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Insights on meat hygiene quality in
global trade
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Animal protein trade increase underscores the need for robust sanitary systems in complex global
supply chains.Weanalysed15,797microbiological recordsof enumeratedAerobic plate counts (APC)
and generic E. coli from meat consignments at South African ports of entry. Data were log10-
transformed and differences by country of origin and product type were tested with one-way ANOVA
followed by Tukey’s post-hoc test (P < 0.05). Pearson correlations, statistical process control (SPC)
charts, and process capability indices (Cp, Cpk, Cpm) were calculated relative to upper specification
limits (APC: 1 × 106 CFU/g; E. coli: 1 × 103 CFU/g). Significant country-level differences in mean APC
and E. coliwere pronounced in poultry (p < 0.05). Moderate positive correlations between APC and E.
coli were observed in poultry (r = 0.50), beef (r = 0.32), turkey (r = 0.27), and pork (r = 0.24), but non-
significant in ovine meat (r = 0.06). SPC revealed upstream processes lacking statistical control, with
multiple points outside ±3σ limits indicating special-cause variation. Capability wasmarginal (high Cp
but low Cpk/Cpm) with poultry showing better Cpk than beef. APC and E. coli are effective
complementary hygiene indicators, particularly for poultry and beef and SPC analysis of port-of-entry
data uncovers supply-chain instabilities.

Rising global demand for animal protein, driven by population growth,
urbanization, and economic development, is fuelling substantial expan-
sion in the internationalmeat trade1. Analysts also predict that globalmeat
production will approximate 455–470 million tonnes by 2050 and this
anticipates future demand2. Both agricultural trade protection require-
ments and human health standards need scientific verification for their
application according to the World Trade Organization (WTO) Sanitary
and Phytosanitary (SPS) Agreement which should be applied with mini-
mal impact and safeguard both human and animal and plant health while
permitting sustainable food trade to continue without unnecessary non-
tariff barrier obstacles3.

A significant knowledge gap persists in the routine application of
advanced statistical tools, particularly Statistical Process Control (SPC) and
process capability analysis, to food import and export microbiological
monitoring data at ports of entry4–7. Traditional microbiological criteria are
based on indicator organisms like E.coli, a marker of faecal contamination
and process hygiene, and aerobic plate count (APC)8. While the traditional
criteria are commonly used as benchmarks for product acceptability,
hygiene practice effectiveness, HACCP performance, and verification of
Food Safety Objectives (FSOs) and Performance Objectives (POs), limited
prescribed evidence exists on their statistical validation for assessing
upstream supply chain performance or justifying risk-based sanitary

measures in international trade9–12. This gap is particularly relevant at ports
of entry, where routine data from imported consignments offer a unique
opportunity to evaluate process stability, variability, and capability objec-
tively, yet advanced statistical methods like SPC (for detecting deviations
and ensuring control) and capability indices (for quantifying conformance
to limits) remain underutilized in this setting. Full convergence is still dif-
ficult to achieve, despite advancements in international harmonisation
aided by frameworks like Codex Alimentarius and the WTO SPS
Agreement11–13. Risk assessment, regulatory decision-making, and cross-
border comparability of hygiene results are all made more difficult by dis-
parities in national laws, laboratory testing procedures, and the use of sta-
tistical tools, which result in inconsistent standards. These discrepancies
show how streamlined, empirically supported alternative strategies are
required to improve hygienic practices and advance secure, fair interna-
tional trade.

The Meat Safety Act 2000 together with Veterinary Procedural
Notices and associated guidelines establishes meat hygiene regulations
in South Africa, which require the monitoring of three types of micro-
organisms (Salmonella spp,E.coli andAPC)14,15.E. coli serves as a reliable
marker for detecting faecal pollution and processing environment
conditions, while food safety assessment depends on the overall
microbiological quality assessment that determines whether public
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health-affecting pathogens exist8,14,15. The growing volume of harmful
imports interventions together with dependence on port-of-entry con-
trols for maintaining public health and trade safety requires us to
develop efficient methods for assessing imported meat shipments16.

The studyfills the research gap through the retrospective analysis study
which uses historical data from South African border microbiological
records related to imported meat. The research employs SPC charts and
process capability indices together with statistical comparison techniques to
assess how APC and E. coli function as indicators of process control and
hygiene. The specific objectives are to: (1) quantify variations in bacterial
loads by country of origin and product type; (2) assess process stability and
capability relative to established limits; and (3) provide evidence-based
insights to strengthen the scientific foundation for national microbiological
criteria and global meat hygiene standards.

Results
Descriptive statistical analysis
Descriptive analysis was performed to facilitate the description and sum-
marisationof data fromfifteen countries andpoultrymeatproduct category,

and the output is presented in Figs. 1 and 2. A significant difference in both
E. coliandAPC/TBCwasobservedbetween countries in thepoultryproduct
category. All mean E. coli values were below 1000 CFU/g, while all mean
APC values were below 1,000,000 CFU/g (Figs. 1, 2). The overall mean is
1.74 log10 (back-transformed geometric mean ≈ 55CFU/g), with moderate
variability (standard deviation 0.27 log10). Countries with the lowest figures
were Australia (1.31) and the USA (1.37). In contrast, Thailand (2.28) and
Germany (2.25) and Brazil (2.07) show the highest means suggesting rela-
tively higher contamination. Mid-range values were among a few countries
(e.g., Canada 1.86, Netherlands 1.83). The narrow spread and lack of
extremes indicate global convergence on basic standards, but the pattern of
upper-class countries at the low (better) end versus someuppermiddle class
or high-production-volume ones higher likely reflects differences in farm-
to-fork hygiene practices, animal husbandry, and regulatory enforcement.
The analysis of log10-transformed mean APC results in raw meat across 15
countries shows an overall mean of 4.25 (geometric mean ≈17,920 CFU/g)
with moderate variability (standard deviation 0.34), indicating generally
consistent but varying microbial loads globally. The USA (3.61), Poland
(3.93) and Spain (4.05) emerge as top performers with the lowest counts,

