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Abstract: To forge a path towards livestock disease emergency preparedness in Denmark, 15 different
strategies to mitigate foot-and-mouth disease (FMD) were examined by modelling epidemics initiated
in cattle, pig or small ruminant herds across various production systems located in four different
Danish regions (Scenario 1), or in one specific livestock production system within each of the three
species geographically distributed throughout Denmark (Scenario 2). When additional mitigation
strategies were implemented on top of basic control strategies in the European foot-and-mouth
disease spread model (EuFMDiS), no significant benefits were predicted in terms of the number of
infected farms, the epidemic control duration, and the total economic cost. Further, the model results
indicated that the choice of index herd, the resources for outbreak control, and the detection time
of FMD significantly influenced the course of an epidemic. The present study results emphasise
the importance of basic mitigation strategies, including an effective back-and-forward traceability
system, adequate resources for outbreak response, and a high level of awareness among farmers and
veterinarians concerning the detection and reporting of FMD at an early stage of an outbreak for
FMD control in Denmark.

Keywords: control strategies; economic impact; EuFMDiS; FMD; modelling

1. Introduction

The spread and control of foot-and-mouth disease (FMD) is complex, with: (i) seven
known immunologically distinct serotypes (O, A, C, Asia 1, and Southern African Territories
1–3), (ii) multiple transmission pathways, and (iii) several host species, such as cattle,
pigs, and small ruminants [1–4]. This complexity is exacerbated by demographic and
environmental heterogeneity, such as livestock density, frequencies of livestock movements,
herd size, farm biosecurity standards, and livestock production systems. Livestock disease
spread models can help to unpack this complexity in a close-knit multinational context [3,4]
and aid in setting up a contingency plan for FMD preparedness by veterinary authorities.

National disease managers are faced with several logistical, economical, and societal
challenges when responding to outbreaks of highly contagious diseases such as FMD. These
challenges include which mitigation strategies to implement in the face of: (i) spatiotempo-
ral heterogeneity of outbreaks, (ii) the effectiveness and efficiency of strategies to control
the disease spread, (iii) available resources to manage outbreaks, and iv) potential losses
due to international trade restrictions [3]. There is a growing interest in avoiding large-
scale culling of infected or vaccinated animals [5] due to issues related to animal welfare,
ethical, and sustainability goals [6,7]. If vaccinated animals are kept in the population until
normal slaughter age, this adds complexity to the process of demonstrating the absence
of FMD virus circulation in the livestock population and in regaining FMD-free status [8].
For countries with a large export-focused livestock industry, such as Denmark (N.B. the
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monetary value of intra-community traded (i.e., into EU countries) and exported (i.e., into
non-EU countries) livestock and livestock products represents approximately 91.7% of
the national monetary livestock outputs (EUR 6.75 billion) of live cattle, pig, and small
ruminants and livestock products in Denmark in 2020. In 2020, agriculture, forestry, and
fishing accounted for approximately 1.2% of Denmark’s gross value altogether [9–11]), it is
a priority to regain FMD-free status as early as possible after an outbreak. As Denmark has
not had an FMD case since 1983, we used the European foot-and-mouth disease spread
(EuFMDiS) modelling framework to simulate epidemics in various regions, species, and
livestock production systems in Denmark. The present study compares the epidemiological
and economic effectiveness of varying mitigation strategies by comparing the predictions
of: (i) number of infected, culled, and vaccinated farms; (ii) epidemic control duration
(i.e., period between initial detection of first FMD-infected case and last culling of infected
animal, including the completion of all control operational activities such as disinfection of
farms, surveillance, vaccination); (iii) end day of post-outbreak management activities (i.e.,
the period of completion of all activities to regain FMD-free status, including surveillance
in previously infected or vaccinated areas and culling, as well as disposal of vaccinated
animals, if relevant); (iv) number of clinically inspected herds and number of performed
laboratory tests of (non)-vaccinated herds; (v) direct costs of outbreak response, including:
(a) operational control activities (i.e., surveillance, culling, disposal, cleaning, disinfection,
vaccination, and compensation), (b) post-outbreak management activities (i.e., surveillance,
culling, disposal, as well as compensation of vaccinated animals), and (c) production losses
of farms due to business interruption; and finally, vi) indirect costs due to market dis-
ruptions of international trade. The present study aims to support veterinary authorities
in terms of an effective outbreak response to FMD in Denmark by considering different
mitigation strategies and introducing scenarios stratified by livestock species, geographical
locations, and livestock production systems, as well as different detection periods and
various national resources available for an outbreak response.

2. Materials and Methods
2.1. Epidemiological Model

For the simulation of the spread, detection, and control of FMD, the EuFMDiS model
was used [3,12,13]. The Danish livestock population, including the species cattle, pig, and
small ruminants (sheep and goats), was divided into different herd types—also defined as
the livestock production systems—based on their production system, herd size, specific
pathogen-free (SPF) status (N.B. SPF herds are regularly checked for the absence of several
pathogens according to the health declaration system and follow a certain set of rules
regarding biosecurity, including investments in changing farm facilities [14]. The SPF
system is implemented in approximately 40% of all Danish pig herds), and number of on
and off movements. The herd is the epidemiological unit and covers a group of animals of
the same species in the same type of production system at the same geographical location.
A farm may have one or more herds, and if a farm were to include several herds, each
herd would be treated as a separate herd in the spread model. A herd has a dynamic set
of descriptive attributes, such as infection status and vaccination states, while the unit of
interest for FMD control is the farm. In total, 14.90 million livestock in 33,329 Danish herds
(n = 28,748 farms) susceptible to FMD were incorporated in the model (Table 1). Farms
located on the island of Bornholm in the Baltic Sea (Figure S1) were excluded from the
model (i.e., from the total number of FMD-susceptible livestock herds, 2.0% pig herds, 0.9%
cattle herds, and 1.9% small ruminant herds were excluded). Consequently, the model did
not cover 0.02% of total livestock movements (i.e., movements between herds on Bornholm
and the rest of Denmark).

The epidemiological model combines the following: (i) a susceptible-exposed-infectious-
recovered-deceased-clinical (SEIRDC) (N.B. either susceptible (S) and then exposed (E) animals
become infectious (I) and then transition to either recovered (R) (via natural immunity or
vaccination) or dead (D) (although mortality rates are usually low, except in very young
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animals) [15]. A proportion of recovered cattle and sheep, except pigs, may continue to
excrete the virus after they have recovered [3,4]. These animals are referred to as carriers [16].
Another option is that susceptible (S) and afterwards exposed (E) livestock either develop
clinical disease (C) or are clinically inapparent [3]) compartmental, deterministic equation-
based modelling technique to represent within-herd spread, (ii) a stochastic, spatial agent-
based modelling techniques to simulate the spatiotemporal spread of disease between herds
in daily time steps through multiple discrete transmission pathways [3], (iii) mitigating
strategies, combined in a basic control strategy and/or additional strategies on top of the
basic strategies, and (iv) national resources to ascertain and prove FMD-free status. FMD
in herds is detected either through passive surveillance of clinical signs, such as by farmer
awareness, and subsequently by a confirmation of suspected animals such as through
laboratory tests (particularly applied for small ruminants, as FMD may not always be
apparent clinically) and/or through active surveillance visits by veterinarians. Each herd
in the model has a system of ordinary differential equations that model the herd’s infection
and serological and clinical prevalence over time [3,4,12,13]. The proportion of infectious
animals within the herd determines the likelihood of contact from a source herd leading to
an infection in destination herds. Table S1 lists various key within-herd parameter settings
used in this study.

The model considers the spread between herds in daily time steps through direct
contacts, market/saleyard spread (mainly applicable for cattle herds in Denmark), indi-
rect contacts, airborne spread, and local spread. Direct contacts can occur through the
relocation of live animals between farms, from farms to markets and vice versa (referred
as market/saleyard spread), and/or from farms to abattoirs, assembly centres, and other
EU and non-EU countries (the last three trade activities are considered as “dead ends” of
national direct disease transmission). Based on data from the Danish Central Husbandry
Register (CHR), direct contacts between farms were described by the probability of live-
stock movements between different herd types (Figure S2); movement distance between
herd types in km (Euclidean distance); seasonal movement patterns; the average number
of livestock consignments moving off and on per herd type; and the size of consignment
(i.e., number of transported animals). Based on the same source of data, indirect contacts
through vehicles, e.g., the probability of the pickup of animals for slaughter and carcasses
for rendering were calculated per herd type. Furthermore, the number of contacts, such as
via veterinarians, milk tankers, feed delivery vehicles, artificial insemination technicians,
and equipment for different herd types was estimated based on production systems and
herd size, along with on estimates by Boklund et al. [17].

The airborne pathway function in the EuFMDiS model investigates for each simulation
day whether weather conditions from 43 weather stations located in Denmark (Figure S1) are
suitable for the spread of the virus through air beyond distances of 3 km [18,19]. As an infected
pig can generate up to 400 million infectious doses per day (3000 times the doses of FMD virus
particles excreted by ruminants [20]), only pigs were considered being a source for airborne
transmission of FMD virus in the model. In contrast, pigs are considered quite resistant to
airborne infection compared to ruminants (N.B. virus production is measured in tissue culture
infectious dose of 50 units (TCID50), i.e., one TCID50 is the amount of virus that will infect
50% of exposed tissue cultures and is assumed to be directly proportional to the number
of infectious virus particles present in a sample [21]. The threshold of virus concentration
needed to become infected is much higher for pigs (=7.70 TCID50/m3) compared to cattle
(=0.06 TCID50/m3), and small ruminants (=1.11 TCID50/m3) [22]). Besides weather conditions
(N.B. appropriate weather conditions are constant wind direction from infected to susceptible
herds, wind speed of five metres per second, high atmospheric stability, no precipitation,
and relative humidity greater than 55% [18,19]), the probability of airborne transmission of
FMD virus particles is influenced by the number of infected pigs in the source herd, virus
plume concentration, distance from the susceptible herd to infected pig herds, susceptible
herd species, and herd size (see Garner et al. [19] for additional details). Additionally, the
model includes local spread within a 3 km radius as a spatial kernel approach to stochastically
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simulate the short-range transmission of FMD virus from an infected herd to neighbouring
susceptible herds through aggregated spread mechanisms, such as unrecognised direct and
indirect spread, as well as airborne spread pathways.

Table 1. Herd types used in EuFMDiS model for FMD outbreak simulations in Denmark.

