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Intestinal campylobacteriosis, caused by Campylobacter ingestion, is the most reported zoonosis in the EU; it is
societally costly and can lead to more severe sequelae. To reduce Campylobacter infections, biosecurity measures
at both farms and slaughterhouses are warranted. However, the potential improvements achieved by these in-
terventions have not been quantified. We used a systems science approach to develop a simulation model,
synthesizing information from interviews with stakeholders in the Dutch broiler production industry and the
current literature. The model includes both farms and slaughterhouses in a “system of systems,” helping to clarify
the complexity of interrelated components of these systems and analyse the impact of various interventions.
Insects, transportation crates, farm personnel, and catchers were identified as potential Campylobacter sources
and modelled as elements of feedback loops. Insect control, farm hygiene, visitor control, thinning, and trans-
portation control interventions were analysed. The model was shown to accurately describe the seasonality of
Campylobacter, which supports its validity. Model simulation revealed that insect control interventions had the
strongest impacts, followed by combined farm hygiene and visitor control, and combined thinning and trans-
portation control. Insect control interventions alone reduced the peak percentage of contaminated chickens from
51% to 26% and the peak percentage of highly contaminated (>1000 CFU/g) neck samples of chicken carcasses
from 13% to 8%. Implementing all interventions concurrently reduced the peak percentages of contaminated
chickens to 5% and highly contaminated chicken neck samples to 2%. These results suggest that multiple bio-
security measures must be implemented to reduce Campylobacter contamination.

1. Introduction (EFSA&ECDC, 2021; Wagenaar et al., 2006). Approximately 60-80% of

human campylobacteriosis cases in the Netherlands can be attributed to

Campylobacteriosis is the most reported zoonosis in the European
Union (EU). Campylobacteriosis infections made up 69% of confirmed
human zoonosis cases in 2018 (EFSA, 2014; EFSA&ECDC, 2019), and
there are approximately nine million zoonosis cases among EU residents
each year at a cost of around 2.4 billion euros due to public health ex-
penses and loss of productivity (EFSA&ECDC, 2013). In the Netherlands,
the number of campylobacteriosis infections rose in both 2018 and
2019, peaking at nearly 73,000 estimated cases (Pijnacker et al., 2019).

Campylobacteriosis cases can be largely ascribed to poultry
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broiler chicken as a reservoir (Mughini-Gras et al., 2016). Chicken in-
testines provide ideal conditions for Campylobacter growth, reaching
levels of around 10° colony forming units (CFU) per gram in the chicken
caeca (Kuana et al., 2007). It is crucial to prevent Campylobacter from
spreading on farms before it begins spreading throughout the food
supply (Lin, 2009; Mbabazi, 2011; Sibanda et al., 2018). Despite sub-
stantial efforts from regulatory institutions, national authorities, and the
poultry production industry to control the spreading, campylobacter-
iosis remains the zoonosis with the highest incidence in the EU
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(EFSA&ECDC, 2019).

The difficulty in controlling the spread of Campylobacter on chicken
farms arises from the bacteria’s transmission cycle complexity and a lack
of understanding of the underlying mechanisms of Campylobacter spread
on farms (Rawson et al., 2020; Sibanda et al., 2018; Wagenaar et al.,
2006). Typical sources of Campylobacter on a conventional chicken farm
include the environment (other animals, contaminated farm grounds,
insects), humans (farmers and personnel, veterinarians, poultry catch
crew, and other visitors), farm utensils and equipment (thinning (i.e.,
the removal of a proportion of the poultry from the rearing area to
decrease crowding) equipment and other farm equipment), water
(puddles, ditches, and mud), and other chicken flocks (Agunos et al.,
2013; Hald et al., 2008; Hertogs et al., 2021; Sibanda et al., 2018). These
sources are not mutually exclusive and differ across farms and seasons
(Chowdhury et al., 2012; Djennad et al., 2019). Campylobacter infection
rates peak during the summer months in Europe (Agunos et al., 2013;
Newell et al., 2011; Rawson et al., 2020). Furthermore, Campylobacter
infections in chickens are typically undetected because chickens do not
show symptoms. As a result, it is difficult to predict and prevent
Campylobacter infection at the animal level (Agunos et al., 2013; Sibanda
et al., 2018).

