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Abstract Existing methods have been applied to estimate
the uncertainty of measurement, caused by both sampling
and analysis, and fitness-for-purpose of these measurements.
A new approach has been taken to modify the measurement
uncertainty by changing the contribution made by the sam-
pling process. A case study on nitrate in lettuce has been
used to demonstrate the applicability of this new generic
approach. The sampling theory of Gy was used to predict
the alterations in the sampling protocol required to achieve
the necessary change in sampling uncertainty. An experi-
mental application of this altered sampling protocol demon-
strated that the predicted change in sampling uncertainty was
achieved in practice. For the lettuce case study, this approach
showed that composite samples containing 40 heads, rather
than the usual ten heads, produced measurements of nitrate
that where more fit-for-purpose.
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Introduction

Sampling has been recognised as part of the measurement
process, when the measurand (or true value to be deter-
mined) is defined in terms of the sampling target (e.g., a
batch of material) rather than in terms of the laboratory sam-
ple [1]. Several methods have been proposed therefore to es-
timate measurement uncertainty arising from all steps in the
measurement process, including the primary sampling [2–5].
Once an estimate of the uncertainty has been made, the next
question to address is whether that level of uncertainty is
acceptable in order to decide whether the measurements are
fit for the purpose for which they are intended. One approach
to this question has been to designate this optimal value of
uncertainty, as the point that minimises the overall financial
loss to the user of the measurements [6, 7]. The next step
in this line of research is to find procedures to modify the
uncertainty of a measurement system, in order to achieve this
optimal value, if the actual value is initially sub-optimal.

In this paper, a case study of nitrate (NO3) in lettuce is
used to demonstrate how sampling theory can be employed
to modify the sampling procedure undertaken to the point
where the uncertainty due to sampling is indicated as being
cost-effective, using the optimised uncertainty (OU) method
[7]. The OU method balances the uncertainty of measure-
ments on food against the costs of both the measurements
and the other expenditure that may arise as a consequence of
the possible misclassification of the food. Measurement un-
certainty from the sources of primary sampling and chemical
analysis (but excluding sampling bias) is estimated using an
existing technique, which is based on the taking of duplicated
samples and duplicated analyses (i.e. the duplicate method
[2]). The way in which the duplicate sample is taken may vary
from case to case [8, 9]. The input information required for
the OU method is the actual costs of sampling and analysis,
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and the expected costs that could arise from either the
‘false-positive’ or ‘false-negative’ classification of batches of
food (also called ‘false non-compliance’ and ‘false compli-
ance’, respectively). A loss function is then constructed that
calculates the ‘expectation of loss’, which will arise for a
given uncertainty of measurement [6]. This function has a
minimum value of cost at an optimal value of uncertainty,
which can be estimated numerically. Below the optimum
value of uncertainty the costs typically increase due to higher
measurement costs. Above the optimum value, the costs in-
crease due to increasing probability of expenditure on conse-
quences such as unnecessary rejection of the batch, potential
litigation or loss of corporate reputation because of unde-
tected contamination. A second stage of the OU method op-
timises the division of the expenditure on the measurement
between that on sampling and that on analysis. The tech-
nique has been demonstrated as a useful approach for judg-
ing the fitness-for-purpose of chemical measurements [7]. By
matching the expenditure on the measurement against that
caused by the misclassification of the food, the OU method
has the potential to reduce overall expenditure whilst ensur-
ing an appropriate reliability of measurement. Typically, if
sampling contributes the greatest source of uncertainty, then
the OU method will indicate that increased expenditure is
required for this process. Where improvements are indicated
in the measurement process, steps should be taken to update
the protocols in order to improve the quality of the resultant
data, in line with reducing the financial losses. Sampling the-
ory, such as that proposed by Gy [10] is one approach that
can be employed for predicting the appropriate sample mass
needed to achieve the desired modification of uncertainty.

This paper uses a real case study for determining nitrate
in lettuce to explain the general principles for modifying un-
certainty. Nitrate is present in all vegetables naturally via the
nitrogen cycle. Leafy green vegetables, in particular lettuce
and spinach, contain relatively high concentrations of nitrate
compared to other foods, and constitute a significant source
of nitrate to the consumer. Nitrate levels are also affected
by factors such as climate, soil characteristics, fertilisation
regime, growth rates and in particular, light levels. Cloudy
conditions have been observed to lead to high levels of ni-
trate in lettuce and spinach, which is a concern for several
northern European Member States. Much work has been un-
dertaken in the general area concerned with controlling the
levels of nitrate in lettuce (e.g., by Burns et al. 2002) [11].

