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Abstract
Salmonella spp. control in pork supply chains has always been a challenging issue and
insufficient control can lead to high social and economic consequences. Conventional
risk management and risk management approaches and models are not sufficient to
address potential food safety shocks caused by Salmonella spp., as they mainly focus on
assessing measures to reduce Salmonella spp. risks instead of developing the resilience
capability (e.g., flexibility to adapt to sudden changes in the risks). Our study is the first
that incorporated the resilience concept to the quantitative modeling of Salmonella spp.
spread in the pork supply chain. The objective of this study was to explore the resilience
performance of the pork supply chain under different food safety shocks caused by
Salmonella spp., and to investigate the effectiveness of interventions on reducing the
impact of these shocks on the resilience performance of the chain. Scenario analysis
indicated that the effectiveness of the investigated resilience strategies or interventions
depended on the risk profile (i.e., default, minimum, maximum level of Salmonella
spp. contamination) of the pork supply chain. For pork supply chains with minimum
and default risk profiles, more attention should be paid to increasing resilience of pigs
towards Salmonella spp. infection. For supply chains with maximum risk profile, the
focus should be on improving the performance of the slaughterhouse, such as careful
evisceration, logistic slaughtering. To conclude, enhancing resilience performance of
the pork supply chain can contribute to a safe pork supply.

K E Y W O R D S
food safety, pathogen, quantitative microbial risk assessment model, resilience management, risk
management

1 INTRODUCTION

Salmonellosis has been identified as one of the most common
zoonotic diseases in the European Union (EU). In 2019, about
88,000 salmonellosis cases were reported, resulting in high
social and economic impacts (EFSA, 2019). Pig meat and
products thereof have been listed as one of the most relevant
vehicles with respect to foodborne salmonellosis outbreaks
(Hdaifeh et al., 2020). The pig reservoir was estimated to
be the cause of about a quarter of the human salmonellosis
cases in the EU (Snary et al., 2016). Salmonella spp. can
enter the pork supply chain at any stage, from farm to fork
(Rodríguez & Suárez, 2014). The introduction and spread of
Salmonella spp. can occur through different routes, for exam-
ple, through external agents in the environment (e.g., rodents,
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people, trucks), via pig feed, and via spread from a sow to its
piglets (vertical transfer) and from one pig to another within
a herd (horizontal transfer) (Campos et al., 2019).

Several models have been developed to aid decision mak-
ing about Salmonella spp. control in pork supply chains. For
example, van der Gaag et al. (2004) developed a susceptible-
infected-recovered (SIR) model considering the supply chain
stages from pig finishing until slaughtering. Smid and col-
leagues (2012) developed a Bayesian belief network model to
trace a Salmonella spp. contamination in the pork slaughter-
ing process and to identify hotspots where data collection is
most effective for biotracing. Snary et al. (2016) developed a
quantitative microbiological risk assessment (QMRA) model
considering the entire pig supply chain. They assessed the
effectiveness of control measures on reducing the prevalence
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of Salmonella spp. accounting for differences in pork produc-
tion systems and consumption patterns in different member
states of the EU. These models simulated Salmonella spp.
spread and prevalence in the pig supply chain and can be
used to estimate a priori the effects of potential interventions,
while taking a “normal” situation of operations as a starting
point. However, prevalence of Salmonella spp. or other
food safety hazards can suddenly increase through shocks,
that is, changes in influencing factors inside and outside
the pig supply chain to values outside normal operations.
Conventional risk management and risk assessment models
are not sufficient to address such potential food safety shocks
caused by Salmonella spp., as the main focus of the current
models is on assessing measures to reduce food safety risks
instead of on developing the flexibility of the supply chain
to adapt to sudden changes in food safety risks (Rodríguez
& Suárez, 2014). Mu and colleagues (2021) argued that the
concept of resilient food supply chain is more suitable in
such a situation, because it includes the capacity to adapt and
recover from shocks arising from the presence or emergence
of the food safety risks. They defined resilience in the context
of food safety as “the recovery capacity of the food supply
chain to food safety shocks to allow the delivery of safe food
over a reasonable lead time” (Mu et al., 2021). To improve
the recovery capacity, supply chain actors can implement
interventions that can enhance resilience. For example,
interventions at farm level include having alternative sup-
pliers for incoming piglets and feed, reducing on-farm
spread of Salmonella spp. within and between pig herds,
and, potentially, options that make pigs more resilient to a
Salmonella spp. infection (Nakov et al., 2019). Interventions
at slaughterhouse level include surveillance programs, good
slaughter hygiene, flexibility of its slaughtering capacity
to allow logistic slaughtering, as well as having alternative
partners (e.g., pig suppliers) to allow the flexibility to recover
from supply chain shocks (Alban et al., 2017). By applying
simulation modeling, one can examine the resilience per-
formance of the supply chain as a whole and for each of
its stages specifically, the potential impact of food safety
shocks, and the effectiveness of interventions for each stage
of the supply chain in reducing the impacts caused by shocks
and thereby contributing to the resilience of the pork supply
chain.

