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The presence of mycotoxins, in particular aflatoxin B1, can cause significant health problems as well as severe societal economic 
losses, and is, therefore, regulated with respect to maximum acceptable concentration in various feed- and foodstuffs. International 
regulatory authorities have begun to recognise the importance of representative sampling, but sampling guidelines are only partly in 
compliance with the Theory of Sampling. In particular, practical guidance regarding sampling, including correct design and operation 
of sampling devices, including explanations on how to develop sufficient sampling protocols are lacking in current guidelines. These 
are critical practicalities of major importance, especially when dealing with trace concentrations and/or concentrations that are 
irregularly distributed—as is the case for mycotoxins. Furthermore, heterogeneity characterisation, which is a necessary requirement 
to be able to develop valid sampling protocols or validation assessments of existing sampling operations, is currently not mentioned 
in the existing guidelines. The present paper focuses on heterogeneity characterisation with respect to sampling of mycotoxins for 1-D 
and 3-D feed lots (a full analysis of all critical practicalities in sampling mycotoxins is published elsewhere). Structural guidelines for 
correctly designing experimental heterogeneity characterisations are presented, allowing evaluation of sampling representativeness 
and determination of optimal number of increments per composite sample.

Background

M
ycotoxins are toxic second-
ary metabolites of moulds, 
which can occur during plant 
growth and during storage 

and processing. Among various mycotoxin 
types, aflatoxins are of major concern due 
to their potential impact on human and ani-
mal health. The food and feed industry has 
set a special focus on aflatoxin B1, which 
occurs most frequently and is the most 
toxic aflatoxin, since it has been directly 
correlated with adverse health affects.1 
Mycotoxins can occur within a concentra-
tion range of µg kg–1 to mg kg–1. The Food 
and Agriculture Organization of the United 
Nations (FAO) has estimated that approxi-
mately 25 % of the world’s agricultural pro-
duction is contaminated with mycotoxins, 
resulting in significant economic loss due 
to their impact on human health, trade and 
animal productivity.2 Due to the fact that 
the presence of mycotoxins in food- and 
feedstuffs cannot be avoided, valid test-
ing is demanded and, therefore, sampling 
methods for raw and processed materials 
are a critical necessity. The US Department 
of Agriculture (USDA) and its Grain Inspec-
tion, Packers & Stockyards Administration 
(GIPSA) has estimated that non-represent-
ative sampling accounts for nearly 90 % of 
the error associated with aflatoxin detec-
tion,3 mainly due to non- random spatial 
distribution throughout materials when 
occurring in the trace concentration range 
(mg kg–1 or µg kg–1).

Below, critical practicalities with a focus 
on the heterogeneity characterisation 
required for developing sampling protocols 
for determining mycotoxins in feed (equally 
applicable to food) are presented. Results 
are substantiated with data from field tri-
als. The real-world data used here have 
been redacted and serve specifically to 
strengthen the general arguments and not 
to represent specific results of the studied 
field trials, which are proprietary.

Critical sampling practicalities
The reason for all sampling errors is lot 
heterogeneity, causing material to vary 
irregularly throughout the lot on spatial 
but also on compositional dimensions and 
scales. Increasing the number of correctly 
extracted increments in a composite sam-
ple is the most effective way to decrease 
primary sampling errors, and will lead to 
results that are closer to the true lot value. 
The difficultly is to determine the “optimal 
number of increments”, since this depends 
on heterogeneity, the analyte concentra-
tion level, and the size and lot geometry. In 
practice, sampling is often a compromise 
between the desired levels of accuracy/
precision and labour/cost deemed neces-
sary. The only criterion that must never be 
up for negotiation is representativity, which 
needs to be based on sampling correct-
ness. In particular when dealing with trace 
concentrations or highly heterogeneous 
distributions, as is the case for mycotox-
ins, the sampling variance is by far the 

dominating source of uncertainty, due to 
the characteristically skewed, polymodal, 
highly irregular “distribution” of these ana-
lytes.4,5

Below, tools for determining optimal num-
ber of increments and minimising errors at 
each sampling and mass reduction step are 
presented. Examples are based on a real-
world field trial performed on various materi-
als used as animal feedstuff for determining 
aflatoxin B1 levels within each feed compo-
nent, as well as within the total feed mixture 
(also termed “total mixed ration”, TMR).

