
EDITED BY :  Bouda Vosough Ahmadi, Jonathan Rushton, Henk Hogeveen, 

George John Gunn and Didier Raboisson

PUBLISHED IN : Frontiers in Veterinary Science

PROCEEDINGS OF THE 2ND 
ISESSAH CONFERENCE 2018

https://www.frontiersin.org/research-topics/8483/proceedings-of-the-2nd-isessah-conference-2018
https://www.frontiersin.org/research-topics/8483/proceedings-of-the-2nd-isessah-conference-2018
https://www.frontiersin.org/research-topics/8483/proceedings-of-the-2nd-isessah-conference-2018
https://www.frontiersin.org/journals/veterinary-science


Frontiers in Veterinary Science 1 March 2020 | Proceedings of the ISESSAH Conference 2018

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a 

pioneering approach to the world of academia, radically improving the way scholarly 

research is managed. The grand vision of Frontiers is a world where all people have 

an equal opportunity to seek, share and generate knowledge. Frontiers provides 

immediate and permanent online open access to all its publications, but this alone 

is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, 

online journals, promising a paradigm shift from the current review, selection and 

dissemination processes in academic publishing. All Frontiers journals are driven 

by researchers for researchers; therefore, they constitute a service to the scholarly 

community. At the same time, the Frontiers Journal Series operates on a revolutionary 

invention, the tiered publishing system, initially addressing specific communities of 

scholars, and gradually climbing up to broader public understanding, thus serving 

the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely 

collaborative interactions between authors and review editors, who include some 

of the world’s best academicians. Research must be certified by peers before entering 

a stream of knowledge that may eventually reach the public - and shape society; 

therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding 

research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting 

scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals 

Series: they are collections of at least ten articles, all centered on a particular subject. 

With their unique mix of varied contributions from Original Research to Review 

Articles, Frontiers Research Topics unify the most influential researchers, the latest 

key findings and historical advances in a hot research area! Find out more on how 

to host your own Frontiers Research Topic or contribute to one as an author by 

contacting the Frontiers Editorial Office: researchtopics@frontiersin.org

Frontiers eBook Copyright Statement

The copyright in the text of 
individual articles in this eBook is the 

property of their respective authors 
or their respective institutions or 

funders. The copyright in graphics 
and images within each article may 

be subject to copyright of other 
parties. In both cases this is subject 

to a license granted to Frontiers.

The compilation of articles 
constituting this eBook is the 

property of Frontiers.

Each article within this eBook, and 
the eBook itself, are published under 

the most recent version of the 
Creative Commons CC-BY licence. 

The version current at the date of 
publication of this eBook is 

CC-BY 4.0. If the CC-BY licence is 
updated, the licence granted by 

Frontiers is automatically updated to 
the new version.

When exercising any right under the 
CC-BY licence, Frontiers must be 

attributed as the original publisher 
of the article or eBook, as 

applicable.

Authors have the responsibility of 
ensuring that any graphics or other 
materials which are the property of 

others may be included in the 
CC-BY licence, but this should be 

checked before relying on the 
CC-BY licence to reproduce those 

materials. Any copyright notices 
relating to those materials must be 

complied with.

Copyright and source 
acknowledgement notices may not 
be removed and must be displayed 

in any copy, derivative work or 
partial copy which includes the 

elements in question.

All copyright, and all rights therein, 
are protected by national and 

international copyright laws. The 
above represents a summary only. 

For further information please read 
Frontiers’ Conditions for Website 

Use and Copyright Statement, and 
the applicable CC-BY licence.

ISSN 1664-8714 
ISBN 978-2-88963-579-5 

DOI 10.3389/978-2-88963-579-5

https://www.frontiersin.org/research-topics/8483/proceedings-of-the-2nd-isessah-conference-2018
https://www.frontiersin.org/journals/veterinary-science
http://www.frontiersin.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:researchtopics@frontiersin.org


Frontiers in Veterinary Science 2 March 2020 | Proceedings of the ISESSAH Conference 2018

PROCEEDINGS OF THE 2ND 
ISESSAH CONFERENCE 2018

Topic Editors: 
Bouda Vosough Ahmadi, European Commission for the Control of Foot and 
Mouth Disease (EuFMD), Italy
Jonathan Rushton, University of Liverpool, United Kingdom
Henk Hogeveen, Wageningen University and Research, Netherlands
George John Gunn, Scotland’s Rural College, United Kingdom
Didier Raboisson, Ecole Nationale Vétérinaire de Toulouse, France

Citation: Ahmadi, B. V., Rushton, J., Hogeveen, H., Gunn, G. J., Raboisson, D., eds. 
(2020). Proceedings of the 2nd ISESSAH conference 2018. Lausanne: Frontiers 
Media SA. doi: 10.3389/978-2-88963-579-5

https://www.frontiersin.org/research-topics/8483/proceedings-of-the-2nd-isessah-conference-2018
https://www.frontiersin.org/journals/veterinary-science
http://doi.org/10.3389/978-2-88963-579-5


Frontiers in Veterinary Science 3 March 2020 | Proceedings of the ISESSAH Conference 2018

04 Editorial: Proceedings of the 2nd ISESSAH Conference 2018

Didier Raboisson, Bouda Vosough Ahmadi, Marisa Peyre, Henk Hogeveen, 
George John Gunn and Jonathan Rushton

07 Increasing the Local Relevance of Epidemiological Research: Situated 
Knowledge of Cattle Disease Among Basongora Pastoralists in Uganda

Erika Chenais and Klara Fischer

19 A Systematic Evaluation of Measures Against Highly Pathogenic Avian 
Influenza (HPAI) in Indonesia

Muchammad Gumilang Pramuwidyatama, Henk Hogeveen and 
Helmut W. Saatkamp

31 Adoption of Secure Pork Supply Plan Biosecurity by U.S. Swine Producers

Christopher C. Pudenz, Lee L. Schulz and Glynn T. Tonsor

45 Willingness to Comply With Biosecurity in Livestock Facilities: Evidence 
From Experimental Simulations

Scott C. Merrill, Susan Moegenburg, Christopher J. Koliba, Asim Zia, 
Luke Trinity, Eric Clark, Gabriela Bucini, Serge Wiltshire, Timothy Sellnow, 
Deanna Sellnow and Julia M. Smith

62 Framework for Estimating Indirect Costs in Animal Health Using Time 
Series Analysis

Alyson S. Barratt, Karl M. Rich, Jude I. Eze, Thibaud Porphyre, George J. Gunn 
and Alistair W. Stott

80 Control of Taenia solium; A Case for Public and Private Sector Investment

Lian F. Thomas, E. Anne J. Cook, Eric M. Fèvre and Jonathan Rushton

90 Risk Attitudes Affect Livestock Biosecurity Decisions With Ramifications 
for Disease Control in a Simulated Production System

Gabriela Bucini, Scott C. Merrill, Eric Clark, Susan M. Moegenburg, Asim Zia, 
Christopher J. Koliba, Serge Wiltshire, Luke Trinity and Julia M. Smith

102 Opportunities for Brucellosis Control in Mexico: Views Based on the 
Sustainable Livelihoods Perspective

David Oseguera Montiel, Klaas Frankena, Henk Udo and Akke van der Zijpp

108 Salmonella Control Programme of Pig Feeds is Financially Beneficial in 
Finland

Jarkko K. Niemi, Katriina Heinola, Maria Simola and Pirkko Tuominen

120 An Epidemiological and Economic Simulation Model to Evaluate 
Strategies for the Control of Bovine Virus Diarrhea in Germany

Jörn Gethmann, Carolina Probst, Jason Bassett, Pascal Blunk, Philipp Hövel 
and Franz J. Conraths

134 Animal Hygiene Indexes in Relation to Big-Five Personality Traits of 
German Pig Farmers Evaluated by Self- and Other-Rating

Susanne Döring, Nicole Geisthardt, Henrike Freitag, Iris Kobusch, 
Marc Boelhauve and Marcus Mergenthaler

Table of Contents

https://www.frontiersin.org/research-topics/8483/proceedings-of-the-2nd-isessah-conference-2018
https://www.frontiersin.org/journals/veterinary-science


EDITORIAL
published: 11 February 2020

doi: 10.3389/fvets.2020.00052

Frontiers in Veterinary Science | www.frontiersin.org 1 February 2020 | Volume 7 | Article 52

Edited and reviewed by:

Mary M. Christopher,

University of California, Davis,

United States

*Correspondence:

Didier Raboisson

didier.raboisson@envt.fr

Specialty section:

This article was submitted to

Veterinary Humanities and Social

Sciences,

a section of the journal

Frontiers in Veterinary Science

Received: 26 December 2019

Accepted: 22 January 2020

Published: 11 February 2020

Citation:

Raboisson D, Vosough Ahmadi B,

Peyre M, Hogeveen H, Gunn GJ and

Rushton J (2020) Editorial:

Proceedings of the 2nd ISESSAH

Conference 2018.

Front. Vet. Sci. 7:52.

doi: 10.3389/fvets.2020.00052

Editorial: Proceedings of the 2nd
ISESSAH Conference 2018

Didier Raboisson 1*, Bouda Vosough Ahmadi 2, Marisa Peyre 3, Henk Hogeveen 4,

George John Gunn 5 and Jonathan Rushton 6

1 IHAP, Université de Toulouse, INRA, ENVT, Toulouse, France, 2 The European Commission for the Control of

Foot-and-Mouth Disease (EuFMD), Food and Agriculture Organization of the United Nations (FAO), Rome, Italy, 3CIRAD,

Animal, Santé, Territoires, Risques et Ecosystèmes (ASTRE), Centre de Coopération Internationale en Recherche

Agronomique pour le Dévelopement (CIRAD), TA C 22/E Campus International Baillarguet, Montpellier, France, 4 Business

Economics Group, Wageningen University & Research, Wageningen, Netherlands, 5 Scotland’s Rural College (SRUC),

Edinburgh, United Kingdom, 6 Institute of Infection and Global Health, University of Liverpool, Liverpool, United Kingdom

Keywords: economics, social sciences, ISESSAH, infectious diseases, biosecurity

Editorial on the Research Topic

Proceedings of the 2nd ISESSAH Conference 2018

INTRODUCTION

Knowledge and skills in economics and social sciences are becoming increasingly significant in
the animal health sector and play an important role in making sure animal health investments are
people-centric (1). These skills provide a basis for decision-making processes within the livestock
and animal health sectors at scales ranging from individual owners to farms, and from the livestock
and food industries to regions and countries. The trend toward greater reliance on economics and
social science skills reflects the complexity and variability of situations in the field, which require
a whole-system approach (2)1. General “one size fits all” rules are not sufficient anymore; rather,
insights are needed into the economic impacts of animal diseases, the profitability of potential
interventions, and an understanding of the behavior of the people involved, including farmers,
veterinarians, government officials, and the public. The need to take into account different views
and therefore values of resources and outcomes during decision making often requires multi-
criteria analysis to inform the trade-offs society faces in resource use. The optimization of societal
benefits has to consider an individual’s behaviors and social relationships within the disciplines of
animal health management and disease control.

The International Society for Economics and Social Sciences of Animal Health (ISESSAH),
established in 20172, held its second conference in Montpellier, France in May 2018. The Society
promotes transdisciplinary research and joined with the Innovation in Animal Health International
Forum3 and the Economic Reasoning for Improved Animal Health Network4 to ensure this was
achieved at the Montpellier meeting. The proceedings of this 2nd ISESSAH conference focus on
how economics and social science approaches can support decision making and governance in
animal disease prevention, surveillance, and control. The aim of the conference was to highlight
how the principles of economic assessment and social sciences can be applied by stakeholders
and leading thinkers in the field to support animal health education, research, and policy making.
The 11 papers in the proceedings reflect three themes: infectious diseases, biosecurity, and
alternative methods.

1https://animalhealthmetrics.org/approach/
2http://www.isessah.com/
3https://www.alphavisa.com/isessah-innovsur/2018/
4https://epidec.weebly.com/
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ECONOMIC ASSESSMENT AND DECISION

ANALYSIS APPLIED TO INFECTIOUS

DISEASES

Three studies highlight the usefulness of re-contextualization
to improve decisions related to animal health. Montiel et al.
applied the “Sustainable Livelihoods Perspective” to Mexican
goat farming, demonstrating that brucellosis control offers
an opportunity for small-scale goat farmers to stabilize
their income and contribute to rural population welfare,
ultimately reducing the likelihood of migration to the U.S.
Using participatory research and interdisciplinary dialogue
with Basongora pastoralists in Uganda, Chenais and Fischer
highlighted how paying attention to “situated knowledge” and
“embodied objectivity” improved the relevance of advice on cattle
disease control. Lastly, Pramuwidyatama et al. investigated 27
measures against highly pathogenic avian influenza (HPAI) in
Indonesia in 2012–2017. The animal vaccination-based HPAI
mitigation strategy chosen by the government to safeguard
humans from HPAI transmission had a low implementation
feasibility that was attributed to insufficient collaboration
among farmers.

Three other studies proposed quantitative economic
evaluation to support decisions on zoonoses or national disease
control programs. Thomas et al. used a food chain risk analysis
model to determine the incremental cost-effectiveness ratio
(ICER) of Taenia solium control strategies. The addition of a
vaccination and treatment protocol to meat inspection (+10.3%
cost) improved the ICER by 74.6%, and reduced pork industry
losses from condemned meat by 66%, highlighting the potential
to leverage private sector investment. Because the rationale of
Salmonella control in pig feeds is debated, Niemi et al. carried
out a cost-benefit analysis on the current Finnish control policy
as compared to a reduced-control scenario. The current control
policy benefits consumers, while a substantial portion of the
cost is borne by feed operators; this suggests that a focus on
financial responsibilities could increase acceptability of the
current policy. Lastly, Gethmann et al. evaluated the German
compulsory program to eradicate bovine viral diarrhea (BVD),
in force since 2011, through a cost-benefit analysis between
BVD control and no-control scenarios. None of the scenarios
leading to complete BVD eradication was economically attractive
[benefit-cost ratios (BCR) 0.64–0.94]. Only the former and the
current national BVD control programs of “ear tag testing and
culling” reduced BVD prevalence to 0.01%, with acceptable
BCRs of 1.22 and 1.24.

ECONOMICS AND SOCIAL SCIENCES

APPLIED TO BIOSECURITY

Biosecurity is a powerful tool to manage animal diseases, from
enzootic production to emerging diseases. The investments
are not specific to any particular disease, and good biosecurity
practices form the basis for sustainable production, yet
farmers often have difficulty justifying and implementing
biosecurity measures. Through a systemic approach to

understanding human behavior, economic modeling, and
social sciences research can assist in defining multi-disease
benefits from biosecurity measures and lead to strategies
that improve biosecurity compliance. Four studies in
the proceedings emphasize the importance of this type
of research.

The core biosecurity recommendations outlined in the U.S.
Secure Pork Supply Plan include written site-specific biosecurity
plans that involve the implementation of a perimeter buffer
area and a line of separation. Pudenz et al. showed the
complexities of biosecurity measures adoption. Their results
indicate that adoption is affected by how feasible producers
believe implementation of each biosecurity practice is for their
operation, and on the producers’ perception of risk. The authors
found that implementation of one biosecurity practice was
likely to increase the marginal efficacy of another biosecurity
practice, such that a global approach may be useful. Merrill
et al. also addressed this with a “serious gaming” approach,
showing that compliance in biosecurity is influenced by the
method of message delivery, increased situational uncertainty,
and increased risk. Similarly, Bucini et al. developed an agent-
based model that combines epidemiological dynamics and
heterogeneous human decisions. Scenarios applied to porcine
epidemic diarrhea virus showed that relatively small shifts (10%
of the producer agents) toward a risk averse position can
lead to a significant decrease in total incidence of disease.
Lastly, the big-five personality traits were associated with
biosecurity level as expressed by a “continuous animal hygiene
index” and a “technical animal hygiene index” (Döring et al.).
Interactions of personality traits with biosecurity level were
demonstrated, and the results depended on production systems
and rating perspectives.

FOCUS ON NEW METHODS

ISESSAH promotes innovative economic and social science
methods applied to animal health in order to improve
animal health and welfare policies, programmes, and actions
worldwide. A good example of this is the study by Barratt
et al. on foot-and-mouth disease management using an
innovative time series methodological framework to estimate
the indirect costs of animal disease control strategies. This
model takes into account how market dynamics may change
following a disease outbreak, and estimates more precisely
the indirect costs and wider knock-on price effects between
sectors. The work by Merrill et al. and Bucini et al. are
some of the first applications of “nudge theories” to animal
health actors, and are based on experimental economics
methods. Nudges for greater compliance with practices or that
modulate risky behaviors appear to be promising approaches for
animal health.

Together, the 11 papers in the 2nd ISESSAH conference
proceedings provide a good overview on how different economic
and social science approaches can contribute to animal health
management and disease control. Complementarity among
disciplines and continuous improvement in methods will
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support better decision making in animal health in both the
short and long terms. Through the organization of annual
conferences and many other initiatives, ISESSAH provides
opportunities for animal health professionals to achieve wider
societal benefits. Gathering our forces and competencies and
focusing them on improving animal health is our organization’s
daily motivation.
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Cattle disease can have severe negative impacts on the livelihoods of the poor, but

still, animal disease management and outreach often remain suboptimal in low-income

settings. In a study on Basongora pastoralists in Uganda, we examined local priorities,

perceptions and practices regarding cattle disease, in order to improve outreach and

disease control advisory work in such contexts. We also investigated how participatory

epidemiology can be better equipped for gathering situated knowledge. Empirical

material obtained in focus group discussions, interviews, participatory mapping, and

wealth-ranking was used to perform a thematic, bottom-up analysis. The concepts of

situated knowledge and embodied objectivity and insights from participatory research

and interdisciplinary dialogue were applied to better embrace local perspectives.

Cowdriosis, trypanosomosis, contagious bovine pleuropneumonia, East Coast fever and

anthrax were high-priority diseases for participants. Lack of control over the animal

health situation and money invested in treatments that did not guarantee recovery were

of general importance for disease prioritization. Participants’ descriptions of diseases

sometimes diverged from textbook definitions. Co-infections, chronic and recurring

infections and lack of access to formal knowledge were identified as important factors

for differences between formal and situated knowledge. Paying attention to situated

knowledge and particular context-specific issues such as proximity to a national park

proved to be of special relevance for local understanding and experiences with disease.

Another factor was the local importance ascribed to number of cattle, rather than

production levels. These factors need to be taken into consideration when formulating

disease control advice, as does the complex disease landscape. The results reveal

the importance of moving research and advice beyond curing “knowledge-gaps” and

creating different ways of understanding disease so that situated knowledge can be

considered, and disease control improved.

Keywords: participatory epidemiology, livestock, disease ranking, local knowledge, participatory research,

participatory rural appraisal
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INTRODUCTION

Livestock are crucial for the livelihood security of many
poor people. They provide valuable protein, manure, and
draft power, but also function as social status symbols and
walking banks (1). The embodied effects of animal disease thus
often markedly increase livelihood vulnerability (2). This study
was performed with Basongora pastoralists in Isaazi village,
Nyakatonzi subcounty, Kasese district, south-western Uganda
(see Figure 1).

Due to their dependence on cattle, pastoralist livelihoods
might be particularly vulnerable to the impact of bovine disease.
For the same reason, pastoralists can be expected to be more
knowledgeable about these diseases and their treatment than
other poor communities in similar contexts. In this study
we sought to consider how the Basongora in Kasese district
prioritize, understand and deal with cattle disease and the
related constraints they face. Our aim was to start from local
perspectives and priorities, and let these guide the study. Few
such studies have been performed to date in veterinary medicine
and epidemiology, Examples of the exception are an early
participatory epidemiological (PE) study of animal diseases in
pastoralist communities in Somaliland (3), and a later study on
goat diseases in Turkana South District in Kenya (4). These
studies both applied local perspectives to identify diseases of
importance for the studied communities.

Based on the findings from the present study, we discuss how
future research might better take into account local knowledge
and priorities, and what the effects of doing so were in the present
study. We also suggest some ways of making epidemiological
research more fully embrace local perspectives and practices,
and thus provide research findings of increased local relevance.
Finally, we suggest some practical measures for improving
outreach and adoption of disease management in these contexts.