Fig. 1 | Generic E. coli counts in samples of poultry
meat from fifteen countries. This figure shows the
mean ± standard deviation (SD) of generic E. coli
counts in poultry meat samples from fifteen coun-
tries. Counts were log-transformed (Log10 CFU/g)
prior to analysis. Statistical differences between
countries were assessed using ANOVA followed by
Tukey HSD post-hoc tests. Countries not sharing
letters are significantly different (p < 0.05). Argen-
tina, Belgium, Brazil, Canada, Denmark, Germany,
Hungary, Ireland, Netherlands, Poland, Spain,
Thailand, the UK, Australia, and the USA exhibited
distinct groupings based on letters indicating sta-
tistically similar means, highlighting variations in
E. coli levels across countries.
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Fig. 2 | Country comparison means and standard
deviations for poultry APCmeat samples. Boxplot
comparing the distribution of aerobic plate counts
(APC) in raw poultry meat samples across selected
countries. Data are expressed as log10-transformed
values (log10 CFU/g), representing mean bacterial
loads per country. Each boxplot displays the median
(central line), interquartile range (box), whiskers
(extending to minimum and maximum values or
1.5 × IQR), and individual data points where
applicable. Red × markers indicate the country-
specificmean log10APCvalues. Higher values reflect
greater overall microbial contamination, indicative
of differences in hygiene practices, processing con-
ditions, cold-chain integrity, or sampling protocols.
Countries are ordered alphabetically for clarity.
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Conversely, the Thailand (5.13), Germany (4.77) and Brazil (4.48) exhibit
the highest levels.

Correlation analysis
Correlations between log10-transformed APC and generic E. coli
counts were assessed using Pearson’s correlation coefficient (r) to
evaluate the strength and direction of linear relationships within each

meat product category (Fig. 3). Statistical significance was tested at
α = 0.05, with corresponding 95% confidence intervals (CI) and
p-values calculated to provide a complete inference. Moderate, sta-
tistically significant positive correlations were found in poultry, Fig. 4
(r = 0.50, 95% CI [0.47, 0.53], p < 0.001), beef, Fig. 5 (r = 0.32, 95% CI
[0.28, 0.36], p < 0.001), turkey, Fig. 6 (r = 0.27, 95% CI [0.22, 0.32],
p < 0.001), and pork, Fig. 4 (r = 0.24, 95% CI [0.20, 0.28], p < 0.001),
indicatingmeaningful associations between the two hygiene indicators
in these categories. In contrast, the correlation for ovine meat (Fig. 7)

Fig. 3 | Correlation between TBC/APC and E. coli for poultry meat. Scatter plot
showing log10-transformed APC (CFU/g or CFU/cm²) versus log10 E. coli counts
(CFU/g or CFU/cm²) across poultry meat samples. The solid line represents the
linear regression fit, with Pearson correlation coefficient (r) and p-value indicated.
Higher APC levels are generally associated with elevated E. coli, reflecting poorer
hygienic conditions and potential faecal contamination during processing.

Fig. 4 | Correlation between APC/TBC and E. coli for pork. Scatter plot of log10-
transformed aerobic plate count (APC)/total bacterial count (TBC; x-axis, log10
CFU/g or log10 CFU/cm²) versus log10-transformed presumptive Escherichia coli
counts (y-axis, log10 CFU/g or log10 CFU/cm²) in pork meat samples collected at
ports of entry. Solid line: linear regression fit; dashed lines: 95% confidence intervals.
Pearson correlation coefficient (r) and p-value are indicated (r ≈ 0.24, p < 0.001).

Fig. 5 | Correlation between APC/TBC and E. coli beef meat. Relationship
between log10-transformed total bacterial count (TBC) and log10-transformed
Escherichia coli counts in beefmeat samples. Linear regression (solid line) with 95%
confidence intervals (dashed lines) is shown (Pearson r = 0.32).

Fig. 6 | Correlation between APC/TBC and E. coli turkey meat. In turkey meat
samples, we observed a weak positive correlation between log10-transformed APC/
TBC) and E. coli counts (Pearson’s r = 0.27), consistent with the complex and
multifactorial nature of microbial contamination in poultry products and high-
lighting the limited utility of TBC as a proxy for E. coli prevalence.
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was very weak and practically negligible (r = 0.06, 95% CI [−0.02,
0.14], p = 0.14), failing to reach statistical significance; this likely
reflects limited practical utility of one indicator predicting the
other in ovine products, possibly due to smaller sample sizes or
category-specific hygiene dynamics. Overall, significant correlations
(p < 0.05) were observed where |r | ≥ 0.24, supporting the combined
use of APC and E. coli as complementary hygiene indicators primarily
in poultry and beef, while highlighting limited interdependence in
ovine meat17.

Statistical quality control and process capability analysis
At the port of entry, microbial analysis provides sanitary information that
traces upstream from the sampling point to the origin of the raw material.
This information indirectly verifies the functioning of upstream processes.
A stable process is typically reflected when there are no apparent patterns
and all data points on the X-bar control chart fall within the control limits.
Figures 8 and 9 illustrate theX-bar control charts forEscherichia coli (E. coli)
and APC, respectively.

