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Abstract

Aflatoxins are potent natural carcinogens contaminating staple foods across sub-Saharan Africa, yet
long-term food-chain data for Malawi are scarce. We analysed 1,264 regulatory samples of 10
commercial products (beans, corn-soy blend, macadamia, maize flour, maize grain, peanut butter, peanut
flour, peanuts, porridge flour, and rice) that were tested for total aflatoxin by the Malawi Bureau of
Standards between 2016 and 2026. Overall, 41.2% of ready-to-eat samples exceeded the European Union
limit, and 37.6% of all samples exceeded the Malawian limit (maximum 222.8 pg/kg). Among 247 infant
and weaning-food samples, 44.5% exceeded the Codex limit of 5 ug/kg, and all exceeded the Malawian
infant limit of 0.1 pg/kg, which lies below the reporting limit of the lateral-flow assay used. Peanut flour
was the most contaminated product (median 83.8 pg/kg). Processed products were more contaminated
than raw commodities (Mann-Whitney U test, P < 0.001), driven by the groundnut chain, in which the
median increased 31-fold from raw peanuts to peanut flour. Illustrative exposure modelling yielded
margins of exposure of 4-19 and 0.7-3.2 excess liver cancer cases per 100,000 people per year from
maize alone. Contamination showed no consistent temporal trend. Processing and post-harvest
handling are critical control points, and infant foods require more sensitive testing.

Introduction

Mycotoxins, a diverse group of secondary metabolites produced by fungi, have attracted considerable
attention because of their impact on human and animal health, food safety, and agricultural economies.
They contaminate a large fraction of the global food supply, with recent estimates suggesting that 60—

80% of food crops carry detectable levels, far above the long-held assumption of 25%".

Among the diverse mycotoxins, aflatoxins are the most prominent owing to their potent toxicity and wide
distribution across agricultural commodities. Aflatoxins are produced primarily by Aspergillus species,
notably Aspergillus flavus and Aspergillus parasiticus, under favourable conditions of temperature,
humidity and substrate availability. They comprise a group of structurally related compounds, aflatoxin
B1 (AFB1), B2 (AFB2), G1 (AFG1), and G2 (AFG2), of which AFB1 is the most toxic and prevalent?™’.
AFB1 is classified as a Group 1 human carcinogen and is a principal cause of hepatocellular carcinoma,
acting synergistically with chronic hepatitis B infection, a combination of relevance in sub-Saharan
Africa, where both exposures are common. In response to growing health concerns, many countries
have set regulations limiting mycotoxin levels in food. These regulations are based on risk assessment
(hazard and exposure) and reflect agriculturally achievable levels in different foodstuffs®~1%. Regulatory
limits for aflatoxin in selected food products across selected countries are presented in Supplementary
Table S1.

Malawi's food system is heavily dependent on maize and groundnuts, both highly susceptible to aflatoxin
contamination, as well as on processed derivatives of these crops (maize flour, peanut butter, peanut
flour, and corn-soy blend), which are widely traded and consumed. Despite this, systematic data on
contamination across a range of commercial products and on the resulting consumer exposure are
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limited. This study reports total aflatoxin levels in 10 commercial food products collected for regulatory
purposes by the Malawi Bureau of Standards over 11 years (2016—2026). The study aimed at (i)
quantifying contamination and regulatory non-compliance by product, (ii) testing whether processed
products are more contaminated than raw commaodities, (iii) examining temporal trends, and (iv)
translating the measured concentrations into an illustrative dietary-exposure and liver-cancer-risk
assessment for Malawian consumers.

Results and discussion

This eleven-year analysis of 1,264 commercial food samples provides one of the most comprehensive
pictures to date of aflatoxin contamination in Malawi's commercial food supply. Three findings stand
out: contamination is widespread and often exceeds regulatory limits; risk is concentrated at specific
points along value chains rather than being uniformly distributed; and current regulatory testing is
insufficiently sensitive to protect the most vulnerable consumers. Each has direct implications for food-
safety policy.

Overall contamination and product differences

Across the 1,264 samples, aflatoxin concentrations ranged from 0.8 to 222.8 ug/kg (the maximum in
maize flour), with an overall median of 3.6 pg/kg. Contamination was high overall: of the 1,017 ready-to-
eat samples subject to a European Union (EU) total aflatoxin limit'", 41.2% (419/1,017) exceeded it, and
37.6% (475/1,264) of all samples exceeded their applicable Malawian limit'>'3. Under a uniform
assessment against the general 4 and 10 pg/kg limits, 44.5% and 21.2% of samples exceeded the
respective thresholds. The distribution was strongly right-skewed, with most products clustered around
low values and a long tail of heavily contaminated samples (Fig. 1).