The European Food Safety Authority (EFSA) estimates that the public
health risk from the consumption of broiler meat could be reduced by
more than 50% if chicken carcasses are limited to containing less than
1000 CFU/g of Campylobacter on neck and breast skin samples (EFSA
BIOHAZ et al., 2020). Since January 1, 2018, the European Process
Hygiene Criterium has been implemented for Campylobacter, requiring
random testing and issuance of violations if more than 40% of the
samples are positive (>1000 CFU/g) (EU Commission, 2005). This cri-
terion is designed to become progressively stricter, reducing the pro-
portion of allowed positive samples; the proportion of positive samples
warranting a regulatory violation will drop to 20% by 2025 (Cuperus
et al., 2020). Currently, Campylobacter concentrations on chicken skin in
slaughterhouses are determined by using Part 2 of the ISO’s “horizontal
method for detection and enumeration of Campylobacter spp.,” the
colony-count technique (ISO, 2017), which takes at least three days to
perform.

Various measures to control Campylobacter on chicken farms exist or
are under development, such as those aiming at reduction of environ-
mental exposure (e.g., biosecurity measures), increasing chickens’
resistance to Campylobacter (e.g., vaccination), and methods to reduce
and eliminate Campylobacter from colonized chickens (e.g., feed addi-
tives, bacteriophage therapy). However, their impact on transmission
factors has not been systematically studied (EFSA BIOHAZ et al., 2020;
Lin, 2009; Newell et al., 2011).

Existing research focuses on monitoring strategies and reactive in-
terventions. There are only a few rigorous policy analyses with large
sample sizes available for guidance (e.g. (EFSA BIOHAZ et al., 2020),).
Additionally, current analyses observe or model the impact of various
isolated sources and measures on Campylobacter contamination in
chickens. However, they do not capture the system-wide issue of chicken
contamination by modelling the transmission mechanisms. Examples of
such research include measuring the impact of partial depopulation, i.e.,
flock thinning (Allen et al., 2008), insects’ and rodents’ impact on dis-
ease spread (Allain et al., 2014; Hald et al., 2004), the impact of
ventilation systems (Romero-Barrios et al., 2013), presence of a separate
anteroom or barrier in broiler houses (Hog et al., 2016), and acidifica-
tion of drinking water and the use of antibiotics (Allain et al., 2014) on
Campylobacter spread. Furthermore, current approaches in microbial
risk analysis are based on Modular Process Risk Models (MPRM) (Nauta
et al., 2012), where each step of the food chain is described using either
kinetic or probabilistic models or both. Although useful, MPRM models
are static and cannot easily incorporate dynamic characteristics (i.e.,
factors that change over time) such as seasonality, which is crucial to
understand Campylobacter transmission (EFSA&ECDC, 2019).

To address this research gap, we use a systems approach to develop a
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system dynamics simulation model. These methods are commonly used
in health policy and public health (e.g., (Jalali et al., 2019; Leerapan
et al., 2021), however, there are few examples in food sciences (Horvat
etal., 2019, 2020). System dynamics models can illustrate and quantify
the complexity of a system of interrelated components, facilitate the
communication of such complexity with various stakeholders (Horvat,
Rommens, et al., 2021), and analyse the impact of various interventions
in a simulation setting (Sterman, 2000). Our model aims to aid in 1)
understanding the complex problem of Campylobacter prevalence on
conventional Dutch broiler chicken farms, and 2) analysing the effects of
various interventions to reduce the rates of Campylobacter-contaminated
chickens.