The EU Scientific Committee for Food (SCF) reviewed
the available data in 1995 [12] and recommended an ac-
ceptable daily intake (ADI) for nitrates of 3.65 mg kg−1

bodyweight per day. This is equivalent to a safety guide-
line of 219 mg day−1 nitrate for a 60-kg person. An ADI
is an estimate of the amount of a substance, expressed on a
bodyweight basis, which can be ingested daily over a life-
time without appreciable health risks. In this case, the safety

guideline was set to protect against possible harmful effects
of nitrate in the diet, such as a form of anaemia that is most
likely to occur in young children. Many studies have inves-
tigated the possibility of a link between nitrate intake and
its conversion to cancer-causing compounds, but so far these
have failed to provide convincing evidence that nitrate intake
in the UK causes cancer.

EU Regulation 1822/2005 [13] sets maximum levels for
nitrate in lettuce and spinach and requires that all Member
States carry out monitoring annually. The limits set down
vary according to season with higher nitrate levels permitted
in crops grown in winter in comparison with those grown
in the summer. For lettuce, there are also different limits for
glasshouse-grown and outdoor crops. The regulation also al-
lows for an optional derogation from the limits for nitrate
in lettuce and spinach. This means that during the deroga-
tion period, Member States are permitted to produce lettuce
and spinach that is exempt from the maximum limits. How-
ever, it should be noted that maximum permitted levels do
apply to imported produce. The derogation period allows
growers time to implement a code of Good Agricultural
Practice (GAP), which is another requirement of the regula-
tion. Amongst other suggestions, this code of GAP [14–16]
requires the alteration of fertiliser application regimes with
the aim of reducing the level of nitrogen in crops.

By way of derogation from Article 1(1) of EU Regula-
tion 1822/2005, the UK and Ireland are authorised until 31
December 2008 to place on the market fresh lettuce grown
and intended for consumption in their territory and harvested
throughout the year with nitrate levels higher than the max-
imum levels laid down in this Regulation. Most lettuce and
spinach grown in the UK is grown under codes of GAP
and meets the EC maximum limits for nitrate. This case
study provides all of the characteristics needed to apply the
methodologies for the estimation, optimisation and modifi-
cation of uncertainty, from both the scientific and contextual
points of view.

In this paper, measurement uncertainties (from both sam-
pling and chemical analysis) were estimated in the first in-
stance, and subsequently assessed in terms of fitness for
purpose using the OU methodology. Recommendations for
improvements in this measurement system are made on the
basis of the sampling theory of Gy [10], and the overall
benefit of the methodologies for optimising and modifying
uncertainty in measurement systems in general will be con-
sidered.

Estimation of measurement uncertainty in routine
procedures

Sampling was conducted during February 2004 (known later
as round 1, R1). The particular sampling methods employed
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were adapted from those laid down in Commission Direc-
tive 2002/63/EC [17]. Within this study a sample is taken
to represent a bay of lettuce (i.e. the sampling target). Ten
heads of lettuce, selected whilst walking either a ‘W’ or ‘X’
(5-point die) shaped pattern through each bay, were cut from
each bay selected. The ten lettuce heads formed a primary
sample [17]. For the purpose of estimating the measurement
uncertainty associated with routine methods, eight bays were
selected for inclusion within this study. All eight bays were
housed within glasshouses, however they did range in size
and the level of agricultural technology applied. The lettuce
sampled were either curly or round-head varieties grown
from a number of different cultivars. Since legislation (i.e.
EU Regulation 1822/2005 [13]) does not set different thresh-
olds of maximum nitrate concentration according to lettuce
cultivar or variety (except Iceberg lettuce), and the routine
sampling procedures are applied indiscriminately for all let-
tuce, the inclusion of a range of different lettuce cultivars
was justified. The resultant uncertainty estimates are there-
fore broadly applicable for the routine sampling and analyses
of lettuce.

In a single bay, one primary sample consisting of ten heads
of lettuce was taken by professional samplers. A second ‘du-
plicate primary sample’ was then taken under instruction
from the researchers. This was repeated for a further seven
bays. For logistical reasons it was not always possible to im-
plement the protocol exactly as described (e.g. the starting
point, orientation and exact locations of sampling in a ‘W’
design are not explicit). However, this situation is frequently
encountered in practice; consequently the results obtained
from all sampled targets were used in the uncertainty calcu-
lations.

