samples (μg/kg) 0.0 0.0 0.0 0.2 0.7 2.1 3.8

max AFB1 of sample means of AFB1 in all samples (μg/kg) 254.0 152.0 40.3 61.2 40.0 30.8 26.9

CI 95% of sample means of AFB1 in all samples (μg/kg) 0.0-79.8 0.1-60.8 0.3-40.4 1.4-29.8 3.2-23.5 4.7-19.2 6.1-16.4
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sample means is normal. However, Table 3 and Figure 2 indicate
that for sample sizes above about 200 ears, the distribution among
sample concentrations can be approximatedwith the normal distri-
bution, and eq 1 can be used to compute the effects of sample size
on precision.

Classical Approach.Monte Carlo results (Table 3 and Figure 2)
indicate that for sample sizes above about 200 ears, the distribu-
tion among sample concentrations can be approximated with
the normal distribution.Under the assumption of normality of the
aflatoxin distribution of samplemeans, for sample sizes above 200
ears, the sample size nwas computed, for a certain precision using
eq 1. Despite a strongly skewed distribution among the aflatoxin
concentrations of the 840 individual ears, the classical approach
that uses normality assumptions (eq 1) can beused to compute the
effect of sample sizes above 200-300 ears on reducing the vari-
ability or increasing the precision associated with estimating the
true field aflatoxin concentration.

Variance as a Function of the Aflatoxin Concentration. The
above discussion on the effect of sample size on precision is
specific to the field sampled in this study with a mean concentra-
tion of 10.6 μg/kg and a variance of 2233.2. Previous studies (14)
have indicated that sampling variance is a function of the afla-
toxin concentration in a field. To formulate the function between
the variance andmean of the contamination of AFB1 of the field,
it is necessary to have data from different fields. Because of limi-
ted resources, data from other fields contaminated by AFB1 were
not available. Dividing the field into four areas (Figure 1 or A, B,
C, andD) cannot help given that the areas have similarmean con-
tamination levels. However, mean and variance data from the
concentric zones of the field were used (Figure 1) to develop a
functional relationship between mean and variance because the
three zones had different aflatoxin concentrations. The three con-
centric zones were considered as three different fields with dif-
ferent variance and mean concentrations. Whitaker et al. (14)
demonstrated that sampling variance increased with aflatoxin
concentration and could be approximated by a linear regression
in the log-log scale

variance ¼ 9:872�mean2:2042 ð2Þ

where R2 = 0.9788.
Equation 2 was used to calculate the variance expected for dif-

ferent aflatoxin concentrations for different sample sizes. Results
are shown inTable 4. All of the sample sizes computed are within
a range of 219-271 ears for (50% precision; therefore, a con-
servative sample size of 271 ears was chosen for the sample size
that can be used to estimate field concentrations in the range of
interest (6.00-17.00 μg/kg). A precision of(50% about the true

field concentrationmay be considered too large, but a sample size
of 271 ears from field concentrations of 13.0 μg/kg or less will not
be rejected inmost cases using the 20.0μg/kg regulatory limit (11).
Samples of 271 ears will test below 19.5 μg/kg when taken from
fields with e13.0 μg/kg aflatoxin concentration. For an estima-
tion of the field concentrationwith a precision of(30%, a sample
size of 751 can be used to estimate field contamination levels
between 6.00 and 17.00 μg/kg. A precision of (30% provides
intervals of confidence (95%) below the legal limit for animal feed
for field contamination levels ofe16.00 μg/kg. For a precision of
(10%a sample size of 6763 ears is required. A precision of(10%
provides intervals of confidence (95%) below the legal limit for
animal feed for a field contamination level of e17.00 μg/kg.

As described before, it is possible to provide a single sample size
for sample deviation of(50,(30, and(10% about the true field
concentration that can be used for every field contamination
between 6.00 and 17.00 μg/kg. The above observation suggests
that some simple guidelines may be used by farmers or any other
stakeholder aimed at choosing a sampling plan for a specific field.
Farmers and handlers can use eqs 1 and 2 or the results inTables 4
to choose the sample size needed for a level of precision that is
considered to be acceptable to farmers and handlers.