Sampling stages
In the present field trials, all total mixed 
ration components are stored in piles and 
could only be sampled once unloaded 
(3-D sampling situation). The feed compo-
nents are mixed in a predetermined ratio to 
form the total mixed ration (TMR), which is 
spread out in elongated feed bunks (1-D 
sampling situation). For each feed com-
ponent, as well as the TMR, an individual 
sampling strategy determining the optimal 
number of increments has been developed, 
based on preceding material heterogeneity 
characterisations. All individual feed com-
ponents have been analysed for aflatoxin 
B1 including pre-set control variables (pro-
tein, fibre and moisture). Samples collected 
from the feed mixture (TMR) have also been 
analysed for the same analytes, allowing 
a comparison of the TMR results with the 
analytical results of the individual TMR com-
ponents.
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To develop an appropriate aflatoxin sam-
pling plan, the following steps have been 
undertaken:

	■ Assessment of optimal sampling location 
(preferentially sampling in a 1-D sampling 
situation)

	■ Selection of appropriate sampling de-
vices and mass reduction procedures for 
each material and lot type

	■ Design of experiments for characterising 
material heterogeneity

	■ Determination of optimal sampling fre-
quency based on empirical experimental 
outcomes
As stated above, only the total mixed 

ration can be considered as a 1-D sampling 
situation, while all individual feed compo-
nents are piled up in 3-D lots, which were 
regrettably not able to be sampled during 
unloading.

Primary sampling
Before presenting the experimental design 
for the required material heterogeneity 
characterisations, the sampling tools used 
for the elongated TMR, the individual TMR 
components, as well as applied mass 
reduction procedures are presented.

The total mixed ration is pre-mixed and 
spread out in elongated feed bunks. Such 
a sampling situation (one-dimensional lot) 
allows extraction of increments covering 
the entire depth and width of the material, 
while a fully comprehensive spatial distri-
bution of the increments is covered in the 
longitudinal direction of the lot (distance in-
between increments as well as total num-
ber of increment is based on experimental 
design). In order to correctly delineate and 

extract the increments, a “sampling box” 
has been designed, suitable for the relevant 
lot dimensions and material characteristics, 
as depicted in Figure 1.

For individual TMR components (three-
dimensional lots), the use of sampling 
spears is claimed to allow the best accessi-
bility for all lot dimensions. Various types of 
sampling spears exist in the market; but they 
are seldom designed in compliance with 
the Theory of Sampling (TOS). The most 
important aspects with respect to sampling 
spear design are its length, width, aperture 
positions and opening width, as well as the 
closing mechanism. In the optimal case the 
length of the sampling spear should cover 
the entire depth of the lot, which allows 

insertion of the sampling spear vertically at 
every position within the lot (as indicated by 
the arrows in Figure 2, left side). However, 
due to the fact that some of the TMR com-
ponent piles exceeded the maximum avail-
able length of sampling spears, positioning 
and inserting direction were carefully con-
sidered. On the right-hand side of Figure 2, 
a pile is depicted that exceeds the length 
of the sampling spear. In order to cover all 
lot dimensions, i.e. also the lower and bot-
tom parts of the lot at its highest level (row 
3), the sampling spear was inserted hori-
zontally in row 2 at the lowest accessible 
inserting point. It is emphasised that this 
spear sampling procedure is a result of a 
compromise based on the actual situation 

Figure 1. TMR “sampling box” covering entire depth and width of target 
material, which is spread out in the longitudinal (horizontal) direction.