The objective of this study was to develop a simulation
model that can be used to explore the resilience performance
of the pork supply chain under different food safety shocks
caused by Salmonella spp., and to investigate the effective-
ness of the interventions on reducing the impact of these
shocks on the resilience performance of the chain.

2 MATERIALS AND METHODS

The development of the resilience assessment model is
described in subsection 2.1, whereas the resilience quan-
tification method is introduced in subsection 2.2. Scenario
analysis, described in subsection 2.3, was used to assess
resilience performance of the pork supply chain in the given

predefined scenarios that reflect possible food safety shocks
and resilience enhancing interventions.

2.1 Resilience assessment model

A discrete time stochastic state-transition resilience assess-
ment simulation model was developed based on the stochastic
susceptible-infected-recovered (SIR) model presented by van
der Gaag et al. (2004) to simulate the Salmonella spp. spread
along the pork supply chain from finishing pig farm to slaugh-
terhouse. The pork supply chain in our model was based on
the Dutch situation and starts at the finishing stage and ends
at the slaughter stage, similar to the model of van der Gaag
et al. (2004). In the Netherlands, piglets are often raised on
specialized farms that sell piglets to specialized finishing pig
farms. The resilience assessment model starts at the moment
the piglets arrive at the finishing stage at a live weight of 25 kg
(Funk et al., 2001) and finishes with chilled carcasses at the
end of slaughtering with the unit of a carcass. The multiply-
ing stage is not included, because it has only limited impact
on the prevalence of Salmonella spp. in the pork supply chain
(van der Gaag et al., 2004).

The SIR model was constructed with two components,
that is, states and transition probabilities. States define the
Salmonella spp. status of an individual pig. Six states were
defined, two susceptible states (S1 and S2), three infectious
states (I1, I2 and I3), and one carrier state I. Transition
probabilities indicate the probability for each individual pig
to change from one state to another in 1 day. Every day, the
pig status was recalculated for each individual pig. Figure 1
illustrates the states and transitions for live pigs (A) and
carcasses (B).

A live pig can, for example, start in state S1 (susceptible
1 that represents a Salmonella spp. free pig with negative
serology) and then move to state I1, that is, the pig becomes
infected with Salmonella spp. and becomes infectious (infec-
tious 1, an infected and infectious pig with negative serology).
After seroconversion, the pig can move to state I2 (infectious
2, an infected and infectious pig with positive serology). After
losing the infectiousness, the pig changes from state I2 to C
(carrier, a pig that is no longer shedding but has a positive
serology). Upon recovery, the state of a pig can change to S2
(susceptible 2, a pig susceptible to Salmonella spp. again with
positive serology). From S2, the state of a pig can change
to S1 when the serology becomes negative. However, if the
recovered pig (S2) is infected and infectious again, the state
of the pig will change to I3 (infectious 3, a previously infected
and infectious pig). Under certain circumstances, such as high
stress level of the pig, the state of a pig can change directly
from C to I3. The transition probability matrix P(t) governs
the state transition of the live pigs or carcasses in time step
t, with t set as 1 day. The state transition matrix for the fin-
ishing stage is presented in Equation (1). For the biologically
impossible state transitions, the probability was set as zero.
The rows of the matrix represent the current states and the
columns of the matrix represent the states to be transited to.
Consequently, the row summation is equal to one.
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BUILDING A RESILIENT PORK SUPPLY CHAIN TO SALMONELLA SPP 3

F I G U R E 1 (A) States and transitions for live pigs; (B) States and transitions for carcasses. (Source: Van der Gaag et al., 2004).

P (t) =

⎛
⎜
⎜
⎜
⎜
⎜
⎜
⎝

1 − PS1,I1 PS1,I1 0 0 0 0
0 1 − PI1,I2 PI1,I2 0 0 0
0 0 1 − PI2,C PI2,C 0 0
0 0 0 1 − PC,I3 − PC,S2 PC,S2 PC,I3

PS2,S1 0 0 0 1 − PS2,S1 − PS2,I3 PS2,I3
0 0 0 PI3,C 0 1 − PI3,C

⎞
⎟
⎟
⎟
⎟
⎟
⎟
⎠

(1)

The carrier state C does not exist for carcasses because,
after slaughtering, the carcass of a pig with a carrier state is
either contaminated (I3) or uncontaminated (S2). Some of the
transitions for carcasses are different when compared to those
for live pigs. For carcasses, serology conversion is no longer
possible, which means the transitions from I1 to I2 and from
S2 to S1 do not exist.

In the following subsections, the key variables for con-
structing the SIR model are summarized for each stage of the
supply chain (i.e., from finishing stage up to and including

slaughtering). Detailed modeling information and calculation
formulas can be found in Van der Gaag et al. (2004).