Each ten-head primary sample was transported to
the analytical laboratory in ice-packed cool boxes, to en-
sure that the samples were kept at the prescribed tempera-
ture ( < 10◦C). Primary samples were routinely presented
at the analytical laboratory no later than 24 h after the
sampling event. Physical preparation of the analytical test
sample from the ten-head primary sample required each
individual lettuce head to be cut into quarters [17]. Two
(opposite) quarters were retained for analysis and the re-
maining quarters discarded. The 20 quarters (per ten-head
primary sample) were blended in a Hobart macerator. Sub-
sequently, two analytical test portions [17] were taken di-
rectly from the Hobart bowl for the purpose of duplicate
analysis. The analytical test portions were extracted using
hot water and the nitrate concentration was determined by
HPLC with ultra-violet detector [18, 19]. Quality control
samples (spike recovery experiments) were analysed con-
currently with the analytical portions of the samples. No sig-
nificant analytical bias was detected and so, in this instance,
bias correction was considered unnecessary for the resultant
data.

As described, each ten-head primary sample was anal-
ysed twice to produce a fully balanced experimental de-
sign [20]. The full data set, comprising eight sets of four
data points, was treated with robust analysis of variance
(ANOVA) [2]. This statistical technique calculates the vari-
ance arising between-bays, from sampling (s2

samp) and from
the chemical analysis ( s2

anal). The estimates of sampling
standard deviation (ssamp = 319 mg kg−1 of nitrate in the
lettuce material) and analytical standard deviation (sanal =
168 mg kg−1) were combined (smeas =

√
s2

samp + s2
anal) to

produce an estimate of the standard measurement uncer-
tainty (u = smeas = 360.5 mg kg−1). The mean nitrate mass
fraction across the eight targets was 4,408 mg kg−1. In this
study most of the variability (71% of total variance) arose due
to differences between the eight target bays. Sampling con-
tributed 23% of the total variability and was, as expected, the
dominant source of measurement uncertainty (78% of s2

meas),
when compared to the analytical uncertainty (22% of s2

meas).
Having estimated the measurement uncertainty and its

component parts, the OU methodology was applied to assess
the fitness for purpose using financial considerations.

Application of the OU method for fitness for purpose
assessment

The OU method requires the quantification of a number of
input parameters [8]. Parameters such as the regulatory max-
imum level or threshold (T = 4,500 mg kg−1 of nitrates
per kilo of fresh product) and uncertainty estimates, in-
cluding those for sampling (319 mg kg−1) and for analysis
(168 mg kg−1), were already known. The costs per sam-
ple and per analysis were equivalent to the costs paid to
the professional samplers for each ten-head primary sample
(£40) and the cost paid to the laboratory for each nitrate
analysis (£40). The concentration at which the system was
to be optimised (cm) was selected so that there was an ap-
preciable probability of misclassification. Previous applica-
tions of the OU method have utilised a range of criteria for
the setting of cm (e.g. 1.1T = 4,950 mg kg−1) [8]. For this
investigation, the level of cm was set at a hypothetical en-
forcement limit of nitrate in lettuce. The relative expanded
analytical uncertainty was already estimated to be 7.62% at
95% confidence(Uanal % = 200sanal/x). The minimum mass
fraction that would indicate that the nitrate mass fraction was
greater than the threshold was calculated to be 4,871 mg kg−1

(cm–Uanal = T = 4,500 mg kg−1). Interestingly, this value is
similar to the median value of non-compliant measurements
(4,891 mg kg−1) and also the value of 1.1T (4,950 mg kg−1).

