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SUMMARY
Salmonella Typhimurium (STM) infection in pigs represents a considerable food safety
concern. This study used mathematical modelling to evaluate the effectiveness of cleaning
(faeces removal) as a measure to control STM spread among grower-ﬁnisher pigs. A modiﬁed
Susceptible-Infected-Recovered-Susceptible (SIRS) model of STM transmission through a
contaminated environment was developed. Infected pigs were divided into three states according
to the pathogen level being shed in their faeces. Infection transmission was evaluated using the
basic reproduction number (R0) and the prevalence of infectious pigs at slaughter age. Although
increased frequency and efﬁciency of cleaning did reduce the prevalence of STM shedding at the
time of slaughter, these efforts alone were not capable of eliminating the infection from the
population. The level of STM faecal shedding by infectious pigs strongly inﬂuenced the infection
spread and prevalence at slaughter. To control STM in pigs, cleaning should be combined with
vaccination and/or isolation of high-level shedders.
Key words: Cleaning, compartmental model, grower-ﬁnisher pig, Salmonella Typhimurium.

I N T RO D U C T I O N
Salmonellosis is the most common human bacterial
foodborne illness in the USA [1, 2]. In 2009, there
were 7039 laboratory-conﬁrmed cases of Salmonella
infections reported in the USA with an incidence
of 15·2/100 000 [3]. Considering the large number of
cases that go unreported, the actual number of
human cases is estimated to be as high as 1·03 million
every year [2]. Signiﬁcant progress has been made in
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terms of reducing the incidence of foodborne infections due to bacterial pathogens such as Shigella,
Yersinia, Shiga toxigenic Escherichia coli, Campylobacter and Listeria (i.e. 25–55% reduction in incidence
by the end of 2009 relative to 1996–1998 rates). However, during the same time period there has been
only a 10% decrease in the incidence of human salmonellosis [3].
Salmonella is a common enteric bacterium colonizing the gastrointestinal tract of many animal species
including pigs [4]. Salmonella Typhimurium (STM) is
one of the most common Salmonella serotypes detected
in swine faeces [5–7]. The presence of Salmonellainfected pigs at slaughter signiﬁcantly increases the
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likelihood of cross-contamination of pig carcasses [8].
Contaminated pork and pork products then serve
as sources of foodborne salmonellosis in humans [9].
STM is the second most common cause of foodborne
salmonellosis in humans next to S. enteritidis [3].
About 14% of all reported foodborne outbreaks of
Salmonella infections are attributed to contaminated
pork products [10]. Thus, the value of reducing the
prevalence of STM infection in the slaughter-age pig
population to improve food safety is well recognized.
Pigs infected with STM often remain asymptomatic
and shed bacteria into the environment for a varying
period of time [11, 12]. This is problematic when
attempting to detect infected pigs in a timely manner,
and restricts our ability to apply intervention measures
to control the infection spread among pigs. The detection challenge is further complicated by an intermittent faecal shedding pattern of the bacterium by the
infected pigs [13]. Additionally, STM can survive in
the environment for up 80 days [14]. The number of
bacteria shed in the faeces of infected pigs, together
with their ability to survive and replicate in the environment, contributes to the overall bacterial load
in the environment, which facilitates indirect transmission. New infections occur when susceptible pigs
are exposed to the pathogen in the environment,
which includes the pathogen present on the hides of
pigs. In practice, most commercial grower-ﬁnisher
pig farms have some measure in place for excreta disposal (and pathogen removal) from pens on a daily
basis, such as slatted ﬂoor space with a pit holding
underneath, open gutter ﬂush system or a ﬂush system
under the slat [15, 16]. Depending on the faeces
removal system in place (hereafter used interchangeably with the term ‘cleaning’), the efﬁciency of pathogen removal (in terms of the proportion of faeces
removed from the environment through cleaning)
will vary across farms.
Although faeces removal from barn surfaces is routinely used on pig farms, the effectiveness of these
cleaning practices as a control effort has not been
thoroughly evaluated. For example, the combinations
of cleaning frequency and efﬁciency that would be
required to control STM infection in a pig herd
are not known. To address this question we used a
mathematical modelling approach, in which the transmission of STM occurs from the contaminated
environment to the susceptible host. The basic reproduction number (R0) and the number of infectious
pigs at the time of slaughter were used as measures
of STM transmission. R0 is deﬁned as the average

1035

number of secondary cases produced by one typical
infected individual during its entire period of infectiousness in a completely susceptible population
[17]. As such, R0 is a very informative quantity that
measures the maximum reproductive potential for
an infectious disease [18]. The prevalence of STMinfected pigs at slaughter age has food safety
relevance.
The objective of this study was to improve our
understanding of the role that cleaning could play in
the control of STM spread in a typical pen of a
grower-ﬁnisher pig herd managed under an all-in/allout production system using a mathematical modelling approach. The proposed model further considers
the mechanism in which infection transmission is
affected by the intermittent shedding pattern as well
as the bacterial shedding load and persistence in the
environment. The grower-ﬁnisher pigs were used as
a model system because a higher prevalence of
STM in slaughter-age pigs poses an increased risk of
cross-contamination of pork products at the slaughter
plant [8].
M AT E R IA L S AN D M E T H O D S
Model formulation
To describe STM transmission within a pig pen,
we modiﬁed the standard Susceptible-InfectedRecovered-Susceptible (SIRS) model structure to
include the free-living pathogen in the Environment
(E) compartment and subdivided the Infected group
into three compartments (Fig. 1) to represent the variation in the pattern [13] and rate of STM faecal shedding [19, 20] over the entire period of STM infection.
Speciﬁcally, the three subgroups of STM-infected pigs
are: Infectious 1 (I1), Latent (L), and Infectious 2 (I2).
I1 denotes the ﬁrst continuous period of shedding after
Susceptible (S) pigs become infected. Latent (L) pigs
are infected but temporarily non-shedding (i.e. noninfectious). This state is followed by the intermittent
Infectious state (I2) where individuals resume shedding
after a short period of non-shedding in state L. A pig
in state I2 could stop shedding temporarily (i.e. enter
the L state) and then cycle between I2 and L several
times (describing intermittent shedding) during the
total length of infection. Infectious pigs in the I1 or
I2 state will eventually recover from the infection
(and will be considered temporarily immune to reinfection). Recovered (R) pigs lose their immunity
over time and eventually revert to full susceptibility
(i.e. they enter state S).
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Fig. 1. Flow diagram illustrating the dynamics of Salmonella Typhimurium transmission in grower-ﬁnisher pigs.