Herd Type 1 Number Of Herds Mean Herd Size 2

(Min–Max)
Characteristics of Herd Types

Large dairy
(commercial) 2846 294 (10–4231) Deliver milk to the factory; cattle primarily kept to

produce and sell milk (n > 10 heads)

Large beef (commercial) 676 175 (100–2686) Cattle primarily kept to produce and sell meat
(n ≥ 100 heads)

Heifer hotel 711 70 (1–1556) Heifers sent from several farmers and then
transported back when they begin producing milk

Mean cattle
(commercial) 3678 28 (10–100) Kept ≥10 female cattle heads but ≤100

Small cattle
(commercial) 1056 13 (10–99)

Cattle primarily kept to produce and sell meat
and/or milk on a smaller and local scale; kept <10

female cattle heads but <100

Small ruminants 305 85 (40–3717)
Small ruminants (sheep and/or goats) kept

primarily to produce and sell meat, milk, and/or
wool commercially (≥40 heads)

Large-scale fattening pig,
non-SPF (commercial) 1610 1500

(100–18,200)

Pigs kept under intensive production system to be
grown and sold for slaughter and meat production;
no sows but finishers and optional weaners; not part

of SPF system

Large-scale weaner pig
herd, non-SPF
(commercial)

89 3500
(400–22,000)

Pigs kept under intensive production system to be
grown and sold for finisher production; no sows or

finishers but weaners; not part of SPF system

Large-scale full-scale pig
production herd,

non-SPF (commercial)
283 2180

(102–19,600)

Full-scale pig production, from farrow to finisher;
pigs kept under intensive production system to be
grown and sold for slaughter and meat production;
sows, finishers, and optional weaners; not part of

SPF system

Large scale breeding pig,
non-SPF (commercial) 72 1389

(110–7533)

Pigs kept under intensive production system for
producing replacement pigs to be sold to other pig

farms; sows, no finishers, and optional weaners; not
part of SPF system

Large scale breeding pig,
SPF (commercial) 290 1508

(100–14,500)

Pigs kept under intensive production system for
producing replacement pigs to be sold to other pig
farms; sows, no finishers but optional weaners; part

of SPF system

Large-scale fattening pig
herd, SPF (commercial) 789 2200

(10–19,600)

Pigs kept under intensive production system to be
grown and sold for slaughter and meat production;
no sows but finishers and optional weaners; part of

SPF system

Large-scale weaner pig
herd, SPF (commercial) 229 3800

(167–21,333)

Pigs kept under intensive production system to be
grown and sold for finisher production; no sows or

finishers but weaners; part of SPF system

Large-scale full-scale pig
production herd, SPF

(commercial)
821 2595

(120–16,800)

Full-scale pig production, from farrow to finisher;
pigs kept under intensive production system to be

grown and sold for slaughter and pig meat
production; sows, finishers, and optional weaners;

part of SPF System
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Table 1. Cont.

Herd Type 1 Number Of Herds Mean Herd Size 2

(Min–Max)
Characteristics of Herd Types

Nucleus pig herd, SPF 201 2600
(100–15,300)

Pigs kept under intensive production system for
producing replacement sows to be sold to sow

holdings; highest level of biosecurity and part of
SPF system

Hobby 6887 5 (1–97)

Small number of livestock kept primarily for own
consumption (non-commercial) but with outgoing

livestock movements to other farms; ≤10 cattle
heads (all age groups) and/or <40 sheep and/or

goat heads and/or <100 pig heads

Small ruminant herds
without outgoing

consignments
7112 3 4 (1–2400) No outgoing animal consignments (sheep and/or

goats) to other farms but can receive consignments

Cattle herds without
outgoing consignments 2534 4 3 (1–341) No outgoing animal consignments to other farms

but can receive consignments

Pig herds without
outgoing consignments 3140 5 4 (1–12,500) No outgoing animal consignments to other farms

but can receive consignments

Total 33,329 -

Cattle herds (n = 16,033) with a population of 1.49
million heads, pig herds (n = 8043) with a

population of 13.24 million heads, and small
ruminant herds (n = 9254) with a population of

162,601 heads included in model
1 Population of FMD-susceptible livestock assigned to different herd types based on species, herd size, and
production practices, SPF system and movement activities. 2 Herd size presented as median calculated for each
herd based on monthly herd composition available in Denmark’s Central Husbandry Register. 3 97% of the
herds in this category have <40 sheep and/or goat heads. 4 90% of the herds in this category have ≤10 cattle
heads (all age groups). 5 69% of the herds in this category have <100 pig heads. Categories related to type of
production based on registered number of sows and finishers based on Schulz [23], i.e., finisher herd >7.5 finishers
per sow; sow herd <5 finishers per sow; integrated herd 5–7.5 finishers per sow; FMD: foot-and-mouth disease;
SPF: specific pathogen-free.

If farms practice high levels of external biosecurity, we assumed a lower probability of
infection through the local spread and indirect contact pathways. Biosecurity weighting
was assigned for each livestock herd type in the model according to the expert ranking
(i.e., range 0 = low to 10 = high external biosecurity) by the Danish livestock industry and
experts from the University of Copenhagen (n = 14 experts). For pig farms, nucleus pig
herds were considered to have the highest levels of biosecurity (rank on average 10), while
SPF farms were considered on average to have a rank of 8.2, and pig farms without SPF
status were considered to have an average biosecurity rank of 6.2. For cattle and small
ruminants, the rank was 4.2 and 5.0 on average, respectively. In this context, we assumed a
linear relationship between biosecurity score and risk. For instance, herds with a score of
>6 are at a reduced risk of becoming infected through local and indirect contacts relative to
the rest of the population. However, the ordinary differential equations system provides an
updated SEIRDC compartment for each herd in case of infection through one of the five
described transmission pathways and/or implemented mitigation strategies, such as the
culling of infected animals or vaccination from that point in time onward [3,4].

2.2. Outbreak Scenarios and Mitigation Strategies

We modelled an introduction of a type O pan-Asian strain in one of the regions: North
Denmark, Central Denmark, South Denmark, or Zealand/Capital on 29 September 2021
(Figure 1). We randomly selected per region the following: (a) 1000 cattle index herds,
(b) 1000 pig index herds, and (c) 1000 small ruminant index herds (Scenario 1) where the
epidemic was initiated, which led to a total of 12 combinations (4 regions and 3 species).
These index herds were chosen to cover all production systems within the associated
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species. We also selected one specific livestock production system per species as index
herds independent of geographical regions, i.e.: (d) 1000 large commercial dairy herds;
(e) 1000 large-scale commercial weaner pig herds, without SPF; and (f) 1000 small rumi-
nant herds (Scenario 2, i.e., 1 country and 3 species). Further, Scenario 1 incorporated
1000 index herds per species, including hobby farms and livestock herds without any
direct outgoing movements to other livestock farms, while in Scenario 2, the epidemic was
always initiated in herd types with large numbers of livestock movements. Each of the
15 combinations (i.e., 12 combinations in Scenario 1 and three combinations in Scenario 2)
was run for 1000 iterations (i.e., one repeat for each of the 1000 herds selected index herds),
whereas in the sensitivity analysis, 10,000 runs were performed (see Section 2.4: Sensitivity
analysis and model outcomes). In each iteration a different herd was chosen to consider the
production variation between herds per species (Table 1). Each simulation was run until
the disease/infection was eradicated (referred to control phase).
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distribution of farms in North Denmark, Central Denmark, Southern Denmark, and Zealand/Capital.

The model initially ran without any mitigation strategies until the end of a 21-day
period (N.B. the 21-day period to detect the first FMD in the population was derived from
other studies [24,25]) (defined as the silent spread phase) when the first FMD-outbreak
was detected by the owners and was reported to the veterinary authorities. From the day
of first detection onwards, the onset of basic control strategies were modelled (Table 2),
including: a three-day standstill period for livestock movements at the national level (i.e.,
day 21–24); an establishment of a 3 km protection zone (PZ) and a 10 km surveillance
zone (SZ) around each infected herd, with restrictions on livestock movements between
herds, including animal products (illegal movements of animals and animal products were
modelled as effects of movement restrictions not reaching 100% (Table 2)); and the culling
and disposal of confirmed infected cases, which includes the cleaning and disinfection of
infected holdings. Herds delivering or receiving animals to or from infected herds were
assumed to be visited and/or tested, based on backward and forward tracing of contacts
onto and off of infected herds within a 14-day trace window. Positively confirmed infected
farms were depopulated and disinfected.

In addition to the basic mitigation strategies, 14 additional mitigation strategies were
investigated and developed in consultation with the Danish Veterinary and Food Adminis-
tration (Table 2). These additional mitigation strategies include depopulation (larger PZs
and SZs), different vaccination campaigns, and both suppressive (inside PZs: vaccination to
removal of animals) and protective ring vaccination (outside PZs: vaccination to retention
of animals). Additional mitigation strategies were triggered once, e.g., a specific number
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of pending culling or infected herds were reached (Table 2 describes trigger functions), as
we assumed that the veterinary authorities would start to implement additional control
strategies, depending on the course of an epidemic and availability of resources.

Table 2. Mitigation strategies investigated to control FMD outbreak in Denmark.

Abbreviation Mitigation
Strategies Description

Basic Basic control
(reference)

- Three-day national standstill period for all livestock movements (model
allows 2% illegal movements, i.e., 98% compliance)

- 3 km PZ (with 98% compliance for direct contacts and 80% for
indirect) around each infected herd

- 10 km SZ (with 95% compliance for direct contacts and 70% for
indirect) around each infected herd

- Surveillance activities were modelled with the assumption of a false
report 1 of infected herds by owners of 42% in PZs, 36% in SZs and
22% in FZs

- Direct and indirect tracing of movements on and off infected herds
within 14-day trace window; contact herds visited and/or tested (not
applicable for contact herd (CH) mitigation strategy)

- Culling, disposal, cleaning, and disinfection of confirmed infected
herds

All following mitigation strategies are on top of basic mitigation strategy

DP15 Depopulation triggered
by 15 infected herds

Pre-emptive depopulation of susceptible herds within 1 km radius of
infected herds, trigger after confirmation of 15 infected herds

DP15SZ15
Depopulation triggered by

15 infected herds plus
enlarged SZ 15 km

Pre-emptive depopulation of all susceptible herds within 1 km radius of
infected herds, trigger after confirmation of 15 infected herds, with

enlargement of the SZs from 10 to 15 km

PZ5 Enlargement of PZ Enlargement of PZ from 3 to 5 km

SZ15 Enlargement of SZ Enlargement of SZ from 10 to 15 km

CH Depopulation of dangerous contact herds
Pre-emptive culling of dangerous contact herds to infected herds based on

tracing livestock and its products without consuming surveillance and
laboratory resources to confirm the infection status

PV10_11_14d Protective ring vaccination triggered 14 days
after outbreak detection

Protective ring vaccination to increase probability of protection of
susceptible animals from infection within 1 km radius outside SZs (i.e.,

10–11 km radius from SZs), enforced 14 days after outbreak detection by
keeping animals after vaccination (vaccination to live)