Researching Situated Knowledge of Cattle
Disease
The importance of researchers and policy makers acknowledging
that all knowledge is situated, and not simply regarding
local ways of knowing and prioritizing as inferior, has been
repeatedly emphasized [e.g., (5, 6)]. However, recent research
shows how acknowledging other forms of knowing than
formal “textbook” knowledge has arrived later in veterinary
medicine than in many other academic disciplines, and that
such acknowledgement can have significant positive effects
on the dialogue between veterinarians and farmers (7). For
example, applying very detailed knowledge about a disease and
associated recommendations about its treatment produced by
veterinary researchers without local engagement, might not be
wrong per se. However, such approaches will likely produce
knowledge that is not well anchored in the local situation
and does not accurately acknowledge complex disease ecologies
and economic constraints limiting treatment possibilities. Such
decontextualized knowledge will be difficult for local people to
act on (7).

We argue here, that if veterinary research and practice take
the approach to knowledge not as an object to be gained or not,

but as something situated and locally specific, it will be better
equipped to understand local accounts of disease, including how
and why they might differ from textbook descriptions. Such
acknowledgement would facilitate both research and practical
veterinary work [see (7) for a similar reasoning]. One of
the early writers on this is Haraway (8), who describes how
modern science has colonized “objectivity” as detached from
context, and universally applicable. By slicing up reality and
dividing responsibility for understanding the world into different
disciplines, very detailed and seemingly “objective,” but highly
decontextualized and selective, accounts of the world are created.
Haraway (8) points out that these accounts of the world, like
any other knowledge, are partial and situated but claim to be
general, thereby particularly excluding knowledge and realities of
marginalized groups in society. The term “embodied objectivity”
reflects the fact that objectivity is never detached and neutral, but
must be judged in its context [see also e.g., (5, 6)].

One strategy for facilitating this openness to different ways
of knowing has been to engage in interdisciplinary dialogue
(9, 10) and to employ participatory methods (6, 11). Participatory
methods aim at making policy and research more sensitive to
local conditions (12). By doing so it can have a significant
impact in attuning development work and research to poor
people’s realities (13). In this way participatory methods can also
facilitate that implementation of research findings and policy
interventions are grounded in priorities and needs of the local
people. PE in veterinary science has been developed as a tool for
collecting epidemiological data in contexts where conventional
quantitative data are unavailable. However, recent research has
shown that the focus on being accepted by the conventional
veterinary research community has led to “participation” in PE,
and the resulting relevance of the findings to local people, being
rather limited (14). In this study, we as authors combined our
expertise in veterinary medicine and rural development studies,
respectively, while remaining equally open to local competence,
drawing on participatory methods.

MATERIALS AND METHODS

Data collection was designed to embrace local perspectives on
cattle disease. We performed focus group discussions (FGDs),
individual interviews, participatory wealth-ranking and
mapping. Participants were selected on the basis of purposive
sampling strategies (15). All interviews were guided by a pre-
defined topic guide outlining broad topic areas, while remaining
open to inclusion of additional topics by participants. Before
implementation of the study the local research team, consisting
of facilitator, note-taker (both veterinarians) and an interpreter,
jointly translated the interview topic guide from English to
Lutoro/Rusongora. A pilot FGD was conducted to test the set-up
and the local relevance of the questions. The participants in
the pilot FGD were from a village neighboring the study village
and recruited in the same way, with the same requirements and
procedures, as for FGDs included in the study. Results from the
pilot FGD were not included in the results. The topic guide can
be found as Supplementary Material 1.
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FIGURE 1 | The study village, marked as a dot on the map, is located in the western part of the “cattle corridor” stretching through Uganda in a north-westerly

direction.

Data Collection
Following the pilot, eight FGDs, four with women and four with
men, were performed. These groups were convened by a key
informant working for a local non-governmental organization
in the study village and residing in an adjacent village. The
requirements for participation in FGDs were that participants
lived in the study village, were over 18 years and owned or tended

cattle. Groups of at most nine participants were organized and
each new group consisted of people who had not previously
participated.

In the beginning of each interview and FGD the research
team informed about the study and its objectives, especially
pointing out that it was a research project and not a need
assessment or similar, with possible immediate benefits for
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the community. All respondents were asked for their oral or
written consent (including for audio recordings and photos)
and informed that they could refuse to answer questions and
withdraw from the group at any time. The facilitator followed the
topic guide while being sensitive to participants’ wishes to express
concerns and comments outside this frame, and ensured that
the discussion was not dominated by one or a few individuals.
The authors intervened and gave feed-back if deemed necessary.
All participants spoke Rusongora, while the interpreter and the
facilitator spoke Lutoro. Lutoro and Rusongora are sufficiently
similar for translation to work smoothly, but inevitably some

detail may have been lost. Detailed notes were taken throughout
the field work. The discussion was simultaneously translated to
English and the translation recorded on audio-tape for back-
up, but not transcribed verbatim. Notes taken by the note-taker
and both authors, as well as the audio-tape recordings, were
frequently compared and discussed with the research team and
key informants. Quotes used in this paper should not be seen as
exact translations, but as illustrations intended to give life to the
findings.

Participatory mapping (16) of the village depicting all
households was conducted (see Figure 2). The group performing

FIGURE 2 | Map of the study village indicating all households and their wealth rank. Households are numbered 1–199 in plain numerals. Wealth rank is indicated as

1–5 in encircled numbers. Households marked
√

participated in the first eight FGDs.
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the participatory map and wealth ranking consisted of five
men identified by the key informant for their knowledge of
the village and of all households. They had not participated in
the FGDs. The participatory mapping improved the research
team’s understanding of the local geography, helped identify
geographical areas of the village covered in initial focus groups
and was used as a basis for subsequent wealth ranking. The
wealth ranking, designed with inspiration from Jacobson (16),
aimed at capturing local perspectives on poverty and wealth
and identifying the relative wealth of each household using the
participatory map. There was significant agreement in the group
about factors deciding wealth rank. These were:

• Education of children.
• Private ownership of land.
• Number of cattle.
• Household monetary income.
• Quality of dwelling house.

Based on these factors, participants agreed on five different
wealth ranks, which were subsequently cross-checked in a FGD
with five women. This revealed substantial correlation between
the factors prioritized and the overall importance of cattle, but
the women added the importance of wife and children being well
fed.

Themapping indicated that 70 out of a total of 199 households
participated in the initial eight FGDs. There was no notable
difference in the distribution of wealth ranks of the households
participating and not participating in the initial eight FGD
groups. However, one geographical area where many widowed or
divorced women live emerged as under-represented in the initial
eight focus groups. We therefore conducted one more FGD with
five women from this area of the village. The participants for this
FGD were recruited with the same instruction as for the initial
eight FGDs, but restricted to women living in the indicated area.
This FGD also served the purpose of cross-checking the factors
deciding the wealth rank, as described above. We also conducted
one additional FGD with seven (male) cattle care herders owning
few or no own cattle, and four additional interviews with seven
young men herding other people’s cattle, as we suspected that
the perspectives of this group might not have emerged in the
FGDs. The herders were encountered and approached while the
researchers walked around the study village and recruited for an
immediate FGD or interview. This approach was selected as it
was difficult to make herders leave their duties and take part in a
scheduled FGD. However, the FGD and interviews with herders
did not indicate that these participants had different knowledge
and experience of cattle disease than cattle owners.

With the overarching research question as a guide, we
conducted a thematic, bottom-up analysis where we let the
empirical data guide the categories emerging. In both data
collection and analysis, we aimed at preserving the diversity of
perspectives emerging, rather than forcing consensus. Literature
on the local social and ecological conditions affecting Basongora
livestock keepers, and of the diseases and vectors mentioned by
interviewees, facilitated analysis of the local empirical material
and provided grounds for dialogue between local and non-local
knowledge on cattle production and disease.

RESULTS

Cattle disease was a topic that prompted significant engagement
in the interviews, indicating the significant of cattle in the
Basongora culture. Number of cattle owned was central for
perceived status and wealth in the community, and even
households ranked among the poorest still had a few cattle,
indicating the priority given to investing in cattle. However,
similarly to many other traditional cattle-based communities
(17), it was the number of cattle that was important and
production levels were not prioritized. Cattle were frequently
kept to old age (up to 16 years) and cows were described to
produce up to 15 calves in their lifetime. Cows were further
described to calve the first time at 6 years of age and producing
approximately 2–3 L of milk per day during the lactation period.

Situated Knowledge of Cattle Disease in
the Study Village
During the FGDs, participants were asked to list all diseases
they had observed in their cattle in the past 2 years. The limit
of 2 years was set to give a period sufficiently near in time
for participants to remember and sufficiently long to capture a
wider range of diseases of relevance. However, we did not relate
this time span to any other specific events in the community
that could have helped the participants define it more exactly,
and thus it should be taken as a rough indicator. A total of 38
different cattle diseases, syndromes, signs or external parasites
were mentioned (Table 1). The fact that many of these are not
diseases in a formal sense indicates the broader perception of
disease in the community, the general lack of a strong link
between formal and informal veterinary knowledge and lack of
access to veterinary services. Since 1999, every sub-county in
Uganda is expected to have a government-employed veterinarian.
Kasese district is divided into 23 rural sub-counties and six town
councils/divisions (18, 19). While Nyakatonzi is one of the sub-
counties that have employed a veterinarian, this veterinarian
does not live in Isaazi village. However, a private veterinarian
is residing in Isaazi. Local estimates and our own calculations
based on wealth ranking indicate that Isaazi villagers own
8,000–10,000 cattle, excluding calves. Since Isaazi is one of 11
villages in Nyakatonzi sub-county, the total number of cattle
clearly exceeds the amount that one or two veterinarians could
handle. Thus, participants to a large extent have to manage
disease and other production challenges without consulting
animal health professionals. Of the 38 diseases mentioned, 12
were described as being the most important in one or more
FGDs and five (cowdriosis, trypanosomosis, contagious bovine
pleuropneumonia (CBPP), East Coast fever (ECF) and anthrax)
were mentioned particularly frequently (Table 2). There was
no obvious difference in interview responses between women
or men, or between cattle owners and herders, regarding the
diseasesmentioned or their prioritization. Belowwe provide brief
textbook-type descriptions of these five diseases, followed by
their Rusongora names, local descriptions, including their signs
and causes, and participants’ stated reasons for rating a particular
disease as most important.
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TABLE 1 | Exhaustive list of all cattle diseases, syndromes, signs or external

parasites mentioned in focus group discussions (FGDs).

Disease* Number of FGDs

mentioning the

disease*

Anthrax, cowdriosis, East Coast fever (ECF), trypanosomosis 10 (=all)

Contagious bovine pleuropneumonia (CBPP) 9

Foot and mouth disease, worms 8

Fever, lumpy skin disease 7

Ephemeral fever 6

Anaplasmosis, tuberculosis 5

Diarrhoea, tetanus 4

Eye-worms 3

Cough, brucellosis, pink eye, tick fever 2

Abscesses, bloody diarrhoea, constant urinating,

constipation, fever and cow goes blind, head shaking, high

fever and dry faces during dry spell, laminitis, mastitis,

papillomatosis, photosensitivity, rhinderpest, ring womb, ring

worm, small elephant flies, standing hair coat, still births,

ticks, unknown disease: rotten intestines at slaughter

1

*Disease (including diseases, syndromes, signs or external parasites) names are those

given by the participants, directly translated into English.

TABLE 2 | Diseases, syndromes, signs or external parasites ranked among the

top five most important in at least one focus group discussion (FGD).

Disease* Number of FGDs where the

disease* was ranked top five

Cowdriosis, trypanosomosis 9

Contagious bovine pleuropneumonia (CBPP) 8

East Coast Fever (ECF) 6

Anthrax 5

Diarrhoea, fever, tick fever, worms 2

Cough, bloody diarrhoea, eye-worms 1

*Disease (including diseases, syndromes, signs or external parasites) names are those

given by the participants, directly translated into English.

Cowdriosis
Cowdriosis, or heartwater, is caused by the bacteria Ehrlichia
ruminantium and is spread by Bont ticks (Amblyomma spp.)
(20). The disease is endemic in many parts of Africa and causes
fever, nervous signs, diarrhoa and ultimately death (21). The
Rusongora name for cowdriosis is omutwe, literally meaning
headache. All FGD participants described the signs of cowdriosis
as cattle getting a stiff neck or head leaning to one side and the
animal starting to move in circles, isolating itself and turning
mad. Many other, less specific, signs of the disease were also
mentioned, and it was pointed out repeatedly that it was difficult
to diagnose the disease in time to enable successful treatment.

Although all FGDs identified cowdriosis as a tick-borne
disease, tsetse flies (Glossinia spp.) and small elephant flies
(Tabanidae spp.) were also mentioned as disease vectors. Other
factors mentioned as causing the disease were prolonged drought
and lack of feed, animals being struck too hard by the herder or

animals fighting with other animals. Lack of access to veterinary
services, not applying acaricides according to recommendations
and treatment failure of acaricides were also mentioned as
reasons for the disease. Cowdriosis was regarded as important
because it is common and causes (sudden) death. Both preventive
and curative measures were mentioned as being ineffective and
expensive. The clinical signs from the central nervous system
were mentioned as both dangerous to manage and economically
damaging, as infected cattle stray and get lost, preventing sale or
consumption of the meat. Infected wild animals and vectors from
the nearby national park were mentioned as complicating control
of the disease.

Trypanosomosis
In East Africa, trypanosomosis in cattle is generally caused by
Trypanosoma brucei brucei, T. congolense or T. vivax, and is
transmitted by tsetse flies (Glossinia spp.). Infection can cause
various signs such as lymphadenopathy, anemia, anorexia and
death (22). Signs can present along a range from acute to chronic
(21). The Rusongora name for trypanosomosis is ekipumpuru,
which translates directly as emaciation.

The signs of trypanosomosis mentioned in the FGDs were
many and varied. Many related to production losses, such as
milk drop, giving birth to weak calves and abortion, but also
e.g., diarrhoa, standing hair coat, lack of appetite, weight loss, eye
problems and swelling around the neck. Some participants also
mentioned that the signs are vague and that the disease weakens
the immune system, which might mean that simultaneous
infections make it particularly difficult to diagnose the disease.

Seven out of 10 FGDs mentioned tsetse flies as causing
trypanosomosis, but six FGD also mentioned ticks as insect
vectors. Many participants further emphasized the role of
elephants (from the national park) in disease transmission.
Elephants kicking the soil and making holes where water
collected and cattle drinking together with elephants were
mentioned as causing disease transmission. Hunger, limited
pasture, and prolonged drought were also mentioned as
causing the disease. Some FGD participants associated increased
incidence during drought with a disease-causing agent in the soil.

Trypanosomosis was regarded as important because it causes
death, particularly in calves. It was also mentioned that this
disease often recurs after treatment. Economic impact related to
impaired production, failed reproduction, difficulties in selling
infected animals and costly treatment were also frequently
mentioned. The difficulties in selling infected cattle were
specifically related to the impaired body condition, probably
further reflected in the Rusongora name for the disease. Ticks,
tsetse flites and vertebrate vectors from the national park were
mentioned as complicating factors in controlling the disease.

Contagious Bovine Pleuropneumonia (CBPP)
Contagious bovine pleuropneumonia is covered by animal
health laws in Uganda and its control is under governmental
responsibility (23). It is caused by Mycoplasma mycoides subsp.
mycoides and causes a very serious and contagious respiratory
disease (21). The Rusongora name for CBPP is kihaha, which
is closely related to the word for lungs (ekihaha). CBPP was
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particularly described as causing cough. Other signs mentioned
were discharge from nose and eyes, lethargy, loss of weight,
diarrhoa, standing hair coat, fever, abortions, and milk drop.
Several post-mortem signs were also mentioned (particularly by
the men, as women do not participate in slaughter) including
damaged lungs and the lungs being attached to ribs and to other
organs.

Many participants mentioned that CBPP can spread through
infected cows entering a herd or passing nearby. Transmission
occurring through wildlife (from the national park), and through
humans who had stepped in infected cow dung was also
mentioned. However, the particular pathogen was not known by
the participants.

CBPP was regarded important because it is common, causes
many deaths, is easily transmitted and requires treatment that is
not available locally. Economic impacts arise from loss of value of
cattle, and from trade restrictions due to quarantine (“quarantine
causes loss of income because you cannot sell milk or sell cattle
that is needed to pay for school fees”). The post-mortem signs also
reduce the value of the meat and cause fear of zoonotic disease
transmission, probably as a result of the damage the disease
causes to internal organs (although it can be noted that in fact
the disease is not zoonotic).

East Coast Fever (ECF)
East Coast fever is caused by the parasite Theileria parvum
spread by the brown ear tick (Ripicephalus appendiculatus) (20).
It is endemic in east Africa, often causing fever, enlarged lymph
nodes, dyspnoea, wasting, and diarrhoa, followed by death (21).
The Rusongora name for ECF is omuswija, which translates as
high fever.

Like trypanosomosis, ECF was described with a variety of
symptoms. Many participants said that it was more common in
calves, or even that it only occurred in calves. Signs of disease
mentioned included fever, swollen lymph nodes, nasal discharge,
and swollen eyes, standing hair coat, cough, labored respiration,
diarrhoa, inability to stand up and anorexia.

Only five out of 10 FGDs said that ECF was caused by ticks.
Some also mentioned flies in general, and tsetse flies in particular,
as disease vectors. Dry spells and too much wind and sunshine
were also mentioned as causing the disease. Calves drinking too
muchmilk or irregular milking (i.e., irregular milk availability for
calves) were repeatedly mentioned as factors causing the disease.
Some also said that the disease could spread by milking infected
cows. ECF was regarded as important by participants because
it is common and causes death, especially in calves (“Calves are
cows of tomorrow, if calves die that is bad”). Sudden appearance,
difficulties in diagnosis and the need for treatment to avoid a fatal
outcome were also mentioned, as was fear of zoonotic infection
potential via milk (“If you take the milk from a cow with fever
also the humans get sick, but you cannot stop taking milk, it is the
delicacy”).

Anthrax
Anthrax is a fatal disease in cattle, often presenting with per-acute
death. It is caused by spore-producing bacteria Bacillus anthracis,
the spores of which can survive in soil for a very long time.

The spores are often unearthed in extreme weather conditions
such as droughts or floods, or a combination of these (21).
The Rusongora name for anthrax is kakooto. The etymological
background to this name could not be clarified, but it is possibly
related to the word for “enlarged.”

Anthrax was particularly described by its sudden appearance.
Many said that there were no signs before death, while others
mentioned swelling of the body and bleeding from nose and
anus before or just after death. In particular, men also reported
several post-mortem signs, including the meat looking “as if it
were boiled,” enlarged spleen, no rigor mortis, watery blood and
blood coming out of body orifices.

Many participants mentioned that anthrax comes from the
soil, especially during droughts. Those who did not identify the
soil as the disease source were still aware that anthrax appears
especially during droughts, and that it comes somewhere from
the pasture. It was well known that meat from infected cattle is
a danger to public health. Anthrax was regarded as important
because of its deadly outcome, the sudden onset (“Anthrax can
attack without noticing, you only realize as blood is oozing out of
mouth and anus”) and by affecting seemingly healthy cattle. The
zoonotic potential and the economic impact from not being able
to consume or sell the meat were also mentioned.

Local Priorities of Cattle Disease
As seen in the sections above, many of the reasons given for the
relative importance of particular diseases were general, and more
related to the participants’ situation and the context than to the
specific diseases. Such more general aspects are described below.

The aspects of the diseases that influenced perceptions of
their relative importance can be grouped into themes relating to:
epidemiological parameters and expected final outcome of the
disease, prospects for success of available treatment, economic
impact, clinical signs, causes of the diseases, the national park,
acaricides, and uncertain elements (i.e., if the cause, diagnosis
or treatment was unknown to the participants). In more detail,
and using epidemiological terms, the first theme relating to the
relative importance of a disease could be described as disease
incidence, prevalence, contagiousness, hereditary potential, and
case fatality rate. Aspects of the outcome of disease, notably death
or a chronic/progressive disease course, added to the relative
importance of a disease. A disease appearing suddenly or death
occurring without previous signs were factors contributing to
the relative importance. Such aspects make diseases difficult
to prevent or control and add to livelihood vulnerability. For
similar reasons, the expected success of treatment, if a disease
recurs after treatment, if the treatment does not cure the disease
and if the animal dies even when treated were repeatedly
emphasized. In this regard the availability of drugs and the
problem with inefficient acaricide treatments were frequently
raised. Economic impact (e.g., cost of treatment, possibility to
sell the meat, market value of cattle, zoonotic potential hindering
consumption and trade, and diseases imposing quarantine
measures preventing trade of cattle and their products) were also
mentioned as important. However, economic impact went well
beyond monetary value at point of sale and could be described
in terms of: (1) Maintaining the herd (rather than e.g., being
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able to sell animals) and (2) spending money on ineffective
treatment. Again, underlining the value of herd size, disease in
calves was often mentioned as particularly devastating owing
to their value as future replacements for cows. With regard to
ineffective treatment, in particular the problem with ineffective
or “fake” acaricides on the market was repeatedly stressed, also
when talking about diseases that are not tick-borne (“acaricides
are ineffective even if we spray twice weekly,” “we lost a lot of
money because the acaricides did not kill the ticks”).