Inmicrobiological assessments, particular attention is given to the
Upper Control Limit (UCL), as elevated bacterial counts are of primary
concern. The log10 concentration of APC and E. coli in food samples is
commonly interpreted using the control limits: values ≤ LCL are
considered acceptable; values between the LCL and UCL are margin-
ally acceptable; and values > UCL are deemed unacceptable. The
monitoring of E. coli concentrations used statistical process control
(SPC) charts to evaluate process stability. Two sets of control limits are
reported: the first set (LCL = 1.37, UCL = 1.67) was based on historical

Fig. 7 | Correlation between APC/TBC and E. coli ovine meat. Relationship
between log10-transformed APC/TBC and log10-transformed E. coli (or pre-
sumptive E. coli) counts in ovine meat samples at ports of entry. The linear
regression line (Pearson r = 0.06; p < 0.001) and 95% confidence intervals
(dashed) are shown.

Fig. 8 | The mean (X-bar) chart for E. coli. Shewhart X-bar chart monitoring the
mean of log10-transformed E.coli counts (log10 CFU/g or log10 CFU/cm²) in beef
meat samples (pmec_samp).Data span 3000 groupswith center line at 1.856,UCL at
2.056, and LCL at 1.657 (StdDev ≈ 0.148). Red points: subgroup means; black solid/

dashed lines: center and control limits. Extensive excursions beyond limits (2335
groups) and violating runs (130) suggest non-random variation and unstable
microbial control in the sampled population.

https://doi.org/10.1038/s41538-026-00767-x Research Article

npj Science of Food |          (2026) 10:178 4

www.nature.com/npjscifood


data ranges, providing a preliminary assessment of variability, while
the second set (LCL = 1.67, UCL = 2.05) was calculated using control-
chart-based SPC methods during the current monitoring period. The
two sets of controls are valid, but real-time process evaluation uses
the second set to interpret SPC trends. For APC, the UCL and LCLwere
4.69 log CFU/g and 3.96 log CFU/g, respectively. However, several
values fell outside these control limits (Figs. 8 and 9), indicating that
the process was not fully under control for the tested batches. The
observed deviations, where a significant number of sample means
exceeded the 3σ control limits, suggest that the poultry meat produc-
tion and distribution process was not consistently under statistical
control. Notably, sample mean values were scattered beyond both the
UCL and LCL.

Process capability analysis
TheCp index explicitly reflects the natural tolerance of a process.When the
process distribution is normal and the process mean is precisely centered
between the specification limits, a Cp value of 1 indicates a capable process.
However, to allow forminimal process drift and ensure consistent quality, a
minimum Cp value of 1.33 is generally considered acceptable.

Processcapability analysis ofEscherichia coliandAPC inpoultry
meat monitoring
Process capability indices (PCIs) offer critical insights into a production
process’s ability to meet microbiological safety standards. In this study, the
process capability (Cp), process performance (Cpk), and Taguchi capability
index (Cpm) were assessed for E. coli and APC under varying upper spe-
cification limits (USLs), to evaluate the effectiveness and stability of food
safety control measures.

Cp Index: assessing basic process capability. The Cp index, which
measures the potential capability of a process under the assumption of
perfect centering, was used as an initial benchmark. For E. coli, the Cp
was 2.3 at aUSL of 1 × 103 cfu/g, indicating a robust and capable process
when compared to the baseline value of 1.33 (Fig. 10). At a stricter USL
of 1 × 102 cfu/g, the Cp decreased to 1.17, a borderline value indicating
marginal process capability (Fig. 11). Conversely, at amore lenientUSL
of 5 × 103 cfu/g, the Cp rose to 3.16 (Fig. 12), reflecting excellent cap-
ability. For APC, the Cp was 3.03 at a USL of 1 × 106 cfu/g (Fig. 13),
suggesting strong control of microbial load within acceptable
thresholds.

Cpk Index: Measuring actual process performance. The Cpk index
provides a more realistic evaluation by accounting for process centering.
For E. coli, Cpk values were:
• 0.32 at USL 1 × 102 cfu/g,
• 2.02 at USL 1 × 103 cfu/g,
• 2.02 at USL 5 × 103 cfu/g.

For APC, a Cpk of 2.06 was observed at a USL of 1 × 106 cfu/g. These
values confirm that the process is capable of consistentlymeeting regulatory
thresholds, except for the strictest standard for E. coli (USL 1 × 102 cfu/g),
where performance was inadequate (Cpk < 1). As per industry standards, a
Cpk ≥ 1 is considered acceptable, while a Cpk of 1.33 or higher is preferred
for critical control points.

Cpm Index: Accounting for target deviation and variability. The Cpm
index integrates both variability and deviation from target values.
For E. coli, Cpm values were:

Fig. 9 | The mean (X-bar) chart for APC/TBC. X-bar control chart for the process variable in pmcbc_samp (n = 3000 subgroups). Center line (CL) = 4.30, UCL = 4.67,
LCL = 3.93. Red points indicate values beyond ±3σ control limits (2201 out of 3000 subgroups).

https://doi.org/10.1038/s41538-026-00767-x Research Article

npj Science of Food |          (2026) 10:178 5

www.nature.com/npjscifood


• 0.43 at USL 100 cfu/g,
• 1.68 at USL 1,000 cfu/g,
• 0.89 at USL 5,000 cfu/g.