The spread of STM infection in the pig population
depends on the indirect transmission rate, susceptible
host density, and the free-living pathogen density in
the environment. The infectious animal sheds bacteria
in the environment, where they can replicate and survive for a long period of time. In addition to STM
excreted in the faeces from the infectious hosts, the
natural decay and replication of free-living STM in
the environment and cleaning practices determine the
overall bacterial load in the environment. Transmission
through encounters of susceptible pigs with the freeliving bacteria in the environment is included in the
model to represent indirect faecal–oral transmission.
In theory, direct transmission of STM from an
infectious to a susceptible pig may occur. However,
it should be noted that direct transmission can only
occur if a susceptible animal ingests bacteria in the
fresh faeces from the recto-anal region of an infectious
animal, which is probably the only body part that can
get contaminated with the animal’s own, freshly excreted faecal material. All other parts of the animal’s
body are most likely contaminated by contact with the
pen environment that is already contaminated with
faeces of multiple pigs, including those concurrently
infectious and those that were infectious several days
earlier. Thus, ingesting bacteria from a contaminated
animal hide, other than the freshly contaminated
recto-anal region, should not be viewed as the direct
transmission but as the indirect transmission due to
animal–animal contact. As such, the extent of true
direct transmission can be considered negligible compared to the extent of indirect transmission. Therefore,
our model of STM transmission accounts for the
indirect transmission only.
The transmission of STM infection in a growerﬁnisher pig pen is described by using a system of

nonlinear ordinary differential equations (ODEs):
dS
= −βES + γR,
dt

(I)

dI1
= βES − δI1 ,
dt

(II)

dL
= f1 δI1 +(1 − f2 )ηI2 − ωL,
dt

(III)

dI2
= ωL − ηI2 ,
dt

(IV)

dR
= f2 ηI2 + (1 − f1 )δI1 − γR,
dt


dE
E
= ρ1 I1 + ρ2 I2 + rE 1 −
− (ε + μ)E,
dt
K

(V)
(VI)

Parameter notations and deﬁnitions for the ODE system are given in Table 1. The time step used was
1 day. The parameter β is the rate of STM indirect
transmission, δ is the rate that pigs move out of I1,
with a fraction (f1) moving into the L state, and the
remaining fraction (1 – f1) moving into the R state.
When latent pigs (L) start to shed again, they move
to I2 at rate ω. A fraction (f2) of the pigs in I2 recover
and the rest move back to the L state at rate η. Thus,
infected pigs can cycle between L and I2 at speciﬁc
rates. The infection with STM imparts transient protective immunity; therefore, the recovered pigs become
susceptible after the loss of immunity at rate γ. The
parameters, ρ1 and ρ2 represent the bacterial shedding
rates per animal/day for pigs that are in I1 and I2
states, respectively. The parameter r is the rate of
STM replication in the pen environment. The pathogen growth rate is modelled as a logistic growth with
an environmental carrying capacity, K. The parameters ε and μ represent the rate of STM removal
through cleaning and the natural pathogen decay in
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Table 1. Notations and deﬁnitions of the parameters and their baseline values and distributions for sensitivity
analysis of the Salmonella Typhimurium (STM) transmission model among grower-ﬁnisher pigs raised in an
all-in/all-out system of production
Notation Deﬁnition (unit)

Baseline
value

5th and 95th
percentiles

Sensitivity analysis

Reference

N

50

n.a.

n.a.

[25, 26]

Uniform (5·63 × 10–11,
9·38 × 10−11)
n.a.
n.a.
n.a.
Lognormal
(log(0·93), 0·01)
1/exp (1/DCs)
1/exp (1/DL)
1/exp (1/DIs)
Lognormal
(log(0·13), 0·1)
1/exp(γ)
Lognormal (18·42, 1)

Calibrated
based on [31]
[13]
[13]
[13]
[13, 30]

DCs
DIs
DL
f1

Number of grower-ﬁnisher pigs
in the pen
Indirect transmission rate per
c.f.u. of STM (c.f.u./day)
Duration of stay in I1 (days)
Duration of one-time stay in I2 (days)
Duration of one-time stay in L (days)
Fraction moving to L from I1

7·5 × 10−11 5·83 × 10−11,
9·18 × 10−11
12·5
n.a.
3·3
n.a.
4
n.a.
0·93
0·91, 0·95

δ
ω
η
f2

Rate of transition out of I1 (/day)
Rate of transition out of L (/day)
Rate of transition out of I2 (/day)
Fraction recovering from I2

1/DCs
1/DL
1/DIs
0·13

0·027, 1·58
0·08, 4·84
0·1, 5·68
0·11, 0·15

γ
ρ1

Rate of losing immunity (/day)
Rate of STM shedding by an animal
in I1 (/day)
Rate of STM shedding by an animal
in I2 (/day)
STM growth rate in the
environment (/day)
Carrying capacity of faeces (c.f.u./g)
Maximum amount of faeces in the
environmental compartment (kg)
Carrying capacity of the environmental
compartment Ve (c.f.u.)
Rate of bacterial removal by cleaning
(/day)
Decay rate of STM bacteria
in the environment (/day)
Average amount of faeces
produced by a pig (g/day)

0·01
σ 105

0·003, 0·018
2 × 107, 5 × 108

σ 103

2 × 105, 5 × 106 Lognormal (13·8, 1)

[19, 20]

0·25

0·187, 0·313

Uniform (0·18, 0·32)

[34]

106
33·3

n.a.
n.a.

n.a.
n.a.

1000k Ve

n.a.

n.a.

[57]
Calculated from
equation (VIII)
n.a.

1·61

1·26, 2·25

Uniform (1·21, 2·3)*

Assumed

0·12

0·93, 0·147

Uniform (0·09, 0·15)

[14]

1000

n.a.

n.a.

[20]

β

ρ2
r
k
Ve
K
ε
μ
σ

[13]
[13]
[13]
[13, 30]
[11, 13, 55, 56]
[19, 20]

n.a., Not applicable.
* The baseline rate of 1·61 and the sensitivity analysis values 1·26 and 2·25 correspond to the cleaning efﬁciency of 80%, 70%,
and 90%, respectively.

the environment, respectively. In reality, STM is
consumed by all animals in the herd, not only the susceptible ones. However, this rate of STM consumption by the hosts is negligible compared to the rates
of its growth in the environment and shedding by
infectious animals, and the overall pathogen depletion
rate from the environment (ε + μ) [21, 22]. Thus ingestion of STM by hosts can be neglected as justiﬁed by
Dwyer [23].
Most grower-ﬁnisher farms follow an all-in/all-out
system of production [24], where they receive weaned
pigs 6–10 weeks of age and raise them for 14–20 weeks
before selling the pigs for slaughter [25, 26]. Therefore,

this production system was considered as the most
relevant for our model. Several simplifying assumptions were made to assure model tractability and
interpretation:
(i) Initially, all but one of the incoming pigs are considered to be free of infection. While this is
not always true, it is an important simplifying
assumption to help us understand STM transmission dynamics in a grower-ﬁnisher facility
using a deterministic mathematical model. The
sensitivity of the model to this assumption was
tested and the implications were discussed.
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(ii) Pigs are dispersed randomly in the pen environment, and therefore are all equally likely to contact free-living STM.
(iii) The pig population does not change during the
production period, i.e. there is no loss due to mortality or culling before pigs reach slaughter age.
STM infection seldom causes clinical illness or
death in pigs. About 2% of all pigs are lost due
to mortality from other causes prior to reaching
slaughter age [27]. However, these losses were
considered to have a negligible effect on prevalence at slaughter age. The model’s sensitivity to
this assumption was tested and discussed.
(iv) The environment contaminated through faecal
shedding of infectious pigs and through growth
of free-living bacteria in the environment is the
only source of STM infection in the pen; other
sources of infection, such as infected pigs in
neighbouring pens, insects, rodents and birds,
were not considered. This model setup allows
for the evaluation of STM transmission within
a pig pen in isolation of these other sources (see
Discussion).
Analysis of this model was performed by using a combination of analytical and numerical approaches. For
numerical analysis, the system (I)–(VI) was solved
using the ‘lsoda’ ODE solver in R (R Foundation,
Austria).

Basic reproduction number (R0)
R0 is used as a threshold to determine whether or
not the disease can invade the population of susceptible hosts successfully. In general, disease invasion
is not possible (i.e. the disease-free equilibrium is
locally asymptotically stable) when R0 <1, but when
R0 > 1 the disease-free equilibrium is unstable and
an outbreak is expected to occur [28]. The diseasefree equilibrium (DFE) for system (I)–(VI) is
given by:
S ∗ = N,

where N = S + I1 + L + I2 + R.