PV10_11_25
IH

Protective ring vaccination outside of SZ
triggered by 25 infected herds

Protective ring vaccination within 1 km radius outside of SZs (i.e., 10–11 km
from SZs), triggered once 25 infected herds were reached (i.e., if infected

herds do not reach 25, then no vaccination) by keeping animals after
vaccination (vaccination to live)

PV10_11_25
PC

Protective ring vaccination outside of SZ
triggered by 25 pending culls

Protective ring vaccination within 1 km radius outside of SZs (i.e., 10–11 km
radius from SZs), triggered once number of pending culls reached 25 herds
per day (i.e., farms diagnosed with FMD but insufficient resources to start
culling operations, if pending culls do not reach 25, then no vaccination), by

keeping animals after vaccination (vaccination to live)

PV7_10_14d_
bov

Protective ring vaccination of cattle in outer 3
km of SZ triggered 14 days after outbreak

detection

Protective ring vaccination of all cattle herds in the outer 3 km radius of the
SZs (i.e., 7–10 km radius of SZs) enforced 14 days after outbreak detection

PV7_10_14d_
sui

Protective ring vaccination of pigs in outer 3
km of SZ triggered 14 days after outbreak

detection

Protective ring vaccination of all pig herds in the outer 3 km radius of the
SZs (i.e., 7–10 km radius of SZs) enforced 14 days after outbreak detection

PV7_10_14d_
ovi

Protective ring vaccination of small ruminants
in outer 3 km of SZ triggered 14 days after

outbreak detection

Protective ring vaccination of all ruminant herds in the outer 3 km radius of the
SZs (i.e., 7–10 km radius of the SZs) enforced 14 days after outbreak detection

SV3km14d
Suppressive ring vaccination of all cattle, pigs,

and small ruminants triggered
14 days after outbreak detection

Suppressive ring vaccination of all cattle, pigs, and small ruminants within
a 3 km radius around each infected herd within PZs to suppress virus
production and spread, enforced 14 days after outbreak detection by

destroying the animals after vaccination when time and resources permit
(vaccination to kill)
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Table 2. Cont.

Abbreviation Mitigation
Strategies Description

SV3km25IH
Suppressive ring vaccination of all cattle, pigs,

and small ruminants triggered by
25 infected herds

Suppressive ring vaccination of all cattle, pigs, and small ruminants within
a 3 km radius around each infected herd within PZs, triggered once 25

infected herds were reached (i.e., if infected herds do not reach 25, then no
vaccination). Destroying vaccinated animals when time and resources

permitted (vaccination to kill)

SV3km14d_
bov

Suppressive ring vaccination of cattle herds
triggered 14 days after outbreak detection

Suppressive ring vaccination of cattle within a 3 km radius around each
infected herd within PZs to suppress virus production and spread.

Vaccination occurs around all infected holdings detected on or after day 14
of the control programme plus any farms diagnosed in the previous three
days. All vaccinated animals culled when time and resources permitted

(vaccination to kill)

1 False reports caused when, for example, livestock show clinical signs but are not actually infected with FMD.
FMD: foot-and-mouth disease; SZ: surveillance zone; PZ: protection zone; FZ: free zone.

The model considers that mitigation strategies are dynamically constrained by the
following: (i) available national resources (i.e., surveillance, testing capacity, tracing, culling
and disposal, cleaning, disinfection, and vaccination activities) due to a shortage of re-
sources that can severely hamper the outbreak response, (ii) compliance with movement
restrictions, (iii) accuracy of farmers reporting suspected cases, and (iv) the efficiency of the
national tracing system (Table 3, [8]). For instance, depending on the number of infected
farms, the model randomly generates false-positive reports of infected herds by owners
(e.g., livestock showing clinical signs but not actually infected with FMD based on test
results) with a predefined weight distribution function within PZs, SZs, and free zones
(FZs; see Table 2). The clarification of suspected cases with associated resources in the
model is prioritised for FZs, followed by SZs and PZs, both of which cover more realistic
outbreak situations regarding consumed surveillance resources during epidemics. The
EuFMDiS model tracks the availability and allocation of national resources (Table 3) and
provides feedback on whether resources to perform control activities are constrained [3]. In
case resources are limited to performing outbreak responses, such as culling of infected
herds during outbreaks, the associated field operation is queued until the day the resources
become available. In the EuFMDiS model, prioritisation of resources differs per operational
activity. For instance, operational activities to farms are prioritised based on holding classi-
fication, herd/species priority, herd size, time in queue, and proximity to an infected farm.
For example, a contact herd in FZs is assigned a higher surveillance visit priority compared
to a contact farm in PZs. If several farms have the same priority, prioritisation is carried out
based on how long a farm has been waiting for a surveillance visit, while farms awaiting
culling are prioritised based on farm classification (i.e. infected farm > ring cull farm ≥
contact farm (direct contact) > suspect farm > trace farm (indirect contact) ≥ protection
zone farm ≥ surveillance zone farm), species (i.e. pigs > cattle > sheep), and herd size (i.e.
larger > smaller) in chronological order.

Table 3. A selected number of epidemiological and economic parameters used in the model.

Parameters Value

Transmission rate 1 (ß) 0.5–2.2 (herd type-dependent)
Latent period 1 (days) 1–5 days (species-dependent)

Infectious period 1 (days) 5–10 days (species-dependent)
Incubation period 1 (days) 3–6 days (species-dependent)

Clinical period 1 (days) 10–14 days (species-dependent)
Probability of mortality 1 0.03–0.15 (herd type-dependent)

Number of days to report suspect
premises after clinical signs 0–19 days (herd type-dependent)

Probability of reporting suspect cases 0.80–0.97 (herd type-dependent)
Ratio of false suspect premises reports

to true reports 2 2.34:1

Time needed for direct trace (days) 0–3 days (species-dependent)
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Table 3. Cont.

Parameters Value

Time needed for indirect trace (days) 1–5 days (species-dependent)
Effectiveness of direct tracing 96–99% (species-dependent)

Effectiveness of indirect tracing 55–80% (species-dependent)
Effectiveness of vaccine 1 80–87% (species- and vaccine-dependent)

Immunity lag 6 days (i.e., from the time point an animal is vaccinated to the time point
the animal achieves immunity)

Surveillance team 3
1 veterinarian and 1 technician for investigating clinical suspected herds,

perform surveillance in zones and traced contact herds, including
sampling of animals

Culling team 3 1 veterinarian, 4 technicians, and 1 truck driver
Disposal team 3 1 veterinarian, 4 technicians, and 1 truck driver

Cleaning and disinfection team3 1 veterinarian and 9 officers from the Danish Emergency
Management Agency

Vaccination team3 1 veterinarian and 1 technician

Min/Max number of surveillance teams 8/65 (initial: pessimistic)|
16/130 (double in sensitivity analysis: optimistic)

Min/Max number of culling teams 3/37 (initial: pessimistic)|
6/74 (double in sensitivity analysis: optimistic)

Min/Max number of disposal teams 4/34 (initial: pessimistic)|
8/68 (double in sensitivity analysis: optimistic)

Min/Max number of decontamination teams 4/41 (initial: pessimistic)|
8/82 (double in sensitivity analysis: optimistic)

Min/Max number of vaccination teams 7/72 (initial: pessimistic)|
14/144 (double in sensitivity analysis: optimistic)

Days for herd surveillance visits 4 0.2–0.7 days (herd type-dependent)
Days to cull a herd 4 0.25–0.8 days (herd type-dependent)

Days to dispose of a herd 4 0.2–0.5 days (herd type-dependent)
Days to decontaminate premises 4 2–4 days (herd type-dependent)

Days to vaccinate a herd 4 0.2–0.7 days (herd type-dependent)

Surveillance visit costs 5 (per herd)
160–4227 EUR/herd plus staff time and
laboratory tests (herd type-dependent)

Disinfection costs 6 (per herd)
81,081–283,784 EUR/herd plus staff time

(herd type-dependent)
Culling costs (per animal) 1–36 EUR/animal (species-dependent)

Disposal costs (per animal) 18–118 EUR/animal (species-dependent)
Compensation costs (per animal)
Vaccination costs (per animal) 7

154–1681 EUR/animal (species-dependent)
7.75–15.75 EUR/animal (species-dependent)

Disease control centre costs 8 (per centre) 10,607 EUR/day
Daily export value of live pig to

non-EU countries 9 153,531 EUR/day

Daily export value of pig products to non-EU countries 9 7,142,620 EUR/day
Daily export value of live pig to

EU countries 9,10 2,956,995 EUR/day

Daily export value of pig products to
EU countries 9,10 2,925,764 EUR/day

Daily export value of live cattle to
non-EU countries 9 71,121 EUR/day

Daily export value of live cattle to
EU countries 9,10 111,698 EUR/day

Daily export value of beef to
non-EU countries 9 66,165 EUR/day

Daily export value of beef to
EU countries 9,10 867,370 EUR/day

Daily export value of dairy products to non-EU countries 9,11 3,934,152 EUR/day
Daily export value of dairy products to EU countries 9–11 3,383,179 EUR/day

ELISA costs 12 84–95 EUR/test
Daily ELISA capacity 3570/day

PCR costs 73 EUR/test
Daily PCR capacity 286/day
ELISA sensitivity 13 0.86–0.99
ELISA specificity 13 0.97–0.99
PCR sensitivity 13 0.95–0.99
PCR specificity 13 0.99–0.99

Clinical sensitivity of vaccinated animals 0.5–0.95 (species-dependent)
Clinical specificity of vaccinated animals 0.70

Clinical sensitivity of non-vaccinated
animals 0.5–0.98 (species-dependent)
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Table 3. Cont.

Parameters Value

Clinical specificity of non-vaccinated
animals 0.70

Average daily contribution margin per dairy cow 14 4.95/day
Average daily contribution margin per beef cattle 14 0.76/day

Average daily contribution margin per breeding pig 14 3.52/day
Average daily contribution margin per weaner pig 14 2.62/day

Average daily contribution margin per fattening pig 14 0.12/day
Average daily contribution margin per small ruminant 14 1.40/day

1Table S1 contains a detailed breakdown per species and herd type, including description of parametrisation of
within-herd equation-based model. The values are based on Bradhurst et al. [3] and were derived from many
different published FMD studies (see Supplementary Materials). 2 Value based on the study by McLaws et. al. [26].
3 Composition of team defined based on performance of activities for average herd size of 90 cattle, 1600 pigs, and
17 small ruminants. Similar to Boklund et al. [27], we do not distinguish between the composition of teams in terms
of staff qualifications, e.g., whether veterinarians are public employees or from private practice. Administrative staff
only related to work in local crisis centre, and associated costs of component assigned to costs of control centres.
4 For example, 0.5 represents half a day and 1.25 one and a quarter days. 5 For example, clinical inspections of
animals and decontamination of workers and equipment during surveillance visits and any consumables (e.g., blood
tubes). 6 Covers decontamination/disinfection activities after culling, including equipment hire and consumables.
7 Including EUR 2.75 per vaccine/dose. 8 Including labour for 15 people per day per centre. 9 Values were calculated
based on the annual statistics for Pigmeat, Beef and Dairy [28]. 10 EU27 (referred as EU countries). The UK withdrew
from the EU28 in January 2020 and is now included as a third country (referred to as non-EU countries). 11 Dairy
products: butter, cheese, preserved milk products, and liquid milk products. 12 ELISA costs differ between SPC and
NSP ELISA. 13 Sensitivity and specificity of diagnostic tests varied between vaccinated and non-vaccinated animals.
14 Based on the calculations by SEGES [29]. N.B. If associated references are not mentioned in the footnotes, the
parameters in this table are based on our own internal data collection/estimates.