Local Disease Management
Participants reported that they often did not consult animal
health professionals but treated their cattle themselves or sought
help from other community members. This was especially
mentioned as being the practice for the more common diseases
such as cowdriosis, trypanosomosis, ECF, parasites, fever, and
diarrhoa. In these cases, therapeutic drugs were obtained from
the local market, drug shop or agriculture input provider.
Furthermore, the long tradition, culture and experience of cattle
keeping in this community were mentioned as providing a base
of knowledge about treating cattle diseases. One of the key
informants explained that everyone in the village had significant
knowledge about cattle production, different diseases, and their
treatment, “but what differs between people is the possibilities to
do something about the disease.”

Some traditional treatments options were mentioned, such
as using particular plant extracts for treating cowdriosis and
trypanosomosis. At the same time, local treatments seemed
overall to have significantly declined with the introduction of
formalmedicines, even when these did not function satisfactorily.
For example, despite the very frequent complaints about
ineffective acaricides, other means of controlling ticks, such as
hand-picking or smearing plant extracts, urine or waste oil, were
mentioned as not being in use anymore.

Many participants mentioned that they would contact the
local village veterinarian, or the government veterinarian, if
their own treatment did not succeed, for diseases they did
not recognize or for some specific diseases (CBPP, foot, and
mouth disease, anthrax, lumpy skin disease). However, despite
Nyakatonzi being one of the sub-counties in Kasese district
that have a government veterinarian employed, and despite
a private veterinarian residing in the village, many villagers
reported difficulties in accessing veterinary healthcare. Apart
from lack of access, avoiding costs for paying the veterinarian was
mentioned as a reason for treating cattle themselves or asking
other community members for help before consulting animal
health professionals. As the veterinarian was often called out only
after local attempts at treatment had failed, the success rate of
veterinary treatments is also likely to be low.

DISCUSSION

The results and available literature indicate several reasons
for diversions between textbook and local disease descriptions.
These include co-infections, chronic, intermittent and recurring
infections and lack of local knowledge on disease-causing agents,
leading to local understanding, and classification of diseases

focusing on clinical signs. As an example, the clinical signs
used to describe trypanosomosis were especially varied. In a
study by Catley et al. (24), agro-pastoralists in Sudan described
trypanosomosis as a chronic wasting disease, leading those
authors to conclude that the varied signs described might reflect
co-infections with several endemic diseases, as might also be
the case in our study. Another explanation for the varied, and
somewhat vague, descriptions of clinical signs might be that
the cattle suffer from more or less constant under-nourishment
(25), leading to a general weakened immune response, making
differential diagnosis difficult. Although not discussed as such
by the participants, we for example interpret the local accounts
regarding cattle reproduction and milk production as harsh
ecological conditions and disease pressure causing significant
constrains on productivity.

In a study of local knowledge on tick-borne diseases (TBDs)
in cattle among Karamoja pastoralists in Uganda, participants
described co-infections with several TBDs such as anaplasmosis
and ECF, leading to the conclusion that such co-infections
might lead to under-estimation of the true prevalence of disease
(26). Co-infections also affect disease management and the
local relevance of disease control advice. Participants in our
study frequently discussed treatment failure of acaricides as a
reason for failed prophylaxis of trypanosomosis, despite the
insect vector being tsetse flies, not ticks (22). Both single
and combination preparations (effective against ticks and tsetse
flies) were used in the study village, but this difference in
vectoricid-range was never mentioned by participants. Rather
than interpreting this as local misrecognition of the disease-
causing agent, we concluded that if cattle are concurrently
exposed to tsetse flies carrying Trypanosoma spp. and several
species of ticks (20) carrying one or several TBDs, a sub-
clinical infection by any TBD might exhaust the animal’s
immune system, making it succumb to clinical trypanosomosis.
The local emphasis on acaricides for treating non-TBDs might
also reflect a general wish to have access to better disease
treatments. In the same way, the local connection made
between trypanosomosis, reproductive failure and abortions
might be caused by local failures to distinguish between
trypanosomosis and diseases more commonly associated with
signs from reproduction system such as brucellosis, or by co-
infections making the signs less obvious. Brucellosis was only
mentioned in two out of ten FGDs, and never mentioned as
an important disease. In recent findings from the same area
by Wolff et al. (27) the prevalence of brucellosis was high
(40%).

Another example of how a broad exploration of situated
knowledge of animal disease could contribute to more robust
research findings on local disease-related challenges and assist in
potential identification of new diseases was the case of “fever.”
Participants described three different syndromes of “fever”: fever,
tick-borne fever and ECF. While ECF was acknowledged locally
as an important disease, the descriptions often did not comply
with the textbook description. It was described as tick-borne
in only half of all mentions and was frequently discussed as
particularly affecting, and beingmore serious in, calves. However,
under endemic conditions, young animals are at least partly
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protected by maternal antibodies and calves are thus often
described as being less prone to clinical disease (28). The accounts
in our study included high neonatal death rate, diarrhoa and
overall high case fatality rate in calves. This led us to conclude that
the disease described as ECF in calves might actually be another
disease. Methodologically, it must be noted that we failed to be
sufficiently thorough when discussing with the local research
team about how to translate the diseases and to allow for an
openness about that there might not be a one to one relationship
between local and formal, as well as Rusongora/Lutoro/English
disease names and meanings.

During FGDs we noted a tendency for the facilitator to force
participants’ descriptions of syndromes into scientifically
accepted disease nomenclature that could have caused
misclassification. More thorough preparation and discussions
with facilitator and translator about local names and meanings of
different diseases could have avoided this. As ECF in Rusongora
is translated as high fever, it is likely that this term groups
together several reasons for high fever, and thus that some
of what was reported to us as ECF might in fact have been a
different form of high fever in cattle. Two FGDs prioritized
“diarrhoa in calves” as one of the five most important diseases.
In these two groups, the syndrome was discussed at length and
seemed to have had very negative impacts for the participants.
The syndrome translated as “ECF in calves” might equally have
been translated as “high fever in calves” and might actually be
the same disease as “diarrhoa in calves.” These two accounts
of a disease new to the study community that presents with
high case fatality rate in young calves can be triangulated
with recent findings reporting high prevalence of bovine viral
diarrhoa virus in the same area (27). It can be noted here that
if our study had only been about one disease, e.g., ECF, our
conclusion regarding the local reports on ECF might instead be
only that there is a lack of knowledge on ECF in the study village.
Acknowledging the possibility of several diseases and symptoms
being incorporated within the formal name of one single
disease, rather than just interpreting local inconsistencies in the
characterization of ECF requires openness to different ways of
understanding and classifying disease and to the possibilities
of reasons other than lack of knowledge behind these local
accounts.

Lessons for Disease Treatment and Advice
As noted in almost all local disease descriptions, wildlife from
the nearby national park was perceived as a significant local
problem for disease management; one that the pastoralists also
felt that they had limited influence over. The Basongora in
Kasese are together with the Karamojong to the north among
few pastoral groups who still practice communal grazing in
Uganda. However, their grazing land has shrunk over time due
to continued competition for land from neighboring farming
communities, national parks, and commercial cotton production
(29). With the establishment of Queen Elizabeth National Park
in 1954, which Isaazi borders, villagers lost a significant part
of their grazing lands. The park still causes ongoing conflicts
between pastoralists and wildlife, as mentioned frequently in
interviews and confirmed by other studies in the area (30, 31).

The frequency of the complaints about the national park in
our interviews are clearly in part strongly influenced by the
ongoing land-use tensions, which was also reflected in the wish
for private ownership of land, described as a solution for secure
grazing and limiting disease transmission between herds. While
private ownership of land of enough size to secure own grazing
will probably never be achieved, this wish also reflects a desire
to have more control over the entire animal health situation.
Indeed, in discussions on key challenges in disease prevention
and treatment, the experienced lack of control over disease
cause, prevention and treatment was evident in several ways, as
was the frustration that money invested in treatment did not
guarantee recovery. Given the significant livelihood vulnerability
caused by animal disease and the perceived lack of control over
the disease situation, local suggestions for improving animal
health focused to a large extent on structural investments by
the government to reduce local vulnerability (e.g., building a dip
tank, vaccination, fencing the national park, providing veterinary
services, and drugs). These suggestions are largely in agreement
with those by Coffin et al. (31) and Byaruhanga et al. (26)
for other parts of Uganda. Our study also showed common
community willingness to participate and sustain infrastructures
for disease control. Local residents had for example formed a
producer group to restore the local dip tank. The local emphasis
on the need for structural support, while at the same time
seemingly not complying with some of the existing veterinary
advice, can be interpreted such as that this advice were not
easily adopted under local circumstances, and that structural
support was judged locally to have the potential for more
significant impact [see also (16, 32)]. In the present study there
were examples where local tradition and livelihood constraints
clearly made it difficult to act in ways that would reduce disease
transmission, even if the knowledge about how to do it was there.
The problems with disease transmissions from the national park
is one such example. Also, there was widespread recognition
among participants in this study of milk as a disease-transmitting
agent but, despite this, there was evidence that recommended
withdrawal times for milk during disease and treatments were
not followed, because milk is an important income and an
appreciated delicacy.

Some of the local lack of control over the disease situation
could also clearly be reduced with more access to information
of disease prevention and treatment. Like pastoralists in other
parts of Africa (4), participants in this study in most cases treated
sick cattle themselves, without consulting a veterinarian. The
Basongora have a long tradition of keeping cattle and associated
knowledge of signs of diseases. At the same time, as indicated
above, local knowledge of disease-causing agents and associated
evidence-based treatment is often limited, and co-infections
and generally low health status of animals further complicate
diagnosis and treatment. There was a strong desire amongst
many participants to learn more about on how to control and
treat diseases. One example of this was the frustration with the
local lack of solution, and wish for us to have an answer, to the
problem with diarrhoa in calves. The local importance of cattle
for providing protection against vulnerability and calves as the
future economic security clearly made this a pressing problem.
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In general, participants repeatedly emphasized the importance
of us reporting back our findings to them and asked us many
questions about correct ways of treating diseases. As discussed
in the final section, the results high-light the importance of such
information being given in ways that makes local sense and is
possible to act on.

Methodological Lessons for Making
Epidemiological Research and Practice
More Attuned to Local People’s Realities
Despite the complex disease landscapes in many low-income
countries, few studies discuss co-infections and related
implications for animal health, disease control and poverty
reduction. Furthermore, even with increased acknowledgement
within epidemiological research of local disease prioritizations,
especially through the growing field of PE (33), studies
frequently remain focused on single diseases. Demands by
funding bodies and the wider research culture for concrete and
timely deliverables are important reasons why many studies
have a pre-set and often rather narrow focus. In some cases,
participatory methodologies are used as a first “scoping” stage, to
set more detailed priorities for further research or development
activities (4, 34, 35). Other studies focus on singling out “the
most important disease in the studied community,” signifying
a compartmentalistic view of animal management and health
grounded in an illusion of a healthy animal being struck by a
solitary disease event (36). The reality, according to our findings
and those of others (37), is rather the opposite: co-infections,
sub-clinical disease and diseases recurring due to therapy failure.
Consequently, factors contributing to the relative importance
of specific diseases were in many cases not disease-specific, but
general. Moreover, when participants seemingly talked about
a specific disease, it was apparent that they were frequently
describing situations with co-infections. Accepting this complex
disease landscape has implications not only for the questions we
ask while doing research, but also for the answers we give in the
form of outreach and advisory services. Consequently, finding all
the scientifically relevant answers regarding single diseases might
not have the highest priority for communities. Instead, more
general actions that can address the over-arching health status
of the herd and thus prevent sub-clinically infected individuals
from succumbing to clinical disease might be more relevant.
This might include improving biosecurity and feeding as well as
other preventive measures such as immunization and acaricide
or ecto/endo-parasite treatments.

In addition, as revealed by our investigation into the meaning
of local disease names, local classifications of diseases are likely
to differ somewhat from textbook definitions, as exemplified
by ECF locally meaning “high fever,” which is likely to include
ECF and other diseases causing high fever. Conventionally,
triangulation is the recommended method for cross-checking
local accounts of disease (33). This involves both cross-checking
local descriptions of disease syndromes with key informants, and
biological sampling to arrive at scientific disease names. While
such approach is important for ensuring that one actually collects
medical data and oral statements on the disease intended, it

does not necessarily allow for an openness to local knowledge
and classifications of diseases that do not fit neatly with formal
scientific classifications. In this study we could have been more
thorough in the preparatory work with the local research team
to allow for such openness. The facilitator and note-taker in
the present study were both veterinarians. This facilitated the
translation of animal health terms and disease names from
Lutoro/Rusongora to English, and was a valuable contribution
to the triangulation process involving participants’ account and
official disease reporting. However, it could also have introduced
a “professional filter” to what part of the discussion was
conveyed and what diseases were noted down. Our results in this
regard highlight the importance of continuous intense dialogue
with facilitators and interpreters, preventing coercion of local
accounts of disease into known nomenclature, and to the value
of an open research focus in order to fully comprehend situated
knowledge.

The obvious local need and wish for more information
on how to deal with animal disease must be addressed. Like
Coffin et al. (31), we emphasize the importance of studies
claiming to be participatory taking the time to report results
back to participating villagers in locally relevant ways. Several
participants in this study expressed frustration about having been
part of past research projects on cattle diseases and never being
told the results. The present study is part of a larger research
project studying tick-borne diseases on cattle in Uganda (Swedish
Research Council Dnr 2016-05705). As part of this project we will
report back the joint findings from the project during 2019. Our
study can be used to emphasize the importance of information
being locally appropriate, given in forms that makes sense in local
terminologies, and that can result in concrete actions possible to
implement.
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Over the past years, many different control measures have been implemented to prevent

HPAI infection. The national plan with numerous measures lead to problems in terms

of prioritization and budget allocation. Our study objectives are to (i) establish an

inventory of measures on HPAI control in Indonesia since the first actions were taken

in 2004, (ii) evaluate preferences for different HPAI control measures applied in the

West Java province at the district level during 2013–2017, and (iii) establish a basis

for further qualitative and quantitative research to improve control for an endemic HPAI

in Indonesia. This research was carried out according to the following five steps (i)

development of an HPAI management framework for an endemic state, (ii) inventorization

of measures directed at HPAI and description of the development of HPAI in Indonesia,

(iii) development of a questionnaire for the experts involved, (iv) systematic evaluation

of preferences for short- and long-term HPAI strategies and measures applied in

the West Java Province based on expert opinion, and (v) data analysis. The study

systematically evaluated in total 27 measures. The results of this study show that the

animal disease management framework is helpful as a systematic structure to distinguish

and evaluate strategies and measures. In our framework, we defined the following

strategies: prevention, monitoring, control, mitigation, eradication, and human protection.

The findings of our research show that the primary aims of the government were to

safeguard humans from HPAI transmission by mitigating HPAI disease in livestock. The

measures with the highest priority were preventive vaccination of poultry, biosecurity,

and stamping-out infected flocks. This showed that the government predominantly

chose a vaccination-based HPAI mitigation strategy. However, the chosen strategy has

a low implementation feasibility. A collaboration between the responsible stakeholders

farmers may increase the feasibility of the chosen strategy in the future. Furthermore,

our findings provide a basis for research into the motivation of farmers to implement

different measures as well as into the expected impact of different measures to develop

an effective and efficient mitigation approach.

Keywords: HPAI H5N1, endemic, evaluation, measures, mitigation, strategy, vaccination
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INTRODUCTION

The first major outbreak of Highly Pathogenic Avian Influenza
(HPAI) H5N1 in Indonesia was in December 2003 (1). Since
then, HPAI remained endemic in most regions in the country.
HPAI is a zoonotic disease that severely infects both poultry and
humans and has a high mortality rate [(2), p. 243]. During the
outbreaks in 2003–2004, the Indonesian poultry industry suffered
a loss of millions of US dollars through the death of millions of
chickens and costs to control the spread of the disease [(3), p.
8]. Many small-scale poultry farmers stopped their activities and,
as a consequence, lost their primary source of income, because
the risk of infection was too high. Furthermore, there were 200
human-HPAI cases of which 168 were lethal (4).

The Indonesian government decided to regard HPAI H5N1 as
one of the top priority zoonotic diseases due to the magnitude of
its potential impact on the poultry industry and public health.
A national strategic plan with measures to mitigate the HPAI
epidemic was launched in 2006 [(5), p. 39–51). The formulation
and implementation of the plan involved parties from ministries
and international agencies, such as the Food and Agriculture
Organization, World Organization of Animal Health (OIE), and
the World Health Organization.

Over the past years, many different control measures
have been implemented to prevent HPAI infection. The
national plan with numerous measures lead to problems in
terms of prioritization and budget allocation. In Indonesia,
the autonomous district governments are mainly responsible
for controlling HPAI, based on national guidelines. This
decentralization has been argued to be an important challenge
of controlling HPAI in Indonesia, because district governments
may have their own judgement of measures to be implemented
based on available financial and human resources as well as
local support (6). Consequently, it is difficult to systematically
evaluate the efficacy of each measure. In addition, academic
literaturemostly focuses on specific technical measures to control
the disease either directly or indirectly, for instance, vaccination
(7, 8), or participatory disease surveillance, and response (9).
Considering the complexity of the issue, involving not only the
HPAI virus but also animals and human actors (e.g., farmers,
government), it is necessary to have a systematic evaluation
of measures aimed to control HPAI. Currently, such an all-
encompassing, systematic evaluation is lacking in Indonesia.

This paper aims to fill this gap by providing a systematic
evaluation of HPAI control strategies in Indonesia. The objectives
of this study are to (i) establish an inventory of measures onHPAI
control in Indonesia since the first actions were taken in 2004, (ii)
evaluate preferences for different HPAI control measures applied
in the West Java province at the district level during 2013–2017,
and (iii) establish a basis for further qualitative and quantitative
research to improve HPAI control strategies in an endemic state
in Indonesia.

MATERIALS AND METHODS

This research was carried out according to the following five steps
(Figure 1): (i) development of an HPAI management framework

for an endemic state, (ii) inventorization of measures directed at
HPAI and description of the development of HPAI in Indonesia,
(iii) development of a questionnaire for the experts involved, (iv)
systematic evaluation of preferences for short- and long-term
HPAI strategies and measures applied in the West Java Province,
based on expert opinion, and (v) data analysis.

Step 1: Development of the HPAI
Management Framework
Management of HPAI, particularly in an endemic state, is
complex. This complexity makes it difficult to evaluate the
efficacy of different measures, both for livestock and for
the human health sector. A framework of animal disease
management in the context of HPAI is essential to overcome
this issue, especially in countries with endemic infections, such
as Indonesia. In this study, we adapted the animal disease
management framework of (10) to (i) provide a systematic
inventory procedure for measures on HPAI in Indonesia, (ii)
develop a questionnaire for evaluation, and (iii) combine the two
into a systematic framework for measure evaluation.

Figure 2 depicts the HPAI management framework for an
endemic HPAI that consists of six elements: states, events (i.e.,
the transition between states), influencing factors (i.e., factors
that determine the probability and time interval with which a
population remains in a given state or enters into a different
state), driving forces (i.e., factors that both directly and indirectly
influence the implementation of measures), strategy (i.e., a group
of measures aimed at a particular event with the same purpose),
andmeasures (i.e., an activity with one or more specific aims).

In comparison with the original framework, two additional
states were added. The adapted framework consists of five
mutually exclusive states: (i) AI-free, (ii) high-risk period (HRP),
(iii) outbreaks (post-HRP), (iv) endemic (high), and (v) endemic
(low). Since the nature of HPAI is zoonotic, we added an
additional exhaustive state: (vi) human outbreak.