To calculate R0 for the system (I)–(VI), we used the
next-generation matrix method of van den Driessche
& Watmough [29]. The next-generation matrix (H)
for the system (I)–(VI) is given in the Supplementary
online Appendix. The expression for R0 is the spectral radius of matrix H [29]:


(VII)
R0 = 12 R01 + R201 + 4R02 R03 ,

where
R01 =

r
,
(ε + μ)

R02 =



βN
ρ
f1 ρ2
.
, R03 = 1 +
δ
f2 η
ε+μ

The term R01 can be interpreted as the contribution
to R0 from the free-living pathogen in the environment expressed as the expected number of secondary
colony-forming units (c.f.u.s) of pathogen produced
by 1 c.f.u. of pathogen during its time in the environment. The term R02 is the expected number of new
infectious pigs (I1) produced by 1 c.f.u. of pathogen
during its time in the environment. The term R03
is the expected number of c.f.u.s of pathogen shed
by an infectious pig during its entire infectious
period.

Parameter estimates
Table 1 summarizes the parameter values and the
sources from which they were obtained. Parameters
δ, ω, and η were estimated as the reciprocal of the
mean sojourn time an infected pig spends in the
continuous shedding (I1), latent carrier (L), and intermittent shedding (I2) states, respectively, for pigs challenged with either 106 or 109 c.f.u. STM, using the
approach and data reported in [13]. Exponential distributional assumptions for these parameters were
made in the method used to derive these rates by
Ivanek et al. [13], which have been retained here.
Similarly the parameters f1 and f2 were estimated
from the ratio of the transition intensities using the
approach and data reported previously [13] for pigs
challenged with either 106 or 109 c.f.u. STM. The
conﬁdence limits for transition intensity ratios were
computed with the normality assumption on the log
scale [30], so we retained this distributional assumption for f1 and f2. The STM shedding rates (ρ1 and
ρ2) by pigs in states I1 and I2 were based on the shedding reported for pigs in I1 (∼105 c.f.u./g faeces)
and for pigs in I2 (∼103 c.f.u./g faeces) [19] and
the fact that an individual grower-ﬁnisher pig
produces an average of 1 kg (1000 g) of faecal material
per day [20]. Pigs shed STM at a rate that closely
satisﬁes lognormal distribution [19], and we have
used the lognormal distribution for ρ1 and ρ2
accordingly.
Published data on the indirect transmission rate (β )
are lacking. Thus we estimated this value through calibration by matching the prevalence of pigs shedding
STM predicted by our model to the prevalence of
shedders within a pen reported in a longitudinal ﬁeld
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study in three Danish farrow-to-ﬁnish swine herds
known to be infected with STM [31]. The transmission
rate of β = 7·5 × 10−11/day per bacterial unit in the
environment best described the early stage of reported
STM infection outbreak. The STM natural decay rate
in the environment, μ, was estimated from [14] where
STM survival of up to 80 days has been reported,
using the reported initial and ﬁnal count of bacteria
over a given time interval in manure from feeder
pigs stored at 25 °C. Speciﬁcally, it was calculated as
μ = [log(C0 ) − log(Ct )]/Δt = 0·12,
indicating that an average STM survives for 8·3 days
in the environment. In the above equation, log = natural logarithm, C0 = initial STM count = 104, Ct = ﬁnal
STM count = 1, Δt = time interval = 80 days. The
model’s sensitivity to the estimate of μ was assessed
in the sensitivity analysis (Table 1). To test the potential role of the reported long-term persistence of STM
in the environment, an additional sensitivity analysis
was conducted with μ = 0·0125 that corresponds to
STM survival of 80 days. While it is known that
STM can replicate in fresh cattle and poultry manure
[32, 33], to our knowledge there is no published information on the rate of STM growth in fresh pig faeces.
There is, however, evidence for the growth of
S. Choleraesuis in pig manure [34]. That study reported that growth rate of S. Choleraesuis shed from
pigs infected for <4 days was zero, and for those
shed after 4 days and 7 days of infection were 0·18
and 0·54, respectively. We, therefore, used the average
of the three growth rates (r = ∼ 0·25) for STM in pig
manure and assessed the robustness of this assumption
in the sensitivity analysis (Table 1). An additional sensitivity analysis was conducted to assess the role of a
potential fast replication of STM in the environment
with r = 0·5. In the absence of a known distribution
for β, μ, and r, we assumed a uniform distribution
around their baseline values to assess their impact
on R0 and STM prevalence at slaughter age.
The faeces (and pathogen) removal is partly
affected by the type of ﬂoor surface on the barn.
According to the 1996 record, there were essentially
four types of ﬂoor surfaces (slatted, solid concrete,
partially slatted, dirt) in US pig barns. About 40%
of the grower-ﬁnisher pigs were raised in barns with
slatted ﬂoors, 31% in barns with concrete ﬂoors,
24% in partially slatted ﬂoors, and the remaining 1%
on dirt ﬂoors [35]. Similarly, the manure management
method varies across production systems ranging from
manual, mechanical, pit-holding to ﬂush open-gutter,
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and the ﬂush under slat method of cleaning the barn
surfaces [15]. The slatted ﬂoor types are designed to
work the faecal waste through the slats by the animal
trafﬁc into a pit-holding or an alley below [16].
Additionally, the ﬂush system of cleaning may be
applied either in a continuous or intermittent manner.
Due to the variability in ﬂoor type and waste management practices on farms, it is impossible to pick a particular value of cleaning efﬁciency and frequency. The
baseline numerical simulations were run assuming
cleaning (i.e. faeces removal) occurred once a day
with an 80% reduction of the pathogen load per cleaning. This daily per cent reduction corresponds to the
removal rate of 1·61/day [converted using equation
ε = −log(1 − proportion of STM removed) as described in [36]]. In the sensitivity analyses, we allowed
the per cent reduction to vary between 70% and 90%
to accommodate a potential variation in cleaning
efﬁciency across grower-ﬁnisher pig farms and our
lack of knowledge about the estimate. Furthermore,
the impact of different combinations of cleaning
efﬁciency, frequency, and pathogen shedding levels
on R0 and STM prevalence at slaughter age were evaluated. It should be noted that by assuming the
efﬁciency of cleaning is <100% we are assuming that
a certain percentage of the total faecal material
excreted by all pigs in 1 day will remain on the barn
surfaces at any time. For example, with 80% cleaning
efﬁciency, there will be 0·2 × 50 = 10 kg faeces remaining on the barn surface after cleaning (where 50 is
the amount of faeces produced by N = 50 pigs in
1 day considering that one pig produces on an average
1 kg faeces per day). It may appear as though the
amount of faecal material in the environment will
increase without bound over time for a cleaning
efﬁciency of 80%. However, this is not the case.
Assuming that cleaning is performed once every day
and always with the same efﬁciency, the faecal
material on the barn ﬂoor will build up slightly for
the ﬁrst few days, but eventually reach a plateau
after which there will be negligible increase. In the
example of 80% efﬁciency, the amount of faeces that
remained after cleaning on day 0 (10 kg) will accumulate until it reaches a plateau at 12·5 kg within 10 days.
Below, we prove that the accumulated faecal material
has an upper bound, determined by the initial amount
of faeces and the efﬁciency of cleaning.
Suppose that the amount of faecal material remaining after cleaning on day 0 (x0) is equal to 10 kg. If xn
denotes the amount of faeces remaining on the barn
surface after cleaning on day n, then the following
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will hold true:

The dynamics of STM spread and potential control
measures

x0 = x0 = 10 kg (faeces remaining after cleaning
on day 0),
x1 = x0 + (0·2)x0 kg (faeces remaining after
day 1 of cleaning),
x2 = x0 + (0·2)x0 + (0·2)2 x0 kg
(faeces remaining after day 2 of cleaning),
In general, for a given cleaning efﬁciency (CE), the
amount of faeces in the environment on day n is


xn =x0 1 + (1 − CE) + (1 − CE)2 + · · · + (1 − CE)n


=x0 1 + (1 − CE) + (1 − CE)2 · · · · · · + (1 − CE)n
n

(1 − CE) j .