The model runs until the absence of virus circulation can be demonstrated and disease-
free status can be regained (referred to as post-outbreak management), and subsequently
includes clinical inspection and serological testing in the previously infected or vaccinated
areas in order to identify past or present acute or persistent and/or sub-clinical infections
(Table S2). If protective vaccination is applied as part of an outbreak response, more surveil-
lance is necessary to differentiate between vaccinated and residually infected animals,
for example, by detecting antibodies to non-structural proteins of the FMD virus [8]. Ta-
ble S2 lists the sampling regimes of the post-outbreak management used in the present
study, while Bradhurst et al. [4] and Garner et al. [8] provide a detailed description of a
post-outbreak module in the EuFMDiS model, including the modelling of herds tested
false-positive and false-negative.

2.3. Economic Model

The total economic impact of an FMD outbreak consists of direct and indirect costs.
The former takes into account the following: (i) human resources (Table 3), equipment,
facilities, and consumables for operational activities (i.e., clinical inspection, culling and
disposal, cleaning and disinfection, and vaccination), compensation for farmers as well as
control centre operations costs (defined as control operation costs) and (ii) post-outbreak
management costs, including, e.g., surveillance visits, laboratory tests and follow-up costs
for confirmation tests of already tested herds, and the culling, disposal, and compensation
of vaccinated animals. Additionally, the present study considers contribution margin
calculations (i.e., the difference between the total revenue and total variable costs at farm
level) (Table 3) to estimate: (iii) production losses due to business interruptions for farmers
in infected and vaccinated areas [7,30,31]. This includes empty stables caused by the culling
of animals from the culling period until the last control day, and by using suppressive
vaccination from the start day of vaccination until the last day of post-outbreak management
activities. Table 3 lists selected epidemiological and economic parameters used in the model.

The indirect costs include losses due to national trade bans, intra-community move-
ment restrictions on livestock and livestock products to the EU, and trade restrictions
imposed by non-EU countries. Considering the Terrestrial Animal Health Code from the
World Organisation for Animal Health (WOAH, formerly, Office International des Epi-
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zooties (OIE)) [32], a three-month waiting period for livestock trade following the culling
of the last infected animal or vaccinated animal (suppressive vaccination), respectively, and
a six-month waiting period under vaccination-to-retain strategy (protective vaccination)
will be implemented before a country is declared as free from FMD. The same trade ban
periods were assumed for animal products traded into non-EU countries and for farms in
PZs and SZs with animal product consignments in EU countries (referred to as Calculation
Approach 1), even though trade with animal and animal products to EU can resume as
soon as the PZs and SZs are lifted in case of a non-vaccination policy [33].

Analysis of trade data from historical FMD outbreaks from various countries indicated
that using the defined trade ban period based on the WOAH guidelines can underestimate
the time to trade recovery (i.e., when trade value returns to a moving average for trade
value in the months immediately prior to the outbreak [34]). In terms of the estimation
of the full trade recovery period, Seitzinger et al. [34] proposed adding four months plus
3.8 months for each 30-day epidemic control (referred to as Calculation Approach 2).
We used their suggested trade recovery period for all livestock and livestock product
consignments delivered to non-EU countries and for all farms located in PZs and SZs
delivering to the EU if a non-vaccination or suppressive vaccination strategy was applied.
Nevertheless, we adjusted the associated total trade losses down- or upwards by using the
following path of trade recovery for Denmark: we assumed that 12% of the value of the
consignments that were previously intended for non-EU countries would be reallocated
to the EU marked by considering the current oversupply, price decrease, and increasing
storage of meat on the EU market [35]. In FZs, we assumed trade bans on live animals
into the EU until the end of the control period. In terms of using a protective vaccination
strategy, no good estimations for trade ban periods were available from historical data.
Thus, the present study used the suggested trade recovery period by Seitzinger et al. [34]
for all consignments into EU and non-EU countries, and the period when all post-outbreak
management activities were completed, if a protective vaccination strategy were used. The
economic model used control duration and post-outbreak management duration, as well as
data on the simulated number and type of farms and herds in PZs, SZs, and FZs, as well as
changes in farms between zones during the epidemic. The value of trade losses stratified by
EU and non-EU countries per day was estimated proportionally to the regional production
of the livestock farms in these zones [7]. Both Calculation Approaches 1 and 2 were used to
estimate the indirect costs for Denmark and in both cases, we assumed that Danish imports
and domestic consumption were unchanged during the outbreak period.

2.4. Sensitivity Analysis and Model Outcomes

The mitigation strategy with the lowest epidemic size and/or total economic costs was
considered as the optimal control strategy for Denmark. The impact of potentially uncertain
data inputs was investigated in terms of time until the first farm was detected (varied from
day 21 (initial) to day 14 and day 28, respectively), and the available resources for outbreak
response by doubling the currently estimated human resources, such as for surveillance,
stamping out, disposal, and vaccination (referred as optimistic values in Table 3). We also
analysed whether the number of infected farms and total economic losses were sensitive in
terms of the number of iterations by comparing the model outcomes with each other for
1000 (i.e., one repeat of each of the 1000 index herds per species) vs. 10,000 iterations (i.e.,
10 repeats of each of the 1000 seed herds).

For statistical analyses of the epidemiological and economic results from the 15 strate-
gies and the sensitivity analyses, the Wilcoxon rank sum test for paired observations was
used, while the unpaired version was used for the comparison of Scenarios 1 and 2, as
the model outcomes were not normally distributed. The results in the present study were
expressed as medians with the corresponding 5th and 95th percentiles. The significance
level was set to p < 0.05. The statistical analyses were conducted with the open-source
statistical computing environment R version 4.1.2 [36].

The selected epidemiological outcomes of the model presented in this study are:
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3. Results

The results mainly compared Scenario 1 and Scenario 2, where Scenario 1 incorporated
1000 index herds per species, including hobby farms and livestock herds without any
direct outgoing movements to other livestock farms (Figure S2); Scenario 2 considered the
initiation of the epidemics in herd with a large number of livestock movements.

The model results indicated non-significant epidemiological or economic benefits in
terms of reduced numbers of infected farms and total economic losses due to the imple-
mentation of additional mitigation strategies on top of the basic control strategies. This
conclusion is independent of: (a) geographical region and species-group (Scenario 1) and
specific livestock production systems in which the epidemic was initiated (Scenario 2),
(b) how the indirect costs were calculated, (c) whether the resources for outbreak response
were doubled, and d) whether the first infected herd was detected seven days earlier (i.e., on
day 14 or instead on day 21). In the period before the first detection and implementation of
mitigation strategies, the main driver for the FMD spread in Denmark was predicted to be di-
rect contacts, on average with a proportion of 47.8%. After first detection and implementation
of mitigation strategies, the importance of transmission pathways shifts to indirect (40.3%),
local (27.6%) and direct contacts, airborne spread and market/saleyard spread (32.1%).

3.1. Epidemiological Model Outcomes

The median predicted number (5th and 95th percentiles) of infected farms in Scenario
1 ranged between 1–12 (1–528), 2–25 (1–639), and 1 (1–17) if the epidemic was initiated
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in cattle, pigs, and small ruminants, respectively, and by the implementation of basic
mitigation strategies (Figure 2; Table S3). The largest infection area was predicted if an
infection started in cattle and pig farms in South Denmark (46,266 km2 on average) and the
smallest area was predicted if the epidemic started in Zealand/Capital in a small ruminant
population (973 km2 on average).
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A significantly higher number (p < 0.001) of infected farms was predicted in Scenario 2
compared to Scenario 1. For instance, if FMD virus was introduced in a large commercial dairy
herd, on average, 27 times more infected farms were predicted, compared to an epidemic
initiated across all cattle production systems. A smaller effect was predicted in pigs, where
the epidemic size was on average 3.4 times higher in Scenario 2 compared to Scenario 1. The
epidemic was self-limiting and burned out without spreading to other farms in 30.0% of the
simulation iterations in Scenario 1, while in Scenario 2, only 3.1% of them did not spread
beyond the index herds. The number of infected farms in Scenario 2 corresponds to 0.47% of
the number of FMD-susceptible farms in Denmark on average (Figure 2; Table S3).

A comparison of the model outcomes for Scenario 2 indicated that epidemics initiated
in large commercial dairy herds are characterised by a larger number of affected livestock
herds, longer epidemic control, and post-outbreak management duration, consequently
leading to larger total economic losses compared to epidemics initiated in weaner pig herds.
For instance, on average, a 2.23-fold higher number of infected farms, 1.25- and 1.28-fold
longer control and post-outbreak duration, and 1.68-fold higher costs occurred for epidemics
initiated in dairy herds compared to weaner herds in Scenario 2. By comparing epidemics
initiated in dairy herds and small ruminant herds, on average 134-fold higher number of
infected farms, 2.46- and 3.01-fold longer control and post-outbreak duration, and 3.38-fold
higher costs caused in Scenario for dairy herds; p-value < 0.001; Figures 2 and 3). Table S3
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provides a detailed overview of the epidemiological model outcomes, including the number
of culled farms and animals, number of clinical inspected and tested herds stratified by
Scenarios 1 and 2, and different mitigation strategies.