The AI-free state is defined as a district free of AI disease.
The high-risk period (HRP) is defined as the period when the AI
virus is present and can spread freely, but is not yet identified in
a given district. Once HPAI has been identified—either through
monitoring and surveillance activities or by a clinical outbreak
in livestock or humans—the state of the outbreak (post-HRP)
starts. The endemic state is defined as a state when there is
a constant presence of AI cases or outbreaks within part of
a district. In the context of this study, the endemic state is
subdivided into two states: high or low HPAI prevalence. More
specifically, as there is a lack of accurate data or reports about
HPAI outbreaks, we defined a district with high HPAI prevalence
as one where outbreaks occur in more than 50% of the sub-
districts or when HPAI is identified in AI-free sub-districts.
A low-prevalence endemic state is defined as a state where
outbreaks of HPAI occur in <50% of the sub-districts, while
AI-free sub-districts remain free of HPAI. The human outbreak
state is defined as one or more human HPAI infections in a
given district.

The framework includes five events: introduction, notification,
eradication, mitigation, and transmission. Introduction means
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FIGURE 1 | Steps and approaches for the evaluation of measures directed at HPAI mitigation in Indonesia.

that the HPAI virus entered into an AI-free district. The presence
of HPAI virus is detected and notified within the event of
notification. After the disease has been notified, eradication will
follow in which ideally control measures are applied to reduce
the prevalence of HPAI to zero. When actions to eradicate are
not sufficient, mitigation measures are put in place to reduce the
prevalence of HPAI until control measures can eradicate the virus
effectively. The event of transmission represents the passing of
HPAI from animals to humans.

Influencing factors can be further divided into factors that
are responsible for HPAI transmission either in livestock or in
humans. A number of influencing factors of HPAI transmission
in livestock have previously been identified, such as: rice cropping
intensity, precipitation, farming/trade intensity, low elevation,
road density, and backyard farm population [(11), p. 4–5; (12),
p. 2–5; (13), p. 4–7; (14), p. 3–7). Likewise, several risk factors of
HPAI transmission to humans have been identified, such as direct
and indirect contact with a sick or dead bird, visiting a wet or live

bird market, consuming sick poultry, and poor sanitation [(15),
p. 1843–1845; (16), p. 1728–1733].

Driving forces can be either autonomous (global)
or institutional. Autonomous driving forces include
macroeconomic developments that have no direct link with
the poultry industry, while institutional driving forces are
local to national policies, which in this case are related to the
Indonesian poultry industry and HPAI itself.

Coping with a disease event requires a strategy. Three
additional strategies directed to HPAI were added to the original
framework of (10) consists prevention, monitoring, and control
in the EU context. While our adapted framework recognizes the
endemic state and human-HPAI cases in Indonesia, therefore
strategies of mitigation (i.e., minimize the number of outbreaks),
eradication [(17), p. 1], and human protection [(5), p. 23–
30] were added to the adapted framework. The strategy of
prevention is a combination of measures that aim to reduce the
likelihood of disease introduction into a domestic population.
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FIGURE 2 | HPAI management framework for the endemic state in Indonesia.

The strategy of monitoring is a combination of measures aimed
to monitor and surveil a population to reduce the high-risk
period. The strategy of control is a combination of measures
aimed to eradicate the disease as quickly as possible. The
strategy of mitigation involves a combination of measures
aimed to reduce the prevalence of a disease to the extent
that control measures can effectively eradicate the disease. The
strategy of eradication involves a combination of measures
aimed to completely eradicate a disease that already has a low
prevalence. Both mitigation and eradication strategies consist
of a combination of measures from prevention, monitoring,
and control strategies. In our framework (Figure 2), mitigation
and eradication strategies are intentionally left blank because
district governments have the autonomy to implement different
combinations of measures to suit the local context. The human
protection strategy comprises a combination of measures aimed
at reducing the risk of HPAI transmission from animals to
humans and at treating HPAI patients. Within the context of
this study, we focused on mitigation, eradication, and human
protection strategies.

Measures are categorized, based on their aims, into three
types: direct, indirect, and supportive measures. Direct measures
have a direct impact on the virus and disease prevalence
in livestock and humans. Indirect measures have an indirect
impact at the prevalence in livestock and humans by reducing
transmission and thus prevent further spread of the virus (i.e.,
to contain the virus). Supportive measures are all measures

that are aimed at supporting the implementation of direct
and indirect measures so that these measures can achieve
their aim(s).

Our framework distinguishes different states, strategies, and
measures. It allows a more structured evaluation of measures
within a strategy as well as between two or more different
strategies based on specific priorities or preferences.

Step 2: A Systematic Inventory of
Measures
Using the developed framework, measures were systematically
inventoried to complete the framework for designing the
questionnaire and evaluating measures of HPAI control
in Indonesia.

Most of the HPAI control programs in livestock and
humans in Indonesia were project-based programs funded by
other countries or external organizations (e.g., USA, EU, and
Australia). The projects are based on national guidelines of
HPAI control that were formulated by the government and
external organizations (e.g., FAO and OIE). Thus, we collected
information for the inventory of measures from the national
strategic plan for HPAI H5N1 (5), the USAID report of its HPAI
program (18) and Food and Agriculture Organization reports:
Avian Influenza control program (19–21) and Emergency
Center for Transboundary Animal Diseases (ECTAD)
reports (22–25).
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In total, we identified and briefly described 35 direct, indirect,
or supportive measures for the prevention, monitoring, and
control of HPAI since 2004 (see Supplementary Material). Next,
these measures were grouped based on their focus, aim, the
responsible actors, the targets of measure, the policy level, and
year of implementation. Direct and indirect measures were listed
under either the prevention, monitoring, or control strategy as
defined in the evaluation framework, based on the purpose of
each measure.

Step 3: Questionnaire Development
Based on our framework, we developed a questionnaire aimed
at ex-post evaluation of the identified HPAI control measures
during 2013–2017, and ex-ante evaluation of future priorities
with regard to direct, indirect, and supportive measures. The
questionnaire along with the framework can be used as an
additional tool to improve current monitoring and evaluation
practice in animal disease management.

The questionnaire was composed in English and translated
into Bahasa Indonesia. The first author tested the questionnaire
in Bahasa Indonesia with colleagues and then translated the
questionnaire back to English for publication.

The questionnaire consists of six parts (Table 1): (i) state
of the disease; (ii) priority HPAI impacts; (iii) priority
strategic aims; (iv) preferences toward direct, indirect, and
supportive measures; (v) the degree of success; and (vi) budget
priorities. A sample questionnaire can be obtained from the
Supplementary Material. The first five parts of the questionnaire
were aimed at ex-post evaluation, while the sixth part was
aimed at ex-ante evaluation. Each part contained a description
informing participants of the specific aim.

The first part aimed to determine HPAI prevalence in the
participant’s district (high or low) during the years 2013–2017.
As such, we aimed to increase the awareness of the participants in
answering subsequent parts of the questionnaire, particularly in
determining the priority of measures. In reality, HPAI prevalence
in a given district was determined based on the reported

TABLE 1 | Outlines of the questionnaire for the ex-post evaluation.

Framework Purpose of the question Measurement

1. State of disease Determine the state of HPAI for each

year

A: endemic

(high) B:

endemic (low)

2. Livestock/

Humans (focus)

Determine priority disease impacts Ranking

3. Strategy Determine priority strategic aims Ranking

4. Measures

(ex-post)

Determine priority direct, indirect, and

supportive measures (in the past)

Ranking (only for

implemented

measures)

5. Performance Evaluate the degree of success,

identify key success and not essential

measures

Rating (1–3)

6. Budget priority Determine measures from direct,

indirect, or supportive measures to

have the highest and lowest budget

allocation

Selection of

measures

cases in the respective administrative area and the definitions
highlighted above.

The second and the third part of the questionnaire aimed to
determine the rankings of importance for different HPAI impacts
and strategic aims for HPAI control. In each part, participants
were asked to rank HPAI impacts and strategic aims during
2013–2017.

In the fourth part, we probed for preferred direct, indirect,
and supportive measures. Participants were asked to identify
from three lists which measures were implemented during 2013–
2017. Then, participants were asked to rankmeasures within each
category of measures according to priority. In practice, the list
of measures could be adapted to the local context during the
questionnaire design process.

In the fifth part, we aimed to evaluate HPAI developments
within a district based on four parameters: HPAI prevalence, new
cases of HPAI, outbreaks in non-dominant poultry sectors (i.e.,
layer, ducks, native), and human cases of HPAI. Participants were
asked to rate each parameter (1= worsen, 2= no change, or 3=
improvement) for each parameter. In practice, this part could be
replaced with qualitative information instead.

The sixth and final part handled the consistency with
which priority measures were selected. Participants were asked
to decide which among all direct, indirect, and supportive
measures should receive the highest and lowest budget.
Information on budget use and planning could be included.
This information is extremely valuable for planners and
policy-makers.

Step 4: Workshop and Evaluation
The primary purpose of the workshop was to collect expert
opinions for the ex-post and ex-ante evaluation of measures on
HPAI control in the West Java province at the district level. In
this study, we evaluated HPAI strategies and measures in the
context of West Java Province (Figure 3) because West Java has
the largest poultry population in the country and accounts for
33% of the national broiler production (26). In addition, the
province has been struggling to control HPAI since the first major
outbreak of HPAI H5N1 in 2004. Thus, we argue that the results
of this study might be useful for other regions in Indonesia
that are also in an endemic state. In addition, the workshop
was also aimed to present HPAI management framework
as a tool to design animal disease control strategies and a
framework to evaluate the programs for government officials
(i.e., to improve decision-making). The workshop consisted of
three activities:

i. introduction of the animal healthmanagement framework and
its use for the evaluation and design of animal disease strategy,
particularly in the case of HPAI;

ii. application of the questionnaire and developed framework
to conduct an ex-post evaluation of (a) priority disease
impacts, strategic aims, and measures, and (b) the degree
of success of HPAI control at the district level during
2013–2017; and

iii. an ex-ante evaluation of preferred measures of HPAI
mitigation or eradication at the district level.
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FIGURE 3 | The geographical map of the Republic of Indonesia. (A) Provincial boundaries of Indonesia with the West Java Province is highlighted. (B) A zoomed map

of West Java Province.

Participating Experts
All participants are active in HPAI management, either as policy-
makers or as veterinarians. Moreover, all participants had at least
5 years of professional experience related to HPAI control.

The approach we used for the workshop is the Nominal
Group Technique (NGT) (27), which preserves anonymity
and ensures an equal contribution of all participants
[(28), p. 656]. Instead of implementing the four phases
of NGT, the workshop had two phases: individual
voting and a round-robin session, because the other two
phases, the idea (idea generation) and description of
measures (clarification), had been established prior to the
workshop [(28), p. 656].

In total, 18 experts (Table 2) were invited to participate
in the workshop. We invited local authorities from the
top-five districts in terms of poultry population in the
West Java province and from the Subang veterinary
centers to participate in the workshop. We invited two
representatives for each district government (except Subang
as a host): the head and senior staff of the animal health
department. Representatives from Tasikmalaya were not
able to participate, and the empty slots were opened up
to additional experts from Subang district. A week before
the workshop, an executive summary of the content of the
workshop and a short description of the framework were sent to
all participants.

Set-up of the Workshop
A 3h workshop was conducted on 20 March 2018 in the
Veterinary Center of Subang. The workshop was divided into

two sessions: a presentation and an evaluation session (with sub-
sessions of ex-post and ex-ante evaluation). The aim of the first
session was to present an overview of the study, the objectives,
and the framework.

The aim of the second session was to evaluate. For this
purpose, participants were divided into two groups consisted of
nine participants in each group which is enough and manageable
for NGT [(28), p. 656]. Participants from the same institution
were separated to avoid discussions between direct colleagues.
Participants filled in the questionnaire manually.

The voting session was continued by a round-robin session. In
this session, further steps for the planning and implementation of
measures were discussed, adjusting currently planned steps. Each
participant was encouraged to give his or her comments both
verbally as well as in writing.

The second session was followed by a 15-min discussion for
additional input and comments.

The workshops were organized in compliance to the
codes of ethics for research involving human participants
in both Indonesia and the Netherlands. These codes require
that participants have to be well-informed about the aims of
the research as well as about the anonymity of participants
[stated in KNEPK (29); NETHICS (30)]. A short proposal
with details of the objectives and the contents of the
workshop was sent to all participants before the workshops
were held. Before the second session of the workshop,
participants were informed about the purposes, and contents
of the evaluation session and were asked for their consent.
All data were analyzed and reported anonymously. The
workshop was conducted by the first and second author
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TABLE 2 | List of experts present at the workshop.

Regencies/

Province

Department Type Invited Participation

1. Subang Animal

health

Government 5 7 (two

replacement for

participants from

Tasikmalaya)

2.

Tasikmalaya

Animal

health

Government 2 –

3. Ciamis Animal

health

Government 2 2

4. Sukabumi Animal

health

Government 2 2

5. Bogor Animal

health

Government 2 2

6. West Java

Province

Animal

health

Government 2 2

7. Subang State

Polytechnic

Academic 1 1

8. Subang Veterinary

centers

Government 2 2

together with two facilitators who were trained before
the workshop.

Step 5: Data Analysis
Non-parametric statistics were used to determine the difference
between the rankings of measures. We used the Mann-Whitney
U test to test the difference of the median scores (i.e., priority or
preference) for each pair of HPAI impacts, strategic aims, direct
measures, indirect measures, and supportive measures. Measures
were ranked based on the difference on the z-score. Statistical
analyses were performed using SPSS version 23.0 [IBM SPSS for
Windows, Armonk, NY: IBM Corp (31)].

RESULTS

In the workshop, participants were asked to rank HPAI impacts
and strategic aims as well as direct, indirect, and supportive
measures separately.

Table 3 summarizes the experts’ responses and rankings (1
= highest, 7 = lowest) of HPAI impacts during 2013–2017.
It is clear that minimizing HPAI impact on public health and
production (i.e., increased poultry mortality) were the main
concerns of the local authorities. Regarding specific impacts of
HPAI, the top priority impacts are human casualties due to HPAI,
increasedmortality of poultry, and human-HPAI cases. Reducing
the morbidity rate for poultry and biosecurity improvement
during an outbreak received lower priority. The lowest priority
was assigned to loss of market access for farmers and birds due
to culling.

Table 4 summarizes the experts’ responses and rankings (1
= highest, 3 = lowest) for the aims of HPAI control during
2013–2017. The findings suggest that controlling HPAI and
protecting the public from HPAI were the top priorities for

TABLE 3 | Experts’ responses and rankings for HPAI impacts during 2013–2017

(N = 17).

Categories

of impacts

Impacts of HPAI * Mean (SE) Mdn Rank

On-farm

(livestock)

Increase in morbidity rate of

poultryb,c,d
3.82 (0.37) 4 4

Increase in mortality rate of

poultrya,b
2.94 (0.35) 3 2

Improvement of farm

biosecurityd,e
4.47 (0.36) 4 5

Loss of birds due to cullingf 5.94 (0.23) 6 7

Off-farm

(livestock)

Loss of market access for

the farmerse,f
5.41 (0.36) 5 6

Public Health Human case of HPAIb,c 3.06 (0.40) 2 3

Death case of humansa 2.29 (0.57) 1 1

*means sharing the same superscript are not significantly different from each other (Mann

Whitney U, p < 0.05).

TABLE 4 | Experts’ responses and rankings for priority strategic aims (N = 17).

Aims* Mean (SE) Mdn Rank

Mitigation of HPAIa 1.65 (0.15) 2 1

Human protectiona 1.65 (0.21) 1 =1

Eradication of HPAI 2.59 (0.12) 3 2

*means sharing the same superscript are not significantly different from each other (Mann

Whitney U, p < 0.05).

the local governments. On the other hand, eradicating HPAI
was considered a long-term aim, secondary to the top priority
aims. In other words, the local governments prioritized public
protection from the risk of HPAI transmission by controlling the
disease within the poultry chains.

Table 5 summarizes the experts’ responses and preference
rankings (1 = highest, 5 = lowest) for direct HPAI prevention
and control measures. Preventive AI vaccination (Mean = 1.35)
was ranked significantly higher than the other direct measures,
thus, it was considered the top priority direct measure. Direct
measures with lower priority are ring vaccination and cleaning
and disinfection. Stamping-out and selective depopulation were
ranked at lowest priority.

Table 5 also summarizes the experts’ responses and preference
rankings (1 = highest, 8 = lowest) for indirect prevention,
monitoring, and control measures. Biosecurity (Mean = 1.24)
and monitoring the types of AI virus (Mean = 7) were
ranked significantly higher and lower, respectively, than other
indirect measures, indicating that biosecurity is the top priority
among different indirect measures, while monitoring of HPAI
virus type is the lowest priority. Indirect measures with lower
priority were surveillance at farms and villages, zoning and
compartmentalization, and traffic control.

Preference rankings for supportive measures in controlling
HPAI are summarized in Table 5 as well, with 1 indicating the
highest ranking and 14 the lowest. Provision of AI vaccines for
sector 3 and 4 farms (Mean = 2.63) was ranked significantly
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TABLE 5 | Experts’ responses and rankings for direct, indirect, and supportive

measures.

Measures* N Mean (SE) Mdn Rank

DIRECT MEASURES

Preventive AI vaccination 17 1.35 (0.21) 1 1

Emergency (ring) AI vaccinationa 15 2.47 (0.27) 2 2

Poultry restocking (Cleaning &

Disinfection)a,b
16 2.75 (0.21) 3 3

Stamping-outa,b,c 6 3.50 (0.50) 4 4

Selective depopulationc 12 3.58 (0.29) 4 =4

INDIRECT MEASURES

Biosecurity 17 1.24 (0.18) 1 1

Surveillance (villages and farms)a 16 2.88 (0.29) 2 2

Zoning and

compartmentalizationa,b
16 3.63 (0.40) 4 3

Traffic controla,b,c 8 3.63 (0.71) 4 =3

Sanitation for transporting

vehicles & marketsb,c,d,e
12 4.50 (0.42) 5 4

Surveillance (wild birds & grazing

ducks)b,c,d,e
10 4.60 (0.37) 5 =4

Live bird market (LBM)

surveillanceb,c,d
16 4.75 (0.48) 6 5

Monitoring types of AI virus 8 7.00 (0.42) 8 6

SUPPORTIVE MEASURES

Provision of AI vaccines for

sector 3 and 4 farms

16 2.63 (0.64) 1 1

Training farmers about

prevention, monitoring, and

control of HPAIa

15 3.80 (0.55) 4 2

Provision of cold storages for AI

vaccinesa,b
13 4.23 (0.75) 4 3

Community-based AI controla,b,c 15 4.33 (0.70) 4 =3

Good Farming Practices (GFP)

training for famers’ groupsb,c,d
15 5.47 (0.55) 5 4

Building and improving animal

health posts (Puskeswan)c,d,e
16 6.13 (0.64) 6 5

Public communication (mass

media, flyers)d,e,f
15 6.53 (0.77) 7 6

Monitoring and evaluationd,e,f,g 16 7.13 (0.95) 7 7

Supporting facilities for field

officersd,e,f,g,h
10 7.30 (0.72) 8 =7

Building and improving animal

health laboratoriese,f,g,h,i
9 7.67 (1.04) 8 =7

Regulationsd,e,f,g,h,i,j,k 9 8.11 (1.18) 9 8

Laboratories collaborationsf,g,h,i,j 14 8.29 (0.63) 8 9

Researchk 8 10.88 (0.83) 11 10

Provision of Personal Protective

Equipment (PPE)**

1 5.00 (0.00) 5 11

*means sharing the same superscript in their respective category (i.e., direct, indirect, and

supportive) are not significantly different from each other (Mann Whitney U, p < 0.05).
**excluded from statistical analysis.

higher than the other supportive measures, suggesting that it is
the top priority supportive measure. Lower priority supportive
measures (ranking 2–4) include provision of supporting facilities
for vaccination programs and training farmers with regard to
HPAI control.

TABLE 6 | Summary of responses for the degree of success of HPAI control

(N = 17).

The degree of success of HPAI control strategies Mean (SE) Rank

HPAI prevalence on broiler sector 2.76 (0.16) 2

New cases of HPAI in AI-free sub-districts 2.59 (0.17) 3

Outbreaks on duck, layer and native chicken farms 2.76 (0.16) 2

Human-HPAI case 3.00 (0.00) 1

Table 6 summarizes the ratings (1 = worsen, 2 = no
change/same condition, 3 = improvement) on the condition of
each parameter of HPAI state development during 2015–2017.
In addition, the perceived degree of success of HPAI control
measures was evaluated using four parameters. The results show
an overall improvement on all parameters. Human-HPAI cases
(Mean = 3) were perceived to be reduced. This result is in
line with the actual number of reported human-HPAI cases
during 2015–2017 (4). In addition, experts also perceived that
the number of HPAI outbreaks had decreased on broiler farms
(Mean = 2.76); on duck, layer, and native chickens farms (Mean
= 2.76); and (3) in AI-free regions (Mean = 2.59). However, the
scores also indicate room for improvement as there are districts
that still have outbreaks. The scoring may be affected by a lack
of information about HPAI outbreaks due to underreporting by
farmers and limited surveillance by the government.