Contamination differed significantly among the ten products (Kruskal-Wallis H=163.7, df =9, P< 0.001;
€2 = 0.13, a moderate effect; with a sample of 1,264, the test is highly powered, so the effect size rather
than the P value conveys the practical magnitude). Peanut flour was by far the most contaminated
product (median 83.8 ug/kg), followed at a considerable distance by peanut butter (7.1 pg/kg), porridge
flour (5.2 pg/kg) and corn-soy blend (4.6 pg/kg); rice (2.3 ug/kg), beans (2.5 pg/kg) and peanuts (2.7
ug/kg) were the least contaminated (Supplementary Table S2, Fig. 1). Notably, maize grain (median 3.5
ug/kg) sat in the middle of the distribution rather than near the top. Dunn’s post hoc test with Benjamini—
Hochberg correction identified 33 of 45 pairwise comparisons as significant (adjusted P < 0.05); the
resulting significance groups are shown as letters in Fig. 1, confirming that these product differences
were robust rather than driven by a few extreme values.

The proportion of samples exceeding regulatory limits varied markedly among products (Supplementary
Table S3, Fig. 2). Among the ready-to-eat products, peanut flour showed the highest non-compliance
(77.4% > EU; 67.7% > MS 302), followed by peanut butter (60.3% > EU; 45.9% > MS 302), maize flour
(50.4%) and maize grain (44.1%). Even the least contaminated products were not negligible: 18.4-27.0%
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of beans, rice, peanuts and macadamia samples exceeded the EU limit. Against MS 302, maize grain
(34.9%), peanut butter (45.9%) and peanut flour (67.7%) were the most frequent violators. The two infant
foods were non-compliant with the Codex limit'# in 44.0% (corn-soy blend) and 53.8% (porridge flour) of
samples, and with the Malawian infant limit'3 in 100% of samples for both.

The scale of this contamination is consistent with earlier Malawian studies reporting frequent, often
severe, aflatoxin contamination of maize and groundnut products’'>16. Malawi’s warm climate, reliance
on aflatoxin-susceptible crops, smallholder production and limited post-harvest infrastructure together
create conditions highly favourable to Aspergillus growth and toxin accumulation. Mann—Kendall trend
tests on annual medians were conducted for the nine products with at least four sampled years. One
product, maize flour, reached nominal significance before correction (P = 0.048), but no product
remained significant after Benjamini—Hochberg correction across the parallel per-product tests
(adjusted P = 0.30 for maize flour). Annual non-compliance remained high throughout (Fig. 3): among
ready-to-eat products it fluctuated between 25.0% (2022) and 55.0% (2017) against the EU limit, and
among infant foods between 13.6% (2024) and 87.5% (2017, n = 8) against the Codex limit, with no
downward trajectory in either series. The persistence of high contamination across the full 2016-2026
period, with no significant decline in any product (all adjusted P > 0.05), indicates that awareness
campaigns and existing controls have not yet translated into measurable improvement.

The corn-soy blend (CSB) and porridge flour results warrant scrutiny because both are fortified weaning
foods formulated for infants and young children, who ingest the most food per unit of body weight and
are the most susceptible to aflatoxin’s effects on growth and its role in hepatocellular carcinoma. Every
one of the 234 CSB samples and all 13 porridge-flour samples exceeded the Malawian infant-food limit
of 0.1 pug/kg (MS 90:2018); 44.0% of CSB and 53.8% of porridge-flour samples also exceeded the less
stringent Codex limit of 5 pg/kg, and 16.7% of CSB samples exceeded even the general Malawian limit of
10 pg/kg. The apparent complete non-compliance with MS 90:2018 is, however, a statement about the
stringency of that standard relative to the method rather than a measurement of how far above it the
samples lay: routine lateral-flow monitoring did not report concentrations below 2 pg/kg, twenty times
the 0.1 pg/kg standard, so compliance with the national infant limit could not be verified for any sample
in the series, even in principle. The monitoring regime is therefore structurally weak precisely where the
standard is strictest, a regulatory blind spot with serious public-health implications; closing it will require
adopting more sensitive quantitative methods, such as HPLC or LC-MS/MS confirmation, for infant
foods, together with dedicated surveillance of the weaning-food supply chain. This limitation does not
diminish the public-health concern; rather, it underscores that current routine testing is insufficient to
verify that weaning foods meet the applicable limit.