For APC, the Cpm was 0.985 at a USL of 1 × 106 cfu/g. These findings
indicate that most processes failed to meet target-centered performance
thresholds, which require a minimum Cpm of 1.0. The lower Cpm values
point to excessive variability or poor process centering, undermining
compliance despite adequate Cp and Cpk scores in certain cases.

Empirical vs. expected non-conformance rates
Comparison between observed and expected proportions exceeding USLs
further highlighted process deficiencies. For E. coli:
• At USL 5,000 cfu/g, 0% was expected above the USL, but 0.62% was

observed.
• At USL 1,000 cfu/g, 0% expected vs 7.3% observed.
• At USL 100 cfu/g, 17% expected vs 34% observed.

For APC at USL 1 × 106 cfu/g, 0% was expected above the USL, while
7.1% was observed. When specification limits were derived from control
chart boundaries (e.g., LCL 1.67 log cfu/g andUCL2.05 log cfu/g forE. coli),
the discrepancy was stark: 9.3% expected vs 34% observed above the USL.

For APC (LCL 3.93 log cfu/g and UCL 4.669 log cfu/g), 9% was expected,
but 37% of values exceeded the USL. In both scenarios, Cp, Cpk, and Cpm
values hovered around 0.45, indicating poor capability and performance
under control chart-based limits.

Process capability analysis for pork, ovine, beef and turkeymeat
At aUSL of 1,000 cfu/g, theCP for porkmeat contaminationwithE. coliwas
5.44 (Figs. 14) and 3.55 for beef meat (Fig. 15) while the Cpk were 2.05 for
pork meat and 2.17 for beef meat. The Cpm was 0.53 and 0.83 for E. coli in
beef andporkmeat respectivelywhich like inpoultrymeat an indication that
the process does not meet the specifications, whether it is by centralization
problems, or variability excess. At a USL of 1000 cfu/g for E. coli, the
expected value above the USL for pork meat was 0% whereas the observed
value was 1.5% whereas the expected value for beef meat was 0% and the
observed value was 3.5%. At aUSL of 1,000,000 cfu/g for APC, the expected
value above the USL was 0% in both pork (Fig. 16) and beef (Fig. 17) while
the observed value above the USL was 3.3% in pork compared to 5.8% in
beef respectively. At aUSL of 1,000,000 cfu/g, the CP for porkmeat was 2.57
(Figs. 16 and 2.15 for beef meat (Fig. 17 while the Cpk were 2.08 for pork
meat and 1.74 for beef meat. The Cpm was 1.44 and 1.35 for TBC/APC in
pork and beef meat respectively an indication that the process meets the
defined specifications.18

Fig. 10 | Process capability analysis for E. coli in poultry meat at regulatory
specification limits of LSL of 10 cfu/g and USL of 1000 cfu/g. Process capability
analysis for E. coli counts (log-transformed or asmeasured) in poultrymeat samples
(n = 15,000). The distribution is approximately normal but shifted below the target
value of 2 (center = 1.86), with a standard deviation of 0.14. Regulatory specification

limits are applied as LSL = 1 and USL = 3 (corresponding to 10 cfu/g and 1000 cfu/g,
respectively). The process demonstrates excellent potential capability (Cp = 2.34)
and good actual capability accounting for off-centering (Cp_k = 2.02), with very low
expected noncompliance (ExpUSL 0%) but observed out-of-spec rates of 3.6%below
LSL and 7.3% above USL. Cpm = 1.68 reflects performance relative to the target.
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Discussion
This study investigatedwhether basic statistics, SPC, andprocess capability
techniques can effectively assess the sustainability and robustness of
sanitary measures by analysing APC and E. coli as process hygiene indi-
cators. The observed moderate positive correlations between APC/TBC
and E. coli counts, particularly stronger in poultry (r = 0.50) and beef
(r = 0.32), suggest that these indicators effectively capture shared hygiene
deficiencies in the supply chain for these products. Correlation in ovine
meat (r = 0.06) was non-significant. Significant associations where APC
showed a notable link to the importation period with generic E. coli levels
staying consistently low (94% below 1 × 103 cfu/g), with no prominent
correlations to cuts, origin, or period has been reported19. These patterns
highlight how temporal import dynamics and species product-specific
factors (e.g., unrecognizable cuts potentially increasingmicrobial exposure
during further processing) may drive bacterial relationships more than
origin alone19,20. The differences and negligible correlations reflect species
category-specific factors which may include seasonal variations, differ-
ences in processing and type of cuts (recognisable vs non recognisable)19 or
inherent microbial ecology, limiting the predictive utility of one indicator
for the other.

SPC charts consistently showed a lack of statistical control, with
multiple points exceeding the upper and lower control limits ( ± 3 standard
deviations from themean). Critically, the processes showed inconsistencies,
with multiple special-cause signals, and 7–34% of consignments exceeded
USLs depending on product category and indicator. This substantial
exceedance rate underscorespersistenthygiene inconsistencies in the supply
chain and highlights the limitations of relying solely on average compliance

for risk assessment. This out-of-control pattern signals special-cause var-
iation, likely originating from inconsistent hygiene practices in exporting
establishments, such as inadequate chilling, cross-contamination during
slaughter, variable sanitation protocols, or batch-specific issues in exporting
countries19. Process capability indices (Cp, Cpk, and Cpm) were computed
relative to the upper specification limits (USL: 106 CFU/g forAPC; 103 CFU/
g forE. coli)19. HighCpvalues indicated that the processes have the potential
to meet these USLs, but lower Cpk and particularly Cpm values revealed
poor centering and excessive variability around the target. Poultry displayed
higher Cpk than beef, possibly due to more standardized industrial pro-
cessingwith stricter controls during evisceration and chilling, yielding loads
more consistently below USLs despite higher overall means. Beef, con-
versely, exhibited greater variability, potentially fromdiverse carcass sources
and extended chill chains. Although marginally capable on average, several
consignments exceededUSLs, confirming elevatedmicrobiological risks in a
proportion of imports20.