Design of AFB1 Sampling Plans for Ear Corn. From eq 2, the
variability (precision) among sample test results can be estimated
for various sample sizes and various field aflatoxin concentra-
tions. Because of the variability among samples taken from the
same field, the true AFB1 concentration of a field of corn can
never be determined with 100% certainty by measuring AFB1 in
samples taken from the field. As a result, there is a chance that a
sample test result will indicate that a good field (i.e., a good field
has a concentration below a regulatory limit) is bad (i.e., a bad
field has a concentration greater than a regulatory limit) and there
is a chance that a sample test result will indicate that a bad field is
good. The chance of rejecting a good field is called the farmer’s
risk (false positive) and the chance of accepting a bad field is
the processor’s risk (false negative). The chances of accepting or
rejecting fields with varying AFB1 concentrations with a specific
AFB1 sampling plan design (sample size and accept/reject limit)
can be estimated with an operating characteristic (OC) curve. As
described previously(15,16) an OC curve can be constructed that
describes the performances or risks of a specific aflatoxin sam-
pling plan for ear corn knowing the variability among ear corn
sample test results and theAFB1 distributions among corn ears in
the field.

The negative binomial (NB) distribution (17) was used to cal-
culate OC curves for several sampling plan designs where NB
parameters were calculated using variance eq 2. The effects of
(a) increasing the sample size of a single sample, (b) increasing the

Table 4. Population Sample Size with 50, 30, and 10% of Precisiona

mean (μg/
kg)

IC (95%) for a precision of

50% (μg/kg)
sample size with 50% of

precision

IC (95%) for a precision of

30% (μg/kg)
sample size with 30% of

precision

IC (95%) for a precision of

10% (μg/kg)
sample size with 10% of

precision

6.00 3.00-9.00 219 4.20-7.80 608 5.40-6.60 5468

7.00 3.50-10.5 226 4.90-9.10 627 6.30-7.70 5643

8.00 4.00-12.00 232 5.60-10.40 644 7.20-8.80 5799

9.00 4.50-13.50 238 6.30-11.70 660 8.10-9.90 5940

10.00 5.00-15.00 243 7.00-13.00 674 9.00-11.00 6069

11.00 5.50-16.50 248 7.70-14.30 688 9.90-12.10 6188

12.00 6.00-18.00 252 8.40-15.60 700 10.80-13.20 6299

13.00 6.50-19.50 256 9.10-16.90 711 11.70-14.30 6403

14.00 7.00-21.00 260 9.80-18.20 722 12.60-15.40 6501

15.00 7.50-22.50 264 10.50-19.50 733 13.50-16.50 6593

16.00 8.00-24.00 267 11.20-20.80 742 14.40-17.60 6680

17.00 8.50-25.50 271 11.90-22.10 751 15.30-18.70 6763

aVariance = 9.872 � mean2.2042.
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number of samples of a fixed size, and (c) decreasing the accept/
reject limit relative to a regulatory limit on the probability of
accepting and rejecting lots at various concentrations (OC curve)
are described below. TheOC curves demonstrate how to change a
sampling plan design to minimize the chances of accepting bad
fields (processor’s risk) and rejecting good fields (farmer’s risk).
The effects that these three methods of altering sample design
have on the probability of accepting and rejecting fields are
described below for maximum or regulatory limits of 20 μg/kg
for feed and 5 μg/kg for food.

Increasing Sample Size. Figure 3 shows the effect of increasing
sample size from 25 to 50, 100, and 300 ears, corresponding to 5,
10, 20, and 60kg, respectively, on the probability of accepting and
rejecting fields at various AFB1 concentrations when one at-
tempts to determine if the field concentration is below the regula-
tory limits of 20 and 5 μg/kg, respectively, assuming about 200 g
of shelled cornper ear of corn. InFigure 3A, the accept/reject limit
for all four sampling plans is equal to the regulatory limit of 20μg/
kg. InFigure 3B, the accept/reject limit for all four sampling plans
is equal to the regulatory limit of 5 μg/kg.With this type of sampl-
ing plan, all ears from a field are accepted if the sample test result
is below the accept/reject limit; otherwise, the field is rejected (11).

UsingFigure 3, one can see that theOCcurve gets steeper, around
the regulatory limit of either 20 or 5 μg/kg, as sample size inc-
reases. As the OC curve gets steeper, the probability of accepting
good fields (field concentrationse regulatory limit) increases and
the probability of accepting bad fields (field concentrations >
regulatory limit) decreases. The probability of rejecting a field is
equal to 100.0 minus the probability of accepting a field when
expressed as a percent. Therefore, the probability of rejecting a
good field (farmer’s risk) and the probability of accepting a bad
field (processor’s risk) both decrease as sample size increases,
regardless of the regulatory limit.