2. Methods
2.1. Model conceptualization

To conceptualize our system dynamics (SD) model of Campylobacter
incidence on Dutch poultry farms, semi-structured interviews were
performed with different stakeholders in the poultry sector to under-
stand the process of chicken meat production on farms and in slaugh-
terhouses. We interviewed three farmers, two slaughterhouse
employees, one poultry catcher, one veterinarian, one veterinary
microbiologist performing research on the control of Campylobacter in
the poultry industry in the Netherlands, one employee of the Dutch
Ministry of Agriculture, Nature, and Food Quality, and one employee of
the Dutch Ministry of Health, Welfare, and Sports. These initial in-
terviews were summarized, and the information obtained was used to
conceptualize the SD model. We report on the interview questions in the
supplementary document.

2.2. Model formalisation

The model was formalised to represent conventional Dutch chicken
farms and slaughterhouses. A typical flock cycle on a farm starts with
each new flock arriving at the farm during the first week and living in a
broiler house on the farm for six weeks. Chickens are typically not
susceptible to Campylobacter colonization during their first two weeks in
the broiler house (Battersby et al., 2016; Lin, 2009). By the fifth week,
the thinning process takes place, during which a portion of the chickens
are captured and transported to the slaughterhouse. The remaining
chickens are transported to the slaughterhouse during week six. In week
seven, the broiler house is cleaned and prepared for the new flock.

Parameter data for the model were obtained from literature and
governmental reports (e.g., maximum development rate of insects
(Damos & Savopoulou-Soultani, 2012) and life cycle duration of a
conventional broiler flock on Dutch farms (Gibson & Compassion in
World Farming., 2020; Neilson, 2016, pp. 2020-2029)), and interviews
with five additional farmers. The remaining parameters were calibrated
to real historical data obtained from the Nederlandse Pluimvee-
verwerkende Industrie (NEPLUVI, 2021), i.e., percentage of Campylo-
bacter-infected chicken flocks delivered to slaughterhouses and
percentage of chicken carcass neck samples with more than 1000 CFU/g
of Campylobacter. To facilitate transparency and reproducibility of our
simulation analysis (Jalali et al., 2021), all data and model files are
included in the supplementary material.

2.3. Model testing

Model testing included model verification and validation based on
guidelines set by (Barlas, 1996; Sterman, 2000). Model testing included
empirical structure verification through expert interviews with five
scientists who are experienced on the topic of Campylobacter incidence
in broiler chicken on farms and in slaughterhouses to validate the
structure of the conceptualised model. These interviewees were shown
various parts of the model and were asked to state their opinion on
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whether the model represents the Campylobacter spread on chicken
farms and in slaughterhouses well, and if not, to give suggestions for
improvement. The model structure was further modified based on their
suggestions. Model testing also involved inspecting the variable equa-
tions and unit consistency as well as extreme conditions testing. More-
over, sensitivity analysis was conducted by varying the parameters used
to test potential interventions by 20% of their baseline value in either
direction. Varying these parameters allowed us to assess the sensitivity
of parameters for which the literature, empirical data, and interview
data were heterogeneous and thus uncertain to our proposed
interventions.

2.4. Model analysis

We explored three intervention portfolios of biosecurity measures
(see Table 1). The value of each parameter has a range from zero to one,
with a baseline value informed by literature or by model calibration, and
their intervention values were set at either 0.9 or 0.1 to represent an
increase (or decrease) of a given parameter to its highest (or lowest)
plausible value. The main model outcomes included the percentages of
Campylobacter-positive chickens delivered to the slaughterhouse and of
Campylobacter-positive chicken carcass neck samples. Because the main
dynamic behaviours happen in seasonal cycles and as there is a lack of
evidence for major long-term trend changes, we considered two years in
our projections. Model analysis was performed using Vensim DSS
(version 8.2.1). All Vensim files are included in the supplementary
document. We also designed an online, interactive platform to run the
model without any software requirements. This online model interface is
available at: mj-lab.mgh.harvard.edu/campydynamics. An earlier
version of this model (Horvat, Rommens, et al., 2021) was presented at a
modeling conference for the purpose of collecting feedback on model
structure and analysis.