In addition to the ex-post evaluation, the ex-ante evaluation
helped to determine the preferred budget allocations toward
different measures within two different budget constraint
scenarios. Table 7 summarizes the number of votes on the
highest and lowest budget allocation among direct, indirect, and
supportive measures. This evaluation aims to look at whether
preferences for top priority measures are still consistent when
phrased in terms of financial resource allocation.

In current budget constraints, measures with the highest
budget allocation were preventive AI vaccination (7), biosecurity
(3), and stamping-out (2), while the lowest budget allocation
went to zoning and compartmentalization (5), poultry restocking
(3), training of farmers for prevention and control of HPAI (2),
and public communication (2).

In a scenario with more stringent budget constraints,
measures with the highest budget allocation were preventive
AI vaccination (7), public communication (3), and stamping-
out (2). The lowest allocation of budget was for zoning and
compartmentalization (5), and selective depopulation (2).

The results show that preventive AI vaccination is consistently
rated as a top priority measure. Combining the results of both
ex-post (Table 5) and ex-ante (Table 7) evaluation, we created
a list of preferential measures of the government including
budget allocation priorities (Table 8). This table lists the priorities
from all categories of measures: (1) preventive AI vaccination,
(2) biosecurity, and (3) stamping-out. The budget allocation
consistently underscores the top priority measures from each
category of measures, even though provision of AI vaccines
received only one vote. This is because the government usually
provides AI vaccines during the wet season or if an outbreak
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TABLE 7 | List of measures with the number of voting for highest and lowest

budget allocation.

Category Measures Budget scenario

1*: same

Budget scenario

2**: lesser

Highesta

(N = 16)

Lowesta

(N = 15)

Highest

(N = 14)

Lowest

(N = 12)

Direct Preventive AI

vaccination

7 – 7 –

Direct Stamping-out 2 – 2 –

Indirect Biosecurity 3 – 1 –

Supportive Public communication 3 2 3 1

Supportive Provision of AI vaccines – – 1 –

Supportive Building and improving

animal health posts

1 – – –

Supportive Community-based AI

control

– 1 – –

Direct Selective depopulation – – – 2

Supportive Regulations – 1 – 1

Supportive Monitoring and

evaluation

– 1 – 1

Supportive Training of farmers

(prevention and control

of HPAI)

– 2 – 1

Direct Poultry restocking

(cleaning & disinfection)

– 3 – 1

Indirect Zoning and

Compartmentalization

– 5 – 5

*budget scenario 1: similar amount/percentage of budget for HPAI in the future.
**budget scenario 2: lower budget for HPAI in the future.
ahighest/lowest: number of voting for which measures are preferred to have the

highest/lowest budget allocation.

occurs. Although stamping-out is not a priority measure, the
compensation can take up a substantial portion of the budget.

DISCUSSION

This study carried out a systematic evaluation of measures
directed at HPAI mitigation in the West Java Province of
Indonesia. The study was carried out in different steps:
development of an HPAI management framework for an
endemic state, inventorization of measures, design of a
questionnaire, and ex-post and ex-ante evaluations of measures
through a half-day workshop with experts.

The results of this study show that the animal disease
management framework is helpful as a systematic structure
to distinguish and evaluate strategies and measures. The use
of our framework can also be extended to the evaluation of
strategies and measures for other zoonotic infectious diseases
within a one health approach. The NGT approach proved to
be fruitful for the workshop conducted as part of this study.
Results from the first round of voting round were not shown
to participants and a second round of ranking/voting could
not be conducted because of time constraints. Based on the
objective of this study, most participants in the workshop were

TABLE 8 | List of priority direct, indirect, and supportive measures for mitigation

strategy.

Measures Priority Budget allocation priority

DIRECT MEASURES

Preventive AI vaccination 1 Very high

Emergency (ring)

vaccination

2 N.A.

Poultry restocking 3 Very low

Stamping-out 4 High

INDIRECT MEASURES

Biosecurity 1 High

Surveillance (village and

farms)

2 None

Traffic Control 3 None

Zoning and

compartmentalization

3 Very Low

SUPPORTIVE MEASURES

Provision of AI vaccines 1 Mid

Training of farmers for HPAI

prevention, monitoring, and

control of HPAI

2 Very low

Cold-chain for AI vaccine

storages

3 N.A.

Community-based AI

control program

3 Low

government officials because the officials have knowledge and
experience about the implementation of measures on the fields
and are the planners and decision-makers of HPAI strategies
within their respective districts. Thus, we did not include other
expertise, for instance, representatives of farmer groups who are
the subjects of the strategies. In addition, this study did not review
the governance of control, the role of the national government, of
local governments, and of international organizations that even
may fund a part of the control. We argue that a further study
which focuses on this particular topic would be interesting.

HPAI Mitigation Priorities for Local
Governments
By carrying out the evaluation, this study identified priority
aims, impacts, and preferred measures (i.e., direct, indirect,
and supportive) for HPAI control in the West Java Province.
Two primary aims of the local government directed to HPAI
were identified: protecting humans from HPAI and reducing the
prevalence of HPAI on poultry farms. Eradication, which is the
legally mandatory aim inmostWestern countries, was not a main
aim for the Indonesian local governments. This implies an HPAI
strategy that is aligned with the aim of HPAI mitigation. The
priority aims are also reflected in the ranking of disease impacts,
where effects on public health and farms (e.g., mortality and
morbidity rate) stand out.

The preferred direct measures were consistent with the impact
and aims. The high preference of vaccination is consistent
with the priority of prevention of HPAI infection to birds
(i.e., mitigation) and transmission to humans (i.e., protection).
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Moreover, the low preference given to measures of total and
selective culling were consistent with the low priority of an HPAI
impact on loss of birds due to culling.

For the indirect measures, the high preference of biosecurity
was consistent with vaccination. In order to increase the success
rate of vaccination, improvement and uptake of biosecurity
measures are essential [(32), p. 71]. Lower preference was given
to surveillance on farms and villages. Surveillance measures are
critical to provide all stakeholders with information about the
prevalence of AI and other avian diseases as well as to ensure the
proper implementation of vaccination. Such information can be
used to stimulate farmers to improve animal health management.
Although the monitoring of AI virus types was considered as the
least preferred among indirect measures, it is important to note
that information with regard to the variation in types or clades
of AI virus across different districts may be beneficial for the
implementation of suitable prophylactic vaccination. Especially
in an endemic state, systematic implementation of vaccination
against the same type of HPAI virus circulating in poultry
is important [(33), p. 10]. Such information will also aid the
development of amore effective AI vaccine, and therefore, a more
successful vaccination program.

The findings on preferred supportive measures are consistent
with the preference for vaccination. Provision of AI vaccines and
the availability of cold storage may enable farmer access to HPAI
vaccines. Furthermore, supportive measures related to farmer
training on HPAI control are also essential to increase the low
uptake of proper vaccination and biosecurity measures.

Overall, HPAI control measures with the highest preference,
such as preventive vaccination, biosecurity, and stamping-out,
coincided with the priority aims of the local government.
Measures receiving lower preference were emergency
vaccination, surveillance at the village and farm level, and
provision of vaccines.

Based on these results, the preferred path for a HPAI control
strategy which is in line with the strategy preferences would be
vaccination-based mitigation to safeguard human and poultry
livestock. This is consistent with the findings from a study on
risk factors for poultry outbreak in the West Java Province
by Yupiana et al. (12). The authors suggest that the most
effective way to prevent the spread of HPAI (i.e., to humans and
livestock) is by implementing preventive and control measures
on poultry farms. A main subsequent issue, therefore, is whether
this preferred strategy is feasible to be practically implemented
in West Java. However, one might question how feasible
vaccination-based HPAI mitigation is in Indonesia, particularly
in West Java.

Feasibility of Vaccination-Based HPAI
Mitigation in West Java Province
Vaccination strategies can only be effective if governments are
consistent when implementing measures, even if there is a
serious budget constraint. The implementation of vaccination
also depends on farmer behavior, as farmers need to implement
vaccination measures on their farms. They might do so out of
self-interest (i.e., higher benefits than costs) or for the benefit

of the public and their relatives (i.e., by preventing HPAI
transmission to humans).

For a vaccination-based mitigation strategy to be successful,
i.e., to protect humans, the coverage and the efficacy of
vaccination as well as the uptake of biosecurity measures should
be sufficient [(32), p. 71; (33), p. 8; (34), p. 70; (35), p. 10]. In the
Indonesian context, a large improvement on both levels and on a
long-term basis is needed.

The coverage of HPAI vaccination remains low in Indonesia
due to the low uptake of vaccination by farmers. Vaccination
is less common in broiler farms due to the short production
cycle, particularly in sector 3 and 4 farms, which are the main
suppliers in the traditional market channel. Vaccination is more
common in layer farms because these farms have appropriate
equipment and trained staff [(36), p. 12]. In addition, a single
AI vaccination is not sufficient to give full protection for broiler
chickens before they are slaughtered [(35), p. 10]. Immunity
can only be achieved after two vaccinations, making the process
either more expensive or less effective. Therefore, some farmers
do not favor vaccination. In contrast, poultry farmers working
with a longer production cycle, i.e., native and layer chicken
farmers, may have a more positive attitude toward vaccination, as
the benefit of vaccination can outweigh the implementation cost.
The total coverage of HPAI vaccination is far from sufficient.

Regarding the efficacy of AI vaccines, several studies have
shown that AI vaccines are not effective to prevent the spread
of HPAI H5N1 in broiler and layer chickens [(35), p. 10; (37),
p. 639; (38), p. 9–12). The efficacy of vaccines also partially
depends on how well they target certain strains of AI virus, for
instance. Thus, production and provision of AI vaccines that
are suitable for various strains of HPAI virus is essential to
increase the efficacy of any vaccination program. Governmental
monitoring and surveillance activities can help to identify which
specific strains of AI virus circulate in a particular region and,
consequently, a suitable vaccine can be identified for local use.

Increasing the efficacy of vaccination also requires a proper
implementation of vaccination. In the context of West Java
Province, the broiler production sector includes a four different
farm types, that can be categorized, based on their level of
biosecurity (FAO). Large industrial integrated broiler farms with
high biosecurity (sector 1); medium- to large-scale commercial
broiler farms with moderate to high biosecurity (sector 2);
small- to medium-scale commercial broiler farms with low
biosecurity (sector 3); and backyard broiler farms with low
biosecurity and a small number of birds per farm (sector 4)
[(36), p. 9]. Although the sector 1–4 categorization started to
be used for biosecurity reasons, it is often also used for a
position in the value chain. Sector 1 farms always market their
chickens in the modern channel; sector 2 farms mostly market
their chickens in the modern channel but sometimes to the
traditional channel through private collecting farms; and sector
3 and 4 farms always market their chickens in the traditional
channel [(39), p. 6]. Farms in sectors 1 and 2 have more
capabilities and resources to conduct a proper vaccination as
well as to control the disease in case of an outbreak. As a
consequence, the implementation of vaccination is often lacking
or poorly implemented in sector 3 and 4 farms. This condition is
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exacerbated by the fact that there is a market for sick poultry,
reducing the economic consequences of HPAI outbreaks for
broiler farms. This may in turn reduce the motivation of farmers
to vaccinate and improve biosecurity, hampering HPAI control
in Western Java [(39), p. 10]. Thus, vaccination to control HPAI
need more emphasis for sector 3 and 4 farms rather than sector
1 and 2 farms.

In the context of the West Java Province, vaccination-
based HPAI mitigation requires a more active collaboration
between government, integrated companies, and farmers in
different districts. Such collaborations can open opportunities for
new HPAI mitigation schemes. Certain schemes may stimulate
stakeholders to act in the public interest, i.e., to control HPAI.
As a result, achieving the aims to safeguard both humans
and birds from HPAI would become more feasible. Although
desirable, vaccination-based mitigation strategies were found to
be inefficient in Indonesia where there are many sector 3 and 4
farms spread in rural regions. Therefore, an alternative strategy
has to be considered.

Alternatives to Control HPAI
Vaccination-basedHPAImitigationmay result in endemicity and
antigenic drift of the viral strain [(33), p. 1]. A non-vaccination
mitigation strategy could be considered as a second alternative,
targeted to the actors in the value chain.

One might consider prioritizing biosecurity measures to
mitigate the spread of HPAI [(40), p. 7]. The improvement of
biosecurity measures on sector 3 and 4 farms can focus on
basic measures such as sanitation of the farm and the personnel,
and strict access control to the farm. Biosecurity measures are
poorly implemented in sector 3 and 4 farms in Indonesia [(36),
p. 9; (39), p. 8]. However, basic biosecurity measures alone
do not necessarily reduce the mortality rates in poultry within
a backyard setting [(41), p. 650–654]. Thus, vaccination and
monitoring and surveillance measures for farms and villages
need to be retained in the strategy but will receive lower
priority. Monitoring the implementation of biosecurity measures
is essential for the correct application of measures as well as to
shape new habits with farmers.

Biosecurity measures need to be applied not only by farmers,
but also other stakeholders such as buyers, for instance by
disinfecting the cars and the crates that are used to transport
poultry. Modifying transportation cars into semi-closed vehicles
with a fan may also help to reduce the spread of HPAI during
transport of live birds.

CONCLUSIONS

From this research, we conclude that the aim of the local
governments in West Java is to protect humans and livestock
from HPAI. Governmental experts prefer vaccination-based
mitigation to safeguard humans and poultry. Eradication is
considered a long-term goal.

Based on the aim, selected strategies are identified: mitigation
and human protection. Coinciding with the priority aims,
the top preferred measures identified by the experts are:
vaccination, biosecurity, stamping-out, and provision of AI
vaccines. However, the feasibility of vaccination-based HPAI
mitigation is low, particularly in sector 3 and 4 broiler farms
(e.g., low efficacy of vaccines and limited uptake of measures).
A collaboration between the government, integrated companies,
and farmers may help to increase the feasibility of either a
vaccination- or biosecurity-based mitigation strategy.
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There is mounting concern about the negative animal health and supply chain

consequences of animal disease outbreaks in the United States. Recent disease

outbreaks have drawn attention to the need for additional understanding of biosecurity

efforts to reduce disease frequency, spread, and impact. Biosecurity is a key component

of the Secure Pork Supply (SPS) Plan designed to provide business continuity in the event

of a foreign animal disease outbreak as well as help protect operations from endemic

diseases. Core biosecurity recommendations outlined in the SPS Plan are a written site-

specific biosecurity plan and implementation of a perimeter buffer area and a line of

separation. To-date, no benchmarking of SPS Plan biosecurity implementation has been

done. Utilizing data from a 2017 survey of U.S. swine producers, this study shows that

SPS Plan biosecurity adoption varies and is affected by how feasible producers believe

implementation of each biosecurity practice is on their operation. Furthermore, binomial

logit regression analyses indicate producer and operation demographics and producer

risk attitudes and perceptions affect biosecurity adoption. Conditional probabilities reveal

that adoption of biosecurity practices is overwhelmingly complementary, suggesting that

one biosecurity practice likely increases marginal efficacy of another biosecurity practice.

The insights this study provides regarding the complexities of biosecurity adoption are

vitally important to both educators and policy makers.

Keywords: animal health economics, biosecurity adoption, foreign animal diseases, Secure Pork Supply Plan, pig,

swine

INTRODUCTION

African swine fever (ASF), classical swine fever (CSF), and foot and mouth disease (FMD) are
highly contagious transboundary animal diseases. An outbreak of one of these diseases in a country
poses a severe threat to animal health and animal agriculture and would have significant economic
consequences. Because of their potential for serious and rapid spread irrespective of borders and
their ability to cause serious economic consequences and impact trade of animals and animal
products, these foreign animal diseases (FADs) are reportable to and monitored by the World
Organization for Animal Health (OIE). The United States has maintained ASF-, CSF-, and FMD-
free status, but with these diseases present in many other countries, including the unsettling
recent global ASF developments, the risk of introduction and spread is at the height of U.S. fears,
considerations, and planning.

If ASF, CSF, or FMD were confirmed in the United States, response strategies for controlling
and stopping the spread of these animal diseases would likely be far-reaching. It is reasonably
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certain that as a result of an outbreak of one of these diseases
all movement of animals from affected industries would come
to a complete halt, as would U.S. meat exports. Depending on
the severity of the outbreak and the method used to contain
the disease, some markets could remain closed for an extended
period of time.

The Secure Pork Supply (SPS) Plan provides opportunities
for pork producers through premise identification, enhanced
biosecurity implementation, surveillance and sample collection,
and movement monitoring to voluntarily prepare before a
FAD outbreak. Having the SPS Plan implemented prior to
an FAD outbreak is intended to enhance coordination and
communication between all stakeholders, speed up a successful
FAD response, and eventually enable the issuance of animal
movement permits after the extent of the outbreak is understood.
Collectively, this should help support continuity of business for
participating producers and allied industries1.

In order for the SPS Plan to effectively meet the goals it has
set forth, a minimum level of participation is necessary, and
the full benefits of the plan are likely only realized with a high
level of participation. To date, no benchmarking of SPS Plan
implementation has been done. This highlights a critical need
that we aim to meet in this study by identifying and explaining
producer implementation of SPS Plan components, namely
enhanced biosecurity adoption. Understanding adoption, or lack
thereof, is important for improving program targeting and policy
deliberations as well as for increasing voluntary participation.

BACKGROUND AND WORK NEEDED

The United States is a significant producer and consumer of pork
and pork products, and any event that would interrupt exports,
imports, or movement of animals within the country would
have serious economic consequences. In 2017, the United States
was the world’s second-largest exporter of pork and pork
products, with exports averaging 22% of domestic commercial
pork production (1). Live imports into the United States are
important to the domestic swine industry, with imports of all
hogs and pigs into the United States during 2017 totaling 5.6
million head (2). Specifically, feeder pig imports from Canada
during 2017 accounted for 4.8 million head (2). Internally, U.S.
pork production depends on the extensive movement of animals.
Of the approximately 171.4 million hogs and pigs marketed in
the United States in 2017, 55.2 million were shipped across state
lines for feeding or breeding purposes (3). With this being the
case, any factor that might restrict exports, imports, and state-
to-state shipments would have serious economic implications for
producers and the broader economy. Therefore, it is important
to identify, prior to an outbreak, potential procedures and plans
that may mitigate the consequences and maintain continuity
of business by reestablishing movements and trade as quickly
as possible.

During a FAD outbreak, as is the case with any other
disease, it is a producer’s responsibility to keep his/her animals

1For more information refer to the SPS Plan website at http://www.securepork.

org/.

from becoming infected. As such, while the responsibility for
preventing the introduction of a FAD into the United States is
primarily assigned to the U.S. Department of Agriculture Animal
and Plant Health Inspection Service (USDA-APHIS) and other
government agencies, producers are the first line of defense in
preparedness and are critical to response and recovery efforts.
Work on the SPS Plan by federal and state officials, industry, and
academia has created recommendations for enhanced biosecurity
practices that are designed to prevent the introduction and spread
of disease agents onto or off of a production site. The specific
practices are crafted based on knowledge about FMD, CSF, and
ASF, but they also help protect production sites from endemic
diseases (4).

As described by Levis and Baker (5), biosecurity is comprised
of bio-exclusion, bio-management, and bio-containment. Bio-
exclusion aims to prevent the introduction of a disease into a
herd or system, bio-management seeks to minimize the impact of
diseases that have already been introduced into a herd or system,
and bio-containment strives to prevent the spread of diseases
from one herd or system to another, thereby protecting the rest
of the supply chain (5). Even though bio-containment would be
the most vital of the three components in the event of a FAD
outbreak in the United States, this component often receives
the least amount of attention from producers (5). The SPS
Plan outlines enhanced biosecurity measures that, in addition to
reflecting bio-exclusion and bio-management, contribute directly
to bio-containment. Adoption of these recommended biosecurity
practices would be one component in positioning operations
(premises) with animals that have no evidence of infection during
the outbreak to move animals to processing or another pork
production premises under a movement permit and maintain
domestic markets.