=x0

(VIII)

j=0

Using the properties of geometric series, the
above sum has the upper bound x0/CE (i.e
x0 ). Hence, the accumulated
x0 Σnj=0 (1 − CE)j 4 CE
amount of faeces remaining on the barn surface is
inversely proportional to the cleaning efﬁciency.
Little is known about the average length of a pig’s
active immunity to STM infection following recovery.
Pigs are known to produce an antibody response
against STM from experimental infection [11]. The
antibodies are sustained for a long time after the
pigs cease to shed STM in the faeces. Assuming that
the presence of STM antibodies in a pig correlates
with the pig’s immunity to re-infection, we considered
that immunity lasts about 100 days following recovery
[11, 13]. The corresponding rate of moving from the
recovered to susceptible state was thus γ = 1/100 per
day. The effect of this parameter on the shedding
prevalence in pigs at market age was assessed in the
sensitivity analysis. The distributional assumption
for the duration of immunity was taken from Ivanek
et al., who used an exponential distribution to estimate the duration of antibody response [13].
The maximum volume of the environmental compartment, Ve (i.e. the amount of faecal material
in the environment) was calculated using equation
(VIII) assuming a minimum cleaning efﬁciency of
60% in a herd of N = 50 pigs each producing 1 kg
faeces per day. The corresponding value of Ve is
33·3 kg. The robustness of the model to this assumption was assessed in the sensitivity analysis by reducing Ve to 3·33 kg.

The dynamics of STM transmission following the
introduction of an infectious pig into a naive pig
population was assessed numerically by solving the
system of ODEs (I)–(VI) to predict the prevalence of
pigs in each state of infectiousness over time. Furthermore, the parameters appearing in the analytical
expression of R0 [equation (VII)] were substituted by
their baseline values (given in Table 1).
Sensitivity analysis
The sensitivity analysis was performed by simulating
10 000 iterations of the ODE model with I1(0) = 1,
L(0) = 0, I2 = 0, R(0) = 0 and E(0) = 0 to assess the inﬂuence of parameters on R0 using equation (VII) and on
shedding prevalence in the slaughter-age pigs (i.e.
150 days of growing-fattening period). The simulation
was executed using the Monte Carlo method as
described in [37]. The parameters’ space was sampled
from the respective probability distributions as
described in Table 1. For parameters with unknown
shape and distribution, a uniform distribution was
assumed. The lower and upper bounds of the uniform
distributions were determined by taking ±25% of the
baseline value, with the exception of ε, for which the
range was estimated for cleaning efﬁciency corresponding to 70% and 90%. The simulation outputs
(i.e. R0 and shedding prevalence in slaughter-age
pigs) were summarized with quartile box plots and
density histogram. Pearson’s correlation coefﬁcient
(ρ) was used to calculate and test the two-sided
hypothesis of correlation between each parameter
and the simulation outputs. The statistical signiﬁcance
of α = 0·05 was used, which was adjusted for multiple
testing by implementing the Bonferroni correction.
The corrected signiﬁcance level was α = 0·00 277.
Signiﬁcantly correlated parameters were identiﬁed
and the magnitude of correlation estimated. A few
parameters that were identiﬁed as particularly relevant
for infection control, including the cleaning rate (ε),
shedding rates (ρ1 and ρ2), and the rate of transition
out of I1(δ), were assessed by evaluating the changes
in R0 by varying two parameters at a time while keeping all other parameters constant. In order to assess
the effect of different combinations of cleaning
efﬁciency and frequency on R0 and shedding prevalence in slaughter-age pigs, the simulation was performed using ﬁxed values of ε. These ﬁxed values
correspond to situations with speciﬁc combinations
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Fig. 2 [colour online]. Mean prevalence of Salmonella Typhimurium (STM)-infected pigs in (a) the continuous shedder
(I1), non-shedder latent (L), and the intermittent shedder (I2) stages; and (b) mean prevalence of pigs in shedding stages
(I1+I2), and non-shedding (L) stage, overlaid with previously reported average STM prevalence in naturally infected pigs
[39] indicated by solid circles. The vertical dashed line represents the average time when pigs in a grower-ﬁnisher facility
reach slaughter age (150 days).

of frequency (1, 2 or 3) and efﬁciency (70%, 80%, 90%,
95%, 99%) of faeces removal by cleaning per day,
while using the respective parameter space for sampling all other parameters.
Infection transmission is known to be inﬂuenced by
population size, N [17]. To assess the effect of N on
transmission dynamics, we ran the model with two
additional scenarios using N = 30 and N = 100. The
ﬁrst scenario with N = 30 was chosen to represent
operations housing pigs in smaller groups [26]. The
second scenario with N = 100 was considered because
housing pigs in large groups (5100 pigs per pen)
has been advocated to lower the facility cost of
production [38].

Model validation
Ideally, model output should be validated using an
independent dataset that closely represents the model
assumptions. However, such a dataset was not available. Therefore, we assessed the model performance
by comparing the model predicted STM faecal shedding prevalence over time with the prevalence data

from a longitudinal study describing natural STM
infection over time in three cohorts of grower-ﬁnisher
pigs that received weaned pigs from a single breeding
source [39].

R E S ULTS
The baseline value of R0 was 1·74. The predicted
prevalence of pigs in the continuous shedder (I1) latent
(L) and intermittent shedder (I2) states during the
growing-fattening period is given in Figure 2a. The
mean prevalence for the three states (I1, L, I2)
increased initially and decreased quickly to settle at
equilibrium following a damped oscillation. During
the outbreak phase, the mean prevalence of pigs in
I1 state was higher than of pigs in I2 and L states.
However, as the prevalence declined after reaching
the ﬁrst peak post-outbreak, the mean prevalence of
L pigs was greater than pigs in the I1 and I2 states.
The mean prevalence of the two shedding states (I1
and I2) combined was higher initially, but later
declined to equal the mean prevalence of the L state
(Fig. 2b). The dynamics of STM transmission in a
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Fig. 3. Illustration of how R0 changes with respect to: changes in cleaning rate ε and continuous shedding rate ρ1 (upper
left), changes in ε and intermittent shedding rate ρ2 (upper right), changes in ε and the rate of moving out of the I1 state δ
(lower left), and changes in δ and ρ1 (lower right). Note that R0 is mostly inﬂuenced by ρ1, ε, and δ.

pen were greatly determined by the rate of STM shedding in the faeces by pigs in the I1 state (ρ1) and the
efﬁciency of cleaning (represented by ε) in terms of
reducing the pathogen load from the barn environment (Fig. 3).