Figure 2. Illustrating stratified composite sampling of non-equal height 3-D storage piles. Sampling spear length versus pile height—spear inserting 
directions .
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that the individual TMR components could 
not be sampled during unloading (1-D sam-
pling situation). Muzzio et al. have published 
a particularly illuminating exposé of the defi-
ciencies in spear sampling for powders and 
granular mixtures.6

Mass reduction
Correct mass reduction procedures need to 
be applied or sampling errors will adversely 
impact the secondary, tertiary etc. sam-
pling stages and inflate the total measure-
ment uncertainty.7 Petersen et  al. have 
performed an extensive study of various 
available mass reduction procedures and 
have rated them according to their repre-
sentativeness, with the conclusion that only 
riffle splitters and rotational splitters allow 
correct mass reduction.8 For the majority 
of the TMR components, riffle splitters with 
appropriate chute opening widths have 
been used, while for some fibrous, very light 
and wet materials the primary samples have 
been mass reduced using a circular cutting 
device, dividing the primary sample in eight 
equal sectorial cuts (increments). Four of 
the eight cuts have been used in the sec-
ondary sampling stage, while the other four 
cuts were discarded. All primary samples 
were mass reduced and further processed 
in the laboratory, including comminution 
and mass reduction to analytical sample 
size. Also in the final analytical mass reduc-
tion stage riffle splitters and bed-blending 
technique have been used to avoid sam-
pling errors, especially important since 
dealing with a trace concentration range of 
aflatoxins, ibid.

Design of experiments for 
characterising material 
heterogeneity
Following the proposed outline for devel-
oping an appropriate aflatoxin sampling 
protocol, the steps are (1) assessment and 
decision on optimal sampling location (3D 
vs 1D), (2) selection of appropriate sampling 
devices and mass reduction procedures, 
(3) the design of experiments for mate-
rial heterogeneity characterisation in order 
to determine (4) the optimal sampling fre-
quency for each material.

Depending on the lot type, the sampling 
variance associated with the final sampling 
protocol and the heterogeneity distribution 
of the targeted analyte (e.g. aflatoxin B1) 
can be quantified using two different pro-
cedures: the replication experiment (sta-
tionary 3-D decision units) and variographic 

analysis (dynamic or stationary 1-D decision 
units). These assessment methods can also 
be applied to incorrect sampling proce-
dures, for which the result would reflect the 
material heterogeneity plus the significantly 
inflated sampling errors. For the present 
field trials, sampling errors have been mini-
mised by selection of appropriate increment 
sampling location and procedures allowing 
the sampling variability of the heterogeneity 
of the target analyte in the lot to be charac-
terised; based on that the optimal number 
of increments for the final composite sam-
ple has been determined.

The replication experiment was applied to 
all TMR components (3-D sampling situa-
tions), while a variographic experiment was 
applied to the sampling variance for the 
TMR in a 1-D sampling situation.

For the replication experiments, ten pri-
mary samples were collected from each 
TMR component, each time repeating the 
full lot-to-test portion sampling pathway 
in completely identical fashion, DS 3077 
(2013). Each primary sample consists of 
30–40 increments depending on the lot 
dimensions. The minimum requirement is 
that the entire spatial geometry of the target 
material is fully covered by the sampling tool 
and the selected number of increments. It is 
important that all sampling operations, par-
ticularly at the primary sampling stage, are 
fully realistic during the replication experi-
ment, meaning for example that the repli-
cates should not be extracted at the exact 
same locations. In the described experi-
mental field trial, different sampling opera-
tors collected the replicate primary sam-
ples in order to reflect all possible variation 
also that caused by individual differences 
regarding operating the sampling and mass 
reduction devices. For each replication 
experiment, the “relative sampling variation 
(RSV)” and the statistical relative “coefficient 
of variation (CV%)” were calculated, giving a 
measure of the specific heterogeneity of the 
target material (e.g. aflatoxin distribution), 
as expressed by the specific sampling pro-
cedure applied.