Contamination along the value chain: raw versus processed products

Processed and value-added products carried significantly higher aflatoxin concentrations than raw
commodities overall (median 4.7 versus 2.9 pg/kg; Mann—-Whitney U test, P < 0.001; rank-biserial
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correlation = 0.30, a moderate effect; the composition of each category is detailed in Supplementary
Table S4), but this single contrast masked a strongly commodity-specific pattern along the country’s
major value chains (Fig. 4). In the groundnut chain, contamination rose sharply across successively
more processed products: the median climbed from 2.7 pg/kg in raw peanuts to 7.1 pg/kg in peanut
butter and 83.8 pg/kg in peanut flour, an approximately 31-fold difference between the raw commodity
and the most processed product (Fig. 4).

Because samples were not linked at the lot level, this gradient is an association across products rather
than a tracked transformation of the same material; it is nonetheless consistent with the concentration
of contaminated and cull kernels into ground products’ and, possibly, with mould proliferation under the
warm, humid, informal conditions of small-scale storage and processing. In the maize chain, by contrast,
grain (median 3.5 pg/kg) and flour (4.1 ug/kg) showed comparable contamination, with no evidence that
milling systematically reduced or increased aflatoxin levels. The association between processing and
contamination was therefore driven overwhelmingly by the groundnut chain rather than being a universal
feature of processing. This pattern points to the handling, sorting, storage and grinding steps of the
groundnut chain, rather than the peanut itself, as candidate critical control points for aflatoxin.
Interventions could therefore be targeted at the specific steps at which the toxin appears to concentrate,
focusing on the groundnut sector, rather than applied uniformly across processed foods.

Unsupervised multivariate analysis was consistent with this reading. Each product was profiled using
four features (log median, log interquartile range, log maximum, and percentage of samples exceeding
the applicable limit) and subjected to principal component analysis (PCA) and Ward hierarchical
clustering (Fig. 5). The first principal component captured 72.5% of the variance (first two components,
94.5%); all four features loaded in the same direction, identifying PC1 as a single axis of contamination
severity along which the products ranged from rice, beans, macadamia and peanuts at the low end to
peanut flour at the high end. The second component (22.0% of variance) separated products with an
extreme upper tail of a few very high samples from those with more uniformly elevated prevalence.
Unsupervised clustering did not separate raw from processed foods. Instead, the high-severity cluster
mixed both categories, with raw maize grain grouped with processed maize flour, peanut butter, and
corn-soy blend, while the low-contamination raw commaodities (rice, beans, macadamia, peanuts),
together with porridge flour, formed a separate cluster, and peanut flour separated from every other
product. Contamination severity therefore tracks the specific commodity and its value chain rather than
a simple raw-versus-processed distinction.

Two mechanisms may explain this pattern. First, numerous pre- and post-harvest interventions at farm
level in Malawi have substantially reduced aflatoxin contamination in raw produce, yet comparatively
little is done at the aggregator and processor level, where negligent handling and storage can allow
contamination to develop. Second, much of the raw produce submitted for testing is destined for export
and undergoes rigorous sorting, leaving shrivelled, damaged, and highly contaminated grain for local
processing”19718. Both scenarios result in highly contaminated processed products reaching the market,
as seen here for peanut flour, peanut butter and corn-soy blend. Our product-resolved, eleven-year series
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extends this earlier export-concentration observation by localising it to specific steps in the value chain.
The effect is concentrated in the most-processed groundnut products (peanut flour and butter) and
persists throughout the monitoring period rather than being a transient feature. Contamination of food

crops with aflatoxins is among the major factors compromising product quality during storage'®.

Public-health significance of exposure

Translating the measured maize concentrations into consumer exposure indicates a substantial
potential health burden. Using the pooled maize median of 3.8 ug/kg (grain and flour combined,
reflecting maize as consumed), a central adult maize intake of 337 g/day and a body weight of 60 kg, the
estimated margin of exposure (MOE) was 18.7 at the median maize concentration and 4.2 at the mean,
both far below the value of 10,000 that signals a public-health concern and indicating exposures more
than two orders of magnitude into the range of concern (Table 1). Across the plausible intake range
(300-383 g/day), the MOE remained below 22 in all cases.