3.2. Economical Model Outcomes

The lowest median economic losses were predicted to be caused by an implementation
of basic mitigation (EUR 2.5–4.7 billion for Scenarios 1 and 2, respectively), and the highest
economic losses occurred when using protective vaccination strategies 14 days after outbreak
detection (EUR 2.5–10.0 billion for Scenarios 1 and 2, respectively) (Figure 3; Table S4).
The days out of mark were predicted to be 59 days longer in Scenario 2 compared to
Scenario 1 by using Approach 1 and 93 days longer by using Calculation Approach 2. In
general, the median indirect costs were 37% higher when using Calculation Approach 2
compared to Approach 1 (Figure 3). Independent of the approach, most of the total economic
costs can be attributed to indirect losses. In Scenario 1, on average, 0.32% (up to 1.85%
with suppressive vaccination), and in Scenario 2, on average, 2.83% (up to 36.49% with
suppressive vaccination) are direct losses (Table S4 presents costs in detail).Pathogens 2023, 12, x FOR PEER REVIEW 15 of 25 
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oured in yellow) and 2 (box plot coloured in green or blue). The cost of an epidemic initiated in 
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Figure 4a shows the distribution of the predicted direct costs stratified by operational 
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pensation payments for the farmers cover the highest share of the operational control 
costs. If the epidemic is initiated in small ruminants, the implementation and operation of 

Figure 3. Total economic losses if the epidemic was initiated in: (a) the cattle population and (b)
the pig population, stratified by Scenarios 1 (*) and 2 (**) and Calculation Approaches 1 (box plot
coloured in yellow) and 2 (box plot coloured in green or blue). The cost of an epidemic initiated in
small ruminants is not shown, since only a single horizontal line would be visible, as the median
economic losses (EUR 2.48 billion in Scenario 1 and EUR 2.65 billion in Scenario 2) do not differ.
Table 2 lists the definition of abbreviations for mitigation strategies.
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Figure 4a shows the distribution of the predicted direct costs stratified by operational
costs, production losses, and post-outbreak costs per mitigation strategies and species-
group (Scenario 2). Figure 4b shows that the cleaning and disinfection activities and
compensation payments for the farmers cover the highest share of the operational control
costs. If the epidemic is initiated in small ruminants, the implementation and operation of
national and local control centres covered a large proportion of the operational control costs
as well. Table S4 provides a detailed distribution of the direct and indirect costs, stratified
by Scenarios 1 and 2, and the various mitigation strategies used.
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Figure 4. Distribution of direct costs; (a) Percentage distribution of the average direct costs stratified
by operational control costs, production losses, and post-outbreak costs per mitigation strategies for
Scenario 2; (b) detailed percentage distribution of the average costs within the control operation cost
component, i.e., surveillance, culling, disposal, cleaning and disinfection, control centre costs, and
compensation. Information for the other regions (Scenario 1) and other cost components are shown
in Table S4.

3.3. Sensitivity Analysis

An inadequacy of resources to undertake a control programme was detected during
the simulations that led to a 28-day delay on average between the last culling activity
and last disease outbreak response activity, e.g., cleaning and disinfection. The sensitivity
analysis suggested that increasing resources reduced the average number of infected farms
and total economic losses by up to 15.6% and 15.4%, respectively. If the resources were
doubled in Scenario 2, the numbers of infected farms and the total economic losses were
reduced by 6.5% and 27.3% (simulations with initial resources: 0.3% and 3.6%, on average)
for epidemics started in large commercial dairy herds, and 39.5–97.6% (simulations with
initial resources: 5.8% and 18.9%, on average) for epidemics started in large commercial
weaner pig herds without SPF of the simulation’s runs were scheduled surveillance visits
and culling activities that could be completed on time, respectively. Further, the model
outcomes were sensitive regarding the detection time (±7 days compared to the 21-day
detection time). Decreasing or increasing the silent phase by seven days in Scenario 2
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decreased or increased the predicted number of infected farms (or total economic losses)
by 79% (42%) or 929% (400%) on average across all epidemic simulations initiated in large
commercial dairy herds and large commercial weaner pig herds, without SPF, respectively.
No significant changes were observed by variation of the detection time ±7 days, if the
epidemic was initiated in small ruminant herds. Figure 5 shows the outcome of the
sensitivity analysis for selected mitigation strategies in Scenario 2. The prolonged detection
time from 21 to 28 days led to a shift in the optimal mitigation strategy in terms of minimal
median number of infected farms from basic mitigation to pre-emptive depopulation of
all susceptible herds within a 1 km radius around each infected herd, with a trigger after
the confirmation of 15 infected herds (Figure 5a) and/or pre-emptive culling of dangerous
contact herds to infected herds, based on tracing without any confirmations of the infection
status (DP15 and CH; see Table 2 and Figure 5a,b), except in the Scenarios where the
epidemic was initiated in small ruminant herds.Pathogens 2023, 12, x FOR PEER REVIEW 18 of 25 
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Figure 5. Box and whisker plot of the sensitivity analyses outcomes for some selected mitigation
strategies: (a) number of infected farms and (b) total economic losses for the Scenario 2, stratified
by an initiation of the epidemic in large dairy herds, large weaner pig herds, non-SPF, and small
ruminant herds throughout Denmark. Resources are doubled (such as human resources min/max
number of surveillance teams: 16/130; culling teams: 6/74; disposal teams: 8/68; decontamination
teams: 8/82; vaccination teams: 14/144) compared to initial assumed resources (such as surveillance
teams: 8/65; see further detail information in Table 3) and the detection day is decreased from
21 (initial) to 14 days and then increased to 28 days.
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However, the pre-emptive depopulation of all susceptible herds predicted twice as
many culled farms (up to four times more animals culled), an extension of the control
duration of up to 50 days, and 1.16 times higher total economic losses occurred compared
to the pre-emptive culling of dangerous contact herds (CH). Thus, from an epidemiological
and economic point of view, the pre-emptive culling of dangerous contact herds to infected
herds based on tracing without any confirmations of the infection status would be the most
beneficial strategy in case of a late discovery of FMD, on average (resulted in 9.8% lower
total economic losses compared to basic mitigation; across all simulations). The model
outcomes did not differ statistically in terms of the number of performed iterations of
1000 vs. 10,000 (detailed results available upon request).

4. Discussion

This paper presents the results of a simulation study that investigated different miti-
gation strategies for FMD epidemics initiated in various species, regions, and production
systems in Denmark. It is reassuring for veterinary authorities that in all simulations
of Scenario 1, outbreaks were relatively small and readily controlled through basic miti-
gation activities and currently estimated available national resources; however, there is
still a need for the improvement of investments. For instance, constraints were observed
on performing surveillance, culling, and cleaning and disinfection activities during the
simulations. One explanation for the quite similar number of infected farms between
basic mitigation strategies and additional strategies (Table 2) is that the implementation
of some mitigation strategies is linked to predefined trigger functions. For instance, only
28% of the simulations in Scenario 1 predicted the course of an epidemic to be larger than
15 infected herds that would enforce the implementation of depopulation in the model.
Thus, we can conclude that basic mitigation activities may be the most appropriate out-
break response for smaller outbreaks as other mitigation strategies (including also strategies
without any trigger functions; see Table 2), such as ring culling, depopulation of all direct
contact herds, enlargement of PZ and SZ, or vaccination (Table S3), as additional mitigation
strategies did not significantly reduce the outbreak size or epidemic duration, nor affect
the total economic losses for Denmark (Figures 2 and 3, Tables S3 and S4). This also implies
an effective back- and forward tracing of direct and indirect contacts, the availability of
estimated resources to manage the outbreak, and the reporting of suspicious cases in FZ,
SZ, and PZ to identify infected herds within the basic mitigation strategies, as assumed in
the model (see Table 2).

One explanation for the significantly higher number of predicted infected herds in
Scenario 2 compared to Scenario 1 (Figures 2 and 3) is the different herd sizes and trade
patterns of the randomly selected 1000 index herds. While Scenario 1 incorporated all livestock
production types per species, including hobby farms and livestock herds without any direct
outgoing movements to other livestock farms (Figure S2), Scenario 2 considered herds with a
large number of livestock movements. This influences the direct transmission probability of
infection between farms. Consequently, the probability that the epidemic would not spread
beyond the index herd is higher in Scenario 1 compared to Scenario 2 (see detail results in
Section 3.1). Thus, the present study supports the model outcomes of other studies in terms
of the course of the epidemic and control duration, and the control strategy of choice might
be affected by epidemic initialisation in the chosen index herd [13,17,37–40]. Based on these
results, we recommend investigating the epidemic course for each cattle production system
individually in Denmark by using the EuFMDiS model, as the epidemiological and economic
outcomes between Scenarios 1 and 2 varied much more for the epidemic initiated in the cattle
population compared to the epidemic introduced into the pig population (Figures 2 and 3,
Tables S3 and S4), which might influence the choice of the optimal mitigation strategies from
basic mitigation to other additional mitigation strategies.

Although it is difficult to directly compare our model outcomes with those from
other studies due to different study and modelling designs, data inputs, scenarios, and
assumptions, our findings are supported by other studies which report that additional
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mitigation strategies do not significantly reduce the number of infected herds across all three
species, as shown in a previous Danish study by using another simulation model, referred
to as DTU-DADS model [41], or in specific simulated regions in Austria by using the
EuFMDiS model [7,31]. In contrast to our study, where 1000 cattle or small ruminant herds
covering all production types were randomly selected in specific regions or for one specific
production system throughout Denmark, Halasa et al. [41] chose 1000 cattle and small
ruminant herds across all production types across Denmark. Despite this difference, the
DTU-DADS model predicted, as in the presented study, a relatively small and comparable
number of infected farms initiated in cattle and small ruminants (i.e. a median of 12 infected
farms for epidemics initiated in cattle, independent of the region in Halasa et al.’s study [41],
and a median of 1–12 infected farms in our study, depending on the region; a median of
four infected farms for epidemics in small ruminants in the study by Halasa et al. [41],
and a median of one infected farm in our study; epidemics initiated in pig herds differ
between both studies in terms of the chosen production type and are not comparable). The
tendency of the DTU-DADS model to predict smaller epidemics by initiating FMD in pig
herds (there were 5 median infected farms, and in our study 2–25 in Scenario 1, depending
on the region, and 61 median infected farms in Scenario 2) and smaller epidemic areas
(5054 km2 [39] compared to 46,266 km2 in the present study; which might be explained
by different approaches on how the convex hull was calculated) could be explained, apart
from the chosen index herds, by the way in which the disease spread is modelled. In
contrast to EuFMDiS, the DTU-DADS model does not include daily weather conditions for
an airborne spread pathway module beyond a distance of 3 km [41], which might influence
the epidemic size, control duration, and associated costs, as shown in other studies [17]. A
limitation of the EuFMDiS model is that topographical conditions are not incorporated in
the airborne spread pathway, such as mountain distributions which would cause a plume
to deviate and thus reduce the transmission distance [7,42]. We assume that neglecting the
topology does not affect the airborne spread pathway significantly in the present study, as
for instance, the percentage of land area covered by mountains in Denmark is non-existent
(0%) compared to other countries, such as Austria (74%) [43]. As less than 11% of the farms
cover more than one species (see also [41]), direct movements between pig herds and cattle
or small ruminant herds occur rarely in Denmark (Figure S2). Moreover, market/saleyard
spread is mainly applicable for cattle herds in Denmark, whereby most of the infection
between different domestic livestock species can be assigned to indirect, local, and airborne
spread in Denmark. This is in contrast to other countries, such as the UK, where 56% of
cattle farms also have small ruminants and a high record of movements between both
species, including a high number of movements that went through livestock markets [44].