Sensitivity analysis
The average value of R0 resulting from the 10 000
simulated STM transmissions was 1·71 with the 5th
and 95th percentiles equal to 0·43 and 4·28, respectively. About 97% of the simulated values of R0 were
<5. The distribution of all possible values of R0 and
the corresponding frequencies for STM transmission
are reported in Figure 4(a, b), respectively. About
30% of the simulated values of R0 were <1, which
would mean that STM failed to establish itself in the
pig population on average 30% of the time if a single
STM-infected pig was introduced into a pen of 49 susceptible pigs. The STM shedding prevalence at slaughter age was predicted to be widely variable with
a mean of 13·8% (median 7·1%, median absolute deviation = 10·48%) and 5th and 95th percentiles equal to
0% and 50%, respectively (Fig. 4d, Table 2). The mean
as well as the variation in shedding prevalence
decreased when decreasing the number of pigs per

pen while the opposite occurred when increasing the
number of pigs (Table 2).
The rate of faecal shedding of STM (ρ1) and their
clearance from the pen environment through cleaning
(ε) were shown to be the most inﬂuential in determining R0 (Fig. 5a). Shedding rates (ρ1 and ρ2) and the
indirect transmission rate, β, had a positive correlation
with R0 while STM removal by cleaning (ε) and the
rate δ of exiting from the continuous shedding state
(I1) had a negative correlation with R0. Each of
these parameters, except ρ2, was also correlated with
STM prevalence in slaughter-age pigs (Fig. 5b). An
additional parameter, γ, had a signiﬁcant positive correlation with the prevalence of STM shedding in
slaughter-age pigs (this parameter was not associated
with R0 as it did not appear in the R0 expression).
For the parameter values used, in order to reduce
the mean value of R0 < 1, more frequent cleaning (at
least three times per day) would be necessary given
that the cleaning method used could effectively
remove at least 90% of the pathogens from the pen
environment (Table 3). Figure 6 shows that one single
cleaning, even with very high efﬁciency (with removal
of 99% of faeces), was not sufﬁcient to consistently
prevent STM spread, evident from the average
value of R0 > 1 (R0=1·05) and STM prevalence in
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Table 2. Scenario analysis of the inﬂuence of population size on R0 and
STM shedding prevalence in slaughter-age pigs
Mean (5th and 95th percentile) from
sensitivity analyses
Population
size (N)

Baseline
R0

R0

Prevalence at slaughter age

30
50
100

1·36
1·74
2·42

1·34 (0·35, 3·33)
1·71 (0·43, 4·28)
2·39 (0·58, 6·03)

10·68% (0%, 44%)
13·8% (0%, 50%)
18·04% (0%, 55%)

(a)

(b)
0·4
Density

R0

15
10

0·2

5
0·0

0

0

5

10

15

R0
(d)
100
Cumulative probability

STM (I1+I2) prevalence (%)

(c)

60

20
0

0·8

0·4

0·0
0

50
100
Time (days)

150

0

20
40
60
80
Prevalence (%)

Fig. 4. Distribution of R0 for Salmonella Typhimurium (STM) transmission in pigs from the simulation results,
summarized as (a) a quartile box plot and (b) a frequency histogram. (c) An illustration of possible variation in the
trajectory of STM transmission after introduction of a single infected pig in a pen of 49 pigs, and (d) the cumulative
distribution of STM faecal shedding prevalence in slaughter-age pigs.

slaughter-age pigs (mean = 7·6% and 5th and 95th percentiles equal to 0% and 38%, respectively). The number of STM shedding pigs at slaughter age was 51 in
38% of the simulations (Fig. 6). The model results (R0
and STM prevalence) were not affected by introducing a slightly higher number (e.g. 2, 3 or 4) of
infected pigs into the pen. Replacing the pathogen
decay rate of μ = 0·12 used in the baseline model
with μ = 0·0125, that corresponds to a long-term
STM survival (80 days) in pig manure, resulted in a
very small increase in R0 (from 1·74 to 1·79) and in
shedding prevalence (from 13·8% to 14·24%) in
slaughter-age pigs. Similarly, when a growth rate of
r = 0·5 was considered instead of r = 0·25, R0 increased

from 1·71 to 1·81 and the prevalence of shedders at
slaughter age increased by 1% (i.e. from 13·8% to
14·9%). Similarly, by changing the value of Ve from
its baseline of 33·3 to 3·3 kg, the prevalence in pigs
at slaughter age remained the same, indicating that
the developed model is very robust to the assumption
about the volume of the environmental compartment.
The effect of ignoring the mortality rate in the model
was assessed by re-running the model after accounting
for the 2% mortality and comparing STM prevalence
at slaughter-age. The difference observed was negligible; therefore, it was concluded that the mortality
of pigs during the fattening period did not have a signiﬁcant effect on STM transmission in pigs.
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Table 3. The effect of pathogen removal through cleaning. Different combinations of cleaning frequency and
efﬁciency were evaluated based on the basic reproduction number (R0) and the shedding prevalence at slaughter age,
which were computed from 10 000 iterations from the parameter space as described in Table 1

Cleaning
efﬁciency
70%

80%

90%

95%

Pathogen
removal
rate (a)

Cleaning
frequency
(b)

Overall
pathogen
removal rate
(a × b)

Mean R0
(5th and 95th
percentile)

Mean prevalence
(%) at slaughter
age (5th and 95th
percentile)

Proportion (%)
of iterations
with 51
infectious pig*

1·2
1·2
1·2
1·61
1·61
1·61
2·3
2·3
2·3
3
3
3

1
2
3
1
2
3
1
2
3
1
2
3

1·2
2·4
3·6
1·61
3·22
4·83
2·3
4·6
6·9
3
6
9

2·04
1·45
1·19
1·77
1·26
1·03
1·48
1·05
0·86
1·30
0·92
0·75

16·3 (0, 52·5)
11·6 (0, 45·3)
9·04 (0, 41·0)
14·2 (0, 49·6)
9·7 (0, 42·5)
7·4 (0, 37·5)
11·8 (0, 45·7)
7·6 (0, 38·3)
5·5 (0, 31·6)
10·1 (0, 43·0)
6·2 (0, 34·0)
4·3 (0, 27·1)

72
55
45
64
47
37
56
38
29
49
32
23

(0·54, 4·90)
(0·37, 3·52)
(0·29, 2·89)
(0·46, 4·27)
(0·31, 3·05)
(0·25, 2·51)
(0·38, 3·60)
(0·26, 2·57)
(0·21, 2·10)
(0·32, 3·16)
(0·22, 2·25)
(0·18, 1·84)

* The ﬁgures reported are for slaughter-age pigs.
(a)

(b)

ε

ε

δ

δ

ρ2

γ

β

β

ρ1

ρ1

–0·2

0

0·2

0·4

0·6

0·8

Correlation coefficient

–0·1

0

0·1
0·2
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0·3

Fig. 5. Pearson’s correlation coefﬁcient values indicating the strength of the relationship between the model parameter and
model outputs as determined by a Monte-Carlo simulation in a sensitivity analysis. The model outputs are: (a) the basic
reproduction number, R0, and (b) the Salmonella Typhimurium shedding prevalence (I1+I2) in pigs at slaughter age. Only
the parameters with statistically signiﬁcant correlation coefﬁcients are shown.

Model validation
The model was validated by comparing the modelpredicted STM prevalence to the prevalence reported
from independent longitudinal data collected under
natural conditions [37]. The model-predicted prevalence over time was a reasonably good ﬁt to the average prevalence (0–48%) and variability observed in a
cohort of pigs from the longitudinal study (Fig. 2b).