3. Results
3.1. Model conceptualization

In this section, we describe the structure of the model, which was
used to study the impact of biosecurity measures on Campylobacter
contamination in Dutch broiler houses and slaughterhouses. Fig. 1-A
shows the overall process flow of the model. The flow (i.e., transition)
chickens arriving at broiler houses represents the entrance of chickens to
the farm and into the stock (i.e., state) of Campylobacter negative chickens
in broiler houses. Vertical transmission (passage from the hen to her
chicks via the egg) is considered to be a rare event (Callicott et al.,
2006). However, the chickens in the broiler houses may come into
contact with Campylobacter in the course of the production cycle and
become colonized through a flow of chickens getting colonized in broiler
houses, leading to a Campylobacter positive flock, which is shown in the
model as Campylobacter positive chickens in broiler houses. The probability
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that the chickens will be colonized with Campylobacter in broiler houses
depends on the probability of chickens getting into contact with Cam-
pylobacter-carrying insects, equipment/utensils, and humans on the
farm. An additional flow that may lead to Campylobacter positive
chickens in broiler houses is chickens getting colonized after thinning.
These represent only a limited number of factors and other transmission
routes can also play a role, such as air, drinking water, and rodents. We
prioritized focusing on these factors based on stakeholder interviews,
data availability, and other resources.

Next, a percentage of the chicken flock will undergo thinning and be
transported to the slaughterhouse in week 5, while the remaining
chickens at the farm will continue to grow until they are transported to
slaughterhouses in week 6 (i.e., represented with flows transporting
Campylobacter negative chickens and transporting Campylobacter positive
chickens). The chickens that arrive at the slaughterhouse, which are
either Campylobacter negative or positive, are represented with two
stocks, i.e., Campylobacter negative chickens in the slaughterhouse and
Campylobacter positive chickens in the slaughterhouse.

Chicken flocks are slaughtered in the order of their arrival at the
slaughterhouse. Therefore, when a positive flock arrives at the slaugh-
terhouse, they will be slaughtered first and may contaminate the
slaughtering equipment with Campylobacter. Consequently, some unin-
fected chickens can become contaminated through cross-contamination
by equipment, represented as probability of contamination during slaugh-
tering (see Campynamics model.vimfx in the supplementary material).
On the other hand, if the slaughtering process is executed in strict
accordance with hygienic slaughtering practices, neck samples of
chicken carcasses from Campylobacter-positive chickens can be
Campylobacter-negative after slaughtering.

Fig. 1-B displays four feedback mechanisms that may contribute to
Campylobacter-colonized chickens—these feedback mechanisms affect
the flows between stocks shown in Fig. 1-A. Feedback loop R1 represents
the colonization of Campylobacter in chickens through bacteria-carrying
insects on the farm. Campylobacter negative insects can come into con-
tact with Campylobacter via chicken faeces and carcasses, from envi-
ronmental sources or other animals present on or around the farm.
Insects that carry Campylobacter may enter the broiler house through
various openings (e.g., ventilation, cracks in the walls, doors) and may
transmit Campylobacter either mechanically or by being eaten by the
chicken. Because Campylobacter multiplies in the chicken intestines to
very high amounts, a Campylobacter positive flock may lead to
contamination of the direct environment, including insects that may
spread the bacterial infection to other chicken houses.

Feedback loop R2 shows that farmers and visitors can also transmit
Campylobacter to chickens, which occurs if they bring the bacteria into
the broiler house (e.g., by contaminated shoes or boots by walking
through mud and puddles on the farm, by bringing in contaminated
tools from outside the broiler house including other broiler houses on
the farm) or through contaminated clothes and hands. The more
Campylobacter-positive chickens present on the farm, the higher the