There are several additional dissimilarities between the models: (i) the EuFMDiS
model incorporates external biosecurity strategies, which reduces the risk of a farm becom-
ing infected through local and indirect transmission pathways; (ii) DTU-DADS categorises
indirect contact in medium risk (e.g., for veterinarians, milk controllers) and low risk (e.g.,
animal feed and rendering trucks), while EuFMDiS does not distinguish between various
risk levels for different types of indirect contacts, but distinguished the indirect contacts
for different herd types similar to the DTU-DADS model; (iii) DTU-DADS assumes a quite
constant effectiveness probability to trace animals; in the present study, we have considered
that tracing effectiveness differs per species; (iv) some parameters stochastically incorpo-
rated in the model differ between both models (e.g. the probability of detecting diseases
from clinical surveillance and testing); (v) EuFMDiS includes a detailed post-outbreak
management plan that includes the false-negative and false-positive modelling of tested
herds, while DTU-DADS does not do this, i.e., only testing of small ruminants before lifting
of the zone (days 30–35) are incorporated in the DTU-DADS model; (vi) the definition of the
epidemic control duration varied, while Halasa et al. [41] defined the period between the
first detection and culling of the last infected herd, we have defined the end of the period
by the completion of cleaning and the disinfection of the farms, and other studies provide
no definition or other definitions [7,45–48]; (vii) EuFMDiS includes false reports by farmers
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during the epidemic, providing a more realistic outbreak situation regarding consumed
resources during epidemics, hence causing more resource constraints and thus leading
to a twice prolonged epidemic control duration compared to the DTU-DADS model, if
the same definition of the epidemic control duration is used as by Halasa et al. [41]; and
(viii) the trigger settings considered study periods and the economic inputs in terms of
available national resources for an outbreak response, in addition to the prioritisation of
these resources to perform operational activities which might also differ between the two
models. These differences might explain the fact that, although the median number of
infected farms was quite similar between both models, the median direct losses were 27.9%
higher in the present study compared to Halasa et al. [41]. Nonetheless, as several studies
show [7,17,31,38–41], indirect losses are the main driving force of total economic losses and
were two times higher (Scenario 1) in the present study compared to a previous Danish
study [41]. For instance, the Danish studies [17,41] assumed that 75% of the trade value
previously allocated for non-EU countries would be placed on the local and EU market,
while in the present study we assumed only a re-allocation of 12% on the EU market due
to oversupply, price decrease, and increasing storage of meat on the EU market in the last
two years [35]. In general, market behaviour in the event of an FMD outbreak and the
reaction of various countries are difficult to predict, since they might not obey WOAH
guidelines [40]. This is supported by Seitzinger et al.’s [34] analysis of historical trade data
in countries formerly infected with FMD; their study indicates that WOAH waiting periods
can underestimate trade losses, since the trade recovery period can be longer (as described
in WOAH guidelines and shown in the present study by comparing Calculation Approach
1 and 2). In general, the calculated economic impact between studies is difficult to compare
due to different data inputs and how the suggested trade recovery based on WOAH guide-
lines was down- or upwardly adjusted for livestock and/or individual livestock products.
For instance, the allocation of the monetary trade value of FMD-susceptible livestock and
associated animal products differed between the EU and non-EU countries over the study
period between both studies (our study and Halasa et al. [41]). A 2.2 times higher monetary
trade value of FMD-susceptible livestock and animal product consignments from Denmark
to EU countries compared to non-EU countries was reported in 2018 [41], while in 2020,
the export value to non-EU-countries was 1.11 times higher compared to EU countries [11]
(Table 3). As EU and non-EU countries might differently manage the period of export bans
of FMD-susceptible animal products in the event of an FMD outbreak, the different alloca-
tions of the trade value between EU and non-EU countries in both 2018 and 2020 might
explain the huge difference in terms of indirect losses between both studies, in addition
to the general higher exports of live animals and products in 2020 (EUR 21.6 Mio. per
day) compared to 2018 (EUR 18.5 Mio. per day). All these differences might explain why
Halasa et al. [41] identified basic mitigation strategies combined with ring depopulation
in a 1 km radius from detected herds (with a standard or a 15 km surveillance zone) as
the optimal mitigation strategy based on total economic losses (not in the epidemiological
outcomes [41]). To address the potential limitation of economic dynamic changes and
assumptions regarding market behaviours, we recommend not only choosing the opti-
mal mitigation strategy based on total economic losses, but also on the epidemiological
model outcomes itself, such as in the reduction of the number of infected and culled herds,
outbreak duration, and size of affected areas.

For a disease manager to have confidence in simulation models, it is important that
model limitations are recognised [19,49]. The model presented in this study depends
on estimations and assumptions, e.g., in terms of the availability of resources for an
outbreak response, and down- or upwards adjustments of trade losses, such as by assuming
trading zones. These might influence the selection of the optimal mitigation strategy. For
instance, besides the large epidemic size, resource constraints were the main reasons for
the shift of the optimal control strategy from basic mitigation strategies to pre-emptive
depopulation by the detection day 28 shown in the sensitivity analysis for Scenario 2
(Figure 5). Furthermore, rendering capacities for the destruction of affected livestock are
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not included in the EuFMDiS model for Denmark, which might be a limited resource in
many countries during an outbreak by considering the ongoing increase of the herd sizes of
livestock farms [41]. Finally, the total economic losses might be under- or overestimated by
not considering the following: (a) 50% re-imbursements by the EU for the disposal, cleaning
and disinfection of herds, destruction of animals, animal products, and contaminated
feed [50]; (b) 48 h quarantine on all visitors in positive farms; (c) by assuming that Danish
imports and domestic consumption were unchanged during the epidemic, which is quite
unrealistic by considering exports bans and limited storage capacities for livestock products
in Denmark; (d) direct losses might be underestimated by not considering production losses
in zones (e.g., not collecting the raw milk from dairy farms) and economic shocks to other
food and non-food industries such as wool production, biogas production; and (e) the
model for Denmark is set up for the pan-Asian strain of the O serotype because the last
outbreak in Denmark was caused by this serotype [51]. A consideration of other serotypes
requires model adaptions in terms of the transmission characteristics, vaccine efficacy per
species, time to seroconversion and seropositive duration in livestock species, and test
sensitivity and specificity of the lab test.

However, in line with previous results from other models, our study demonstrates
that, in spite of a few infected herds, an FMD outbreak can have a huge negative economic
impact for Denmark (Figure 3). This is a clear indication for countries with a large live-
stock production and export-oriented livestock industry to be well-prepared to control
infectious diseases such as FMD [8,41]. This includes guidelines on sampling during an
outbreak and on post-outbreak management within the contingency planning to support
regaining FMD-free status. In this context, future research is necessary to determine the
best approach to regaining FMD-free status for Denmark, such as by incorporating new
sampling techniques (e.g., bulk milk testing (BMT) of dairy herds [8,52]) in the EuFMDiS to
investigate the benefits in terms of regaining FMD-free status earlier with these potentially
faster-performing operational and post-outbreak surveillance activities, compared to tradi-
tional testing approaches (e.g., blood samples [8]). Additionally, seasonal effects of FMD
spread should be investigated in terms of different weather conditions for the airborne
dispersion of the FMD virus in detail, as in the present study, infections were initiated in
autumn, the most appropriate season to transmit the virus through air [7,18]. Further, it is
important to increase awareness among farmers and veterinarians concerning the detection
and reporting of FMD at an early stage, as the detection time has a huge impact on the
course of the epidemic, as shown in the present study. In contrast to the DTU-DADS model,
the EuFMDiS includes a transboundary spread module and allows simulations beyond
the national borders. Transboundary spread simulations with available national and EU
resources will provide new knowledge to manage FAST diseases by exchanging resources
across EU countries in outbreak situations, and set up a necessary core capacity for Europe.
This requires a preparedness-index for FAST diseases at the national and EU level, stratified
by different transmission pathways.

Although the present study results can provide valuable preparedness information for
other countries with similar livestock and economic structures, the nature and extent of
FMD outbreaks depend on many variables, including livestock and farm density, number of
livestock movements, biosecurity practice, production systems, climate, pathogen specifics,
effectiveness of tracing systems, animal health resources for outbreak response—which
might influence the importance of individual transmission pathways—and the success of
individually analysed mitigation strategies of countries. Thus, a specific model parameteri-
sation and country-specific adaptation of the model are beneficial to obtain country-tailored
model results for the contingency plan.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pathogens12030435/s1, Figure S1: Geographical map of Denmark.
Gray dots show all livestock farms (i.e., cattle, small ruminants, and pigs). Blue dots show all weather
stations from which the data have been incorporated in the model. N.B. that the original location of
the farms were scrambled within a 2.5 km radius circle. As Bornholm is more than 135 km away from

https://www.mdpi.com/article/10.3390/pathogens12030435/s1
https://www.mdpi.com/article/10.3390/pathogens12030435/s1


Pathogens 2023, 12, 435 21 of 23

the rest of Denmark, the island was not included in the model; Figure S2: Contact probability between
different livestock herd types based on movement data in 2020; Table S1: Few parameterisation
numbers of the within-herd equation-based model; Table S2: Post-outbreak surveillance sampling
regime stratified by zone, number of sampled herds, and within-herd test procedure per species,
based on the EU Directive (Garner et al., 2021; European Union, 2003); Table S3: Epidemiological
outcomes of the simulation model, values shown as median (5th and 95th percentiles); Table S4:
Economic outcomes of the simulation model, values shown as median (5th and 95th percentiles).
References [53–60] are cited in the Supplementary Materials.

Author Contributions: Conceived, designed, and led the study: B.C.; figure preparation and wrote
the first draft of the paper: B.C.; model parametrisation: B.C., S.M., S.S.N., F.F.C.-A., J.E.-I. and A.B.;
epidemiological and economic modelling and statistical analysis: B.C.; review and editing: B.C., S.M.,
S.S.N., H.H., F.F.C.-A., J.E.-I. and A.B.; project resources: S.M. and H.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Dansk Veterinær Konsortium (DK-VET), cooperation be-
tween the University of Copenhagen (UCPH), Statens Serum Institut (SSI) and the Danish Veterinary
and Food Administration (FVST) for the performance of the veterinary public service agreement
under the Danish Ministry of Environment and Food.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Graeme Garner, Richard Bradhurst, and the European
Commission for the Control of Foot-and-Mouth Disease for his support and the good collaboration
related to the EuFMDiS model.

Conflicts of Interest: The authors declare no conflict of interest.

Author Contributions: The contents in this manuscript are the work of the authors and do not
necessarily reflect the views of the European Commission on the Control of Foot-and-Mouth Disease.