The SPS Plan could also help maintain continuity of business
because it could be instrumental in compartmentalization
and regionalization efforts. According to FAO and OIE (6),
compartmentalization and regionalization (also known as
zoning) are two disease management strategies that seek,
through use of preventative biosecurity practices and separation
of animal populations, to distinguish animal populations with
differentiable health status. Whereas compartmentalization
deals primarily with management and biosecurity within
the establishments comprising the compartment, zoning
focuses more on natural or human-made barriers and
other geographic features (6). The disease-free status of
these compartments and zones could promote continuity
of business and prevent interruptions to, or reestablish,
international trade (7). Compartmentalization has not been
fully implemented by the United States for any disease agent
to date and will depend on the recognition of the status of
these compartments by international trading partners (6),
but zoning helped maintain safe trade in poultry and poultry
products during the highly pathogenic avian influenza outbreak
in the United States in 2015 (8). The enhanced biosecurity
measures recommended in the SPS biosecurity guidelines
could contribute to compartmentalization (in particular) and
zoning as they could aid producers in providing assurances
to pertinent officials that they are not contributing to the
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spread of disease nor putting their own animals at risk
of exposure.

An operation’s ability to adopt, implement, and sustain a
biosecurity intervention or process such as the SPS Plan is
complex. As highlighted by Levis and Baker (5), the use of
biosecurity measures differs widely among operations for a
wide variety of reasons which include type of swine operation,
geographic location, and epidemiological situation, which refers
to causes, distribution, and control of diseases in the herd.
Moore et al. (9) suggest many potential causes for producers
deciding not to implement biosecurity recommendations, among
which are an unawareness about the potential risks both to
their operation and the entire industry, a miscalculation of
costs compared to benefits, and confusion regarding which
recommendations to adopt. Complicating the situation even
further is, as Hennessy [(10), p. 70] notes, “Prevention involves
making resource allocation choices about low probability risks
that may materialize in the indefinite future. People are
not particularly good at making such decisions, tending to
overemphasize some risks and place too much weight on the
recent past.”

Most data concerning producer decision making regarding
biosecurity adoption is often incomplete or lacks the requisite
depth for rigorous analysis. Lists of recommended biosecurity
practices have been created by various entities (9), but there
has been little research on adoption of these recommended
biosecurity practices by swine producers in the United States.
This makes intuitive sense given that, until the porcine
epidemic diarrhea virus (PEDV) outbreak in 2013-14, most pork
producers in the United States had not personally experienced
a large emerging animal disease outbreak on their operations
during their lifetimes, so adoption of biosecurity in U.S.
pork production historically has been primarily precautionary
and voluntary. This biosecurity paradigm is still generally in
place today, but the PEDV outbreak did heighten awareness
of new and improved biosecurity that proved beneficial
against PEDV and a host of other pathogens and likely
led to implementation of more complete and stringently
suggested biosecurity plans. Still, existing data are mainly
descriptive and lack the depth to fully understand producer
decision making.

The literature on biosecurity adoption by swine producers
in other countries is more comprehensive likely due to the
number and type of animal disease outbreaks and damages
incurred as well as both the existence of permit/assurance
bonding schemes where it is the owners’ responsibility to keep
their animals free of disease and livestock disease insurance
products available that offer reduced premiums for owners
practicing good biosecurity (11). In particular, many studies have
addressed livestock biosecurity adoptions in Europe, with recent
examples including Simon-Grifé et al. (12) in Spain, Sahlström
et al. (13) in Finland, and Postma et al. (14) in Belgium, France,
Germany, and Sweden. Some of these studies identify producer
and operation characteristics that influence adoption, but there
has been little research on such impacts in the United States.
Because SPS Plan enhanced biosecurity implementation
is precautionary and voluntary, producer perceptions and

characteristics of their operations are certainly important drivers
of adoption.

The goal of this analysis is to first identify producer
views on the feasibility of implementation of SPS Plan
enhanced biosecurity recommendations on their operation.
Of interest is whether feasibility (i.e., practicality of affordable
implementation) may help explain lower-than-expected
adoption of recommended biosecurity measures. Second,
this analysis seeks to determine what type of producers
(and operations) have implemented the SPS Plan enhanced
biosecurity guidelines. Knowledge of these characteristics
will help program administrators and educators better serve
current participants as well as identify the characteristics of
producers not currently participating and thus enable more
efficient resource allocation in efforts to expand participation.
Furthermore, since a biosecurity program is only as good as
its weakest point, there is a need to understand what specific
practices may increase adoption of other practices. Therefore,
we also examine the complementary nature of biosecurity
adoption. Altogether, this study provides the first comprehensive
analysis of producer participation in the SPS Plan and should
be critically valuable in future management of the SPS Plan and
related programs.

MATERIALS AND METHODS

Survey Instrument and Data
The survey procedures were approved by the Iowa State
University Office for Responsible Research, Institutional Review
Board. All methods for data collection and gathering were
performed in accordance with the relevant regulations and in
compliance with the received guidelines. Completion of the
questionnaire by survey participants constituted implied consent.

A questionnaire developed by researchers and extension
professionals and administered by the Iowa State University
Center for Survey Statistics and Methodology was used in
collecting information from swine producers in Iowa, Illinois,
Indiana, Kansas, Minnesota, Michigan, Missouri, Nebraska,
North Carolina, Ohio, Oklahoma, South Dakota, andWisconsin.
The 13 states surveyed represent 50% of U.S. hog operations and
91% of the U.S. hog inventory (15).

The survey questions were programmed for online application
using Qualtrics survey software (Qualtrics, Provo, UT). The
sampling frame used in selecting producers to survey was
developed from state pork producer association membership
lists. Survey data was collected using the online survey
mechanism from March 23 through June 1, 2017. Information
collected in the survey included producer and operation
demographic characteristics, responses to how feasible
implementation of SPS Plan biosecurity practices are on a
producer’s operation, and data detailing producers’ use of SPS
Plan biosecurity practices. Completed or partially completed
surveys from 371 producers were received. Table 1 reports
selected characteristics of the survey respondents. Further
details regarding the survey instrument and sample design, data
collection procedures, and a comprehensive summary of the data
are available in Pudenz et al. (16).
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TABLE 1 | Characteristics of survey respondents.

Variable Description N Mean Std. dev.

AGE Age of producer (in years) 276 53.366 12.107

COLLEGE = 1 if 4 year college degree or graduate degree; 0 otherwise 279 0.563 0.497

WHAT OPERATION TYPE BEST DESCRIBES YOUR HOG OPERATION?

FARROWFINISH = 1 if farrow to finish; 0 otherwise 371 0.299 0.459

BREEDING = 1 if breeding/farrowing or nursery; 0 otherwise 371 0.105 0.307

WEANFINISH = 1 if wean to finish; 0 otherwise 371 0.364 0.482

FINISH = 1 if finish; 0 otherwise 371 0.173 0.378

OTHEROPERATION = 1 if boar stud or gilt developer unit or other operation type; 0 otherwise 371 0.059 0.237

WHICH BUSINESS ARRANGEMENT BEST DESCRIBES THE AGREEMENT UNDER WHICH YOU ARE PRESENTLY PRODUCING HOGS?

INDEPENDENT = 1 if independent producer; 0 otherwise 369 0.485 0.500

INTEGRATOR = 1 if contractor or integrator; 0 otherwise 369 0.106 0.308

CONTRACTGROWER = 1 if contract grower (contractee); 0 otherwise 369 0.360 0.481

OTHERBUSINESS = 1 if other business arrangement; 0 otherwise 369 0.049 0.216

IOWA = 1 if Iowa pork producer; 0 otherwise 371 0.604 0.490

PRODUCTIONSITES Number of separate productions sites (unique premise ID, unique address) in 2016 351 16.436 57.481

HIGHRATING = 1 if producer’s operation biosecurity is perceived to be higher than other operations in the area; 0 otherwise 336 0.830 0.376

REPORTABLE = 1 if a producer’s operation has experienced PRRSV and/or PEDV in the past 3 years; 0 otherwise 354 0.684 0.466

HOW MANY TIMES IN THE NEXT 100 YEARS DO YOU THINK A TIER 1 DISEASE OUTBREAK WILL OCCUR IN THE U.S. SWINE INDUSTRY?

NOOUTBREAKS = 1 if no outbreaks expected; 0 otherwise 298 0.091 0.288

ONEOUTBREAK = 1 if one outbreak expected; 0 otherwise 298 0.235 0.425

TWOOUTBREAKS = 1 if two or more outbreaks expected; 0 otherwise 298 0.674 0.469

Feasibility and Implementation Cross
Tabulation Analysis
The SPS Plan emphasizes biosecurity concepts that all pork
production sites must implement to help protect their animals
from endemic diseases and to be prepared in the event of an
FAD outbreak in the United States. These include a written site-
specific plan, perimeter buffer area (PBA), and line of separation
(LOS) 2,3.

A self-assessment checklist for meeting PBA and LOS
biosecurity performance standards was presented to each
survey participant. Figure 1 provides examples of these survey
questions, and the full list of PBA and LOS practices are
displayed in Table 2. The survey contained Likert scale responses
on a scale of 1 to 5 for feasibility of implementation, with 1
labeled as highly infeasible, 2 as infeasible, 3 as neutral, 4 as
feasible, and 5 as highly feasible. These numerical responses

2These three concepts were outlined in “SPS Plan Update 2013, DRAFT SPS

Plan: Appendix A Producer Biosecurity.” The 2013 draft expounds on these

recommendations, highlighting the importance of a PBA and a LOS (particularly)

and listing various components of each. As such, the PBA and LOS are the focus

of the feasibility analysis. Since 2013, the SPS Plan has gone through various

updates, with the current iteration of the SPS Plan highlighting four biosecurity

recommendations: the previously-mentioned three items, as well as the explicit

recommendation for a designated Biosecurity Manager (4).
3The SPS Plan defines a perimeter buffer area (PBA) as an outer control boundary

around swine buildings designed to restrict disease transmission near such

buildings and a line of separation (LOS) as a control boundary to restrict disease

transmission into areas where hogs can be exposed (4). In practice, a PBA is often

a fence or other physical barrier with defined access points around swine buildings

while a LOS is often the walls of the buildings themselves (4). See Secure Pork

Supply [(4), pg. 5] for an illustrative diagram of a PBA and a LOS.

were converted into categorical variables. Responses 1 and 2
were combined and converted into one infeasible label, 4 and
5 (feasible) were combined, and response 3 was not combined
with other responses in order to more directly compare infeasible
and feasible responses. Respondents who chose response 3, the
neutral choice, might have been those who did not know or
have definitive opinions about the feasibility of implementation
(17). For questions regarding implementation on a producer’s
operation, responses were coded as binary variables equal
to one if used on an operation and zero otherwise. Cross-
tabulations were used to examine relationships between how
feasible producers believe implementation is on their operation
and if PBA and LOS practices are used on their operation.

Binomial Logit Regression Analysis
Binomial logit regression analysis was used to determine the
types of producers and operations most likely to adopt each
of the following biosecurity practices: a written site-specific
plan, PBA, and LOS. Two models were estimated to determine
factors affecting development and implementation of a written
site-specific plan, one for a plan for employees and one for
a plan for delivery/service personnel. Separate models were
estimated for each PBA practice (four total) and for each LOS
practice (10 total), resulting in a binomial logit regression
being estimated for each biosecurity practice. Descriptions
and summary statistics for all 16 dependent variables (i.e.,
the aforementioned biosecurity practices) are provided in
Table 2. Explanatory variables derived from the survey data are
categorized as producer characteristics, operation characteristics,
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FIGURE 1 | Example perimeter buffer area and line of separation questions from a 2017 survey of U.S. swine producers.

and risk attitudes. See Table 1 for descriptions and summary
statistics of the explanatory variables.

Several of the explanatory variables require more explanation.
Specifically, one novel contribution of this study is inclusion of
an operation’s past experience with any of the most common
prevalent swine diseases. Of the five disease options included
in the survey, porcine reproductive and respiratory syndrome
(PRRS), and porcine epidemic diarrhea virus (PEDV) were
the two diseases appearing on the U.S. National List of
Reportable Animal Diseases for 2017 (18). Therefore, to control
for past disease experiences, we include REPORTABLE as a
binary explanatory variable that equals one if the producer had
experienced a PRRS and/or PEDV outbreak on their operation in
the last 3 years and zero otherwise.

Explaining producers’ behavior in risky situations requires
characterizations of risk attitudes. Exploratory factor analysis was
conducted on responses to five Likert scale questions from the
survey to assess swine producers’ attitudes toward risk, especially
in regards to how they manage their business financially. These
questions included: (a) When marketing my hogs, I prefer
financial certainty to financial uncertainty; (b) With respect to
the conduct of my business, I prefer certainty to uncertainty; (c) I
like “playing it safe”; (d) I am willing to take higher financial risks
in order to realize higher average returns; and, (e) I like taking
financial risks. The factor analysis (a principal factor analysis with
a promax rotation) resulted in two factors that together explained
more than 70% of the variation in the responses to the five Likert
scale questions. The first factor was named RISKAVERSE due
to high loadings on the first three questions, while the second
factor was named RISKACCEPTING due to high loadings on
the last two questions. In other words, the RISKAVERSE factor
makes a meaningful contribution to the variation in responses
to questions about risk aversion, while the RISKACCEPTING

factor contributes meaningfully to the variation in responses to
questions about risk acceptance. Scores for each factor, which are
the sums of optimally weighted scores on the five questions (19),
were estimated for each producer and included in each of the
models as explanatory variables.

To account for expectations based on future disease events,
a prospective risk attitude explanatory variable describes the
number of times in the next 100 years that producers think a Tier
1 disease outbreak will occur in the U.S. swine industry. For this
variable, responses were categorized into no outbreaks expected
(NOOUTBREAKS), one outbreak expected (ONEOUTBREAK),
and two or more outbreaks expected (MUTIPLEOUTBREAKS).
This equates to a 0, 1, or 2% or more, respectively, perceived
probability of a Tier 1 disease outbreak.

RESULTS AND DISCUSSION

Feasibility of Biosecurity Implementation
Table 2 shows the percentage of producers responding to
the survey that implemented each of the four PBA and ten
LOS practices. Interestingly, PBA practice implementation was
relatively low. Nearly 60% of producers verify all animal transport
vehicles being clean, disinfected, and dried before entry to the
site, but the remaining practices had mean adoption rates of
less than 40%. Adoption of LOS practices was generally higher,
however, with two practices having adoption rates above 90%.

Beliefs regarding how feasible implementation of each
biosecurity practice is on his/her operation likely influences
a producer’s motivation to implement, as some measures
could be perceived impractical or impossible (20–22).
Relationships between feasibility ratings and biosecurity practice
implementation were investigated using cross-tabulations
(Table 2). The values in each of the cells in the table represent the
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TABLE 2 | Cross-tabulations of PBA and LOS implementation and feasibility of implementation.

Mean Implementation by feasibility rating

Practice Description N Implementation Infeasible Neutral Feasible

PERIMETER BUFFER AREA (PBA)

PBADEFINED A perimeter buffer area is clearly defined 317 0.391 (0.489) 0.161 (0.371)a 0.185 (0.391)a 0.569 (0.497)b

PBAENTRY Access to perimeter buffer area is restricted through a single entry

with a gate at the entrance which is locked when the facility is not

attended

317 0.177 (0.382) 0.082 (0.276)a 0.117 (0.323)a 0.340 (0.476)b

PBAEQUIPMENT All vehicles and equipment (not containing animals) entering the

perimeter buffer area are documented to be clean, disinfected,

and dried

315 0.229 (0.421) 0.066 (0.249)a 0.105 (0.309)a 0.479 (0.502)b

PBATRANSPORT All animal transport vehicles are verified clean, disinfected, and

dried before entry to the site

315 0.571 (0.496) 0.239 (0.430)a 0.233 (0.427)a 0.761 (0.427)b

LINE OF SEPARATION (LOS)

LOSDEFINED A line of separation is clearly defined for each building 309 0.605 (0.490) 0.327 (0.474)a 0.180 (0.388)b 0.778 (0.417)c

LOSLOCKED Buildings are locked when no one is present 308 0.425 (0.495) 0.123 (0.331)a 0.064 (0.247)a 0.612 (0.488)b

LOSENTRY One entry point has been established for personnel to cross the

line of separation

308 0.688 (0.464) 0.235 (0.428)a 0.231 (0.427)a 0.876 (0.330)b

LOSANIMALS All animals, including birds, are excluded from crossing the line of

separation and contacting pigs

308 0.731 (0.444) 0.233 (0.427)a 0.409 (0.503)b 0.894 (0.309)c

LOSLOG A visitor logbook is maintained by the site manager/owner 309 0.495 (0.501) 0.314 (0.471)a 0.125 (0.334)b 0.619 (0.487)c

LOSCLOTHING Employees and visitors are instructed to change into site-specific

coveralls or clothing and boots and wash hands when crossing to

the pig side of the line of separation

309 0.770 (0.421) 0.361 (0.487)a 0.458 (0.509)a 0.859 (0.348)b

LOSCLOTHESPBA When a site includes multiple pig buildings, site-specific clothing or

coveralls and boots are put on within the perimeter buffer area and

boots changed at each barn when crossing the line of separation

296 0.534 (0.500) 0.154 (0.364)a 0.190 (0.397)a 0.741 (0.439)b

LOSFOMITES All equipment and other objects (including cell phones, jewelry,

and electronics) that cross to the pig side of the line of separation

are cleaned and disinfected, or come from a known clean source

303 0.419 (0.494) 0.137 (0.346)a 0.109 (0.315)a 0.663 (0.474)b

LOSCLEANING Cleaning and disinfecting of animal rooms and buildings between

groups of pigs is required

304 0.905 (0.294) 0.632 (0.496)a 0.313 (0.479)b 0.959 (0.198)c

LOSFEED Feed is delivered and stored in bird, rodent, and insect proof

containers/bins and feed spills are cleaned up

304 0.901 (0.299) 0.636 (0.492)a 0.467 (0.516)a 0.948 (0.223)b

Standard deviations are in parentheses.
a,b,cValues within the same row with unique superscripts differ P < 0.10 according to Wilcoxon rank sum tests.

percentage of those in the corresponding feasibility categorical
group that have implemented the biosecurity practice. Not
surprisingly, producers who believed implementation of a
biosecurity practice was infeasible on their operation had lower
implementation of that practice than producers who believed
implementation was feasible.

For most practices, no statistically significant differences
in implementation were detected between producers who
believed implementation of a biosecurity practice was infeasible
on their operation compared to those who were neutral
about the feasibility of implementation. A few exceptions
were found for LOS practices. For example, producers who
were neutral about the feasibility of a line of separation
being clearly defined for each building had a lower level
of implementation of this practice than those who believed
the practice was infeasible. Conversely, producers who
were neutral about the feasibility of excluding all animals,
including birds, from crossing the line of separation and

contacting pigs had a higher level of implementation
than those who believed the practice was infeasible. As
previously indicated, a neutral response may indicate
not knowing or having a definitive opinion about the
feasibility of implementation, which may indicate a lack of
knowledge of costs of implementation more generally. For
example, fixed costs of biosecurity implementation are often
relatively straight forward, but variable costs can be highly
variable especially with respect to time (opportunity cost)
and labor.

Comparing the relative implementation levels across
feasibility ratings reveals several interesting patterns. Some
producers are choosing not to implement certain biosecurity
practices even though they consider the practices to be feasible
to implement on their operation. On the other hand, some
producers are choosing to implement biosecurity regardless
of whether they deem the practice feasible to implement. This
suggests that adoption of biosecurity measures on operations
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depends not only on feasibility of implementation, but on other
motivations such as socio-economic factors.

Determinants of Biosecurity
Implementation
To examine the socio-economic factors related to adoption of
SPS Plan biosecurity recommendations, we used binomial logit
regressions. We focus on the marginal effects (Tables 3, 4) to
show statistical significance of results and for interpretations
of variables, where marginal effects were calculated as in
Greene [(23), p. 734] for continuous variables and Greene
[(23), p. 735] for binary variables. The marginal effects indicate
the percentage change in probability either at the mean for
continuous explanatory variables or for the “1” value for binary
explanatory variables. Thus, one should interpret a positive effect
as meaning that an increase in that explanatory variable has a
positive impact on the probability of adopting the biosecurity
practice in question.