2.1.1 Finishing

The model unit was one finishing pig farm, which was
assumed to have 10 compartments with 100 pigs each (1,000
pigs in total at one farm). The farm was assumed to use an all-
in-all-out management system on group level, so every group
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4 MU ET AL.

of 100 pigs (one compartment) is delivered as one unit to the
slaughterhouse. We assumed that this group of 100 pigs also
stayed together in the rest of the supply chain from being
transported in one truck to the slaughterhouse, being kept
together in the lairage at the slaughterhouse, to being slaugh-
tered. The sojourn time for one group of pigs was assumed
to be 113 days. The model started with an empty finishing
farm. The farmer was assumed to buy the first group of 100
pigs from the multiplying stage at day 1 and a new group
of pigs from the multiplying stage every 11 days until 1,000
pigs (i.e., 10 groups) were on the farm. To meet the 113 days
sojourn time, the period between buying batch 10 (group 10)
and batch 11 (group 1) was set at 14 days. After 113 days on
the finishing farm, the farmer sells the 100 pigs of the first
group to the slaughterhouse. No pigs were assumed to die
during finishing. The pigs sold to the slaughterhouse were
assumed to be replaced by a new group of 100 pigs the same
day, with no empty days assumed between the consecutive
groups. A simulation horizon of 1,000 days was used, with
79 batches in total.

Each pig entering the finishing phase at day 0 has either a
state S1 or state I2, which was determined by using the prob-
ability of PS1, I2 (the probability to go from S1 to I2) as a
challenge, the same as in van der Gaag et al. (2004).

The probabilities in P(t) were determined by many dif-
ferent factors. For example, PS1,I1 is the probability for a
never-infected pig in the finishing farm to become infected
on the current day. This probability was computed based on
the infection rate from the pigs within the same group and
within the same farm, as well as the infection rates from
external sources such as feed, and people. The formulas for
calculating the probabilities can be found in Van der Gaag
et al. (2004). Model parameters used in these formulas are
indicated in Table 1.

2.1.2 Transport and lairage

In our model, the duration of the total transport and lairage
period was assumed to be 1 day. It was not possible to
explicitly model a shorter duration (e.g., 6 h) of transport
from finishing pig farm to slaughterhouse as mostly seen in
practice, due to the 1-day time step applied in the model.
However, model parameter values set for these stages were
based on the shorter durations seen in practice.

In the stages of transport from finishing farm to slaugh-
terhouse and lairage in the slaughterhouse, the states and
transitions for live pigs (Figure 1, panel A) were used but
the parameter values differed from those in the finishing
farm stage. Some transition probabilities were set to zero,
due to the short duration of being in this stage. First, tran-
sitions to another serological state were assumed not to occur
(i.e., PI1,I2 = 0 and PS2,S1 = 0). Second, infectious pigs
were assumed to remain infectious during transportation and
lairage (i.e., PI2,C = 0 and PI3,C = 0). The infection parameter
(βi) used to quantify the probability that a pig is infected by
the pigs in the same group (PG) during transportation (i = 2)

and lairage (i = 3) is much higher than the rate applied at the
stage of finishing (i = 1; i.e., β2 and β3 are much higher than
β1).

PG = 1 − e−(𝛽i∗(Igroup∕Ngroup)) (2)

PG = probability that a pig is infected by the pigs in the
same group, where Igroup is the number of infectious pigs in
a group, and Ngroup is the total number of pigs in a group.
βi is the infection parameter, that is, the rate at which a single
infected pig infects susceptible pigs in a population of sus-
ceptible pigs. The index i indicates the stage in the supply
chain, with i = 1 is farm, i = 2 transport, and i = 3 lairage.

The values for PC,I3 in the stage of transportation were
higher than those in the stage of finishing due to the higher
level of stress of pigs during transport. The transmission
probability in lairage was calculated recursively. Namely, the
probability of a susceptible pig getting infected in lairage
depends on the prevalence level of the current group and
the prevalence level of the previous group. The larger the
time span between the last and current group, the smaller the
impact of the previous group is.

2.1.3 Slaughter

In the slaughter stage, the slaughter process was divided in
two steps, namely (1) the procedure of sticking till eviscera-
tion, and (2) the procedure of evisceration till chilling. In the
slaughter stage, state transitions were governed as indicated
in Figure 1 (panel B). The carrier state is not relevant in the
slaughter stage. After the first step, pigs with a carrier state
before the slaughtering process can turn into carcasses with
state of S2 or I3. The probability to move from carrier state to
S2 is equal to the recovery rate in the first step of the slaugh-
tering, and the probability of carrier state to I3 is one minus
the probability of carrier state to S2.

In the first step, contaminated carcasses can become
susceptible, but Salmonella spp. free carcasses cannot be
contaminated. In the second step, contaminated carcasses
can become susceptible, and susceptible carcasses can also
become contaminated. The probability that a Salmonella
spp. free carcass is contaminated depends on the state of
the preceding carcasses. More preceding contaminated car-
casses increase the probability for a Salmonella spp. free
carcass to become contaminated. Conversely, more preced-
ing Salmonella spp. free carcasses decrease the probability
for a Salmonella spp. free carcass to become contaminated.