DISCUSSION
We developed a model that utilized current knowledge
of STM shedding patterns in infected pigs and

evaluated the factors inﬂuencing transmission to
identify potential control measures. Speciﬁcally, the
model was developed to improve our understanding
about the role of cleaning in the control of STM transmission. The major achievement of this study is in the
ability to quantitatively describe the efﬁciency of
cleaning in transmission and control of STM in
grower-ﬁnisher pigs. While the study conﬁrmed that
cleaning contributes to the control of STM transmission, it also indicated that cleaning alone is unlikely to be the most efﬁcient method of infection
control. Instead, the developed model predicted that
a combination of cleaning and some measures to
reduce the level of STM shedding in the faeces of
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Fig. 6. Distribution of R0 for Salmonella Typhimurium transmission in pigs for (a) a scenario with cleaning of 99%
efﬁciency applied once a day (i.e. cleaning rate of 4·6 per day) and (b) the corresponding shedding prevalence in pigs at
slaughter age.

infectious pigs would be an effective method to control STM infection in pig populations. Below we
present the implications of these ﬁndings and discuss
them in the context of other studies, as well as the
strengths and limitations of our study.
The shedding rate of pigs in states I1, ρ1, was the
most inﬂuential factor on STM transmission as
measured by R0 (Fig. 5a). This ﬁnding is consistent
with a ﬁeld epidemiological study of pigs raised in
paddocks, which found that the high level of
Salmonella excretion in faeces was the driving force
in the spread of STM infection measured by seroprevalence and high infection rate in pigs introduced
into the environment contaminated with a high load
of the pathogen [40]. This conﬁrms that the bacterial
concentration in the environment (and the associated
exposure dose) is the driving force in the infection
transmission regardless of the pig production environment. The next most inﬂuential factor affecting R0
was cleaning (ε), followed by the transmission rate
(β) and the duration of stay (1/δ) in the I1 state.
Cleaning, therefore, could serve as a standard means
to control the spread of STM infection. However,
the model results indicate that even a highly efﬁcient
faeces removal, achieving 99% reduction in pathogen
load, if applied once a day may not be able to consistently prevent an STM outbreak (Fig. 6). In order
to reduce R0 to a value <1, cleaning would need to
be applied more frequently (>3 times per day) and
must remove at least 90% of the pathogen load.
Note that cleaning frequency is implicitly represented
within the parameter ε in the R0 expression (Table 3).
The efﬁciency of cleaning on STM control may also
be improved by reducing the number of pigs housed
per pen, because a smaller number of animals in the
group lowers the transmission potential and decreases

the expected prevalence among slaughter-age pigs
(Table 2). Thus, while increasing group size is attractive from the economics point of view [25, 38], from
the food safety perspective smaller groups should be
favoured. We would like to note here that the reduced
bacterial load in the pen environment as a product of
cleaning would result in a lower dose of STM exposure to pigs. It has been reported that pigs infected
with a lower dose of STM have a shorter duration
of stay in the I1 state and faster recovery from the I2
state [13]. This indirect effect of cleaning on the
control of STM transmission was not accounted for
in our model. Future studies could be conducted to
assess the extent of the underestimation due to neglecting the indirect effect of cleaning on STM transmission.
The STM shedding prevalence in slaughter-age pigs
was inﬂuenced by the duration of immunity 1/γ in addition to the factors ρ1, δ, ε, and β, which were also
identiﬁed as important for R0. The parameter γ (rate
of loss of immunity) does not appear in the R0 expression, which is reasonable because R0 is the
measure of transmission in a completely susceptible
population and should not be affected by the duration
of immunity of recovered individuals. Therefore, R0 is
independent of γ. However, when the infection is present, the prevalence at any time will be determined by
the availability of a susceptible population, and the
duration of immunity determines the rate at which
pigs in state R enter state S, contributing to the supply
of newly susceptible pigs. As expected, increasing the
duration of immunity decreases the rate at which the
population of susceptible pigs is replenished from
pigs in the recovered state, thereby reducing STM
prevalence in slaughter-age pigs. Similarly, reducing
the duration of immunity allows for an increase in
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the population of susceptible pigs coming from the
recovered state, which increases STM prevalence in
slaughter-age pigs. The practical implications of
these results are at the moment unclear because the
true duration of protective immunity in pigs following
STM infection is unknown. Future experimental
research is needed to address this question.
In this study, several modelling assumptions were
made. The assumption of homogeneous mixing (i.e.
the random interaction between pigs and the freeliving pathogen in the pen environment) ensured
exposure of all pigs to the same amount of free-living
pathogen units. While in reality, pigs are exposed to a
different amount of STM from the contaminated pen
environment this assumption was necessary to enable
the derivation of an analytical expression for R0 so
that the effect of parameter variation could be assessed. In our model, we considered introduction of
a single infected pig into the pen as the only initial
source of STM in the pen. Thus, all other sources,
including STM contamination from neighbouring
infected pens, were neglected. It has been reported
that if pigs in one of the pens in the barn are infected,
then the probability of pen-to-pen transmission is
almost 90% albeit over a period of time (mean =
2 weeks, range 0–4 weeks) [41]. Thus, between-pen
transmission could inﬂuence STM transmission within
a pen in a crucial way. That being said, neglecting
between–pen transmission in our model allowed
evaluation of the effect of cleaning on the infection
transmission within a pen in isolation from other contamination sources. That way, our pen-level model
provided a baseline for future evaluation of the effect
of cleaning in control of STM infection within a pig
herd. In such an evaluation, cleaning could be assessed in conjunction with a control strategy that reduces pen-to-pen transmission (e.g. by employing
some general hygiene barrier) using a more complex
meta-population or network modelling approach,
such as in [42]. Some of the limitations of this study
are embedded in the deterministic structure of the
developed model. Deterministic models are unable
to assess the impact of small changes in the initial number of infectious pigs and the demographic changes
during the fattening period, e.g. death of an index
case before it is able to transmit the infection (as a
small increase in the initial number of infectious pigs
and mortality, respectively, did not affect our results)
and cannot capture the random nature of infection
transmission in small populations [43, 44]. While
these questions should be evaluated using a stochastic