Table 1
List of analysis portfolios and parameters.
Intervention Portfolios Interventions Model parameters” Baseline value Intervention
(£20%)" value
Insect control 1. Eliminate insect entry through ventilation probability of flies’ ability to enter broiler houses 0.8 (0.64-0.96) 0.1
when ventilation is on when ventilation is working
2. Eliminate insect entry through other probability of insects entering broiler houses through 0.8 (0.64-0.96) 0.1
openings other openings
Thinning and 3. Maximum catcher hygiene probability of catchers to follow hygiene protocols 0.6 (0.48-0.72) 0.9
transportation control 4. Maximum crate cleaning probability of cleaning the crates adequately 0.6 (0.48-0.72) 0.9
Farm hygiene and visitor 5. Maximize farm hygiene level of farm environment hygiene 0.7 (0.56-0.84) 0.9
control 6. Maximum human awareness of hygiene human awareness personality traits 0.7 (0.56-0.84) 0.9

protocols

@ All parameters have a range of zero to one.
b Each baseline parameter was changed +20% for sensitivity analysis.
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(B)

Campylobacter Campylobacter
carrying insects on positive transportation
+ the farm crates
3 +
R1 R4
e +

temperature Campylobacter positive

chickens in broiler houses
¥
/* R2 R3
3
+ 1

T farmers carrying catchers carrying
Campylobacter Campylobacter

Loops:
R1: Colonization by insects R2: Colonization by farmers

R3: Colonization by catchers R4: Colonization by crates

Fig. 1. Simplified presentation of the model, including broiler houses (yellow) and slaughterhouse (green). A) Stock and flow structure of the model. B) Main

feedback loops in the model.

probability that the farmer will carry Campylobacter to another broiler
house if multiple houses exist on the farm.

Feedback loop R3 concerns the thinning process through which
poultry catchers can transmit Campylobacter from one farm to another.
Therefore, the more farms with Campylobacter-positive chickens that
catchers visit during one working day, the higher the probability that
they might contaminate Campylobacter-negative chickens on another
farm.

Feedback loop R4 shows that transportation crates are also a possible
fomite of Campylobacter contamination. Campylobacter-positive chickens
will contaminate crates with Campylobacter during transportation from
the farm to the slaughterhouse. Since the washing and disinfection
process of crates in the slaughterhouse may not be sufficient to eliminate
all bacteria, they may become a reservoir of Campylobacter.

Finally, the temperature affects both farmers and insects. Higher
temperatures in spring and summer lead to a higher development rate of
insects, which slows down in the autumn and winter months. Similarly,
farmers in the Netherlands generally visit the broiler houses more
frequently in warmer months to check for heat stress and adjust the
ventilation if needed.

3.2. Model analysis
3.2.1. Baseline scenario

In the baseline historical scenario, which was simulated based on the
parameter values listed in Table 1 and the supplementary material, 60%

(A) Campylobacter infected chicken flocks delivered to
slaughterhouses
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of chickens arriving at the slaughterhouse are Campylobacter positive at
the peak. At the peak, 15% of chicken carcass neck samples are
contaminated with levels >1000 CFU/g. Fig. 2 shows the fit to historical
data. In the baseline projected scenario, the peak percentages of
chickens arriving that were Campylobacter positive and of the contami-
nated chicken neck samples were 51.1% and 13.4%, respectively.

3.2.2. Intervention analysis

We analysed two outcome measures: the percentage of Campylo-
bacter-positive chickens arriving at the slaughterhouse and chicken
carcass neck samples with >1000 CFU/g of Campylobacter. Fig. 3 pre-
sents these simulated outcomes for the various combined intervention
portfolios projected over two years. Overall, the insect control portfolio
offered the strongest reduction to the peaks of both outcome measures,
followed by the farm hygiene and visitor control portfolio. Enacting
each of these portfolios in the model reduces the rate of chickens being
colonized in broiler houses, which in turn slows the transition of
Campylobacter-negative chickens becoming Campylobacter positive. The
thinning and transportation control portfolio offered the lowest reduc-
tion in both outcomes; enacting this portfolio reduces the rate of
chickens getting colonized after thinning, and only one-sixth of the
chickens undergo thinning each cycle. Therefore, the relatively low
impact of the thinning and transportation control portfolio may be
explained at least in part by the reduced number of chickens affected at
once compared to the other two portfolios. Thinning does outperform
the farm hygiene portfolio from roughly December to June; while the