References
1. Robson, K.J.H.; Harris, T.J.R.; Brown, F. An assessment by competition hybridisation of the sequence homology between the

RNAs of the seven serotypes of FMDV. J. Gen. Virol. 1977, 37, 271–276. [CrossRef] [PubMed]
2. OIE 2021. Chapter 1.11. Application for Official Recognition by the OIE of Freestatus for Foot and Mouth Disease. Available

online: https://www.woah.org/fileadmin/Home/eng/Health_standards/tahc/current/chapitre_selfdeclaration_FMD.pdf
(accessed on 28 September 2022).

3. Bradhurst, R.; Garner, G.; Hóvári, M.; de la Puente, M.; Mintiens, K.; Yadav, S.; Federici, T.; Kopacka, I.; Stockreiter, S.; Kuzmanova,
I.; et al. Development of a transboundary model of livestock disease in Europe. Transbound. Emerg. Dis. 2021, 69, 1963–1982.
[CrossRef]

4. Bradhurst, R.; Garner, G.; East, I.; Death, C.; Dodd, A.; Kompas, T. Management strategies for vaccinated animals after an
outbreak of foot-and-mouth disease and the impact on return to trade. PLoS ONE 2019, 14, e0223518. [CrossRef] [PubMed]

5. Paton, D.J.; de Clerq, K.; Greiner, M.; Dekker, A.; Brocchi, E.; Bergmann, I.; Sammin, D.J.; Gubbins, S.; Parida, S. Application of
non-structural protein antibody tests in substantiating freedom from foot-and-mouth disease virus infection after emergency
vaccination of cattle. Vaccine 2006, 24, 6503–6512. [CrossRef] [PubMed]

6. Lederman, Z.; Magalhães-Sant’Ana, M.; Voo, C.T. Stamping Out Animal Culling: From Anthropocentrism to One Health Ethics. J.
Agric. Environ. Ethics 2021, 34, 27. [CrossRef]

7. Marschik, T.; Kopacka, I.; Stockreiter, S.; Schmoll, F.; Hiesel, J.; Höflechner-Pöltl, A.; Käsbohrer, A.; Pinior, B. The Epidemiological
and Economic Impact of a Potential Foot-and-Mouth Disease Outbreak in Austria. Front. Vet. Sci. 2021, 7, 594753. [CrossRef]

8. Garner, G.; Vosloo, W.; Tapsuwan, S.; Bradhurst, R.; Seitzinger, A.H.; Breed, A.C.; Capon, T. Comparing surveillance approaches
to support regaining free status after a foot-and-mouth disease outbreak. Prev. Vet. Med. 2021, 194, 105441. [CrossRef]

9. European Commission 2020: Financial Needs in the Agriculture and Agri-Food Sectors in Denmark. Available online:
https://www.fi-compass.eu/sites/default/files/publications/financial_needs_agriculture_agrifood_sectors_Denmark.pdf
(accessed on 10 December 2022).

10. European Commission 2021: Statistical Factsheet. Available online: https://agriculture.ec.europa.eu/cap-my-country/
performance-agricultural-policy/agriculture-country/eu-country-factsheets_en (accessed on 28 September 2022).

11. Danish Agriculture & Food Council. 2019. Available online: https://lf.dk/tal-og-analyser/statistik/svin/statistik-svin/
tidligeres-Statistikker (accessed on 5 January 2023).

http://doi.org/10.1099/0022-1317-37-2-271
http://www.ncbi.nlm.nih.gov/pubmed/200707
https://www.woah.org/fileadmin/Home/eng/Health_standards/tahc/current/chapitre_selfdeclaration_FMD.pdf
http://doi.org/10.1111/tbed.14201
http://doi.org/10.1371/journal.pone.0223518
http://www.ncbi.nlm.nih.gov/pubmed/31603929
http://doi.org/10.1016/j.vaccine.2006.06.032
http://www.ncbi.nlm.nih.gov/pubmed/16872727
http://doi.org/10.1007/s10806-021-09868-x
http://doi.org/10.3389/fvets.2020.594753
http://doi.org/10.1016/j.prevetmed.2021.105441
https://www.fi-compass.eu/sites/default/files/publications/financial_needs_agriculture_agrifood_sectors_Denmark.pdf
https://agriculture.ec.europa.eu/cap-my-country/performance-agricultural-policy/agriculture-country/eu-country-factsheets_en
https://agriculture.ec.europa.eu/cap-my-country/performance-agricultural-policy/agriculture-country/eu-country-factsheets_en
https://lf.dk/tal-og-analyser/statistik/svin/statistik-svin/tidligeres-Statistikker
https://lf.dk/tal-og-analyser/statistik/svin/statistik-svin/tidligeres-Statistikker


Pathogens 2023, 12, 435 22 of 23

12. Bradhurst, R.A.; Roche, S.E.; East, I.J.; Kwan, P.; Garner, M.G. A hybrid modeling approach to simulating foot-and-mouth disease
outbreaks in Australian livestock. Front. Environ. Sci. 2015, 3, 17. [CrossRef]

13. Bradhurst, R.A.; Roche, S.E.; East, I.J.; Kwan, P.; Garner, M.G. Improving the computational efficiency of an agent-based
spatiotemporal model of livestock disease spread and control. Environ. Model. Softw. 2016, 77, 1–12. [CrossRef]

14. Denver, S.; Alban, L.; Boklund, A.; Houe, H.; Mortensen, S.; Rattenborg, E.; Tamstorf, T.V.; Zobbe, H.; Christensen, T. The costs of
preventive activities for exotic contagious diseases-A Danish case study of foot and mouth disease and pig fever. Prev. Vet. Med.
2016, 131, 111–120. [CrossRef]

15. Geering, W.A.; Forman, A.J.; Nunn, M.J. Foot-and-Mouth Disease, In Exotic Diseases of Animals: A Field Guide for Australian
Veterinarians; Australian Government Publishing Service: Canberra, Australia, 1995; pp. 112–131.

16. Salt, J.S. The carrier state in foot and mouth disease—An immunological review. Br. Vet. J. 1993, 149, 207–223. [CrossRef]
[PubMed]

17. Boklund, A.; Halasa, T.; Christiansen, L.E.; Enøe, C. Comparing control strategies against foot-and-mouth disease: Will vaccination
be cost-effective in Denmark? Prev. Vet. Med. 2013, 111, 206–219. [CrossRef] [PubMed]

18. Donaldson, A.I.; Alexandersen, S.; Sørensen, J.H.; Mikkelsen, T. Relative risks of the uncontrollable (airborne) spread of FMD by
different species. Vet. Rec. 2001, 148, 602–604. [CrossRef] [PubMed]

19. Garner, M.G.; Hess, G.D.; Yang, X. An integrated modelling approach to assess the risk of wind-borne spread of foot-and-mouth
disease virus from infected premises. Environ. Model. Assess. 2006, 11, 195–207. [CrossRef]

20. Farsang, A.; Frentzel, H.; Kulcsár, G.; Soós, T. Control of the deliberate spread of foot and mouth disease virus. Biosecurity
Bioterrorism Biodefense Strategy Pract. Sci. 2013, 11, S115–S122. [CrossRef]

21. French, N.P.; Kelly, L.; Jones, R.; Clancy, D. Dose Response relationships for foot and mouth disease in cattle and sheep. Epidemiol.
Infect. 2002, 128, 325–332. [CrossRef] [PubMed]

22. Sørensen, J.H.; Mackay, D.K.J.; Jensen, C.Ø.; Donaldson, A.I. An integrated model to predict the atmospheric spread of foot-and-
mouth disease virus. Epidemiol. Infect. 2000, 124, 577–590. [CrossRef]

23. Schulz, J. Simulation Modelling of LA-MRSA Dispersal and Control between Swine Herds. Ph.D Thesis, DTU, Copenhagen,
Denmark, 2019; 232p.

24. Gibbens, J.C.; Sharpe, C.E.; Wilesmith, J.W.; Mansley, L.M.; Michalopoulou, E.; Ryan, J.B.M.; Hudson, M. Descriptive epidemiology
of the 2001 foot-and-mouth disease epidemic in Great Britain: The first five months. Vet. Rec. 2001, 149, 729–743. [CrossRef]

25. Bouma, A.; Elbers, A.R.W.; Dekker, A.; de Koeijer, A.; Bartels, C.; Vellema, P.; van der Wal, P.; van Rooij, E.M.A.; Pluimers, F.H.; de
Jong, M.C.M. The foot-and-mouth disease epidemic in the Netherlands in 2001. Prev. Vet. Med. 2003, 57, 155–166. [CrossRef]

26. McLaws, M.; Ribble, C.; Stephen, C.; McNab, B.; Barrios, P.R. Reporting ofsuspect cases of foot-and-mouth disease during the 2001
epidemic in the UK, and theherd sensitivity and herd specificity of clinical diagnosis. Prev. Vet. Med. 2007, 78, 12–23. [CrossRef]

27. Boklund, A.; Mortensen, S.; Johansen, M.H.; Halasa, T. Resource estimations in contingency planning for foot-and-mouth disease.
Front. Vet. Sci. 2017, 4, 64. [CrossRef] [PubMed]

28. Danish Agriculture & Food Council (2020): Annual Statistics for Pigmeat, Beef and Dairy. Available online: https:
//agricultureandfood.dk/prices-and-statistics/annual-statistics (accessed on 5 January 2023).

29. SEGES. 2020: Business Check. Available online: https://www.landbrugsinfo.dk/public/d/1/e/produktionsokonomi_business_
check (accessed on 10 October 2022).

30. Waret-Szkuta, A.; Alarconl, P.; Häsler, B.; Rushton, J.; Corbière, F.; Raboisson, D. Economic assessment of an emerging disease:
The case of Schmallenberg virus in France. OIE Rev. Sci. Tech. 2017, 36, 265–277. [CrossRef]

31. Marschik, T.; Kopacka, I.; Stockreiter, S.; Schmoll, F.; Hiesel, J.; Höflechner-Pöltl, A.; Käsbohrer, A.; Conrady, B. What Are the
Human Resources Required to Control a Foot-and-Mouth Disease Outbreak in Austria? Front. Vet. Sci. 2021, 8, 727209. [CrossRef]
[PubMed]

32. World Organization for Animal Health 2019. Terrestrial Animal Health Code (28th edition), Paris. Available online: https:
//rr-europe.woah.org/wp-content/uploads/2020/08/oie-terrestrial-code-1_2019_en.pdf (accessed on 10 October 2022).

33. WOAH. Report of the Meeting of WOAH Terrestrial Animal Health Standards Commission; WOAH: Paris, France, 2022; pp. 1–219.
34. Seitzinger, A.H.; Hafi, A.; Addai, D.; Garner, G.; Bradhurst, R.; Breed, A.C.; Capon, T.; Miller, C.; Pinol, J.; Tapsuwan, S. The

economic benefits of targeted response strategies against foot-and-mouth disease in Australia. Prev. Vet. Med. 2022, 204, 105636.
[CrossRef] [PubMed]

35. Werning, M. Preiskrise: Fleischmärkte Gesättigt. Stockender Absatz und Hohe Lagerbestände Drücken die Preise auf ein Ruinöses
Niveau. 2021. Available online: https://www.susonline.de/markt/preiskrise-fleischmaerkte-laufen-ueber-12677369.html
(accessed on 5 January 2023).