The cost of non-compliance can be estimated by con-
sidering potential losses to the users of the measurements.
Nitrate analyses are regularly performed on behalf of the
growers to check the quality of their product and also that
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the fertilising regime is appropriate. Furthermore, retailers
(to whom the growers are contracted) also conduct nitrate
analysis of the lettuce. In spite of the derogation status of
the UK, retailers set quality standards with which their con-
tractors must conform. The growers are expected to achieve
nitrate concentrations below the regulatory maximum level.
A non-compliance scenario could (in the worst-case) result
in the rejection of a batch of lettuce. If the assessment of
non-compliance was later found to be a ‘wrong’ decision,
i.e. the true concentration was below the threshold then the
financial consequence can be evaluated as the unnecessary
loss of revenue from the batch. For the purpose of this study,
a false non-compliance scenario was considered, and the cost
of the batch of lettuce was used as the consequence cost. This
investigation included a range of batch sizes (up to 12,000
heads per bay), and thus the consequence costs will vary
also. The variety of lettuce determines the cost per head;
curly lettuce (ca. £0.44) is more expensive than round-head
lettuce (ca. £0.24). Given that the current protocol is applied
indiscriminately between bay size and variety, a worst-case
scenario was selected, i.e. £5,280, for around 12,000 curly
lettuce heads.

Practical assessment of fitness for purpose and
recommendations for improvement

Application of the OU method under the experimental condi-
tions employed and assumptions made indicated the current
levels of uncertainty to be sub-optimal in that measurement
uncertainty (smeas) is too high (at 361 mg kg−1), with an
associated expectation of loss E(L) of £874. The optimal
measurement uncertainty, which results in the lowest expec-
tation of loss (£395), was shown to be at an uncertainty value
of ca. 184 mg kg−1 (Table 1).

The second stage of the OU process involves the measured
(actual) levels of sampling and analytical uncertainty being
compared with the corresponding optimal values and gives
recommendations on the optimal expenditure for sampling
and chemical analysis. A modification (reduction) factor of
approximately two (i.e. 319/149 = 2.13) in ssamp is indicated.
Furthermore a reduction factor of 1.6 in sanal is also recom-
mended. If the optimal smeas of 184 mg kg−1 is reached,

then the expectation of loss will be effectively halved (from
£874 to £395 per batch). By reaching the optimal ssamp alone
and assuming the sanal remains constant as 168 mg kg−1,
(i.e. smeas = 225 mg kg−1) ca. 95% of the optimal saving in
expectation of loss will be achieved.

The application of the OU method to the nitrate data pre-
sented has indicated that the cost per sample should ideally
be raised to £183, the equivalent of a 45-head primary sam-
ple (assuming a linear increase in cost for extra heads). For
the purpose of this study, a 40-head primary sample was con-
sidered sufficient to achieve the vast majority (85%) of the
predicted reduction in E(L), whilst being logistically achiev-
able.

Modifying measurement uncertainty: a pilot study for
nitrate in lettuce

Gy’s sampling theory [10] predicts that the sampling uncer-
tainty is inversely proportional to the mass (m) of sample,
where m ∝ 1/s2

samp. This theory has been shown to reduce
sampling uncertainty when applied to environmental soil
sampling [21] and particulate food commodities e.g. coffee
beans for mycotoxin analysis [22]. However it has been less
successful when applied to other food commodities (e.g. but-
ter for moisture analysis) [23]. In order to support the use of
Gy’s sampling theory for informing optimal sampling plans
a pilot study was run with the objective of testing whether
the relationship between mass and uncertainty (as suggested
by the theoretical model) holds for nitrate in lettuce.

Eight bays of lettuce were selected for inclusion in this
pilot study. Duplicate ten-head primary samples were taken
from each of the bays to facilitate uncertainty estimation by
the duplicate method. Four of the targets were from the orig-
inal experiment, in that the portions of lettuce heads usually
discarded were retained. This pilot study was undertaken in
June and consequently due to seasonal changes in the grow-
ing regimes, the four further duplicate samples had to be
sourced from lettuce grown outdoors. From the literature it
is known that lettuce grown outdoors typically had lower
nitrate concentrations than their indoor grown counterparts
[11]. However, the inclusion of outdoor lettuce was valid be-
cause the principle aim of the study was to model the change

Table 1 Results and
recommendations of the OU
method (round 1)

Protocol ssamp

(mg kg−1)
sanal

(mg kg−1)
smeas

(mg kg−1)
E(L)
(£)

Lsamp

(£)
Lanal

(£)

Actual 319.05 167.94 360.55 873.50 40 40
Recommended optimal 149.20 108.25 184.33 395.44 182.92 96.28
Improvement factor/change 2.13 1.55 1.96 –54.73% + 357.3% + 140.7%

By reducing the measurement uncertainty to the optimal level (184 mg kg−1) a saving of ca. £480 is predicted.
Sampling is the dominant source of uncertainty and a 3.6 factor increase in expenditure on sampling is
indicated.
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in uncertainty caused by increasing the sample mass, and not
specifically to estimate the uncertainty value itself.