(B) Chicken carcass neck samples with >1000 CFU/gram of
Campylobacter
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Fig. 2. Model output fit to historical data at baseline of A) Campylobacter-infected flocks delivered to slaughterhouses; and B) chicken carcass neck samples with
more than 1000 CFU/g of Campylobacter in the Netherlands, 2019-2020 (Nederlandse Pluimveeverwerkende Industrie (NEPLUVI), 2021).
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(A) Campylobacter infected chicken flocks
delivered to slaughterhouses
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Fig. 3. Modelled projection results of the intervention portfolios analysis
showing percentages of (A) Campylobacter positive chickens arriving at the
slaughterhouse and (B) Chicken carcass neck samples with >1000 CFU/g of
Campylobacter.

other two portfolios are mitigated by the weather (e.g., there are more
insects in the summer), the thinning and transportation control pro-
cesses are independent of the season.

Table 2 presents the minimum, maximum, and average of the two
outcome measures. We calculated these values starting at four months
after the change in parameter to capture the full effect of the in-
terventions. Given that a high percentage of both outcome measures
over the summertime could be concerning, we particularly focused on
maximum values.

At maximum, 26.2% of chickens arriving at the slaughterhouse were
Campylobacter-positive in the insect control portfolio, 27.5% were pos-
itive in the farm hygiene and visitor control portfolio, and 46.3% were
positive in the thinning and transportation control portfolio. When all
portfolios are enacted at once, a maximum of 4.9% of chickens arriving
at the slaughterhouse were infected with Campylobacter, as compared to

Table 2
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51.1% at baseline.

Similarly, at maximum, 8% of chicken carcass neck samples were
contaminated with Campylobacter in the insect control portfolio, 8.4%
were contaminated in the farm hygiene and visitor control portfolio, and
12.5% were contaminated in the thinning and transportation control
portfolio. When all portfolios are enacted, 1.7% of chicken carcass neck
samples were contaminated with Campylobacter, as compared to 13.4%
at baseline.

4. Discussion

The current study aimed at understanding the complex dynamics of
Campylobacter in chickens and the environment using a simulation
model. We found that multiple interventions must be implemented in
combination to control the spread of Campylobacter and reduce the
incidence of Campylobacter infection; single interventions do not offer a
meaningful reduction in Campylobacter levels (see Fig. 3 and Table 2).

We built upon prior work on individual measures of Campylobacter
reduction in the primary production of broiler chickens, which was
predominantly focused on modelling parts of the Campylobacter
contamination problem in isolation (e.g., (EFSA BIOHAZ et al., 2020;
EFSA Panel on Biological Hazards, 2012). In our model, we combined
four commonly reported mechanisms, i.e., carryover of Campylobacter
by insects, farmers, thinning transportation crates, and catchers. The
model structure could replicate the historical data on the percentage of
infected chickens arriving at slaughterhouses and on the percentage of
contaminated neck samples of chicken carcasses (see Fig. 2). We also
developed an interactive model interface for readers to simulate and test
interventions (https://mj-lab.mgh.harvard.edu/campydynamics).

Employing system dynamics allowed us to engage field experts in
model development, represent data trends such as the seasonal oscilla-
tion of Campylobacter contamination, and explore the impact of mea-
sures over time, which is not commonly reported, e.g., (Mughini-Gras
etal., 2016; Nauta et al., 2005). Importantly, it allowed us to incorporate
feedback mechanisms that are essential to study complex systems (Jalali
etal., 2017). We explored various intervention scenarios that, if enacted,
could sustain reduced Campylobacter contamination over time.

We observed that interventions to prevent insects from entering
broiler houses demonstrated the largest relative reduction in the per-
centage of infected chicken and contaminated neck samples of chicken
carcasses (see Fig. 3 and Table 2). Insect control by introducing
flyscreens has been previously reported as highly effective in reducing
the risk of Campylobacter colonization in chickens (Bahrndorff et al.,
2013; EFSA BIOHAZ, 2011; Hald et al., 2007).

Interventions to control farm hygiene and visitors from entering the
broiler house reduce Campylobacter to a similar extent as interventions
aimed at insects, according to our model (see Fig. 3 and Table 2). Other
work also found that combined farm hygiene measures, such as

Simulation results, comparing baseline with six interventions and their combinations.