36. R Development Core Team. R: A Language and Environment for Statistical Computing, Version R 4.1.2; R Foundation for Statistical
Computing: Vienna, Austria, 2022.

37. Garner, M.G.; Beckett, S.D. Modelling the spread of foot-and-mouth disease in Australia. Aust. Vet. J. 2005, 83, 758–766. [CrossRef]
[PubMed]

38. Halasa, T.; Willeberg, P.; Christiansen, L.E.; Boklund, A.; AlKhamis, M.; Perez, A.; Enøe, C. Decisions on control of foot-and-mouth
disease informed using model predictions. Prev. Vet. Med. 2013, 112, 194–202. [CrossRef] [PubMed]

39. Halasa, T.; Boklund, A.; Stockmarr, A.; Enøe, C.; Christiansen, L.E. A comparison between two simulation models for spread of
foot-and-mouth disease. PLoS ONE 2014, 9, e92521. [CrossRef]

http://doi.org/10.3389/fenvs.2015.00017
http://doi.org/10.1016/j.envsoft.2015.11.015
http://doi.org/10.1016/j.prevetmed.2016.07.010
http://doi.org/10.1016/S0007-1935(05)80168-X
http://www.ncbi.nlm.nih.gov/pubmed/8392891
http://doi.org/10.1016/j.prevetmed.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23791121
http://doi.org/10.1136/vr.148.19.602
http://www.ncbi.nlm.nih.gov/pubmed/11386448
http://doi.org/10.1007/s10666-005-9023-5
http://doi.org/10.1089/bsp.2013.0001
http://doi.org/10.1017/S0950268801006446
http://www.ncbi.nlm.nih.gov/pubmed/12002551
http://doi.org/10.1017/S095026889900401X
http://doi.org/10.1136/vr.149.24.729
http://doi.org/10.1016/S0167-5877(02)00217-9
http://doi.org/10.1016/j.prevetmed.2006.09.001
http://doi.org/10.3389/fvets.2017.00064
http://www.ncbi.nlm.nih.gov/pubmed/28553640
https://agricultureandfood.dk/prices-and-statistics/annual-statistics
https://agricultureandfood.dk/prices-and-statistics/annual-statistics
https://www.landbrugsinfo.dk/public/d/1/e/produktionsokonomi_business_check
https://www.landbrugsinfo.dk/public/d/1/e/produktionsokonomi_business_check
http://doi.org/10.20506/rst.36.1.2627
http://doi.org/10.3389/fvets.2021.727209
http://www.ncbi.nlm.nih.gov/pubmed/34778427
https://rr-europe.woah.org/wp-content/uploads/2020/08/oie-terrestrial-code-1_2019_en.pdf
https://rr-europe.woah.org/wp-content/uploads/2020/08/oie-terrestrial-code-1_2019_en.pdf
http://doi.org/10.1016/j.prevetmed.2022.105636
http://www.ncbi.nlm.nih.gov/pubmed/35430444
https://www.susonline.de/markt/preiskrise-fleischmaerkte-laufen-ueber-12677369.html
http://doi.org/10.1111/j.1751-0813.2005.tb11589.x
http://www.ncbi.nlm.nih.gov/pubmed/16395942
http://doi.org/10.1016/j.prevetmed.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24080392
http://doi.org/10.1371/journal.pone.0092521


Pathogens 2023, 12, 435 23 of 23

40. Halasa, T.; Toft, N.; Boklund, A. Improving the effect and efficiency of FMD control by enlarging protection or surveillance zones.
Front. Vet. Sci. 2015, 2, 70. [CrossRef]

41. Halasa, T.; Ward, M.P.; Boklund, A. The impact of changing farm structure on foot-and-mouth disease spread and control: A
simulation study. Transbound. Emerg. Dis. 2020, 67, 1633–1644. [CrossRef]

42. Alexandersen, S.; Donaldson, A.I. Further studies to quantify the dose of natural aerosols of foot-and-mouth disease virus for
pigs. Epidemiol. Infect. 2002, 128, 313–323. [CrossRef]

43. European Environment Agency 2011. Available online: https://www.eea.europa.eu/data-and-maps/figures/percentage-of-
area-covered-by (accessed on 25 October 2022).

44. Ruget, A.; Rossi, G.; Pepler, P.T.; Beaunée, G.; Banks, C.; Enright, J.; Kao, R. Multi-species temporal network of livestock
movements for disease spread. Appl. Netw. Sci. 2021, 6, 15. [CrossRef]

45. Martínez-López, B.; Perez, A.M.; Sánchez-Vizcaíno, J.M. A simulation model for the potential spread of foot-and-mouth disease
in the castile and Leon region of Spain. Prev. Vet. Med. 2010, 96, 19–29. [CrossRef] [PubMed]

46. Hiesel, J.A.; Kopacka, I.; Fuchs, R.; Schobesberger, H.; Wagner, P.; Loitsch, A.; Koefer, J. Epidemiological evaluation of different
FMD control strategies in two selected regions in Austria. Berl. Munch. Tierarztl. Wochenschr. 2016, 129, 484–494. [CrossRef]

47. Dórea, F.C.; Nöremark, M.; Widgren, S.; Frössling, J.; Boklund, A.; Halasa, T.; Ståhl, K. Evaluation of strategies to control a
potential outbreak of foot-and-mouth disease in Sweden. Front. Vet. Sci. 2017, 4, 118. [CrossRef] [PubMed]

48. Tildesley, M.J.; Bessell, P.R.; Keeling, M.J.; Woolhouse, M.E.J. The role of pre-emptive culling in the control of foot-and-mouth
disease. Proc. R Soc. B Biol. Sci. 2009, 276, 3239–3248. [CrossRef] [PubMed]

49. Pinior, B. Application of Models for Safeguardning the Milk Supply Chain. Ph.D. Thesis, University of Bonn, Bonn, Germany,
2012.

50. European Parliament European Council—Regulation 652/2014. Off J Eur Union. 2014. Available online: https://eur-lex.europa.
eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014R0652&from=DE (accessed on 22 September 2022).

51. World Reference Laboratory for Foot-and-Mouth Disease (WRLFMD)—Last outbreaks of FMD. Available online: https://www.
wrlfmd.org/country-reports/europe (accessed on 5 March 2023).

52. Armson, B.; Gubbins, S.; Mioulet, V.; Qasim, I.A.; King, D.P.; Lyons, N.A. Foot-and-Mouth disease surveillance using pooled milk
on a large-scale dairy farm in an endemic setting. Front. Vet. Sci. 2020, 7, 264. [CrossRef]

53. Brito, B.P.; Perez, A.M.; Cosentino, B.; Rodriguez, L.L.; König, G.A. Factors associated with within-herd transmission of serotype
A foot-and-mouth disease virus in cattle, during the 2001 outbreak in Argentina: A protective effect of vaccination. Transbound.
Emerg. Dis. 2011, 58, 387–393. [CrossRef]

54. Carpenter, T.E.; Thurmond, M.C.; Bates, T.W. A simulation model of intra herd transmission of foot and mouth disease with
reference to disease spread before and after clinical diagnosis. J. Vet. Diagn. Investig. 2004, 16, 11–16. [CrossRef]

55. Goris, N.E.; Eblé, P.L.; de Jong, M.C.; De Clercq, K. Quantification of foot-and-mouth disease virus transmission rates using
published data. Altex 2009, 26, 52–54. [CrossRef]

56. European Union. Council Directive 2003/85/EC. 2003. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/
HTML/?uri=CELEX:32003L0085&from=EN (accessed on 1 August 2022).

57. Orsel, K.; Dekker, A.; Bouma, A.; Stegeman, J.A.; De Jong, M.C.M. Vaccination against foot and mouth disease reduces virus
transmission in groups of calves. Vaccine 2005, 23, 4887–4894. [CrossRef]

58. Orsel, K.; De Jong, M.C.M.; Bouma, A.; Stegeman, J.A.; Dekker, A. The effect of vaccination on foot and mouth disease virus
transmission among dairy cows. Vaccine 2007, 25, 327–335. [CrossRef] [PubMed]

59. Orsel, K.; De Jong, M.C.M.; Bouma, A.; Stegeman, J.A.; Dekker, A. Foot and mouth disease virus transmission among vaccinated
pigs after exposure to virus shedding pigs. Vaccine 2007, 25, 6381–6391. [CrossRef] [PubMed]

60. Orsel, K.; Bouma, A.; Dekker, A.; Stegeman, J.A.; De Jong, M.C.M. Foot and mouth disease virus transmission during the
incubation period of the disease in piglets, lambs, calves, and dairy cows. Prev. Vet. Med. 2009, 88, 158–163. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.3389/fvets.2015.00070
http://doi.org/10.1111/tbed.13500
http://doi.org/10.1017/S0950268801006501
https://www.eea.europa.eu/data-and-maps/figures/percentage-of-area-covered-by
https://www.eea.europa.eu/data-and-maps/figures/percentage-of-area-covered-by
http://doi.org/10.1007/s41109-021-00354-x
http://doi.org/10.1016/j.prevetmed.2010.05.015
http://www.ncbi.nlm.nih.gov/pubmed/20579754
http://doi.org/10.2376/0005-9366-15098
http://doi.org/10.3389/fvets.2017.00118
http://www.ncbi.nlm.nih.gov/pubmed/28791298
http://doi.org/10.1098/rspb.2009.0427
http://www.ncbi.nlm.nih.gov/pubmed/19570791
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014R0652&from=DE
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014R0652&from=DE
https://www.wrlfmd.org/country-reports/europe
https://www.wrlfmd.org/country-reports/europe
http://doi.org/10.3389/fvets.2020.00264
http://doi.org/10.1111/j.1865-1682.2011.01217.x
http://doi.org/10.1177/104063870401600103
http://doi.org/10.14573/altex.2009.1.52
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32003L0085&from=EN
https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32003L0085&from=EN
http://doi.org/10.1016/j.vaccine.2005.05.014
http://doi.org/10.1016/j.vaccine.2006.07.030
http://www.ncbi.nlm.nih.gov/pubmed/16949184
http://doi.org/10.1016/j.vaccine.2007.06.010
http://www.ncbi.nlm.nih.gov/pubmed/17658199
http://doi.org/10.1016/j.prevetmed.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18929417

	Introduction 
	Materials and Methods 
	Epidemiological Model 
	Outbreak Scenarios and Mitigation Strategies 
	Economic Model 
	Sensitivity Analysis and Model Outcomes 

	Results 
	Epidemiological Model Outcomes 
	Economical Model Outcomes 
	Sensitivity Analysis 

	Discussion 
	References