Table 1

lllustrative dietary exposure and liver cancer risk scenarios for adults (maize) and infants (corn-soy
blend). EDI, estimated daily intake; MOE, margin of exposure (concern if < 10,000). Parameters are
literature-derived; see Methods and Supplementary Information.

Group Level Conc. Intake BW EDI MOE Risk, Risk,
(ng/kg) (g/day) (kg) (ng/kg population* HBsAg+*
bw/day)
Adult median 3.8 337 60 21.3 18.7 0.7 6.4
Adult mean 17.0 337 60 95.2 4.2 3.2 28.6
Infant median 4.6 100 9 51.1 7.8 1.7 15.3
Infant  mean 9.3 100 9 102.9 3.9 3.4 30.9
*Excess liver-cancer cases per 100,000 per year, for the population average (~ 8% HBsAg prevalence)
and for HBsAg-positive individuals.

Expressed as cancer risk, these exposures correspond to an estimated 0.7 (median) to 3.2 (mean)
excess cases of liver cancer per 100,000 people per year from maize consumption alone, using a
population-average potency and weighting by an assumed 8% HBsAg prevalence. In hepatitis-B-positive
individuals, for whom aflatoxin potency is roughly 30-fold higher, the corresponding estimates rise to 6.4
(median) to 29 (mean) excess cases per 100,000 per year. For the infant corn-soy blend scenario (9 kg
body weight, 50—100 g/day), MOEs were similarly low (7.8 at the median and 3.9 at the mean),
underscoring the disproportionate exposure of young children on a body-weight basis.

When interpreted against regulatory benchmarks, these exposures fall within the range that EFSA and
JECFA consider a public health concern, and the corresponding excess liver cancer estimates are

consistent with aflatoxin’s established role in the region’s high hepatocellular carcinoma burden?®2'. The
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interaction with endemic hepatitis B is particularly important because it multiplies the per-unit potency of
aflatoxin and concentrates risk in an identifiable group that would benefit from both aflatoxin control and
hepatitis B vaccination. These figures are illustrative; intake and HBsAg-prevalence parameters were
drawn from the literature rather than measured in this population, and the calculation assumes the
sampled commercial products are representative of food as consumed and are intended to convey the
order of magnitude of the potential impact rather than a precise population risk. Their consistency
across scenarios nonetheless indicates that aflatoxin exposure from these commodities is very likely to
be of public health significance in Malawi.

Having outlined the illustrative, order-of-magnitude exposure estimates and their attendant uncertainties,
we now turn to consider their broader implications for food-safety governance and the strengthening of
Malawi’s national aflatoxin monitoring system. Being regulatory samples, these results also speak to the
effectiveness of the national food-safety monitoring system. They suggest that the way food-safety
measures are implemented and enforced could be strengthened to improve their effectiveness.
Emphasis within the food chain should be placed on the quality of raw materials and on the systems
processors put in place during handling and storage to minimise aflatoxin contamination; monitoring
and testing of final products should serve to verify that these systems are working. Persistent non-
compliance among producers points to accountability within the processing sector as a further target
for strengthening. These observations are consistent with earlier reports’'. African countries generally
have limited capacity to manage aflatoxin contamination, resulting in high contamination levels and
missed export opportunities?2. The pattern is also consistent with increased Aspergillus flavus infection

during storage, likely reflecting suboptimal postharvest handling by value chain actors?S.

Conclusion

This study is among a few studies reporting on a large sample size of 1,264, over a long period (11-year
span), focusing on a large number (10) of commercial products, including processed and infant foods
that are often neglected in surveillance. It shows that aflatoxin contamination in Malawi’s commercial
foods is widespread, frequently exceeds regulatory limits, and showed no consistent change from 2016
to 2026. The greatest risk lies along the groundnut value chain, where contamination was up to 31-fold
higher in the most processed product than in the raw commaodity, and in infant corn-soy blends and
porridge flour, which were uniformly non-compliant with the 0.1 pg/kg Malawian infant standard (MS
90:2018) and which current lateral-flow testing cannot monitor at that level at all. Contamination tracked
the specific commodity and its value chain rather than a simple raw-versus-processed distinction,
underscoring handling, storage and processing by aggregators and processors as the critical control
points. As noted above, these are regulatory samples and may not fully represent the wider food supply,
and the exposure estimates are illustrative. To improve safety, efforts should focus on: (i) the high-risk
processing and storage stages, especially in the groundnut sector; (ii) adopting more sensitive,
quantitative testing methods for infant foods, with reporting limits below the 0.1 pg/kg standard; and (jii)
strengthening enforcement and traceability for processed foods.
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Methods
Sample collection and aflatoxin determination