Scenarios Campylobacter infected chicken Chicken carcass neck samples with
flocks delivered to slaughterhouses >1000 CFU/g of Campylobacter
minimum  maximum  average minimum  maximum  average

Baseline 11.2% 51.1% 29.8% 3.8% 13.4% 8.7%

Insect control 1. Eliminate insect entry through ventilation when 10.8% 42.4% 25.3% 3.7% 11.8% 7.7%

ventilation is on

2. Eliminate insect entry through other openings 10.3% 39.3% 22.8% 3.5% 11.1% 7.0%

Interventions 1 and 2 combined 9.9% 26.2% 16.9% 3.4% 8.0% 5.4%

Thinning and transportation 3. Maximum catcher hygiene 4.7% 47.5% 24.2% 1.7% 12.8% 7.2%
control 4. Maximum crate cleaning 10.6% 50.0% 28.8% 3.6% 13.2% 8.5%
Interventions 3 and 4 combined 4.3% 46.3% 23.3% 1.5% 12.5% 7.0%

Farm hygiene and visitor control 5. Maximize farm hygiene 10.2% 33.5% 20.3% 3.5% 9.8% 6.4%
6. Maximum human awareness of hygiene protocols 11.0% 45.9% 27.2% 3.7% 12.5% 8.1%

Interventions 5 and 6 combined 10.0% 27.5% 17.6% 3.4% 8.4% 5.6%

All interventions combined 2.5% 4.9% 3.6% 0.9% 1.7% 1.2%
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personnel hygiene and broiler house disinfection, decreased Campylo-
bacter prevalence to below 40% (Gibbens et al., 2001).

Modelled interventions that focused on the strictness of catchers
during thinning and hygiene of transportation crates revealed smaller
overall reductions in the number of contaminated chickens and the
number of contaminated neck samples, compared to the other two in-
terventions (see Fig. 3 and Table 2). It should be noted that these in-
terventions have the greatest relative percentage reduction during the
wintertime, but their effects across the rest of the year are small. These
small effects may be due to the sub-model structure of the thinning
process, which only accounts for risks associated with catchers’ hygiene
and hygiene of transportation crates and ultimately results in a small
probability that chickens will be colonized after the thinning process is
complete. During the thinning process, other factors may be relevant,
including the possibility of insects and other animals entering through
open doors and the size of the crew (Newell et al., 2011). However, these
other factors may have varying effects. While some research indicates a
relationship between thinning and Campylobacter prevalence (e.g. (Hald
etal., 2001),), Russa et al. (2005) found no association between thinning
and colonization of chickens in the Netherlands.

Finally, the largest reduction was observed when all interventions
were simulated at the same time, indicating that one measure alone is
not enough to prevent the occurrence of Campylobacter contaminated
chickens. Given that Campylobacter colonization in broiler chickens
arises from a combination of multiple behaviours and factors (Newell
et al., 2011), multiple measures to address this public health threat are
warranted.

This work is subject to several limitations. First, we focused on the
Netherlands, and the dynamics of Campylobacter colonization may be
different in other countries (CORDIS, 2016; EFSA, 2010). Additionally,
we only model conventionally raised chickens; other slower-growing
breeds and free-range chickens are slaughtered at a higher age and do
not have a thinning process (van Horne, 2020). Therefore, the mecha-
nisms in the model structure might have to be adjusted to study other
ways of growing chickens. Further, the model parameters are based on
limited data. Based on the interviews with different stakeholders, as-
sumptions were made for the values of various model parameters, as
documented in the supplementary document. These uncertain data can
lead to uncertain results for the percentage of contaminated chickens
arriving at slaughterhouses and the levels of Campylobacter on neck
samples of chicken carcasses, especially in the minimum and maximum
values. Therefore, we strongly recommend readers focus on the com-
parison results and simulated trends rather than focusing on exact
numbers. Additionally, the assumption is made that when one chicken is
infected, the whole flock will be infected (Lin, 2009). These infection
rates pertain to the individual chickens, but the infection probabilities in
the broiler house and after thinning are employed as a probability for the
entire flock getting infected. Also, a chicken is assumed to be either
Campylobacter positive or negative. Moreover, amounts of Campylo-
bacter on chicken samples are expressed in CFU/gram. According to the
Process Hygiene Criterion (EU Commission, 2017), when chicken car-
casses are contaminated with less than 1000 CFU/g after chilling, the
test results are interpreted as satisfactory. More in-depth details about
these numbers were not represented in the model due to reporting
practices and the specific concentration of Campylobacter per gram of
chicken was not estimated.