Several examples of how to read the OC curves are given below
usingFigure 3A for a 20μg/kg regulatory limit. The probability of
accepting all ears of corn froma field at 30μg/kg (processor’s risk)
using a single sample of 25, 50, 100, or 300 corn ears is 46, 36, 26,
and 9%, respectively. The probability of rejecting all corn ears
from a field at 15 μg/kg (farmer’s risk) is 26, 22, 19, and 9%,
respectively. As shown in Figure 3B, when the regulatory limit is
reduced to 5 μg/kg, the probability of accepting fields at high
levels of aflatoxin are drastically reducedwhen compared to using
an accept/reject limit of 20 μg/kg . For example, no fields above
10 μg/kg are accepted when using a sample of 300 ears and an

Figure 3. Operating characteristic curves showing the effect of increasing sample size (number of corn ears) on the chances of accepting and rejecting fields
with various AFB1 concentrations. All four sampling plans use an accept/reject limit equal to the regulatory limits of 20 μg/kg AFB1 (A) and 5 μg/kg AFB1 (B).
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accept/reject limit of 5 μg/kg. Increasing sample size has the
positive result of decreasing both the farmer’s and processor’s
risks at the same time. When choosing a sample size, one has to
balance the cost (increase in sample size) versus benefits (reducing
farmer’s risk and/or processor’s risk).

Increasing Number of Samples Tested or Attribute Type Design.

Figure 4 shows the effect of increasing the number of 50 ear (10
kg) samples tested for AFB1 from 1 to 2 or 3 samples on the
probability of accepting and rejecting fields with various AFB1

concentrations in the attempt to determine if the field concentra-
tion is below the regulatory limits of 20 and 5 μg/kg. InFigure 4A,
the accept/reject limit for all three sampling plans is equal to the
regulatory limit of 20 μg/kg. In Figure 4B, the accept/reject limit
for all three sampling plans is equal to the regulatory limit of 5 μg/
kg. With this type of sampling plan, all ears from a field are
accepted only if all samples test below the accept/reject limit,
else the field is rejected (sample test results are not averaged).
From Figure 4, one can see that the OC curves shift to the left
as the number of samples (each sample size is 50 ears) increases.
This attribute type design is similar in style to that currently used
by the European Union for consumer-ready products such as
peanuts.

Using Figure 4A as an example, the probabilities of accept-
ing a field at 30 μg/kg using 1, 2, or 3 samples of 50 ears each are
35, 12, and 4%, respectively. The probability of accepting a
bad field decreases as the number of samples tested increases.
The effect of increasing the number of samples tested and re-
quiring all samples to test<20 μg/kg to accept a field decreases
the processor’s risk. The probabilities of rejecting a lot at 15 μg/
kg using 1, 2, or 3 samples of 50 ears each are 23, 41, and 55%,
respectively. The probability of rejecting a good field increases
as the number of samples tested increases. The effect of increas-
ing the number of samples tested and requiring all samples to
test e20 μg/kg to accept the field increases the farmer’s risk.
The OC curves in Figure 4B for a 5 μg/kg regulatory limit
respond in a similar manner as the number of samples tested
for aflatoxin increases. Increasing the number of samples
tested and requiring all samples to test less than the accept/
reject limit decreases the bad fields accepted (processor’s risk)
but increases the good fields rejected (farmer’s risk). This type
of design is best used late in the market system because it can be
very costly to the farmer due to a large percentage of good
fields that are rejected to obtain a low risk of accepting a bad
field.

Figure 4. Operating characteristic curves showing the effect of increasing the number of 50 ear samples on the chances of accepting and rejecting fields with
various AFB1 concentrations. All three sampling plans use an accept/reject limit equal to the regulatory limits of 20 μg/kg AFB1 (A) and 5 μg/kg AFB1 (B).
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Decreasing the Accept/Reject Limit Relative to a Fixed Regu-

latory Limit. The effects of reducing the accept/reject limit
relative to the regulatory limits of 20 and 5 μg/kg on the probabi-
lity of accepting and rejecting corn fields is shown in Figure 5.
Figure 5A shows the effect of decreasing the accept/reject limit
from 20 to 15 or 10 μg/kg while the regulatory limit remains con-
stant at 20 μg/kg on the probability on accepting and rejecting
fields with various AFB1 concentrations. Figure 5B shows the
effect of decreasing the accept/reject limit from 5 to 4 or 3 μg/kg
while the regulatory limit remains constant at 5 μg/kg on the
probability on accepting and rejecting fields with various AFB1