2.2 Risk profiles

We distinguished three risk profiles of the two supply chain
actors (i.e., finishing pig farm, slaughterhouse), with the
default risk profile representing the current average hygiene
situation in the EU, and the minimum and maximum risk
profiles representing the best and worst hygiene situations.
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TA B L E 1 Model parameters used in the scenarios (Source: Van der Gaag et al., 2004)

Stage Parameter
Default
risk profile

Minimum
risk profile

Maximum
risk profile Parameter description

Finishing
farm

PS1,I2 0.1 – 0.25 Probability a pig enters the finishing farm as an infected pig

ζ 113 – – The sojourn time for groups at the finishing farm

ψ 0.75 0.25 – Immunization factor (difference in susceptibility between
serological negative and serological positive animals)

δ 1/12 – – Seroconversion period (in days)

Φ 1/60 – – Period to become serological negative again (in days)

βf 0.05 – – Infection rate within a farm

β1 0.00005 – – Infection rate within a group

PEfinishing 0.00002 – 0.0005 Probability to become infected by feed, visitors, or other
external causes within a time step

α1 1/16 1/2 – Infectious period after the first infection (in days)

α2 1/14 1/2 – Infectious period after the second or third infection (in days)

γ 1/60 1/5 – Duration of the carrier period (in days)

Transport Ψ 0.75 – – Immunization factor (difference in susceptibility between
serological
negative and serological positive animals)

β2 1.5 0.5 2.5 Infection rate within a group

PEtransport 0.005 0.00005 0.05 Probability to become infected by visitors or other external
causes within a time step

PC,I3 0.35 0.05 0.65 Probability that an animal in the carrier state will re-activate

Lairage Ψ 0.75 – – Immunization factor (difference in susceptibility between
serological
negative and serological positive animals)

β3 1.5 0.5 2.5 Infection rate within a group

PElairage 0.005 0.0005 0.002 Probability to become infected by visitors or other external
causes within a time step

Λ 0.5 1 0 Smoothing factor (determine the relative importance of the
prevalence
of newly introduced groups on the PF)

PFminlairage 0.001 0 0.05 Minimum value of PF (one-fourth probability to become
infected by the
lairage within a time step)

PFmaxlairage 0.1 0.05 0.5 Maximum value of PF

Slaughter PEslaughter 0.005 0.0005 0.05 Probability to become infected by visitors or other external
causes within a time step

Qevisc 0.75 0.9 0.1 Probability that a bacteriological positive carcass becomes
bacteriological
negative by evisceration

Qproc 0.75 0.9 0.1 Probability that a bacteriological positive carcass becomes
bacteriological
negative after entire slaughter process

PFminslaughter 0.001 0.0001 0.05 Minimum value of PF (¼probability to become contaminated
by the
slaughterline within a time step)

PFmaxslaughter 0.25 0.05 0.5 Maximum value of PF

(Continues)
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6 MU ET AL.

TA B L E 1 (Continued)

Stage Parameter
Default
risk profile

Minimum
risk profile

Maximum
risk profile Parameter description

Qdown 0.05 0.5 0.1 Relative percentage the PF will decrease after a
noncontaminated
carcass passed the slaughterline

Qup 0.1 0.01 0.5 Relative percentage the PF will increase after a contaminated
carcass
passed the slaughterline

Parameter values used in the minimum, default, and maxi-
mum risk profile are the minimum, most likely, and maximum
values as defined in van der Gaag et al. (2004); these val-
ues are summarized in Table 1. Literature (Peeters, 2019) and
consultation with experts confirmed that the parameter values
for quantifying the Salmonella spp. spread at the farm level
have not changed much in the past 15 years.

2.3 Resilience quantification

Resilience deterioration in this study is quantified as the dif-
ference in Salmonella spp. prevalence on chilled carcasses
before and after a shock:

Resilience deterioration = (SPshock − SPbaseline) ∕SPbaseline

×100% (3)

where SPshock is the Salmonella spp. prevalence on chilled
carcasses after a shock, and SPbaseline is the Salmonella spp.
prevalence before the shock (i.e., baseline situation). The
higher the resilience deterioration (with 100% as the maxi-
mum), the less resilient the supply chain is to the shock. A
resilience deterioration of 0% indicates that the supply chain
is fully resilient to the shock.

Intervention strategies can be applied to improve resilience
performance of the pork supply chain to Salmonella spp.
related shocks. The effectiveness of an intervention strategy
to reduce Salmonella spp. prevalence after a shock occurred
is indicated with Resilience performance improvement
(RPI)intervention, and measured as the percentual improvement
in Salmonella spp. prevalence between the situation with an
intervention implemented compared to the situation without
the intervention when a shock occurs:

RPIintervention = (SPshock − SPintervention) ∕SPshock × 100%
(4)

Where SPintervention is the Salmonella spp. prevalence on
chilled carcasses after the intervention strategy has been
applied and a shock occurred. The higher RPIintervention, the
more effective the intervention is in mitigating the effect of a
shock. An intervention resilience performance improvement
of 0% indicates that an intervention does not mitigate any
effect of a shock, whereas a value of 100% indicates that the
intervention fully mitigates the impact of the chock.