Few studies have applied SPC to port-of-entry microbiological data,
however, similar out-of-control signals and variable capability have been
reported in domestic meat processing monitoring (e.g., using APC in
poultry plants), where special causes were traced to equipment failures or
supplier inconsistencies21. Our findings extend this to international trade,
providing novel evidence that imported meat supply chains exhibit com-
parable instability. For riskmanagement at SouthAfricanports, these results
advocate for dynamic, risk-based approaches: consignments from countries
showing frequent out-of-control points warrant intensified sampling, prior
full equivalence determination prior to country approvals and periodic
auditing by the importing country22.

Fig. 11 | Process capability analysis for E. coli in poultry meat at regulatory
specification limits of LSL of 10cfu/g and USL of 100cfu/g. Process capability
analysis for E. coli counts (log10 CFU/g) in poultry meat, based on 15,000 obser-
vations. The distribution is right-skewed and off-centered (mean = 1.862 log10 CFU/
g), with specification limits of LSL = 1 (10 CFU/g) and USL = 2 (100 CFU/g), and a

target of 1.5 log10 CFU/g. The process shows potential capability (Cp = 1.17) but
poor actual performance due to shift toward the upper limit (Cpk = 0.323, Cpu =
0.323), resulting in high expected non-conformance aboveUSL (17%) and observed
defects (Obs > USL = 34%, Obs < LSL = 3.6%).

https://doi.org/10.1038/s41538-026-00767-x Research Article

npj Science of Food |          (2026) 10:178 7

www.nature.com/npjscifood


The microbiological survey results show consistently good hygiene
levels in the sampled products across countries, with mean E. coli counts
below 1,000 CFU/g (<3 log10) and mean APC below 1,000,000 CFU/g
(<6 log10) in all countries well within typical quality guidelines for fresh/raw
meat. The log10-transformed mean E. coli counts (indicator of fecal con-
tamination) and APC- indicator of overall microbial load and process
hygiene in raw meat across 15 countries reveal consistent patterns in
microbiological quality. ForE. coli (overallmean1.74 log10/ geometricmean
≈ 55 CFU/g, SD 0.27), Australia (1.31) and the USA (1.37) show the lowest
(best) levels, while Thailand (2.28), Germany (2.25), and Brazil (2.07)
exhibit the highest, suggesting comparatively greater fecal contamination
risks in those supply chains. For APC (overall mean ≈4.26 log10 ≈18,000
CFU/g, SD 0.34), the USA (3.61), Poland (3.93), and Spain (4.05) perform
best, contrasting with higher loads in Thailand (5.13), Germany (4.77), and
Brazil (4.48). These results alignwith regulatory prescriptswhereAPCoften
falls in the 3–6 log range and generic E. coli in the 1–3 log range globally. In
Russia, specific APCorTotal bacteria counts (TBC) thresholds are enforced
depending on meat type and processing method. For red meat, limits
include 10CFU/g for freshmeat, 1 × 103CFU/g for chilledmeat, and5 × 10⁵
CFU/g for frozen meat. For poultry products, the standards are 1 × 106

CFU/g for frozen carcasses and mechanically processed poultry meat, and
5 × 10⁵ CFU/g for prepacked frozen poultry meat. China does not impose
fixed APC limits but requires frozen beef to be free from pathogenic con-
tamination. The United States (USDA-FSIS) applies process control testing
for E. coli, with limits varying by species and sampling method (Cattle:
LCL = not detected; UCL = 100 cfu/cm2; Swine: LCL = 10 cfu/cm2; UCL =
10⁴ cfu/cm2; Poultry: LCL = 100 cfu/ml; UCL = 103 cfu/ml). The European

Union sets detailed process hygiene criteria in regulations (2073/2005 and
1441/2007), including APC and E. coli thresholds for carcasses andminced
meat (Cattle, sheep, goat, horse carcasses: LCL = 3.5 log cfu/cm2;
UCL = 5.0 log cfu/cm2; Pig carcasses: LCL = 4.0 log cfu/cm2; UCL = 5.0 log
cfu/cm2; Minced meat and mechanically separated meat: APC= 5 × 10⁵ to
5 × 106 cfu/g; E. coli in minced/mechanically separated meat: LCL = 50 cfu/
g; UCL = 5 × 102 cfu/g). Australia (FSANZ) stipulates APC limits for raw
meat and requires the absence of E. coli in ready-to-eat products in
microbiological guidelines under Standard 1.6.1 (For raw meat: APC/TBC
should not exceed 5 × 10⁵ cfu/g; E. coli: absence in 1 g is required for ready-
to-eat products; for raw meat, typical acceptable levels are < 100 cfu/g).
Japan maintains similar requirements, with APC thresholds for raw meat
and strict E. coli criteria for ready-to-eat and raw meat products (For raw
meat: APC generally should not exceed 1 × 106 cfu/g; E. coli: must not be
detected in ready-to-eat products; for raw beef and pork, levels are expected
below 100 cfu/g).