concentrations. In all cases, the sample size remains constant at
100 ears (20 kg). From Figure 5, the OC curves shift to the left as
the accept/reject limit decreases below the regulatory limit of 20or
5 μg/kg, respectively. Decreasing the accept/reject limit relative to
a regulatory limit has a similar effect on the farmer’s and
processor’s risk as described above for increasing the number
of samples tested for AFB1. Decreasing the accept/reject limit
decreases the bad fields accepted (processor’s risk) but increases
the good fields rejected (farmer’s risk). This type of design is also
best used late in the market system because it can lower risk of
accepting a bad field. Exporters often use this design to reduce the

risk of consignments being rejected when they are retested at
import.

Figure 5 is specific to a sample size of 100 ears. Figure 6 also
shows the effect of decreasing the accept/reject limit below
regulatory limits of 20 and 5 μg/kg, but for a larger sample size
of 300 ears (60 kg). Figure 6 show how to use both the accept/
reject limit and sample size to reduce the processor’s risk, or the
bad fields accepted, for two different regulatory limits of 20 and
5 μg/kg, respectively. Comparing OC curves with similar regula-
tory limits, theOCcurves inFigure 6A are steeper due to the use of
a larger sample than the corresponding curves inFigure 5A (20 μg/
kg regulatory limit), and the OC curves in Figure 6B are steeper
than the corresponding OC curves in Figure 5B (5 μg/kg regula-
tory limit).

Whendesigning amycotoxin sampling plan, one often specifies
the desired risk levels (i.e., accept no more than 5% of fields at
g25 μg/kg and reject nomore that 5%of the fields ate15 μg/kg).
Then, using the techniques of various sample sizes, numbers of
samples, and/or accept/reject limits, the accept and reject prob-
abilities can be computed (OC curve) for various sampling plan
designs. If the costs of the sampling plan design are too big for the
desired risk levels, then the final sampling plan design has to be

Figure 5. Operating characteristic curves showing the effect of decreasing the accept/reject limit relative to a regulatory limit of 20 μg/kg AFB1 (A) or 5 μg/kg
AFB1 (B) for a given sample size (number of corn ears) on the chances of accepting and rejecting fields with various AFB1 concentrations.
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modified, which brings about a compromise between costs and
levels of risk.

Sample Selection. All probability statistics described in this
paper assume that samples are representative of the population
from which the samples were taken, with no biases associated
with the sample selection process. One method used to select a re-
presentative sample from a population is to combine many small
incremental samples taken from many different locations in the
population. It ismore difficult to get a representative sample from
a static population such as a field, trailer, or bin than to take incre-
mental samples from a moving stream (dynamic population) as
the corn ear is moved from one location to another.

Codex guidelines for sampling bulk commodities (18), such as
peanuts and tree nuts, for aflatoxin recommend taking 100 incre-
mental samples from a 20000 kg lot size, either static or dynamic.
The recommended sampling rate is about one incremental sample
per 200 kg of corn in the population. The recommended incre-
mental sample size is 200 g, which is approximately the average
mass of shelled corn on a single ear of corn. The 100 incremental
samples are pooled to form an aggregate sample, which has to be
equal to or larger than the required laboratory sample used to esti-
mate the AFB1 concentration of the corn in the field or the corn

harvested from the field. If the aggregate sample is larger than
required for the laboratory sample, a divider that provides ran-
dom divisions is used to select the laboratory sample from the
aggregate sample. For example, to select a 20 kg laboratory sample
from a field, 100 incremental samples (assuming an ear of corn has
200gof shelled corn)wouldhave tobe selected fromthepopulation.

The method used to select incremental samples is unique to the
type of population (field, trailer, or conveyor) being sampled. The
easiest sample selection method is probably associated with
selecting incremental samples from a moving stream as the
harvested corn is being moved from one location to another.
Incremental samples are selected from the beginning to the end of
the stream, usually at predefined time intervals depending on the
flow rate of the stream. Sample selection methods for static
populations such as a field are more complicated and require
the field (all plants and all rows) to be divided into an X-Y grid
containing many cells. Then the incremental samples are taken in
a randommanner from some fraction of the total number of cells.
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