Samples of ten commonly consumed commercial food products (beans, corn-soy blend (CSB),
macadamia, maize flour, maize grain, peanut butter, peanut flour, peanuts, porridge flour and rice) were
submitted to the Malawi Bureau of Standards (MBS) for aflatoxin testing between 2016 and 2026. These
products were selected because they are staple, widely traded commodities in Malawi and are routinely
monitored for regulatory compliance. A total of 1,264 samples with valid product identity, collection year
and analytical result were included in the analysis.

Total aflatoxin (AFB1 + AFB2 + AFG1 + AFG2) was determined using Reveal Q + for Aflatoxin lateral-flow
immunoassay kits according to the manufacturer’s directions (Neogen Corporation, Lansing, M, USA).
Reveal Q +is a single-step lateral-flow immunochromatographic assay in a competitive format intended
for quantitative testing of aflatoxin in grain and grain products. The kits are validated methods with a
good cross-reactivity profile and recovery rate?* and are approved by the Federal Grain Inspection
Service of the US Department of Agriculture for official testing?>2°. The analytical procedure followed
was that described by Ng’ambi et al.?’. Developed test strips were read in a Reveal AccuScan Gold
Reader (AccuScan Gold Reader 9595, Neogen Corporation), which was calibrated with manufacturer-
supplied standards before each reading. The kit has a quantification range of 2—-150 pg/kg total
aflatoxin; samples above 100 pg/kg were diluted and re-analysed. Each sample was analysed in
duplicate using separate portions. Concentrations are expressed as pg/kg (equivalent to ppb) of total
aflatoxin and are reported and analysed as measured, without censoring or substitution.

Data analysis

Non-parametric methods were used throughout because aflatoxin concentrations were strongly right-
skewed. Contamination was summarised by product using medians and ranges alongside means.
Differences among products were tested using the Kruskal—-Wallis test, followed by Dunn’s post hoc test
with Benjamini—Hochberg control of the false discovery rate. Differences between raw and processed
products were tested using the Mann—Whitney U test, with the rank-biserial correlation reported as the
effect size. Temporal trends in annual medians were assessed for each product using the Mann—Kendall
trend test, implemented as the Kendall rank correlation (tau-b) of annual median on year, with a
Benjamini—Hochberg correction across the nine products with at least four sampled years.

To summarise how the products relate across contamination metrics simultaneously, each product was
profiled by four features (the log,, median, log, interquartile range, log;, maximum concentration, and
the percentage of samples exceeding the applicable limit) which were standardised and then subjected
to principal component analysis and Ward hierarchical clustering using Euclidean distances. All analyses

were performed in R 4.5.3%8. The Kruskal-Wallis and Mann—-Whitney U tests, Kendall rank-correlation
trend tests, Benjamini—Hochberg adjustment, principal component analysis and hierarchical clustering
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used base R stats; Dunn’s post hoc test used PMCMRplus 1.9.12, the compact-letter display
multcompView 0.1.12, and the rank-biserial effect size rcompanion 2.5.4. Figures were produced with
ggplot2 4.0.3. All tests were two-tailed, and statistical significance was set at P< 0.05.

Compliance was evaluated against product-specific total-aflatoxin thresholds, listed with their
instruments in Supplementary Table S1. The eight ready-to-eat products were judged against the
European Union maximum for ready-to-eat foods (4 pg/kg; Commission Regulation (EU) 2023/915)"
and the Malawian national limit (10 pg/kg; MS 302)'2. The two infant and weaning foods (corn-soy blend
and porridge flour) were judged against the Codex maximum level for cereal-based foods for infants and
young children (5 pg/kg; CXS 193-1995)"* and the Malawian infant-food limit (0.1 pug/kg; MS 90:2018)"3.
The EU sets its limit for this food category at aflatoxin B1 (0.1 pg/kg) rather than total aflatoxins, so the
infant foods could not be assessed against an EU standard using the total aflatoxin measurements
reported here; percentages exceeding an EU limit therefore refer only to the 1,017 ready-to-eat samples.
For comparison with earlier work, samples were additionally assessed against uniform thresholds of 4
and 10 pg/kg irrespective of product category. Products were classified as raw commodities (maize
grain, peanuts, beans, rice, macadamia) or processed/value-added products (maize flour, peanut butter,
peanut flour, corn-soy blend, porridge flour) for comparative analysis (Supplementary Table S4).