Although themarginal effects varied, several patterns emerged
across the 16 estimated logit regressions. The signs on the
marginal effects vary across biosecurity practices, but where the
marginal effects were statistically significant, respondents were
more likely to adopt certain practices as age increased. The
effect of producer age on biosecurity adoption has provided
mixed results in previous related research concerning adoption
of other types of practices (24, 25). Older, more experienced
swine producers may be expected to recognize the advantages of
biosecurity practices, and thus to implement them. At the same
time, those who have been in the business longer may be slower
to adopt newer biosecurity practices.

Previous research has found that higher education results
in greater adoption of technologies, management practices, and
production systems (25, 26). However, we find that producers
who hold a 4 year college degree were 14.2% less likely to
maintain a visitor log book and 7.8% less likely to insure that
feed is delivered and stored in bird, rodent, and insect proof
containers/bins and feed spills are cleaned up. Although signs on
the marginal effects for some other biosecurity practices suggest
greater use by college-educated producers, these marginal effects
are not statistically significant.

Operation type had a large influence on biosecurity adoption.
When compared to farrow to finish operations, finishing
operations were 18.8% more likely to always provide site-
specific biosecurity procedures to employees and 19.0% more
likely to always provide site-specific biosecurity procedures
to delivery/service personnel. These results are somewhat
unexpected given the health pyramid concept (27), which seeks
to minimize the downstream effects of disease by controlling
for disease toward the top of the pyramid and thus prioritizes
the health of animals in the genetic nucleus and multiplication
population, followed by farrowing and gestation, nursery,
and lastly finishing animals. On the other hand, farrow to
finish operations likely have fewer live animal inputs and
retain some attributes of a closed herd which minimizes
disease entry and introduction and could conceivably lessen
the biosecurity needed. The results concerning breeding (i.e.,

breeding/farrowing or nursery) operations, however, reflect the
health pyramid concept more closely, with breeding operations
being more likely to adopt many LOS practices compared to
farrow to finish operations. For example, breeding operations
were 19.7% more likely to have a defined LOS than farrow to
finish operations.

Business arrangement also had a large impact on adoption
of biosecurity practices. For example, compared to independent
producers, contract growers were more likely to always provide
site-specific biosecurity procedures to employees (25.1%) and
delivery/service personnel (23.2%). This makes sense considering
that the U.S. swine industry is increasingly defined by contracts
with growers to manage hogs provided and owned by a
contractor. Production contracts typically spell out not only the
length of a contract, terms for its renewal, and circumstances
that would result in termination, but also specific provisions
regarding which party is responsible for inputs like equipment,
facilities, feeder pigs, feed, and other terms such as biosecurity
policies. As such, the level of biosecurity might be institutionally
fixed through production contract agreements.

More production sites as part of an operation was found
to have a small but positive impact on biosecurity adoption
suggesting the presence of economies of size. For instance, for
every 10 additional production sites, a producer was about 0.7%
more likely to always provide site-specific biosecurity procedures
to employees and to delivery/service personnel and 0.9% more
likely to have a defined LOS. This is consistent with Hennessy
(28), Bottoms et al. (29), Nöremark et al. (30), and other
studies that find larger operations are more likely to adopt
biosecurity measures.

The Iowa variable, which represents geographical and pig
density differences from other states, was generally found to
decrease adoption rates 4. This seemingly contradicts the results
of Bottoms et al. (29), who found that high herd density generally
corresponded to higher biosecurity for sow herds in Ontario,
Canada. Iowa is the most intensely populated hog production
and pork processing state in the U.S. Geographical location of an
operation and pig density in the area are two significant factors
in the epidemiology of several diseases but, in general, producers
do not have much control over them. In high pig density areas, it
can be very difficult or impractical to maintain disease freedom
from common endemic diseases. This is no excuse for lower
biosecurity, but an appreciation of what is realistically achievable
is essential and likely leads to mixed results when it comes to
biosecurity implementation in high pig density regions.

Incidence of a reportable disease on an operation and
high biosecurity self-rating were generally found to encourage
biosecurity adoption. For example, compared to producers who

4A custom link survey was utilized in Iowa. In an effort to increase survey response,

expand distribution to include swine producers from other states, and respective

state associations’ reticence concerning access to members an open link survey was

utilized for swine producers outside of Iowa. As such, we were only able to identify

Iowa operations with certainty with producers outside of Iowa not reporting which

states(s) their production sites are located in or reporting multiple states. While

the Iowa variable does allow us to roughly identify how the use of biosecurity

measures differ across geographic location, future research should further explore

geographical differences with the inclusion of additional states or regions.
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TABLE 3 | Adoption of written site-specific biosecurity plan and perimeter buffer area practices: marginal effects (SE).

Variable PLAN

EMPLOYEES

PLAN

PERSONNEL

PBA

DEFINED

PBA

ENTRY

PBA

EQUIPMENT

PBA

TRANSPORT

AGE (1 1 year) −0.001 (0.002) −0.001 (0.002) 0.004* (0.002) −0.002 (0.002) 0.001 (0.002) 0.007*** (0.002)

COLLEGE 0.010 (0.053) −0.038 (0.053) 0.027 (0.055) 0.014 (0.042) −0.034 (0.051) 0.055 (0.058)

BREEDING (vs. FARROWFINISH) 0.064 (0.106) 0.085 (0.105) −0.019 (0.107) 0.110 (0.097) 0.025 (0.098) 0.053 (0.120)

WEANFINISH (vs. FARROWFINISH) 0.046 (0.068) −0.021 (0.076) −0.163** (0.075) −0.030 (0.063) −0.130* (0.067) −0.110 (0.077)

FINISH (vs. FARROWFINISH) 0.188** (0.090) 0.190* (0.106) −0.040 (0.101) −0.008 (0.081) −0.033 (0.090) −0.077 (0.111)

OTHEROPERATION (vs. FARROWFINISH) −0.032 (0.136) 0.144 (0.139) 0.016 (0.139) 0.185 (0.130) 0.091 (0.139) 0.069 (0.150)

INTEGRATOR (vs. INDEPENDENT) 0.165 (0.105) 0.232** (0.110) 0.253** (0.118) 0.066 (0.084) 0.184 (0.123) 0.149 (0.118)

CONTRACTGROWER (vs. INDEPENDENT) 0.251*** (0.066) 0.232*** (0.068) 0.170** (0.075) 0.091 (0.060) 0.067 (0.072) 0.044 (0.073)

OTHERBUSINESS (vs. INDEPENDENT) 0.202** (0.103) 0.287** (0.116) 0.151 (0.130) 0.066 (0.103) 0.210 (0.139) 0.247** (0.117)

IOWA −0.088 (0.063) −0.038 (0.061) −0.227*** (0.068) −0.204*** (0.050) −0.158*** (0.061) −0.123* (0.067)

ln(PRODUCTIONSITES) 0.065** (0.027) 0.069*** (0.024) −0.003 (0.026) −0.013 (0.018) −0.030 (0.024) 0.041 (0.028)

HIGHRATING 0.239*** (0.078) 0.321*** (0.062) 0.106 (0.075) 0.106** (0.049) 0.165*** (0.055) 0.203** (0.080)

REPORTABLE 0.002 (0.061) −0.012 (0.061) 0.045 (0.062) 0.010 (0.045) 0.065 (0.054) −0.018 (0.066)

RISKAVERSE 0.051* (0.029) 0.034 (0.030) 0.058* (0.032) 0.079*** (0.026) −0.010 (0.028) 0.025 (0.032)

RISKACCEPTING 0.033 (0.028) −0.046* (0.028) 0.014 (0.030) 0.055** (0.023) 0.019 (0.027) 0.059* (0.031)

ONEOUTBREAK (vs. NOOUTBREAKS) −0.115 (0.118) −0.056 (0.103) 0.162 (0.118) −0.048 (0.071) 0.107 (0.118) −0.088 (0.120)

TWOOUTBREAKS (vs. NOOUTBREAKS) −0.174* (0.104) −0.038 (0.101) 0.130 (0.093) 0.018 (0.070) 0.092 (0.088) −0.077 (0.109)

N 263 262 263 262 262 262

Pseudo (McFadden’s) R2 0.216 0.232 0.159 0.279 0.138 0.123

Predicted adoption rate 0.673 0.344 0.335 0.115 0.107 0.660

Actual adoption rate 0.605 0.385 0.395 0.176 0.240 0.580

*, **, *** indicate statistical significance at p < 0.10, < 0.05, < 0.01, respectively.

did not experience PRRS and/or PEDV in the last 3 years,
producers who had experienced at least one of these diseases
were 11.0% more likely to instruct employees and visitors to
change into site-specific coveralls or clothing and boots and
wash hands when crossing to the pig side of the LOS and 11.7%
more likely to have feed delivered and store in bird, rodent,
and insect proof containers/bins and have feed spills cleaned up.
This is consistent with statements made by Schulz and Tonsor
(31) who suggest that the 2013-14U.S. PEDV outbreak could
have had the positive externality of encouraging biosecurity
implementation. As expected, producers having rated their own
biosecurity as high compared to their neighbors were more likely
to adopt several of the recommended biosecurity measures. Of
note, producers with a high biosecurity self-rating were 32.1%
more likely to always provide site-specific biosecurity procedures
to delivery/service personnel.

Risk attitudes were found to be significant determinants of
biosecurity adoption. Results indicate that risk-averse producers,
as determined via their responses to risk eliciting questions, were
more likely to adopt the recommended biosecurity practices.
Similarly, a risk-accepting attitude was positively correlated
with adoption, the one exception being risk-accepting producers
were 4.6% less likely to provide written site-specific biosecurity
procedures for all delivery/service personnel. In general, these
results suggest that regardless of how risky producers are in
how they manage their business financially, they understand the
importance of biosecurity measures needed on their operations
and adopt accordingly.

Some producers may be more willing than others to adopt
enhanced biosecurity practices because of the perceived risk of
a high-consequence foreign animal diseases occurring. When
compared to no expected outbreaks occurring, expecting one
outbreak to occur did not statistically significantly impact
biosecurity adoption. Producers who expected two or more
outbreaks to occur, however, were less likely to adopt two of the
recommended biosecurity practices. This latter result suggests
a rather pessimistic view of high-consequence foreign animal
diseases occurring in the United States could be a deterrent to
biosecurity adoption for some producers and for some particular
biosecurity practices.

As Mankad (32) highlights, there is a need to incorporate
psychological, social and cognitive factors on decision making
related to biosecurity and management practices. Our results
emphasize the important role of risk attitudes and perceptions in
explaining biosecurity adoption behavior which is valuable since
studies of the factors leading to the adoption of technology and
management practices by producers all too often focus only on
the explanatory role of typical producer demographics.

The last two rows of Tables 3, 4 report “predicted adoption
rate,” and “actual adoption rate,” which are useful in evaluating
the capability of these models to predict biosecurity adoption.
The “predicted adoption rate” is the proportion of producers
that each binomial logit regression predicted would adopt a
particular biosecurity practice, while “actual adoption rate” is the
proportion of producers who adopted that practice as recorded
in the survey responses. As these statistics demonstrate, the
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models reasonably predicted the adoption rate in most cases.
In particular, 60.5% of producers always provide site-specific
biosecurity procedures to employees, and the model predicted
67.3% of producers would adopt this practice. Results such
as these lend credence to the logit procedure used in this
analysis. That said, not all of the 16 models performed this
well. Additionally, some variables are statistically significant in
some models but not in others when we might expect the
impact of a variable on adoption to be similar for some (or
even most) practices. The results from the logit regressions (and
the previously discussed feasibility analysis) indicate that socio-
economic factors (producer and operation demographics and
producer attitudes and perceptions) play a significant role in
biosecurity adoption, but still other factors could be drivers
of adoption.

Complementarity of Biosecurity Practices
Thus far, adoption of biosecurity practices have been considered
independently. The complementary nature of adoption of
the enhanced biosecurity practices could be evaluated to
reveal how adoption of one practice influences adoption of
another practice. An analysis of complementarity was completed
utilizing conditional probabilities (33, 34), with complementarity
of adoption being demonstrated by following Chihara and
Hesterberg (35) to show statistically significant differences
between adoption rates of one practice for adopters and non-
adopters of a second practice. Results are reported in Tables 5–7.

Consider the following two LOS practices—clearly defining
a LOS for each building (LOSDEFINED), and having one
established entry point for personnel to cross the line of
separation (LOSENTRY). Intuitively, having a clearly defined
LOS is basically required for having one entry point for
crossing, so one could reasonably expect that adoption of one
of these practices impacts the adoption of the other. The data
corroborates this prediction. As shown in Table 7, of the subset
of producers who reported having a defined LOS, 91.1% reported

TABLE 5 | Adoption rates of providing a written site-specific biosecurity plan, a

defined perimeter buffer area, and a defined line of separation (in italics) given

non-adoption or adoption of the other practices (in bold).

Non-Adoption (%) Adoption (%)

PLANPROVIDED*

PBADEFINED 26.5 63.3

LOSDEFINED 52.0 75.0

PBADEFINED

PLANPROVIDED* 22.7 58.5

LOSDEFINED 49.2 77.6

LOSDEFINED

PLANPROVIDED* 23.2 45.5

PBADEFINED 22.2 50.5

*Adoption of PLANPROVIDED means that a producer always provides site-specific

procedures to all employees and to all deliver/service personnel. Of the 337 respondents,

37.09% adopted PLANPROVIDED.

All differences (rate given adoption – rate given non-adoption) statistically significant at

p ≤ 0.01.

also having one entry point for crossing. Compare this to the
subset of producers who reported not having a defined LOS, of
which only 33.6% reported having one entry point for crossing.
As expected, adoption of these two biosecurity practices goes
hand in hand, and this result is not unique. Consider two
other practices for which adoption could be expected to be
related—vehicles and equipment entering the PBA are verified
to be clean, disinfected, and dried before entry to the site
(PBAEQUIPMENT), and transport vehicles entering the PBA
are verified to be clean, disinfected, and dried before entry to
the site (PBATRANSPORT). As Table 6 shows, the conditional
probability of verifying that vehicles and equipment entering the
PBA are clean, disinfected, and dried given that all transport
vehicles entering the PBA are verified to be clean, disinfected,
and dried is six times higher (36.8 vs. 5.8%) than the conditional
probability of verifying that vehicles and equipment entering the
PBA are clean, disinfected, and dried given that the practice of
verifying that all transport vehicles entering the PBA are clean,
disinfected and dried has not been adopted. Once again, adoption
of one of these practices clearly impacts the adoption of the other.

High degrees of complementarity are more or less universal
across all practices, even for practices that are not as obviously
related as the pairs of practices detailed in the previous paragraph.
Consider this time the practices of always providing site-specific
biosecurity procedures to both employees and delivery/service
personnel (PLANPROVIDED) and of clearly defining a PBA
(PBADEFINED). Even though there is no evident relationship
between the two practices, the subset of producers who always
provide site-specific biosecurity procedures has a 63.3% adoption
rate for clearly defining a PBA, while the subset of producers who
do not always provide site-specific biosecurity procedures has a
much lower adoption rate of 26.5% for defining a PBA (Table 5).

TABLE 6 | Adoption rates of perimeter buffer area practices (in italics) given

non-adoption or adoption of the other perimeter buffer area practices (in bold).

Non-Adoption (%) Adoption (%)

PBADEFINED

PBAENTRY 7.7 32.3

PBAEQUIPMENT 11.3 41.5

PBATRANSPORT 43.6 78.3

PBAENTRY

PBADEFINED 32.8 73.7

PBAEQUIPMENT 16.8 55.4

PBATRANSPORT 53.0 78.6

PBAEQUIPMENT

PBADEFINED 30.6 71.1

PBAENTRY 10.1 40.8

PBATRANSPORT 47.4 89.5

PBATRANSPORT

PBADEFINED 20.3 54.3

PBAENTRY 8.7 23.7

PBAEQUIPMENT 5.8 36.8

All differences (rate given adoption – rate given non-adoption) statistically significant at

p ≤0.01.
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TABLE 7 | Adoption rates of line of separation practices (in italics) given

non-adoption or adoption of the other line of separation practices (in bold).

Non-adoption (%) Adoption (%)

LOSCLEANING

LOSDEFINED 17.2 65.0

LOSLOCKED 10.3 45.9

LOSENTRY 20.7 73.4

LOSANIMALS 17.2 79.1

LOSLOG 10.3 53.4

LOSCLOTHING 24.1 82.7

LOSCLOTHINGPBA 14.3 56.9

LOSFOMITES 10.3 44.7

LOSFEED 51.7 94.0

LOSDEFINED

LOSLOCKED 18.3 57.8

LOSENTRY 33.6 91.1

LOSANIMALS 48.8 89.1

LOSLOG 27.0 63.5

LOSCLOTHING 53.2 92.2

LOSCLOTHINGPBA 28.9 68.9

LOSFOMITES 12.3 60.3

LOSCLEANING 80.5 97.4

LOSFEED 79.7 96.8

LOSENTRY

LOSDEFINED 17.0 80.6

LOSLOCKED 13.0 55.0

LOSANIMALS 36.4 89.9

LOSLOG 25.0 60.4

LOSCLOTHING 49.0 89.4

LOSCLOTHINGPBA 25.0 65.9

LOSFOMITES 13.3 54.5

LOSCLEANING 76.5 97.2

LOSFEED 74.5 97.2

LOSANIMALS

LOSDEFINED 24.7 73.7

LOSLOCKED 16.5 51.7

LOSENTRY 25.9 84.4

LOSLOG 22.4 58.6

LOSCLOTHING 42.4 89.2

LOSCLOTHINGPBA 20.3 64.7

LOSFOMITES 15.7 50.7

LOSCLEANING 71.1 97.8

LOSFEED 69.9 97.4

LOSCLOTHING

LOSDEFINED 20.3 72.5

LOSLOCKED 13.5 50.8

LOSENTRY 31.1 79.8

LOSANIMALS 33.8 85.2

LOSLOG 8.1 61.5

LOSCLOTHINGPBA 23.2 61.7

LOSFOMITES 11.3 50.4

LOSCLEANING 69.0 97.1

LOSFEED 73.2 95.0

(Continued)

TABLE 7 | Continued

Non-adoption (%) Adoption (%)

LOSFEED

LOSDEFINED 19.4 65.1

LOSLOCKED 12.9 45.9

LOSENTRY 19.4 73.9

LOSANIMALS 19.4 79.3

LOSLOG 9.7 53.7

LOSCLOTHING 38.7 81.5

LOSCLOTHINGPBA 16.1 57.1

LOSFOMITES 12.9 44.6

LOSCLEANING 54.8 94.7

LOSFOMITES

LOSDEFINED 41.2 88.4

LOSLOCKED 30.2 59.7

LOSENTRY 53.3 89.9

LOSANIMALS 61.5 89.8

LOSLOG 29.7 77.5

LOSCLOTHING 65.4 93.8

LOSCLOTHINGPBA 37.4 75.2

LOSCLEANING 85.7 97.7

LOSFEED 85.2 96.9

LOSCLOTHINGPBA

LOSDEFINED 39.9 78.3

LOSLOCKED 32.2 51.6

LOSENTRY 49.7 85.1

LOSANIMALS 55.6 90.1

LOSLOG 35.0 62.7

LOSCLOTHING 62.9 90.1

LOSFOMITES 21.7 58.4

LOSCLEANING 83.2 97.5

LOSFEED 81.8 96.9

LOSLOG

LOSDEFINED 43.2 78.2

LOSLOCKED 30.9 53.8

LOSENTRY 53.4 84.0

LOSANIMALS 59.3 87.7

LOSCLOTHING 58.0 96.2

LOSCLOTHINGPBA 39.2 66.9

LOSFOMITES 18.5 64.9

LOSCLEANING 83.5 98.1

LOSFEED 82.3 98.1

LOSLOCKED

LOSDEFINED 44.0 82.8

LOSENTRY 53.0 90.2

LOSANIMALS 61.2 89.6

LOSLOG 39.1 62.7

LOSCLOTHING 65.2 92.5

LOSCLOTHINGPBA 44.6 64.3

LOSFOMITES 29.1 58.3

LOSCLEANING 85.5 97.7

LOSFEED 84.9 97.0

All differences (rate given adoption – rate given non-adoption) statistically significant at

p ≤ 0.01.
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It is possible that complementarity occurs because the use of
one practice increases the marginal efficacy of another practice.
However, as Pruitt et al. (33) indicate, it could also be because
some people are simply “adopters” of practices. In either case,
the complementarity results show that adoption of specific
biosecurity practices often go hand in hand.