For each ten-head primary sample, routine nitrate analysis
was applied to each individual head of lettuce, rather than
just to a composite sample. Estimates of nitrate content for
four-head composite samples (for example) were made by
randomly selecting (without replacement) four values from
the analysis of the ten lettuce heads. The arithmetic mean was
used as a simulated composite concentration, i.e. a mathe-
matically combined sample [24]. This method was employed
for one-head increment, up to ten-head increment compos-
ite samples, for each duplicated sample. Duplicate analyses
were not performed when analysing the single lettuce heads.
Estimates of ssamp therefore included some element of ana-
lytical uncertainty. The main case study has already shown
that the sanal only contributes 17% to the total measurement
uncertainty and therefore will not exert any significant in-
fluence on the results of this pilot study. Furthermore, the
value of ssamp from the mathematically combined ten-head
sample (209.57 mg kg−1) was found to be in good agreement
with the mechanically prepared composite ten-head samples
(200.53 mg kg−1). No statistical difference could be deter-
mined (Fstat = 1.09) and the method of simulating composite
concentrations was considered valid.

The empirical values of smeas were compared to those
predicted by sampling theory. The theoretical values were
calculated from a starting point equivalent to the smeas calcu-
lated from duplicate samples each comprised of ten lettuce
heads (Fig. 1). Visual inspection of the data shows that the
empirical relationship appears to fit that predicted by the
relationship m ∝ 1/s2

samp.
A more rigorous assessment of the goodness of fit was

undertaken using the log-transformed empirical data and ap-
plication of least-squares regression. The goodness of fit was
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Fig. 1 The observed (–�–) relationship between sample mass
(x = number of lettuce heads) and sampling uncertainty (y = ssamp)
is described by y = 549.76x−0.3998 (R2 = 0.8601). The relationship
described by sampling theory (solid line, y = 634.15−0.5) was calcu-
lated using the ten-head ssamp value (200.5 mg kg−1) as the initial value.
Visual inspection shows the observed data fit the model relatively well
(statistical comparison in Table 2)

Table 2 Regression coefficients computed for the relationship be-
tween the number of lettuce heads per sample (x = loge n) and the
sampling uncertainty (y = loge ssamp originally expressed in mg kg−1),
using loge transformed empirical data

Regression
coefficient

From sampling
theory

From measured
data

Calculated
t-values

Gradient –0.500 –0.399 ( ± 0.0570) 1.7582∗

Intercept 6.452 6.310 ( ± 0.0948) 1.5066∗

Standard error (1s) estimates are quoted for the empirical data. The
theoretical intercept value has been calculated using ssamp for ten-heads
as an origin.
∗No statistically significant difference (ttab = 2.23) could be determined
between the theoretical model and the empirical data regression model.

assessed by comparing the coefficients derived from empiri-
cal and theoretical models using the t-test (and standard error
estimates for each coefficient) (Table 2). The model derived
from empirical data was not found to differ significantly from
the theoretical model. This indicates that for the case study
of nitrate in lettuce, the sampling uncertainty can be suc-
cessfully reduced by increasing the number of lettuce heads
per samples (i.e. the sample mass) in line with theoretical
predictions.

Application of the optimal protocol with the aim of
achieving fitness for purpose

A modification was required in ssamp, to achieve a reduction
by a factor of 2, as determined by the OU method (Table
1). The pilot study provided evidence that this improvement
could be achieved by increasing the sample mass by four
times (i.e. 22), in line with theoretical predictions. The second
round of sampling required a 40-head primary sample (i.e.
four times the routine ten-head primary sample).

Two growers were recruited to participate in the second
round (R2) of this investigation. In terms of the sample size,
the revised protocol was not in line with the routine monitor-
ing program, and as such was conducted independently of it.
However, every effort was made to ensure other aspects of
the protocol (e.g. sample collection, transportation) were im-
plemented so as to mimic routine procedures. Each grower
allowed the researchers to take samples from bays including
two of curly lettuce and two of round head lettuce (to reflect
the cross-variety sampling performed in R1).