Heterogeneity characterisation of the 
TMR is based on a variographic experi-
ment, for which 60 equally spaced incre-
ments have been extracted from the feed-
ing lane using the described TMR sampling 
procedure. The main objective of the vari-
ographic experiment is similar to the repli-
cation experiment, meaning to determine 
the RSV (here called RSV1-dim). Additionally, 
the influence of different sampling rates (i.e. 

distance between extracted increments) 
has been evaluated, allowing determination 
of the optimal sampling frequency or the 
optimal sampling interval.

Results and discussion 
of heterogeneity 
characterisations
The following section explains how results 
gained from heterogeneity characterisation 
experiments have been interpreted to cor-
rectly determine aflatoxin levels in feed. The 
results have been redacted, rather serving 
to explain general features and interpreta-
tion possibilities than to present the actual 
values of the studied field trial, which are 
proprietary.

Results of individual TMR 
components
In addition to aflatoxin B1, all materials were 
also analysed for protein, dietary fibre and 
moisture content, which serve as control 
variables to evaluate the applied sampling 
methods. For TMR components containing 
no detectable aflatoxin, protein, dietary fibre 
and moisture are used as control variables 
to determine required sampling frequency 
for reflecting inherent material heterogeneity.

The replication experiments used for char-
acterising 3-D lots also allow comparison of 
the sampling variances originating at differ-
ent sampling stages (i.e. primary sampling, 
secondary sampling, tertiary sampling etc.). 
Figure 3 shows a result of the sampling vari-
ances in the different sampling stages for 
one of the TMR components, protein con-
tent. For nearly all materials and analytes 
in the study, similar results established the 
primary sampling variance as completely 
dominating over the secondary and tertiary 
sampling variance. This also confirmed the 
correctness of the mass reduction proce-
dures used.

In contrast to Figure 3, Figure 4 shows the 
sampling variance of dietary fibre for a dif-
ferent TMR component (proprietary), reveal-
ing that the sampling variance decreases 
from primary to secondary sampling stage, 
but actually increases in magnitude in the 
tertiary sampling stage. This latter is a clear 
indication that an incorrect sampling proce-
dure was used at this stage. This example 
demonstrates how a replication experi-
ment allows detection of “hidden” sampling 
errors. In this particular case, it was discov-
ered that grab samples were extracted to 
gain the final test portion (despite the pre-
designed, correct mass reduction steps), 
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disobeying the TOS’ principles of sampling 
correctness. After correction of this incor-
rect procedure (replacement by a bed-
blending technique), the sampling variance 
of the tertiary sampling stage decreased to 
a level below the secondary sampling vari-
ance, confirming reduction, or elimination of 
the incorrect mass reduction procedure.

The replication experiments of the field 
trial have also been used to quantify the 
heterogeneity of each TMR component, in 
particular with respect to the aflatoxin con-
centration. For all TMR components con-
taining aflatoxin, the pertinent distributions 
are significantly skewed to the right; a char-
acteristic of aflatoxin which has also been 
confirmed by various other studies.9,10 The 
relative sampling variation (RSV) confirms 
this observation, ranging from around 50 % 
to above 300 % for the analysed materials. 
Since sampling errors have been minimised 
by means of the experimental design, the 
determined RSV values measure the total 
empirical sampling variance influenced by 
the aflatoxin heterogeneity of the target 

material. The RSV values for the control 
variables for all TMR components ranges 
between 2 % and 15 %, confirming that the 
comparatively high RSV values for materials 
containing aflatoxin is dominantly caused 
by the irregular, non-normal distribution of 
aflatoxin, rather than by incorrect sampling 
procedures. In order to lower the sampling 
variance  for aflatoxin (if required by quality 
specifications), the number of increments 
per composite sample would need to be 
increased.

Results of TMR mixture
The total mixed ration (mixture of all indi-
vidual feed components) is the last point 
at which aflatoxins can be detected before 
being fed to the animals and potentially 
causing dangerous health effects. The high 
RSV values determined for the various TMR 
components with respect to aflatoxin B1 
indicate that despite elimination of poten-
tial incorrect sampling errors, the overall 
uncertainty on aflatoxin concentration is 
still uncomfortably high. For the field trials, 

a specific uncertainty level on aflatoxin level 
in the TMR was pre-set, requiring that the 
sampling method and sampling frequency 
guarantee this uncertainty level. A vari-
ographic analysis also allows determining 
the influence of different sampling rates on 
the overall uncertainty, which has also been 
assessed for the present field trial.