2.4 Scenarios

For each of the three risk profiles (default, minimum, max-
imum), we constructed 11 scenarios related to shocks and
intervention strategies (baseline scenario and 10 alternative
scenarios), resulting in 33 scenarios in total. The Salmonella
spp. prevalence in the baseline (scenario 1) of each of the
three risk profiles was used as a benchmark for evaluating the
resilience performance of each particular risk profile in alter-
native scenarios. We defined 10 alternative scenarios, divided
into shock scenarios (scenario 2 to 6) and shock + inter-
vention scenarios (scenario 7 to 11). This was done to be
able to analyze the impact of an intervention when a shock
occurs. Because shocks can occur at different stages in the
supply chain, we defined scenarios with farm-level shocks
(scenario 2, 3, 7, 8) and with slaughterhouse-level shocks
(scenario 4, 5, 9, 10). Finally, because shocks could occur
simultaneously, we defined scenarios which combined all
shocks (scenario 6, 11). We modeled the effect of a shock
on Salmonella spp. prevalence rather than the shock itself.
The detailed classification and description of the scenarios
are illustrated in Table 2. For each scenario, the model was
run with 100 iterations, each iteration representing 79 batches
of 100 pigs moving through the supply chain. From the
100 iteration results, the mean and coefficient of variation
of the Salmonella spp. prevalence on chilled carcasses were
calculated.

2.4.1 Baseline scenario

To construct the baseline scenario 1 for a certain risk profile,
the parameter values in transport, lairage, and slaughtering
stages corresponding to that risk profile were combined with
the farm-stage parameter values from the default risk pro-
file. For example, the baseline scenario with the minimum
risk profile consisted of the minimum risk profile parame-
ter values of the transport, lairage, and slaughtering stages
combined with the default farm-level parameter values.

2.4.2 Shock scenarios

Farm-level shocks
In scenario 2, a shock was simulated of a higher probability
PS1,I2 that a pig entering the finishing farm is infected. This
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8 MU ET AL.

was included in the model by changing the Salmonella spp.
prevalence at the beginning of the finishing stage from 0.1
to 0.25 (maximum value of prevalence level in van der Gaag
et al., 2004). All three risk profiles used this value, because
all three risk profiles used the farm-stage parameter values of
the default risk profile. The other parameters at the farm level
values were kept at default value.

In scenario 3, a shock was simulated consisting of a higher
probability of a pig on the finishing farm (PE_finishing) to
become infected by external causes, for example, by feed
or visitors. For all three risk profiles, PE_finishing increased
from 0.00002 to 0.0005 (maximum parameter value in van
der Gaag et al., 2004). Again, all three risk profiles used
this value, because all three risk profiles used the farm-
stage parameter values of the default risk profile. The other
parameters at the farm level values were kept at default value.

Slaughterhouse-level shocks
In scenario 4, a shock was simulated consisting of a higher
probability of a carcass (PE_slaughter) to become infected by
external causes, for example, by bad lairage cleaning or low
hygiene of personnel or visitors in the slaughterhouse. For the
minimum risk profile, PE_slaughter was increased from 0.0005
to 0.05; for the default risk profile, from 0.005 to 0.05; and
for the maximum risk profile, from 0.05 to 0.1.

In scenario 5, a shock was simulated of lower recovery
capability (Q) of the slaughterhouse. This can be caused by,
for example, improper evisceration. There are two recovery
possibilities in the slaughterhouse: the probability that a bac-
teriological positive carcass becomes bacteriological negative
by evisceration (Qevisc) and the probability that a bacte-
riological positive carcass becomes bacteriological negative
after the entire slaughter process (Qproc) . Qevisc has the
same value as Qproc according to van der Gaag et al. (2004),
so recovery rate (Q) was used to represent Qevisc and Qproc
in Table 2. For the minimum risk profile, Q drops from 0.9 to
0.1; for the default risk profile, from 0.75 to 0.1; and for the
maximum risk profile, from 0.1 to 0.05.

All shocks
In scenario 6, all aforementioned shocks were assumed to
happen at the same time.

2.4.3 Shock + intervention scenarios

The following scenarios involved both shocks and corre-
sponding interventions for mitigating the shocks.

Farm-level shocks + slaughterhouse level interventions
In scenario 7, scenario 2 was combined with the interven-
tion of improving slaughterhouse recovery capability (Q).
Recovery capacity can be improved, for example, by dou-
ble singeing with a temperature of 800–1000◦C, good regular
cleaning of the equipment with washes containing organic
acids and/or logistic slaughter combined with dedicated pro-
cessing lines for pigs positive for Salmonella spp. (EFSA,

2006). For the minimum risk profile, Q was improved from
0.9 to 0.95; for the default risk profile, from 0.75 to 0.9; and
for the maximum risk profile, from 0.1 to 0.9.

In scenario 8, scenario 3 was combined with the interven-
tion of improving slaughterhouse recovery capability (Q) as
described in scenario 7.