modelling approach, the study described here provides
a valuable baseline for such a model.
The conclusions of this study are also dependent on
the parameter values used in the model. In this regard,
bacterial shedding concentration merits discussion as
it was the most inﬂuential parameter in STM transmission. There is limited information on the actual
concentration of STM shed by an infected pig from
longitudinal studies under natural conditions. Few
studies that exist report shedding, mostly at low levels
[40]. However, the reported lower shedding levels and
shorter shedding duration in naturally infected pigs
may also be an artefact of long sampling intervals between two sample collections in such studies. Most
pigs shed STM at high levels early in the infectious
period and the concentration of shedding gradually
lowers over time. In a longitudinal study with long
sampling intervals, this pattern, including the high
level of shedding at the start of infection, may not be
captured and many more sampling occasions would
fall during the period when pigs are shedding at low
levels. This is evident in Jensen et al. where the authors
not only report lower shedding in pigs infected through
the natural contact with infected pigs or the contaminated environment, but they also report lower level of
shedding in pigs inoculated with a high dose of STM
[40]. We therefore, used an experimental inoculation
study with frequent sampling [19] as a source of information about the values of shedding rates.
Our model differs from the previously published
models [45, 46] in that others have considered the
direct transmission from infected to susceptible pigs
and have not considered the free-living pathogen in
the environment, whereas we have considered STM
spread through an indirect transmission from the contaminated pen environment. One additional modelling study, which considered indirect transmission
from the environment [47], did not consider pathogen
growth and did not include the effect of cleaning as
an explicit measure of infection control in the barn,
whereas we allowed for pathogen growth and included
cleaning as a measure to reduce pathogen load in the
environment. The residual contamination of the barn
following pathogen removal through cleaning affects
both R0 and STM shedding prevalence in pigs. This
result highlights the importance of taking into account
the change in Salmonella load due to cleaning, particularly to test the control measures at the population
level. Our results also indicate that pathogen growth
and survival in the environment increases the value
of R0 as well as the prevalence of shedders at
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slaughter-age; however, this increase was very small.
Thus, while STM has a non-negligible potential to
grow and persist in the environment, because of the continual and fast depletion of the pathogen through cleaning, the contribution of growth and persistence to the
STM transmission process seems to be relatively low.
Although both direct and indirect transmission
have been reported for STM infection in pigs [48],
we chose to use only the indirect mode of transmission. This is because indirect transmission is considered the primary mode of STM spread in pigs, as
explained in the Materials and Methods section.
Model validation using ﬁeld data that satisﬁes
model conditions is desirable; however, these were
not available. The available evidence describes STM
shedding prevalence in several cohorts of naturally
infected grower-ﬁnisher pigs under ﬁeld conditions,
which may not necessarily satisfy all initial model conditions [39, 49]. However, these were the best available
datasets that we could use for qualitative and quantitative validation of the shedding prevalence predicted
by the model over time. Our model output described
high variability in the shedding prevalence over time
for different cohorts consistent with those reported
in previous longitudinal studies [39, 49]. The model
predicted shedding prevalence in slaughter-age pigs
(the mean and variability), which closely matched
those in the reported studies [49, 50].
In this study, we have attempted to describe the
mechanism by which cleaning (faeces removal) affects
STM control. While cleaning could be effective, the
fact that it needs to be implemented 53 times per
day to control spread of infection makes it a considerably less plausible control method for farmers. Under
the model assumptions, and as shown in the sensitivity
analysis, an efﬁcient control strategy should incorporate either increased frequency of cleaning or combine
a cleaning strategy with other appropriate measures to
reduce the bacterial shedding load in faeces. Several
measures have been suggested to reduce STM prevalence and shedding load including the acid treatment
of feed [51, 52] and vaccination [53, 54] in ﬁeld conditions. Applying these measures and ensuring
STM-free feed, together with existing cleaning practices may be an effective measure to control STM
spread in grower-ﬁnisher pigs.

S U P PL E M E N TA RY M AT E R I A L
For supplementary material accompanying this paper
visit http://dx.doi.org/10.1017/S0950268813001805.

1047

AC KN OWL ED GE MEN T S
This work was supported by the National Science
Foundation grant NSF-EF-0913367 to R.I. funded
under the American Recovery and Reinvestment Act
of 2009. Any opinions, ﬁndings, and conclusions or
recommendations expressed in this material are
those of the authors and do not necessarily reﬂect
the views of the National Science Foundation. We
are grateful to Dr Charles W. Kaspar, from the
University of Wisconsin–Madison, for his assistance
in addressing the issue of the growth rate of STM in
fresh pig manure. We also thank two anonymous
reviewers for their thoughtful comments and suggestions which considerably improved the manuscripts.

D E C L A RATI O N O F I NT E R E S T
None.

R E F E RE NC E S
1. Mead PS, et al. Food-related illness and death in the
United States. Emerging Infectious Diseases 1999; 5:
607–625.
2. Scallan E, et al. Foodborne illness acquired in the
United States – major pathogens. Emerging Infectious
Diseases 2011; 17: 7–15.
3. Centers for Disease Control and Prevention. Preliminary
foodnet data on the incidence of infection with pathogens transmitted commonly through food – 10 states,
United States, 2009. Morbidity and Mortality Weekly
Report 2010; 59: 418–422.
4. Rabsch W, et al. Salmonella enterica serotype Typhimurium and its host-adapted variants. Infection and
Immunology 2002; 70: 2249–2255.
5. Wilkins W, et al. Distribution of Salmonella serovars in
breeding, nursery, and grow-to-ﬁnish pigs, and risk factors for shedding in ten farrow-to-ﬁnish swine farms
in Alberta and Saskatchewan. Canadian Journal of
Veterinary Research 2010; 74: 81–90.
6. Cardinale E, et al. Salmonella in fattening pigs in
Reunion Island: herd prevalence and risk factors for
infection. Preventive Veterinary Medicine 2010; 96:
281–285.
7. Akoachere JF, et al. Phenotypic characterization of
Salmonella Typhimurium isolates from food-animals
and abattoir drains in Buea, Cameroon. Journal of
Health, Population and Nutrition 2009; 27: 612–618.
8. Botteldoorn N, et al. Salmonella on pig carcasses: positive pigs and cross contamination in the slaughterhouse.
Journal of Applied Microbiology 2003; 95: 891–903.
9. Jansen A, Frank C, Stark K. Pork and pork products as
a source for human salmonellosis in Germany. Berliner
und Münchener tierärztliche Wochenschrift 2007; 120:
340–346.

Downloaded from https://www.cambridge.org/core. IP address: 34.204.191.31, on 19 Oct 2019 at 14:35:23, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0950268813001805

1048

R. Gautam and others

10. Greig JD, Ravel A. Analysis of foodborne outbreak
data reported internationally for source attribution.
International Journal of Food Microbiology 2009; 130:
77–87.
11. Nielsen B, et al. The serological response to Salmonella
serovars Typhimurium and infantis in experimentally
infected pigs. The time course followed with an indirect
anti-LPS ELISA and bacteriological examinations.
Veterinary Microbiology 1995; 47: 205–218.
12. Osterberg J, Wallgren P. Effects of a challenge dose of
Salmonella Typhimurium or Salmonella Yoruba on the
patterns of excretion and antibody responses of pigs.
Veterinary Record 2008; 162: 580–586.
13. Ivanek R, et al. Salmonella fecal shedding and immune
responses are dose- and serotype- dependent in pigs.
PLoS One 2012; 7: e34660.
14. Arrus KM, et al. Inﬂuence of temperature on Salmonella
survival in hog manure slurry and seasonal temperature
proﬁles in farm manure storage reservoirs. Livestock
Science 2006; 102: 226–236.
15. United States Department of Agriculture. Factsheet:
environmental practices/management by U.S. pork producers, 1996 (http://www.aphis.usda.gov/animal_health/
nahms/swine/downloads/swine95/Swine95_is_envir.pdf).
Accessed 15 October 2012.
16. Anon. Agricultural waste management system component
design. In: Agricultural Waste Management Field Handbook, 2008 (http://tammi.tamu.edu/NRCS651Ch10.pdf).
Accessed 15 October 2012.
17. Anderson RM, May RM (eds). Infectious Diseases of
Humans: Dynamics and Control. New York: Oxford
University Press, 1995.
18. Diekmann O, Heesterbeek JAP. Mathematical
Epidemiology of Infectious Diseases: Model Building,
Analysis and Interpretation. Hoboken, NJ: Wiley, 2000.
19. Scherer K, et al. Time course of infection with
Salmonella Typhimurium and its inﬂuence on fecal
shedding, distribution in inner organs, and antibody
response in fattening pigs. Journal of Food Protection
2008; 71: 699–705.
20. Vu TKV, et al. Assessing nitrogen and phosphorus in
excreta from grower-ﬁnisher pigs fed prevalent rations
in Vietnam. Asian-Australasian Journal of Animal
Sciences 2010; 23: 279–286.
21. Caraco T, Wang IN. Free-living pathogens: life-history
constraints and strain competition. Journal of Theoretical Biology 2008; 250: 569–579.
22. Dwyer G. On the spatial spread of insect pathogens:
theory and experiment. Ecology 1992; 73: 479–494.
23. Dwyer G. Density dependence and spatial sturcture in
the dynamics of insect pathogens. American Naturalist
1994; 143: 533–562.
24. Environmental Protection Agency. Pork production.
2012. (http://www.epa.gov/agriculture/ag101/porksystems.
html). Accessed 12 July 2012.
25. Wolter BF, et al. Effect of group size on pig performance in a wean-to-ﬁnish production system. Journal of
Animal Science 2001; 79: 1067–1073.
26. Brumm MC, et al. Economics of pig space: analysis of
production systems and marketing impacts. Final report