Given that the current model represents feedback mechanisms of
Campylobacter occurrence in chickens on Dutch farms and a limited
number of measures, more sophisticated models can be developed by
including other relevant mechanisms and measures. For example, while
we considered the environment on the farm, we did not consider po-
tential environmental factors beyond farm grounds such as the prox-
imity of other farms and surface water (e.g., lakes and rivers), and other
animals such as wild birds and rodents. Potential relationships between
environmental hygiene, proximity, and corresponding impacts on
Campylobacter spread on the farm are factors that can be added to the
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model and could be explored in future research. Moreover, in the current
model we represented Campylobacter spp. although different strains of
Campylobacter exist, i.e., C. jejuni and C. coli (Eberle & Kiess, 2012).
Different strains can differ in host specificity and in survival under
various circumstances, which can ultimately impact the risk for human
infections. To determine their phenotypic characteristics including host
specificity and pathogenicity, and transmission routes of different
strains, advanced and standardised genotyping methods are required,
such as multilocus sequence typing (MLST) and whole genome
sequencing (WGS) (Eberle & Kiess, 2012; Llarena et al., 2017). MLST
results can be reproduced but the technique is complex and expensive to
perform (Eberle & Kiess, 2012). Although WGS for pathogens is
becoming more and more common, it is not yet routinely performed
(Llarena et al., 2017). In the future, it could be of added value to include
genotyping results in the model, however, the requirements to do so (i.
e., having sufficient data and knowledge on the different behaviour of
various strains) are not yet feasible. Furthermore, other broiler pro-
duction concepts, such as organic and free-range and other countries
could be studied. Additionally, the introduction of new technologies, e.
g., on-site biosensors (Givanoudi et al., 2021), to test for Campylobacter
presence may allow farmers to better monitor the status of their farms
and implement additional decontamination measures as needed. Also,
since the ultimate goal of Campylobacter reduction in chickens is to
reduce the incidence of gastrointestinal illness in humans in the
Netherlands and other countries, a model that incorporates Campylo-
bacteriosis occurrence in humans could be developed. Finally, given the
numerous measures that can be undertaken and resource limitations for
intervention implementation, a cost-benefit analysis could be performed
to identify particularly effective and efficient measures for farmers and
other actors in the chicken production food chain. The system dynamics
approach was shown to successfully reproduce actual data (including
the seasonality), even with a limited number of portfolios. This model
may be developed further to improve its accuracy, and its structure may
be applied to analyse contexts outside of the Netherlands with appro-
priate adjustments to the underlying data to correspond with the
country of interest.

5. Conclusions

Campylobacter contamination in broiler chickens does not arise from
a single factor, but rather the combination of multiple factors both at
farms and in slaughterhouses. This interconnectedness within the sys-
tem is reflected in the relatively modest reduction in colonized chickens
and contaminated chicken carcass neck samples when one biosecurity
measure is enacted, in contrast to the reductions achieved by combining
measures into more comprehensive portfolios.

The utility of the system dynamics approach to studying Campylo-
bacter contamination in chickens lies in its possibility to combine various
risk factors and feedback loop structures, and to include both farms and
slaughterhouses in a single model. This model will generate insight in
the complexity of Campylobacter ecology and provide farmers, slaugh-
terhouses and policy makers with educated estimates on the efficiency of
various (combinations of) interventions, with the ultimate goal of
reducing Campylobacter cases in humans.
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