Slaughterhouse-level shocks + farm intervention (i.e.,
resilient pigs)
In scenario 9, scenario 4 was combined with an intervention
of pigs that are more resilient to Salmonella spp., for exam-
ple by vaccinating against Salmonella spp. or using probiotic
feed additives. To simulate resilient pigs, several resilience
associated parameters (i.e., α1, α2, γ, and Ψ) were set at the
optimal values presented in Van der Gaag et al. (2004). α1
and α2 represent the infectious period after the first infection
and the infectious period after the second or third infection,
respectively, and were assumed to be as short as possible (i.e.,
both 1/2). γ reflects the duration of the carrier period, and
was assumed to be as short as possible (i.e., 1/5). The immu-
nization factor Ψ is the difference in susceptibility between
serological negative and serological positive pigs, and was
assumed to be as small as possible (i.e., 0.25).

In scenario 10, respectively scenario 5 was combined with
the intervention of resilient pigs as described in scenario 9.

All shocks + farm intervention (i.e., resilient pigs)
In scenario 11, scenario 6 was combined with the intervention
of resilient pigs as described in scenario 9.

3 RESULTS

Table 3 shows the mean Salmonella spp. prevalence and
the coefficient of variation across different risk profiles and
scenarios. In the baseline scenario, the Salmonella spp.
prevalence after the slaughter process was 0.3, 5.6, and
57.4% for the minimum, default, and maximum risk profile,
respectively. For the purpose of better comparison with the
alternative scenarios, the order of the alternative scenarios in
the table was adjusted to place interventions in combination
with a shock next to the shock itself. For example, scenario 7
was placed after scenario 2 in order to see the clear impact of
improving the recovery rate in the slaughterhouse stage on the
final prevalence when there is a shock caused by the higher
Salmonella spp. prevalence in piglets entering the finishing
farm stage. Comparing the results of the alternative scenarios
to the baseline scenario showed that even with the all-shock
scenario (i.e., scenario 6), the Salmonella spp. prevalence in
the minimum risk profile of 27.8% was about half the preva-
lence of 57.4% in the baseline scenario of the maximum risk
profile.

Comparisons between the shock (scenarios 2 to 6) and
the baseline (scenario 1) were calculated using Equation (3)
and results were summarized in Table 4. When comparing
the shock scenarios with the baseline scenario, except for
scenario 6 (i.e., all shocks), the shock caused by the drop

 15396924, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/risa.14141 by W

ageningen U
niversity and R

esearch B
ibliotheek, W

iley O
nline L

ibrary on [25/08/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



BUILDING A RESILIENT PORK SUPPLY CHAIN TO SALMONELLA SPP 9

T
A

B
L

E
3

Sa
lm

on
el

la
sp

p.
pr

ev
al

en
ce

(%
)

as
a

re
su

lt
of

va
ri

ou
s

sc
en

ar
io

s
fo

r
th

re
e

ri
sk

pr
ofi

le
s

Sc
en

ar
io

1
Sc

en
ar

io
2

Sc
en

ar
io

7
Sc

en
ar

io
3

Sc
en

ar
io

8
Sc

en
ar

io
4

Sc
en

ar
io

9
Sc

en
ar

io
5

Sc
en

ar
io

10
Sc

en
ar

io
6

Sc
en

ar
io

11

R
is

k
pr

ofi
le

P
re

va
le

nc
e

B
as

el
in

e

H
ig

he
r

pr
ev

la
ne

ce
in

pu
rc

ha
se

d
pi

gl
et

s
in

fin
is

hi
ng

st
ag

e

Sc
en

ar
io

2
+

Q im
pr

ov
em

en
t

P
E

_fi
ni

sh
in

g
in

cr
ea

se

Sc
en

ar
io

3
+

Q im
pr

ov
em

en
t

P
E

_s
la

ug
ht

er
in

cr
ea

se

Sc
en

ar
io

4
+

re
si

lie
nt

pi
gs

Sl
au

gh
te

r
re

co
ve

ry
sh

oc
k

Sc
en

ar
io

5
+

re
si

lie
nt

pi
gs

A
ll

sh
oc

ks

Sc
en

ar
io

6
+

re
si

lie
nt

pi
gs

M
in

im
um

pr
ofi

le
M

ea
n

pr
ev

al
en

ce
0.

3%
0.

3%
0.

1%
0.

3%
0.

1%
0.

5%
0.

4%
20

.9
%

0.
3%

27
.8

%
6.

1%

C
oe

ffi
ci

en
to

f
va

ri
at

io
n

0.
21

0.
17

0.
18

0.
13

0.
06

0.
02

0.
35

0.
32

0.
16

0.
38

0.
05

D
ef

au
lt

pr
ofi

le
M

ea
n

pr
ev

al
en

ce
5.

6%
5.

9%
2.

1%
6.

6%
2.

3%
6.

5%
2.