During November, duplicate primary samples, each of 40
lettuce heads, were taken from each of the eight bays where
each sample comprised of glasshouse grown lettuce that was
considered to be of saleable product. Samples were taken
following the routine protocol (i.e. W’s or X’s) and also
by imitating the contracted samplers’ interpretation of the
sampling protocol as witnessed in R1. As before, samples
were transported, by same-day delivery, to the contracted
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Table 3 Taking 40-head
primary samples is justified by
the ‘factor of 1.8’ reduction in
sampling uncertainty (ssamp),
observed in round 2

Protocol Mean (x̄) (mg kg−1) Uncertainty estimates
ssamp

(mg kg−1)
sanal

(mg kg−1)
smeas

(mg kg−1)
U%

10-head 3,148.3 553.51 53.85 556.13 35.3
40-head 3,117.5 306.16 42.20 309.06 19.8
Improvement factor - 1.81 (2.0) 1.28 1.80 1.78

The predicted improvement (2.0) was nearly met following the optimization of sampling procedures. The
highly variable nature of nitrate in lettuce makes comparisons between R1 (Table 1) and R2 subject to
temporal variation (see text). U% is expanded measurement uncertainty (200smeas/x̄).

laboratory in industrial sized cool boxes. Similarly to R1,
ice packs were used to keep the temperature below the
10◦C.

A revised procedure was needed to manage the increased
sample volume during subsequent preparation of the analyt-
ical sample. The 40 heads of lettuce making up each pri-
mary sample were randomised and split into one ten-head
sub-sample, and a 30-head sub-sample. By splitting the pri-
mary samples in this way, the resultant data could be used
to estimate uncertainty arising from the procurement of both
ten-head and 30-head primary samples. Duplicate analyti-
cal test portions were selected from each analytical sample
and were analysed for nitrate (as in R1). The uncertainty
associated with the 40-head primary sample was calculated
using the weighted average of the nitrate concentration de-
termined in the ten-head and 30-head primary samples. This
method of sample splitting facilitated a direct comparison
to be made between the uncertainty that would have arisen
during routine testing (i.e. ten-head primary sample) and that
from the optimal sampling protocol suggested following R1
(i.e. 40-head primary sample).

The results for round 2 of the experiment showed that
by implementing the revised sampling protocol, ssamp was
reduced (Table 3) from 553 mg kg−1 (R2, ten-head primary
sample) to 306 mg kg−1 (R2, 40-head primary sample). The
observed improvement factor (1.8) is in close agreement
with the improvement factor predicted by Gy’s sampling
theory [10], a difference that was not statistically significant.
When comparing the sanal estimates (from R2) obtained from
test portions from ten-head primary samples (54 mg kg−1)
and 40-head primary samples (42 mg kg−1) no statistically
significant difference was determined (F16/16 = 1.65).

In addition to this main comparison of uncertainty made
between different sample masses within one round, a second
comparison was also made between the two different rounds
to test the general conformity with the predictions from this
model. A comparison between the 40-head primary sample
(R2) and the ten-head primary sample (R1), showed that the
predicted reduction in uncertainty, expected by increasing
the sample mass, was not apparent when the comparison
was made in this way. However, a slight arithmetic decrease
in sampling uncertainty, following the four-fold mass in-

crease, was observed between R1 (319 mg kg−1) and R2
(306 mg kg−1). It is considered that any changes would have
been masked by seasonal variations in nitrate mass fraction
in lettuce plants. R2 sampling was undertaken in November
(as opposed to February/March for R1) and the mean nitrate
composition had decreased by ca. 30% between R1 and R2.
Nitrate levels are temporally variable and so, the sampling
uncertainty will vary also. A large reduction in analytical un-
certainty was observed between R1 (168 mg kg−1) and R2
(54 mg kg−1), when considering ten-head primary samples.
The difference in the levels of analytical uncertainty may be
explained by changes in ambient or operating conditions that
may exert random effects on the test results.

Re-assessment of fitness-for-purpose – has the optimal
level of uncertainty really been achieved?