The moderate variability and narrow spreads indicate reasonable
international convergence on basic hygiene standards, yet the recurring
trend stronger performance in certain high-regulation/export-oriented
countries versus higher counts in some high-production or diverse systems
points to differences in farm-to-fork controls, slaughter practices, cold-
chain integrity, and regulatory enforcement as key drivers of these out-
comes. The analysis of 34,161 consignments of imported frozen poultry
meat entering South Africa between 2016 and 2018 revealed consistently
low levels of generic E. coli, with 94% of samples below the 1 × 103 cfu/g
threshold across major exporting regions (primarily South America at
60.8%,Europe at 22.8%, andNorthAmerica at 15.2%)19. Product cuts nearly

Fig. 12 | Process capability analysis for E. coli in poultry meat at regulatory
specification limits of LSL of 10 cfu/g and USL of 5,000cfu/g. The distribution is
overlaid with specification limits (LSL = 1, corresponding to 10 cfu/g; USL ≈
3.70, corresponding to 5000 cfu/g) and a target value of ≈ 2.35 log10 cfu/g. The
process exhibits low variation (StdDev = 0.142 log10 cfu/g) relative to the wide

tolerance range, yielding high potential capability (Cp = 3.16) but moderate
actual capability due to off-centering toward the lower specification limit
(Cpk = 2.02, Cp_k = 2.02, Cpm = 0.886). Observed nonconformities are 3.6%
below LSL and 0.62% above USL, with expected defects near 0% under normality
assumptions.
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evenly split between recognizable (48.3%) andunrecognizable (51.7%) types
such as carcasses, feet, legs, breasts, offal, and skins did not demonstrate
specific influences on E. coli or APC results, unlike the noted link for Sal-
monella prevalence with unrecognizable cuts19.

Previous analysis from 81 bovine abattoirs in South Africa revealed
significant variations in APC (not detected to log10 4.106) and E. coli (log10
0.445–2.288). Similar variationswere noted in ovine and swine across 25–26
abattoirs in eight provinces. While significant inter-abattoir and inter-
provincial differences were found, intrapart (carcass sampling site) differ-
ences were generally non-significant for swine and game, although E. coli
varied significantly by site in ovine carcasses11,18. Such findings underscore
that hygiene practices vary across regions and facilities, impacting micro-
biological outcomes23. Overall, the mean data confirm generally acceptable
microbial quality globally, while highlighting room for improvement in
higher-load regions as the predominant spoilage flora in a meat is deter-
mined by various intrinsic and extrinsic factors such as nutrient availability,
oxygen availability, storage temperature, pH, storage time of the product,
and generation time of the microorganisms present in each environment19.
Additionally, South African import permits require exporters to comply
with a maximum freezing temperature of −12 °C for storage and trans-
portation. However, freezing meat at the Codex-recommended lower than
−18 °C more effectively inhibits microbial survival. At −18 °C, E. coli and
APC are reduced due to greater cold stress and lower water availability,
whereas at −12 °C more bacteria may survive, potentially shortening shelf
life and increasing food safety risks.

These SPC and capability findings carry direct practical implications
for SouthAfrican port-of-entry decisions19. Consignments surpassingUSLs
should prompt immediate rejection, destruction, or re-export to safeguard
food safety. Persistent out-of-control signals from specific exporting
countries justify risk-based measures, including increased sampling fre-
quency or intensified testing of future shipments. The observed poor cen-
tering and high variability further support broader actions, such as
mandating corrective measures or enhanced hygiene verification from
exporting establishments. Collectively, these results offer an objective,
evidence-based framework for proactive sanitary measures, enhancing
consumer protection and informing equitable sanitary global meat trade
policies19,20. Although 7–34% of consignments showed at least one sample
exceeding USLs, rejection rates were substantially lower because regulatory
action requires unsatisfactory results in ≥ 3 of 5 samples per consignment19.
This highlights that single-sample exceedances, while signalling potential
hygiene issues, do not alone warrant rejection but contribute to cumulative
risk profiling of exporters24.

This variation justifies the implementation of SPC and capability
indices to standardise practices and support compliance with national and
international microbiological criteria. The study highlights that SPC and
process capability are valuable tools for demonstrating consistent hygiene
and process control at the plant level, providing objective, quantitative
evidence that can support equivalence assessments.Whenaggregated across
establishments, the process capability metrics can offer supporting insights
at the country level, indicating overall sanitary consistency, however,

Fig. 13 | Process capability analysis for APC/TBC in poultry meat at regulatory
specification limits of LSL of 10 cfu/g and USL of 1,000,000 cfu/g. Process cap-
ability analysis for total bacterial count (TBC) in poultry meat, based on a sample of
15,000 observations from pmcbc_samp. The distribution (graph with fitted normal
curve) shows microbial levels (in log scale or equivalent units) relative to regulatory

specification limits of LSL = 1 (10 cfu/g) and USL = 6 (1,000,000 cfu/g), with a target of
3.5 (corresponding to ~316,227 cfu/g). Key metrics include Cp = 3.03, Cpk = 2.06,
Cpm= 0.985, center = 4.30, standard deviation = 0.275, observed non-
conformities USL = 8.1%.
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process-focused measures alone cannot capture the full complexity of
national sanitary systems25.