Dietary exposure and cancer risk assessment

To place the measured concentrations in a public health context, we conducted an illustrative
assessment of dietary exposure and cancer risk. Because product-specific consumption data for the
study population were not collected, intake parameters were drawn from the published literature, and
results are presented as scenarios rather than definitive population estimates. Estimated daily intake
(EDI, ng/kg body weight/day) was calculated as
C x IR

EDI = TBW (1)
where C is the aflatoxin concentration (ug/kg), IR the food intake rate (g/day) and BW the body weight
(kg). For adults, maize intake was taken as 300—383 g/day (central estimate 337 g/day) and body weight
as 60 kg. For infants, corn-soy blend intake was taken as 50-100 g/day and body weight as 9 kg (intake
ranges from published Malawian and regional dietary data; see Supplementary Information). The margin
of exposure (MOE) was calculated as

BMD L
e (2)

EDI
using a benchmark dose lower limit (BMDL,) of 400 ng/kg bw/day for AFB1; an MOE below 10,000

indicates a public health concern?®. Population cancer risk was estimated using JECFA average potency
values of 0.3 and 0.01 cancers per year per 100,000 population per ng/kg bw/day for hepatitis-B-surface-

MOE =
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antigen (HBsAg) positive and negative individuals respectively?’. This was combined with an assumed
adult HBsAg prevalence of 8%, within the range reported for sub-Saharan African populations®?, to give a
population-average potency. Full parameter values and sources are presented in the Supplementary
Information.
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Figure 1

Distribution of total aflatoxin concentrations by food product. (a) The two infant and weaning foods. (b)
The eight ready-to-eat products. Bold letters denote significance groups from Dunn'’s post hoc test with
Benjamini—Hochberg control of the false discovery rate (33 of 45 pairwise comparisons significant at
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adjusted P < 0.05); the test was run across all ten products simultaneously, so letters are comparable
between panels and products sharing a letter do not differ significantly.
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Figure 2

Regulatory non-compliance by food product, as percentage of samples exceeding the applicable total-

aflatoxin limit. (a) The two infant and weaning foods, assessed against the Codex limit of 5 pg/kg (CXS
193-1995, 2025 edition) and the Malawian limit of 0.1 pg/kg (MS 90:2018). (b) The eight ready-to-eat

products, assessed against the EU limit of 4 ug/kg and the Malawian limit of 10 pg/kg (MS 302), ordered

by EU exceedance.
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Individual samples and annual medians by product
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Figure 3

Temporal pattern of total aflatoxin contamination, 2016-2026. (a) Every sample (grey points,
horizontally jittered; larger points mark years with five or more samples) and the annual median (circles,
filled when above the applicable limit and open when at or below it) for each of the ten products, ordered
with the infant and weaning foods first and the remainder by descending overall median. Each facet
carries only the limits that govern that product. (b) Annual percentage of samples exceeding the
applicable limit.
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Value chains: median rises 31x along the groundnut chain By processing status
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Figure 4

Total aflatoxin along two value chains and by processing status. (a) Distribution of total aflatoxin (ug/kg,
log scale) in the groundnut chain (peanuts to peanut butter to peanut flour) and the maize chain (grain to
flour), in chain order rather than by median. Benjamini—Hochberg-adjusted P values from the Dunn test
reported in Fig. 1 are shown for each adjacent step: *** P < 0.001, * P < 0.05, n.s., not significant. Median
contamination values are also provided. (b) All 1,264 samples grouped by processing status, with the
same box, whisker and point conventions.
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Principal component analysis Ward hierarchical clustering
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Figure 5

Multivariate structure of aflatoxin contamination across the ten products. (a) Principal component
analysis of the ten products described by four features: the log,y median, log, interquartile range and
log,, maximum concentration, and the percentage of samples exceeding the applicable limit (the EU
limit for ready-to-eat products, the Codex limit for the two infant foods). (b) Ward hierarchical clustering
dendrogram (Euclidean distance, Ward linkage) of the same four standardised features. Peanut flour
separates from all other products; the high-severity cluster contains both raw (maize grain) and
processed (maize flour, corn-soy blend, peanut butter) products, and the low-contamination cluster
contains rice, porridge flour, peanuts, macadamia and beans, showing that severity tracks the
commodity and its value chain rather than processing status.
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