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

NPB Project 04–177, National Pork Board, 2005.
Des Moines, IA (http://www2.econ.iastate.edu/research/
webpapers/paper_12618.pdf). Accessed 20 April 2013.
Maes D, et al. A retrospective study of mortality in
grow-ﬁnish pigs in a multi-site production system.
Journal of Swine Health Production 2001; 9: 267–273.
Hethcote HW. The mathematics of infectious diseases.
Society for Industrial and Applied Mathematics Review
2000; 42: 599–653.
van den Driessche P, Watmough J. Reproduction numbers and sub-threshold endemic equilibria for compartmental models of disease transmission. Mathematical
Biosciences 2002; 180: 29–48.
Christopher J. Package ‘msm’: multi-state Markov and
hidden Markov models in continuous time, 2012
(http://cran.r-project.org/web/packages/msm/msm.pdf).
Accessed 13 October 2012.
Kranker S, et al. Longitudinal study of Salmonella
enterica serotype Typhimurium infection in three
Danish farrow-to-ﬁnish swine herds. Journal of Clinical Microbiology 2003; 41: 2282–2288.
Himathongkham S, et al. Survival of Escherichia coli
O157:H7 and Salmonella Typhimurium in cow manure
and cow manure slurry. FEMS Microbiology Letters
1999; 178: 251–257.
Traub-dargatz JL, et al. Impact of heat stress on the
fecal shedding patterns of Salmonella enterica Typhimurium DT104 and Salmonella enterica Infantis by
5-week-old male broilers. Foodborne Pathogens and Disease 2006; 3: 178–183.
Gray JT, Fedorka-Cray PJ. Survival and infectivity of
Salmonella choleraesuis in swine feces. Journal of Food
Protection 2001; 64: 945–949.
United States Department of Agriculture, Part II:
Reference of 1995 U.S. Grower/Finisher health & management practices (http://www.aphis.usda.gov/animal_
health/nahms/swine/downloads/swine95/Swine95_dr_
PartII.pdf). Accessed 17 January 2013.
Bani-Yaghoub M, et al. Effectiveness of environmental
decontamination as an infection control measure.
Epidemiology and Infection 2012; 140: 542–553.
Helton JC, Davis FJ. Latin hypercube sampling and the
propagation of uncertainty in analyses of complex systems. Reliability Engineering & System Safety 2003;
81: 23–69.
Verdoes N, Vermeer HM, van Zeeland AJAM. Housing
types, performance and ammonia emission in large
groups of weaned piglets. 1998, Paper 94–4070, in
Proceedings of the American Society of Agricultural
Engineering. St. Joseph: MI.
Funk JA, Davies PR, Nichols MA. Longitudinal
study of Salmonella enterica in growing pigs reared in
multiple-site swine production systems. Veterinary
Microbiology 2001; 83: 45–60.
Jensen AN, et al. Survival and transmission of Salmonella enterica serovar Typhimurium in an outdoor
organic pig farming environment. Applied Environmental Microbiology 2006; 72: 1833–1842.
Berends BR, et al. Identiﬁcation and quantiﬁcation of
risk factors in animal management and transport

Downloaded from https://www.cambridge.org/core. IP address: 34.204.191.31, on 19 Oct 2019 at 14:35:23, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0950268813001805

Role of cleaning in Salmonella control in pigs

42.

43.
44.

45.

46.

47.

48.

49.

50.

regarding Salmonella spp. in pigs. International Journal
of Food Microbiology 1996; 30: 37–53.
Bansal S, Grenfell BT, Meyers LA. When individual behaviour matters: homogeneous and network models in
epidemiology. Journal of Royal Society Interface 2007;
4: 879–891.
Nasell I. Stochastic models of some endemic infections.
Mathematical Biosciences 2001; 179: 1–19.
Jansen VA, Turelli M, Godfray HC. Stochastic spread of
Wolbachia. Proceedings of the Royal Society of London,
Series B: Biological Sciences 2008; 275: 2769–2776.
Hill AA, et al. Dynamics of Salmonella transmission on
a British pig grower-ﬁnisher farm: a stochastic model.
Epidemiology and Infection 2008; 136: 320–333.
Ivanek R, et al. A mathematical model for the transmission of Salmonella Typhimurium within a growerﬁnisher pig herd in Great Britain. Journal of Food
Protection 2004; 67: 2403–2409.
Lurette A, et al. Modelling Salmonella spread within
a farrow-to-ﬁnish pig herd. Veterinary Research 2008;
39: 49–60.
Osterberg J, Lewerin SS, Wallgren P. Direct and
indirect transmission of four Salmonella enterica serotypes in pigs. Acta Veterinaria Scandinavica 2010;
52: 30.
Pires AF, Funk JA, Bolin CA. Longitudinal study of
Salmonella shedding in naturally infected ﬁnishing
pigs. Epidemiology and Infection 2012; 1: 1–9.
Rasschaert G, et al. Effect of farm type on within-herd
Salmonella prevalence, serovar distribution, and

51.

52.

53.

54.

55.

56.

57.

1049

antimicrobial resistance. Journal of Food Protection
2012; 75: 859–866.
Willamil J, et al. Effect of a microencapsulated feed
additive of lactic and formic acid on the prevalence of
Salmonella in pigs arriving at the abattoir. Archives of
Animal Nutrition 2011; 65: 431–444.
Anon. Pig and cattle diets to control Salmonella, 2011
(http://www.thebeefsite.com/articles/2622/). Accessed 12
August 2012.
Charles AD, Abraham AS, Trigo ET. Reduced shedding
and clinical signs of Salmonella Typhimurium in nursery pigs vaccinated with a Salmonella Choleraesuis
vaccine. Swine Health and Production 2000; 8: 153–153.
Denagamage TN, et al. Efﬁcacy of vaccination to reduce
Salmonella prevalence in live and slaughtered swine:
a systematic review of literature from 1979 to 2007.
Foodborne Pathogens Disease 2007; 4: 539–549.
Roesler U, et al. Immunization of sows in an integrated
pig-breeding herd using a homologous inactivated
Salmonella vaccine decreases the prevalence of Salmonella Typhimurium infection in the offspring. Journal
of Veterinary Medicine, Series B 2006; 53: 224–228.
Schwarz P, et al. Use of an avirulent live Salmonella
Choleraesuis vaccine to reduce the prevalence of
Salmonella carrier pigs at slaughter. Veterinary Record
2011; 169: 553–556.
Maaløe O, Richmond MH. The rate of growth of
Salmonella Typhimurium with proline or glutamate as
sole C source. Journal of General Microbiology 1962;
27: 269–284.

Downloaded from https://www.cambridge.org/core. IP address: 34.204.191.31, on 19 Oct 2019 at 14:35:23, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0950268813001805