This study used secondary retrospective data from routine border
controls, which has several limitations. While freezing does not elim-
inate all pathogens, maintaining −18 °C instead of the South Africa
prescribed −12 °C aligns with international standards for minimizing
microbial load and preserving meat quality. Sampling was neither
randomized nor balanced across countries, reflecting actual import
volumes rather than designed equivalence, which may bias compar-
isons toward high-volume exporters and limit generalizability to low-
volume sources. Each consignment involved five incremental samples,
with laboratories sub-sampling portions for different analytical tests,
and results were reported in varying formats. These factors may
introduce additional variability and affect the findings. This hier-
archical sub-sampling may amplify measurement error or dilute
detection of hotspots within consignments, potentially under-
estimating true microbial heterogeneity and affecting SPC signals (e.g.,
masking special-cause variation) or capability estimates. Micro-
biological results below detection limits were treated as exact values,
thereby introducing censoring bias that may underestimate variability
and inflate capability indices. No data on downstream testing were
available, limiting direct linkage to food safety objectives outcomes. To
strengthen global food safety, future efforts should prioritize stan-
dardized prospective sampling, real-time plant-level SPC tracking,
integration of molecular techniques, harmonized criteria through
international collaboration, and risk-based interventions. Imple-
menting routine, evidence-driven SPC at import borders offers a
scalable, proactive framework for targeted exporter improvements,

enhanced risk stratification, and more effective sanitary measures that
safeguard public health while supporting fair trade”.

In conclusion, port-of-entry microbiological surveillance
demonstrates that upstreammeat production processes frequently lack
statistical control due to inconsistent exporter hygiene practices,
resulting in poor process capability despite high inherent potential.
This manifests in substantial special-cause variation and marginal
performance, with 7–34% of consignments exceeding APC or E. coli
limits in at least one sample though actual rejections remain low
under current multi-sample rules. These findings affirm APC and
E. coli as reliable hygiene indicators and highlight the value of statistical
process control on sanitarymonitoring in international trade in animal
protein.

Methods
Statistical analysis
A retrospective study data was generated from twenty-one countries
located in Africa, Europe, North America, Latin America, and Oceania.
There were seven product categories notably poultry meat, beef, turkey,
ovine, caprine, pork, kangaroo. The objective was to analyse the data
collected at the port of entry in South Africa and establish the microbial
levels of APC and E. coli. In total 28,568 data entries for the dataset over
2 years (2016 and 2017) were recorded. After cleaning the data, a total of
15,797 data entries had complete entries in terms of date of inspection,
country of origin, importer, product, export plant name and export
plant number linked to microbiological results. The data entries
selected as complete had 12,722 dataset entries for poultry, 1,410 beef
and 484 pork. Due to the trade notice, greater focus of this study was on

Fig. 14 | Process capability analysis for E. coli in pork meat at regulatory speci-
fication limits of LSL of 10cfu/g and USL of 1000 cfu/g. The graph (n = 2420
observations) shows the distribution relative to regulatory specification limits of
LSL = 1 (equivalent to 10 CFU/g) and USL = 3 (equivalent to 1000 CFU/g), with a
target of 2 (100 CFU/g). The process exhibits high potential capability (Cp = 5.44)

but is off-center (mean ≈ 1.38), yielding Cpk = 2.05 (limited by the lower side),
Cpm = 0.533, and observed nonconformances of 6.6% below LSL and 1.5% above
USL (expected defects near 0% assuming normality). This indicates good overall
control but a shift toward lower counts, with minor exceedances of the limits in the
dataset.
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data from poultry meat (quarter legs, full carcasses, offal, chicken feet,
breasts, and chicken skins) which originated from eighteen countries,
and more than 300 export establishments and sixty-two different
importers were considered. For descriptive statistical analysis, data
captured from three countries with three or less samples recorded were
removed. Sample size (N) from the fifteen countries were 789 for
Argentina, Australia (42), Belgium (350), Brazil (7,043), Canada (104),
Denmark (350), Germany (42), Hungary (156), Ireland (368), Neth-
erlands (1,192), Poland (81), Spain (451), Thailand (37), United
Kingdom (610) andUSA (1,125). The retrospective study quantified the
level and correlation of APC and E. coli in 12,722 entry samples
obtained from differentmeat cuts, mechanically separatedmeat (MSM)
and carcasses at port of entry post shipment.

Values reported as <X or >X were treated by substituting the limit X
(e.g., <10 became 10; >106 became 106) before log10 transformation. These
values were then transformed to log10 for statistical analysis. All statistical
analyses were conducted using R26. APC and E. coli concentrations (cfu/g)
were initially examined using exploratory visualisation and descriptive
statistics. Because bothoutcomes exhibitedmarked right skewness andnon-
constant variance, bacterial counts were log10-transformed prior to infer-
ential analysis to stabilise variances and improve the distributional prop-
erties of model residuals.

The effects of country and product category on log-transformed
APC and E. coli levels were evaluated using one-way analysis of variance
(ANOVA). Although sample sizes were highly unbalanced across
countries, one-way ANOVA was considered appropriate because (i)
ANOVA is robust to unequal group sizes when residuals are

approximately normally distributed and variances are reasonably
homogeneous, (ii) diagnostic assessments confirmed that these
assumptions were not materially violated following transformation, and
(iii) inference was based on Type II sums of squares, which are less
sensitive to extreme imbalance than sequential (Type I) tests. To assess
robustness, sensitivity analyses excluding countries with very small
sample sizes ( < 30 observations) were performed and yielded consistent
estimates and significance patterns.