7%
36

.8
%

3.
0%

43
.2

%
13

.4
%

C
oe

ffi
ci

en
to

f
va

ri
at

io
n

0.
07

0.
05

0.
05

0.
05

0.
04

0.
02

0.
07

0.
08

0.
08

0.
16

0.
06

M
ax

im
um

pr
ofi

le
M

ea
n

pr
ev

al
en

ce
57

.4
%

58
.7

%
13

.7
%

61
.2

%
13

.9
%

58
.1

%
37

.3
%

61
.4

%
35

.7
%

65
.3

%
44

.7
%

C
oe

ffi
ci

en
to

f
va

ri
at

io
n

0.
02

0.
01

0.
01

0.
02

0.
02

0.
01

0.
03

0.
03

0.
02

0.
02

0.
02

in recovery rate at the slaughterhouse (scenario 5) had the
largest impact on the resilience performance for all three
risk profiles. For a slaughterhouse with a minimum risk pro-
file, the increase in Salmonella spp. prevalence (from 0.3 to
20.9%) was larger than for a slaughterhouse with a maxi-
mum risk profile (from 57.4 to 61.4%). The other shocks,
that is, higher prevalence at the finishing stage caused by
purchased pigs with higher prevalence (scenario 2), higher
probability of contamination caused by external factors at the
finishing stage (scenario 3) or at the slaughter stage (scenario
4), resulted in a smaller increase. In these cases, Salmonella
spp. prevalence doubled at the highest, as compared to the
baseline scenario for all risk profiles. For the minimum risk
profile, the reductions on the resilience performance due to
different shocks were largest across different risk profiles.
This was caused by the difference in the severity of shocks
across different risk profiles. For example, for the minimum
risk profile, the slaughter recovery rate dropped from 0.9 to
0.1 (drop of 89%), while for the maximum risk profile, the
slaughter recovery rate dropped from 0.1 to 0.05 (drop of
50%). The increase in prevalence level in the maximum risk
profile after the shock was relatively small, because the pre-
shock situation in the maximum risk profile had already a
high Salmonella spp. prevalence, which can be seen from the
many parameters that have the worst scenario values. There-
fore, this does not imply that the slaughter with the high-risk
profile is more resilient.

Figure 2 presented the effectiveness of resilient inter-
ventions to reduce the prevalence level if a shock occurs
for three risk profiles. When comparing intervention effec-
tiveness across different shock scenarios, both increasing
slaughter recovery capacity and introducing resilient pigs on
the farm played an important role in reducing the final preva-
lence level. Improving the recovery capacity Q at slaughter
can mitigate around 65 to 77% of the effects of farm-level
shocks, irrespective of the risk profile. In contrast, when
increasing pigs’ resilience to mitigate the effects of slaugh-
terhouse level shocks, large variations were apparent between
risk profiles. With a shock caused by external factors in the
slaughterhouse, the intervention of resilient pigs (scenario 9)
showed the largest improvement (58.3%) for the default risk
profile, whereas in the other risk profiles the effectiveness
was around 24 to 36%. When a shock is caused by a drop
in the slaughterhouse’s recovery capability, with the concept
of increasing resilience of pigs, the maximum risk profiles
(scenario 10) showed effectiveness of 41.8% as compared to
the over 90% improvements with the minimum risk profile
(98.5%) and default risk profile (91.9%). When all slaugh-
terhouse level shocks happened together, the effectiveness of
increasing resilience of pigs (scenario 11) was higher under
the minimum risk profile (78.1%) and default risk profile
(69.0%) than under the maximum risk profile (31.6%).

4 DISCUSSION

This study is the first study that incorporated a resilience
concept in managing Salmonella spp. prevalence in the pork
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10 MU ET AL.

TA B L E 4 Resilience performance of three risk profiles under different shocks

Prevalence/
Risk profile

Scenario 2 Higher
prevlanece in purchased
piglets in finishing stage

Scenario 3
PE_finishing
increase

Scenario 4
PE_slaughter
increase

Scenario 5
Slaughter recovery
shock

Scenario 6 All
shocks

Minimum profile 12.3% 24.5% 104.0% 7774.8% 10360.5%

Default profile 6.3% 17.7% 16.8% 558.3% 674.2%

Maximum profile 2.2% 6.6% 1.2% 7.0% 13.7%

F I G U R E 2 Effectiveness of resilient
interventions on the prevalence level for three risk
profiles.

supply chain. On top of a simulation model for mimick-
ing the spread of Salmonella spp. prevalence in the pork
supply chain, different shock scenarios with intervention
strategies were constructed to test the resilience performance
of the pork supply chain with different risk profiles. The
Salmonella spp. prevalence, predicted using the modeling
approach described in this study, are in line with previous
findings. The minimum risk profile results in the baseline
scenario (Salmonella spp. prevalence of 0.3%) are in line
with the Salmonella spp. prevalence in EU countries with
specific national guarantee plans; for example, for Denmark
and Sweden, where Salmonella spp. prevalence has dropped
to nearly zero (Primavilla et al., 2021). The results of the
default risk profile (Salmonella spp. prevalence of 5.6%) are
in line with Snary et al. (2016), who stated that there were
slaughterhouses in Europe with a prevalence level around
5%. Also, EFSA (2019) indicated that the average prevalence
in slaughterhouses across different Member States was 3.4%.
The maximum risk profile (Salmonella spp. prevalence of
57.4%) reflects the worst-case slaughterhouse situation with
poor hygiene conditions. Such a situation can be seen more
often in developing countries where food safety can be a
big concern. However, this may also occur in developed
countries. For example, a study reported a Salmonella spp.
prevalence of over 50% at one Belgian pig slaughterer
(Botteldoorn et al., 2003). Similar cases were also found in
Spain and Italy (Bonardi, 2017).