Figure 5 shows the variographic results of 
the control variables for the TMR, compar-
ing the number of increments used for final 
composite sample with the correspond-
ing relative uncertainty incurred. The exact 
numerical values of the corresponding 
uncertainty are again not shown here due 
to confidentiality reasons.

Adding the variographic results for afla-
toxin B1 to the same graph (see Figure 6), it is 
obvious that the corresponding uncertainty 
for aflatoxin is dramatically higher (~10× 
higher) compared to the control analytes, as 
also concluded from the assessment of the 
RSV values of the individual TMR compo-
nents. The steepest decrease of uncertainty 
can be observed increasing the number of 
increments from one to two and from six 
to ten for the final composite sample. For 
this field trial the pre-set acceptable uncer-
tainty level has been reached combining 10 
increments to a final composite sample. In 
case a lower uncertainty level is required in 
the future, the appropriate number of incre-
ments can be selected directly from these 
variographic results, allowing full detection 
and uncertainty control of the aflatoxin con-
centration present in the TMR.

Conclusions
Critical practicalities in feed sampling for 
mycotoxins have been presented, which 
are currently not considered in the relevant 
sampling guidelines. The main problem for 
detection of mycotoxins, and especially 
aflatoxin in feed, is their decidedly irregular, 
non-normal distribution in the target feed/
food materials. “Hot spot” characteristics 
and low trace concentration ranges and 
distributions make representative sampling 
critical for valid mycotoxins concentration 
control. Assessment of optimal sampling 
locations as well as selection of the appro-
priate sampling and mass reduction devices 
forms the basis for representative sampling. 
A primary consideration is to determine 
the optimal number of increments, since 
practical sampling is a trade-off between 
labour/economic efforts and sample qual-
ity. When the empirical effect from increas-
ing the number of increments is known, an 

Figure 3. Typical example of comparison of sampling variances from different sampling stages. 
Dominance of primary sampling variance over secondary and tertiary sampling variance is the typi-
cal case.

Figure 4. Typical example of comparison of sampling variances from different sampling stages, 
revealing an incorrect mass reduction procedure in the tertiary sampling stage (see text for details).
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educated decision can be made. Replica-
tion experiments for 3-D decision units and 
variographic analysis for 1-D decision units 
serve as a basis for the mandatory initial 
material heterogeneity characterisation; and 
can be used to derive an optimal number of 
increments. Examples of an industrial field 
trial were presented including heterogeneity 
characterisations for various total mixed 
ration components, as well as for mixed 
feed itself. Interpretation guidelines were 

given on how to assess applied sampling 
methods on the basis of these experimen-
tal designs and how to determine an opti-
mal increment number and location. It was 
highlighted how variography can be used to 
compare various sampling strategies based 
on their corresponding total uncertainty lev-
els. The developed criteria regarding sam-
pling practicalities can be transferred to 
many other feed- and foodstuffs and other 
commodities with similar characteristics 

regarding trace concentrations or concen-
trations which are irregularly distributed 
throughout the target material.
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Sampling is an important, but sometimes hidden, part 
of everyday life in science, technology, industry, society 
and commerce where decisions are made based on 
analytical results, which must be based on reliable 
samples. However, there is a very long and complex 
pathway from heterogeneous materials in “lots” such 
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miniscule laboratory aliquot (in the g–µg range), which is 
what is actually analysed. 

This book presents the Theory and Practice of 
Sampling (TOS) starting from level zero in a novel didactic 
framework without excessive mathematics and statistics. 
The book covers sampling from stationary lots, from 
moving, dynamic lots (process sampling) and has a vital 
focus on sampling in the analytical laboratory.
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