Model assumptions were formally evaluated for all analyses. Nor-
mality of residuals was assessed using quantile–quantile plots and
Shapiro–Wilk tests applied to model residuals, while homogeneity of
variances was examined using Levene’s test. Residuals versus fitted value
plots were additionally inspected to detect potential heteroscedasticity or
model misspecification. Following log transformation, residual diag-
nostics indicated acceptable approximation to normality and no evidence
of severe heteroscedasticity. Where overall ANOVA results indicated
statistically significant differences among groups, post hoc pairwise
comparisonswere conducted usingTukey’sHonest SignificantDifference
(HSD) procedure, which accommodates unequal sample sizes and con-
trols the family-wise error rate. Adjusted p-values are reported for all
multiple comparisons.

Associations between APC and E. coli concentrations were assessed
using correlation analysis. Pearson or Spearman correlation coefficients
were applied as appropriate based on distributional characteristics, and all
correlation estimates are reported togetherwith correspondingp-values and
95% confidence intervals. All statistical tests were two-sided, and statistical
significance was defined as p < 0.05.

Fig. 15 | Process capability analysis for E. coli in beef meat at regulatory speci-
fication limits of LSLof 10cfu/g andUSLof 1000 cfu/g.Process capability analysis
for E. coli counts (bf_ec, in log-transformed cfu/g) in beef meat. The analysis uses
regulatory specification limits of LSL = 1 (equivalent to 10 cfu/g) and USL = 3
(equivalent to 1000 cfu/g), with a target value of 2. The distribution (n = 7050

observations) shows a mean of 1.61 and standard deviation of 0.094, yielding high
potential capability (Cp = 3.55) but moderate actual capability due to off cen-
tering (Cpk = 2.17, Cpm = 0.834). Observed nonconformances are 4.3% below
LSL and 3.5% above USL, with expected defects near zero under normality
assumptions.
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Statistical process control and capability
The current study evaluated the sanitarymeasures usingmicrobiological data
at the port of entry as a control point using basic statistical analysis and
principlesof SPC(Shrestha, 2018).X-bar control charts andprocess capability
were analysed to determine statistical control of the process and the status of
the quality assurance of the meat within the stated specification limits.

Data was analysed using SPC techniques which include generation of
process control charts27. Each consignmentwas considered as the numberof
groups (n) sampled while the subgroups (n = 5) referred to five different
cartons or packed boxes or slab sampled. The SPC chart was presented. The
control limits of the SPC charts were calculated. Plotting of X-bar control
charts was performed using two (2) sets of limits where action limits were
referred to as the three-sigma (3σ). In the sampling plan of the consign-
ments, a subgroup mean was the average of five (5) measurements corre-
sponding to five different cartons or packages sampled at the approved cold
store.Whereas the CLX bar is the centre line of the control chart, the UCLX
bar is the upper control limit with LCLX bar or R being the low control limit.
Mean and range values for each subgroup averageswere calculatedusing the
formula where: xI= value in each subgroup n= no of data points in the
subgroup xi = average for sub-group 1 while k is the subgroups.

�X ¼
PðX1:::XnÞ

n
ð1Þ

X ¼
Pð�X1:::�XkÞ

k
ð2Þ

The control limits for the sample mean chart are given by:

Upper control limit:

UCLx ¼ XþA2 � �R ð3Þ

Lower control limit:

LCLx ¼ X� A2 � �R ð4Þ

The SPC measurements for each subgroup were calculated based
on the SPC and process capability in R free software for statistical
computing and graphics package28. Variations on factors A2, D3, andD4

due to sample size have been reported and the recommended figures
were extracted from literature29.

Process capability analysis
Process capability was measured using R software28. Normality of the
data was tested prior to the analysis. The specifications (target/USL)
used in this study for the imported meat were expressed in cfu/g as
follows: APC, target 10/ USL 1 × 106; E. coli, target 10/USL 1 ×103. The
short-term process index that defines a process’s potential capability
assuming it was analysed and stays in the control is Cpk, however, the
extent of which a distribution is centred is quantified by the added “k” in
Cpk30. When a process is cantered on its midpoint, the best such a
process can perform is the called the Cp. Input required regarding the
lower specification limit (LSL) and the USL were derived from criterion
set by legislation.

Formulary for process capability (Cp) = (USL-LSL)/6σ whereas
the formula for the calculation of process capability index (Cpk) is

Fig. 16 | Process capability analysis for TBC in pork meat at regulatory specifi-
cation limits of LSL of 10 cfu/g and USL of 1,000,000 cfu/g. Process capability
analysis for total bacterial count (pk_tbc, in log10 CFU/g) of APC/TBC in pork
meat, based on 2,420 observations. The process is evaluated against regulatory
specification limits of LSL = 1 log10 CFU/g (equivalent to 10 CFU/g) and USL = 6

log10 CFU/g (equivalent to 1,000,000 CFU/g), with a target value of 3.5 log10 CFU/
g. The process shows excellent capability (Cp = 2.57, Cpk = 2.08), with the mean
centered near 3.98 log10 CFU/g and low standard deviation (0.325 log10 CFU/g),
though minor observations fall outside the limits (0.83% < LSL, 3.3% > USL).
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Cpk = min (USL - μ, μ - LSL) / (3σ) where USL and LSL are the upper
and lower specification limits. Process mean (μ) measures the process
location while the Process standard deviation (σ) reflects the variability
of the process.

Data availability
The data that support the findings of this study are available from the
authors, but restrictions apply to the availability of these data, which were
usedunder clearance fromDepartment ofAgriculture (SouthAfrica) for the
current study and so are not publicly available. Data are, however, available
from the authors upon reasonable request and with permission from the
Department of Agriculture.
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