The level of uncertainty achieved using the revised proto-
col (R2) may also be assessed using the OU methodology.
For this application of the OU method, the uncertainty val-
ues are not the only input parameters to have changed in
value as a result of the new protocol. The increased size of
the primary sample limited the number of samples that may
practically be taken in one day, and also the number that
could be transported to the analytical laboratory in one de-
livery. Consequently, Lsamp has increased as a result of, e.g.
the additional person-hours necessary to cut the samples,
financial reimbursement of the growers and extra courier
services. Using the new protocol Lsamp was calculated as be-
ing £215. When the OU method makes recommendations
for optimal measurement expenditure it currently assumes
that the Lsamp is directly proportional to the desired decrease
in uncertainty. For this study, it was assumed that the Lsamp

would increase by four times in order that the ssamp would
be reduced by a factor of 2, i.e. increase the mass by a factor
of 4. It is seen for the case study of nitrate in lettuce that
this assumption is not always justified, and should be used
as a general guide and not as an exact instruction. The Lsamp

for a 40-head primary sample was approximately five times
that of a ten-head primary sample, rather than the predicted
four times. The Lanal was also increased in R2 (£120 per
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Fig. 2 The actual level of uncertainty (estimated here using smeas)
computed for a 40-head sample in round 2 of the investigation (
309 mg kg−1) has an associated expectation of financial loss [E(L)]
of £739 per batch. When compared to the E(L) of £681 computed for
the optimal value ( 246 mg kg−1), it can be seen that measurement
uncertainty is effectively fit for purpose

analysis), when compared to R1 (£40 per analysis). This in-
crease takes into account the factor that to obtain an estimate
of the concentration of a 40-head primary sample, two anal-
yses are required (i.e. of ten- and 30-head primary samples).
An additional sum (£40) is added to the expected £80 (i.e.
2 × £40) to account for the additional sample preparation
and sample handling/storage complications brought about
by a 40-head primary sample. Due to seasonal variations
in the market value of a single lettuce head, the value of
consequence cost was reduced from £5,280 (R1) to £4,200.

Considering the other input parameters remain as defined
for R1 (i.e. T = 4,500 mg kg−1 and cm = 4,871 mg kg−1)
the OU method can be applied for R2 (40-head) uncer-
tainty estimates. It can be seen that implementation of the
revised ‘optimal’ sampling protocol has achieved optimal
levels of uncertainty (Fig. 2). The value of smeas from R2,
(309.1 mg kg−1 for a 40-head primary sample) was found
to be effectively fit for purpose when compared to the op-
timal smeas of 246.0 mg kg−1. If the recommendations of
this second iteration of optimisation were implemented, the
E(L) is only predicted to decrease by £58 (i.e. from 739 to
681 mg kg−1). No statistically significant difference between
the optimal and actual measurement uncertainty could be de-
tected for the 40-head primary samples of R2 (F24/24 = 1.58).
Conversely, a ten-head primary sample from R2 would still
not have been considered fit for purpose, assuming R1 es-
timates for Lsamp and Lanal costs (i.e. £40 each). An E(L) of
> £1,000 per batch was calculated for the level of uncertainty
estimated for the ten-head primary sample (556.13 mg kg−1).

Conclusions

When implementing the routine UK monitoring protocol
designed to assess nitrate levels in lettuce heads, sampling
proved to be the dominant source of uncertainty of mea-

surement, as it has been found for many other food-analyte
combinations [8, 9]. Gy’s sampling theory has successfully
been used as a tool in the process of reducing sampling uncer-
tainty where an increased sample mass was found to produce
a decrease in sampling uncertainty. Under the experimental
conditions employed and cost assumptions made, a 40-head
primary sample was considered to be of appropriate size for
the estimation of nitrate within a bay of lettuce. The pre-
dicted improvement factor (i.e. 2) in sampling uncertainty
was achieved following a second round of measurement.
The reduction in sampling uncertainty, and the coincidental
reduction in analytical uncertainty, produced a measurement
uncertainty (308 mg kg−1) that was fit for purpose in terms
of expected financial loss. Routine implementation of the op-
timal sampling protocol (i.e. 40-head primary samples) has
the benefit of reducing the expectation of loss by ca. £500
per bay of lettuce.

Currently the OU method assumes a direct relationship
between uncertainty and measurement cost. This was found
not to be exactly the case for nitrate in lettuce. It is advised
that where changes in uncertainty are recommended (in or-
der to reach the optimal level), caution is exercised and the
recommendations of expenditure for sampling and analysis
are treated as guidance values. In this particular case study,
the benefits of applying an optimal protocol only became
apparent when the uncertainties associated with the routine
and optimal protocols where compared within a single round
of measurement (i.e. R2).

Even though this approach has been demonstrated using
nitrate analysis in lettuce, Gy’s sampling theory suggests
that the general strategy of uncertainty modification should
be applicable to the sampling and measurement of a wide
range of materials. Verification of this generalization will
require further experimental investigations.
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