The effectiveness of the intervention strategies varied
across different shocks and risk profiles, and between the

interventions. Across different risk profiles, interventions
at the slaughterhouse can improve resilience to shocks at
farm level. For example, a slaughterhouse could introduce
regular cleaning and disinfection procedures, use machines
and equipment that have a lower probability to maintain
Salmonella spp. strains, and use more intensive monitoring
schemes (Hdaifeh et al., 2020). Another interesting finding is
that resilient pigs could mitigate the impact of a bad perform-
ing slaughterhouse. Examples of practices that could increase
the resilience of pigs are adopting vaccination, or using a pro-
biotic feed additive to boost the immune system of the pigs
(Peeters, 2019), breeding pigs that are resilient to Salmonella
spp. (Knap & Doeschl-Wilson, 2020), and improving pig
welfare (e.g. better housing, feeding schemes) to reduce stress
in pigs thereby improving their immune system in resist-
ing Salmonella spp. infection or recovering faster from an
infection (Nakov et al., 2019; van Dixhoorn et al., 2021).

Although this study opens the field of incorporating
resilience thinking in food safety control in the pork sup-
ply chain with a quantitative hazard simulation model, there
are some limitations in the current study. Due to the lack
of access to real monitoring data related to Salmonella spp.
outbreaks, literature data and expert opinions were used to
mimic the real situation. To reduce this limitation to reflect
the real-life Salmonella spp. prevalence, different scenarios
were constructed to represent the variation in Salmonella spp.
prevalence seen in practice, and to assess worst- and best-
case situations. Nevertheless, future studies are suggested to
use real data on the food safety shocks, as well as data on
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BUILDING A RESILIENT PORK SUPPLY CHAIN TO SALMONELLA SPP 11

the interventions applied after the shocks and recovery of the
shocks, to derive more practical and case specific intervention
strategies. Speed of recovery for example was not addressed
in the modeling process due to lack of data, but should be
included in the future studies when more data are available
to better capture the resilience circle. Moreover, assumptions
were used in this study for simulating resilient pigs, because
only limited knowledge was available in this new research
area. When more knowledge becomes available, estimates of
the parameters to simulate resilient pigs can be improved,
such as factors (e.g., housing factors, gut microbiome com-
position) that influence immunity and recovery of pigs with
regard to coping with Salmonella spp.

Despite the aforementioned limitations of the current
study, the resilience management, as an emerging concept in
food safety domain, has shown its vital value in enhancing the
safe food supply (Mu et al., 2021). Compared to the classi-
cal food safety risk assessment models, food safety resilience
assessment models have the following added values: (1)
emphasis on developing the capacity to make adaptations
(e.g., having alternative supply chain network) or transfor-
mations (e.g., smart digital production systems) to cope with
the food safety risks instead of putting minimizing food
safety risks as the main objectives; (2) focusing on long-
term coping strategies (e.g., resilient animals) instead of
only seeking for short term solutions (e.g., use of antibi-
otics) to mitigate the impacts caused by the food safety
risks.

In our study, Salmonella spp. was considered as the food
safety hazard in the pork supply chain. However, to achieve
the goal of building a resilient food supply chain to food
safety shocks, analyses of other food safety hazards in the
pork supply chain as well as in other food products should be
performed. Due to the huge difference in the spreading path-
ways and mechanisms, different interventions are expected.
The developed model for the pork supply chain’s resilience
performance to Salmonella spp. could be used as a start-
ing point to quantitatively analyze resilience performance to
other food safety hazards in the pork supply chain or to other
food supply chains.

5 CONCLUSION

This study is the first study that incorporates the resilience
concept to the quantitative modeling of the Salmonella
spp. spread in the pork supply chain. Results showed that
the effectiveness of the intervention strategies in improving
resilience performance varied across different shocks and risk
profiles (i.e., default, minimum, maximum). For pork sup-
ply chains with minimum and default risk profiles, increasing
resilience of pigs towards Salmonella spp. infection was the
most effective intervention, whereas for supply chains with
maximum risk profile, this was improving the performance of
the slaughterhouse (e.g., careful evisceration, logistic slaugh-
tering). Future studies are suggested to use data from a real
outbreak of a food safety incident, and data related to effects

of intervention strategies, as well as investigating other food
safety hazards (e.g., other bacterial, virus and bacterial haz-
ards) or other food supply chains to build a resilient food
supply chain to food safety shocks.
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