CONCLUSION

Given that biosecurity adoption in the past in the United States
has largely been precautionary and voluntary, this study provides
key insights into the very complex and ever-changing issue
of biosecurity adoption. Producer attitudes about feasibility of
implementation, producer and operation demographics, risk
attitudes and perceptions, and complementarity of practices
were all shown to play a meaningful role in whether or
not a producer adopted recommended SPS Plan biosecurity
practices. As was demonstrated, not one of these factors
provides the entire picture by itself and there are many factors
at play when producers weigh biosecurity adoption. Further
complicating the situation is that biosecurity adoption is not
static. In fact, producer attitudes and adoption rates may
have meaningfully changed since the data for this study was
collected, especially in response to the recent outbreaks of ASF
in China.

Keeping these complexities in mind is of utmost importance,
especially at a time when, for better or for worse, the
precautionary and voluntary biosecurity paradigm in the
United States appears to be shifting. For example, governing
bodies in the United States have not historically mandated
(either directly or indirectly) biosecurity adoption in response
to concerns with antimicrobial resistance the same way their
European counterparts have [see European Commission, (36)].
In recent years, however, policies such as the Veterinary Feed
Directive—which has been shown by Schulz and Rademacher
(37) to cause producers to modify biosecurity—are being
considered and implemented by U.S. governing bodies. As
another example, during the 2014–2015 Highly Pathogenic
Avian Influenza outbreak in the U.S., indemnity payments to
producers were made conditionally on producers providing
evidence that they were using biosecurity meant to prevent
the spread of the disease when it was discovered in their
flocks (38). Given the complicated nature of this issue,
this study could provide educators and policy makers
with vital information as they think about such policies
going forward.

The complexity of this issue also means there are plenty
of opportunities for further research. In our survey, producers
indicated if they used the recommended biosecurity practices
on their operation. Future surveys should consider framing of
the question with respect to peacetime (i.e., a normal operating
environment) and during an animal health emergency (i.e.,
acute animal health crisis actively impacting interstate and
international trade). That is, instead of presenting binary options
“being used” or “not being used,” perhaps producers could be
asked to select from “being used,” “not currently being used

but could be if needed,” or “not feasible to implement.” This
approach would help, in part, determine producers’ evaluations
of industry-wide costs of not adopting biosecurity. Livestock
operations obviously have a strong interest in remaining disease-
free for a variety of reasons, but operations may not take
into account how their actions affect other operations. If a
producer is shown to always use a practice, it may be that
the producer has a better understanding (or higher valuation)
of industry-wide costs of a disease outbreak compared to a
producer who only implements biosecurity during an outbreak.
Knowing how many producers undervalue industry-wide costs
of an outbreak would be very helpful to program administrators
and educators.

Future work should also consider collecting information
on farm-level costs of biosecurity implementation as this may
help to better explain adoption than, more generally, self-
assessments of the perceived feasibility of adoption on an
operation. For example, biosecurity investments entail a mixture
of fixed and variable costs. By knowing farm-level fixed and
variable cost estimates, economic tradeoffs could be considered
and the relative influence of each for biosecurity adoption
identified. Furthermore, knowing costs would help inform cost-
sharing schemes related to animal disease mitigation efforts,
where biosecurity is intended to be a factor in the cost-
sharing strategies.

The logit and complementarity analyses conducted here,
although robust, have limitations. In particular, while the
complementarity analysis definitely demonstrates that adoption
of practices go together, one has to be careful when drawing
conclusions about causality when only considering conditional
probabilities. Multinomial or multivariate logit models could
be used instead of binomial logit models and conditional
probabilities, but as Pruitt et al. (33) also found, such analysis
is made difficult by the sheer number (in this case, 16) of
recommended practices. Also of note is that this analysis is
agnostic about the relative importance of different practices.
For example, clearly defining a LOS for each building may
or may not be more important for overall biosecurity than
maintaining a visitor logbook, but the analysis in this study
makes no value judgment. Making an assumption about the
relative importance of practices could allow for further analysis
to proceed. By weighting each practice the same for overall
operation biosecurity, one could conduct a count data regression
analysis as in Gale (39) to look for jointness in adoption.
Alternatively, a weighting system could be applied such as
in Postma et al. (14) to give an overall biosecurity rating to
each producer before performing subsequent analysis. Future
research avenues such as these could enhance and extend the
results in this study, providing additional valuable insights about
biosecurity adoption.

Future producer and industry leader education efforts may
be more targeted by incorporating findings from this study.
These refined efforts may lead to a clearer understanding
by producers of biosecurity’s many decisions and ultimately
improved decision-making regarding biosecurity adoption and
compliance efforts. Similarly, future efforts to develop new
technologies, programs, or protocols to enhance individual
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firm and industry-wide biosecurity should heed these results.
Development or marketing of biosecurity options that producers
are unlikely to widely implement is a missed opportunity, while
alternatively focusing efforts on options more likely to be utilized
is an improved possibility if the results from this study are
properly leveraged.
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Disease in U.S. animal livestock industries annually costs over a billion dollars. Adoption

and compliance with biosecurity practices is necessary to successfully reduce the risk

of disease introduction or spread. Yet, a variety of human behaviors, such as the

urge to minimize time costs, may induce non-compliance with biosecurity practices.

Utilizing a “serious gaming” approach, we examine how information about infection risk

impacts compliance with biosecurity practices. We sought to understand how simulated

environments affected compliance behavior with treatments that varied using three

factors: (1) the risk of acquiring an infection, (2) the delivery method of the infection

risk message (numerical, linguistic and graphical), and (3) the certainty of the infection

risk information. Here we show that compliance is influenced by message delivery

methodology, with numeric, linguistic, and graphical messages showing increasing

efficacy, respectively. Moreover, increased situational uncertainty and increased risk were

correlated with increases in compliance behavior. These results provide insight toward

developing messages that are more effective and provide tools that will allow managers

of livestock facilities and policy makers to nudge behavior toward more disease resilient

systems via greater compliance with biosecurity practices.

Keywords: biosecurity, compliance, risk, uncertainty, graphical message, linguistic phrase, numeric message,

psychological distance
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INTRODUCTION

Livestock diseases threaten animal welfare and livelihoods
throughout production networks. Yet, due to the continued
consolidation of livestock production (1, 2), increased
movements of animals (3), and globalization of trade within
livestock industries (4), disease prevalence is growing. For
example, Porcine Epidemic Diarrhea virus (PEDv) was first
detected in the U.S. in 2013 and within 12 months this disease
had spread to 33 states. Nearly half of hog facilities have
experienced a PEDv outbreak since its introduction (5) with
net annual economic welfare reductions initially estimated at
between $900 million to $1.8 billion (6). Many industry experts
agree that implementing biosecurity practices is key to reducing
the social and economic impacts of livestock diseases to industry
stakeholder and consumers of hog products (7, 8), yet investment
in biosecurity is low (9–11). Finding innovative and cost-effective
ways to motivate, or nudge, farms to implement and comply with
biosecurity practices will be instrumental in protecting livestock
herds from endemic, exotic, and emerging diseases.

Biosecurity implementation at livestock facilities is both
a tactical decision, with facility managers deciding which
preventive biosecurity practices to adopt, as well as a series
of ongoing operational decisions, with personnel deciding to
comply or not comply with biosecurity practices (12). Regular
compliance with biosecurity practices can significantly reduce
disease. Unfortunately, many behaviors and signals in the work
environment can negatively affect compliance. Behaviors such
as habits, complacency, and the urge to minimize expenditures
of time may induce non-compliance with biosecurity practices.
For example, Beloeil et al. (13) found that consistently changing
clothes before entering a hog facility reduced Salmonella
seropositive animals from 87 to 13%. Yet studies have shown
consistency in compliance with these practices is rarely the
case (14). Racicot et al. (15), using hidden cameras, found 44
different biosecurity lapses made by workers and visitors at
Quebec poultry farms over the course of 4 weeks, with the
average number of biosecurity breaches being four per visit (15).
The factors involved in this human behavioral dimension of
biosecurity implementation are not well-known, but are thought
to be essential to biosecurity practices and livestock welfare (16).

In this study we examine factors that may influence perception
of disease risk and thus, compliance with biosecurity practices
associated with production facilities. Variables to be treated in
this study include: information regarding disease infection risk,
amount of uncertainty associated with the information provided
about the disease infection risk, and the types of message delivery
methods used to communicate disease infection risk. These
factors have been identified as influencing biosecurity in a variety
of livestock systems (8, 17). Risk of disease is ubiquitous in
livestock production facilities, but the level of risk at any given
time is generally not known since it is challenging to quantify, and
the sharing of information about disease prevalence and location
is not standard procedure. Risk tolerance is generally high among
U.S. farmers (18), but as the actual risk of disease infection is
perceived to increase, farmers may be more apt to implement
biosecurity or comply with biosecurity protocols (8, 19–21).

The degree of certainty provided in the infection risk message
is also expected to affect biosecurity compliance. Ritter et al.
(8) suggested that as certainty about disease information is
enhanced (and uncertainty reduced), the benefits of practicing
biosecurity are presented with greater certainty (19) or salience
(22). This could lead to increased biosecurity implementation.
Indeed, Merrill et al. (21) found, in an experimental simulation
of disease in a swine production region, that a decrease in
uncertainty (e.g., increase in certainty) about disease in a
simulated swine production systemwas associated with increased
tactical investments in biosecurity.

In addition to infection risk certainty, another important
factor may be the perceived reliability of the information,
which may vary depending on who is delivering it, consistency
of messaging, and the mode of delivery (8, 16). Farmers
in Ireland, for instance, received different information from
veterinary practitioners vs. dairy advisors, and this perceived
inconsistency or unreliability was stated as the primary reason
for not implementing biosecurity, even while 83% of the farmers
surveyed stated they would adopt practices if that would result in
better herd health (23).

Another factor affecting compliance with biosecurity practices
is the types of messages that workers at production facilities
receive about disease, including the message delivery format.
Evidence suggests that using impactful imagery should be more
effective than using a number or phrase to convey messages
(24). For example, since 1974 the U.S. government has used a
rating system with five levels to inform people about the risk of
wildland fires on public lands1 They convey this rating system
using a threat gauge with an arrow pointing to a colored wedge
of half of a wheel, with wedges labeled from “Low” to “Extreme”
and colored green to red, respectively. This imagery effectively
imparts the risk of a forest fire given the current environmental
conditions, and evidence suggests that their use of a threat gauge
is more likely to reduce dangerous fire behavior than simply using
a phrase “Low” to “Extreme” or using some numerical equivalent.
Thus, information delivery may be formatted to maximize
reception and nudge workers toward greater compliance (22).
Here, we examine the use of numbers (percentages), linguistic
phrases (e.g., “Low Infection Risk”), and graphical imagery to
pass information about the risk that the participant’s behavior
could result in their animals becoming infected with a disease.
Because humans frequently use mental shortcuts, or heuristics,
to calculate costs associated with risks, the way the message
about infection risk is delivered impacts their decisions (25, 26).
By design these shortcuts are quick and are largely based on
experience, but they have the capacity to misinform because
they perform poorly when experience is lacking, rely on affect
or feelings, and do not rely on the heavy use of analytical
reasoning (27).

Finally, economic factors and experience with disease likely
play critical roles in biosecurity implementation decisions.
Biosecurity adoption or compliance may be economically
constrained in either direct costs, because biosecurity
investments can be quite costly, or in indirect costs, such

1https://www.nps.gov/articles/understanding-fire-danger.htm
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as opportunity costs, where time pressure has been cited as
a major factor leading to lapses in biosecurity practices (28).
Evidence suggests that recent experience with a disease outbreak
will temporarily increase biosecurity practices (29), although
increased biosecurity effort is not ubiquitous (30).

Understanding of decision-making processes has long been
gained using economic experiments in controlled environments.
Because these experiments are used to gather data, and frequently
are couched with the idea of optimizing payouts, they broadly
may be defined as serious games—games designed not for
enjoyment but rather to gather data or for non-entertainment
purposes such as education. While not always labeled as serious
games, experimental economic games were pioneered in the
work of Nobel Laureate Vernon L. Smith (31, 32) and multiple
price list experiments (33, 34). More recently, experiments run
on computers and as video games have become increasingly
popular across disciplines, including adolescent risk behaviors
(35), cognitive ability enhancement (36), and conflict resolution
(37). The highly controlled environment within a computer
game allows for testing of behavioral differences between,
for example, genders (38) and among populations (39) or
how individuals behave with increased informational awareness
(21). Carefully constructed games provide insight into players’
strategic, tactical, and mechanical decisions (40). Importantly,
results from experimental computer games have been shown to
mirror those from more traditional research instruments such
as surveys [e.g., (35)] and, in some cases, games bring about
better learning and retention than more traditional teaching
methods [e.g., face-to-face, classroom settings or lectures; (41)].
Moreover, serious games offer the possibility of performance-
based incentives. Performance-based incentives are used to make
experiments more salient and increase effort in the decision
making process, over more traditional information gathering
techniques, such as surveys (42). As with many other serious
game experiments (33, 35, 39), one of the primary sources of
study participants was the university community.

Here we developed serious games to simulate a conflict where
participants were confronted with a decision about avoidance
or compliance with a common biosecurity practice: a “line of
separation” at which workers shower and change clothing before
entering or exiting areas with livestock. This line of separation
is considered highly effective for reducing the risk of disease
infection (7, 43). Use of a shower facility, however, carries
opportunity costs associated with the time needed for its use,
which can result in workers electing to bypass or only partially
implement the practice.

We used various experimental scenarios to test participants’
willingness to comply with the line of separation shower facility
and incur associated opportunity costs in order to avoid potential
direct costs associated with infected animals. Treatments varied
the following factors: (1) the risk of acquiring an infection
in their animals; (2) the certainty/uncertainty of the risk of
infection by noting that the infection risk information provided
as either a known value or a value that was uncertain; and
(3) how the infection risk message was delivered, either with a
linguistic phrase (Linguistic), a graphical threat gauge style image
(Graphical) or a numerical (Numerical) value. We hypothesized

(H1) that participants would become more compliant, and
avoid risk as the infection risk increased (33, 44). Additionally,
with increased uncertainty associated with the infection risk
information, we hypothesized (H2) that we would see more
compliance. Finally, we hypothesized (H3) that we would observe
the highest compliance rates with infection risk information
delivered using a graphical method, then using a linguistic phrase
and finally the lowest compliance with infection risk messages
delivered using a numeric value.

In addition to the three primary drivers noted above,
we looked for secondary behavioral drivers. We posited
that participants may immediately react to the economic
consequences that result from their animals becoming infected
by becoming more prone to comply with the shower facility
biosecurity practice, but the tendency toward compliance may
diminish with increasing time since the event (44–46). This
effect is sometimes referred to as psychological distancing,
hyperbolic discounting, or temporal discounting; here we refer
to it as a psychological distance effect. We hypothesize (H4)
that compliance would decrease with increased time since
experiencing an infection.

METHODS

During early phases of this project, research team members
met with biosecurity leaders to better understand how farm
managers and farm workers make tactical and operational
biosecurity decisions and discussed the biosecurity challenges
faced by the industry. One outcome of these meetings was an
increased awareness that compliance with biosecurity protocols
was a serious problem. To study how decisions were made
in the domain of biosecurity compliance, we developed two
serious games that helped us capture the operational compliance
dimensions of livestock biosecurity systems.

Recruitment
We conducted two experiments using serious games to examine
behavioral responses to variations in risk messaging. Experiment
One was performed entirely at facilities on the University of
Vermont campus. Experiment One participants were recruited
using Craigslist, University listservs, direct emails, posters,
and word of mouth. Approximately, 45% of recruits in
Experiment Two were recruited as in Experiment One and
through on-campus workshops, and ∼55% were recruited
through the online workplace Amazon Mechanical Turks (47).
The research team recruited participants from the general
public that were at least 18 years old. Because much of
the participation was on the University of Vermont campus,
many participants were graduate or undergraduate students
(see limitations section Limitations). Recruits were told that
they would be paid based on their performance during the
experiment. Prior to beginning the experiments, participants
were shown an informational slideshow that explained the
purpose of the study. They were then shown a demonstration
of the serious game, which was followed by a screen that
gave them the choice to either proceed to game play, or
exit and not participate. Institutional Review Board protocols
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FIGURE 1 | Screen view of a game round showing infection risk and uncertainty information, the worker and coins (internal tasks) inside the barn, the shower facility

(blue arrow) and the emergency exit (red arrow), and the paths taken to attend to outside tasks. During each round, participants collect coins within the barn, then

receive a cue to complete an outside task. The participant would then make a decision to use the shower facility or the emergency exit to complete the outside task

based on the information provided. After completing the outside task (by touching the outside task space), the participant would return to the barn and collect more

coins before the end of the working day.

were followed for an experiment using human participants
(University of Vermont IRB # CHRBSS-15-319-IRB).

Experimental Design and Development
The serious game platform used to run both experiments was
developed using Unity software (Figure 1) (Unity Technologies,
Version 5.3.5f1). Participants acted as workers in a simulated
swine production facility and were confronted with experimental
treatments that differed by the risk of infection if they broke
protocol and exited through the emergency exit, and the
information presented to them about the infection risk. Each
round of the serious game represented one work day from 9 am
to 5 pm. Both experiments included 24 rounds of play in addition
to one practice round before the start of incentivized play.

The virtual farm worker was controlled by the participant
using the arrow keys on a computer keyboard. Each round began
with the virtual worker inside the barn, with tasks inside the barn
represented as spinning coins; when the worker was moved to
a coin the participant earned one experimental dollar. Spinning
coins appeared at a rate of one coin every 2 s. One time during
each round a high-value outside task would appear: either a
feed jam in the silo, a break in the water pipe, or the arrival
of a delivery truck. Attending to these outside tasks earned the
participant experimental dollars, depending on how quickly they
accomplished them. Each of these external tasks started out with
a $30 value that decayed by $1 each second. To earn experimental
dollars from these high-value tasks, the player needed to leave the
barn, and this involved the primary decision in the game: whether
or not to use the “shower in—shower out” biosecurity practice.

To use the shower biosecurity practice, the virtual farmworker
would enter the shower facility, activating a 5 s counter that
simulated showering and changing clothes. Then the participant
could exit the facility to attend to the task. The procedure would
repeat upon their return to the barn; shower again (which took
another 5 s), and then re-enter the facility. The decision to not
comply with the biosecurity practice involved leaving through an
emergency exit, which had no delay and no opportunity cost, but
risked infection. The opportunity cost associated with complying
with the shower process was estimated at $7.50 because of the
time lost getting to the outside task and the loss of internal task
coins during the return to the facility.

In both experiments, if participants chose to use the
emergency exit instead of the shower in—shower out facility, they
would reduce potential opportunity costs but risk direct losses
because their animals could become infected. Infections resulted
from a random draw, with the actual risk of infection quantified
using the expected risk of infection information presented to the
participant. With an infection, the participant’s animals would
“die,” the round would immediately end, and they would lose $50
experimental dollars and any accrued earnings from that round.
If their pigs did not get infected, they continued play until the end
of the workday.

When the round ended, the number of experimental
dollars earned was displayed on the participant’s screen. After
completing 24 experimental rounds, participants answered a
few survey questions, and then were shown a completion
code and the amount of real money they had earned. In
Experiment One, the conversion rate between experimental and
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FIGURE 2 | A threat gauge message format was used in Experiment Two’s

graphical message delivery treatments.

TABLE 1 | Experiment one treatments.

Treatment N

Infection Risk: 5% (Low) 944 (8 rounds*118 participants)

Infection Risk: 15% (Medium) 944 (8 rounds*118 participants)

Infection Risk: 25% (High) 944 (8 rounds*118 participants)

Uncertainty Treatment: Diagnosis

Certainty: “100% Certain”

1,416 (12 rounds *118 participants)

Uncertainty Treatment: Diagnosis

Uncertainty: “70% Certain”

1,416 (12 rounds *118 participants)

Message Delivery Method: Numeric: “1%,”

“15%,” or “25%”

1,416 (12 rounds *118 participants)

Message Delivery Method: Linguistic:

“Low,” “Medium,” or “High”

1,416 (12 rounds*118 participants)

real dollars was $35 experimental dollars to $1U.S. Participants
then showed their screen to one of the researchers and were
paid. In Experiment Two, the conversion rate was either $35
experimental dollars to $1U.S. for all in-person mediated games
or $350 experimental dollars to $1U.S. plus a base pay of $3.00
for Amazon Mechanical Turk Participants.

Treatments and Variables
Early discussions with industry stakeholders highlighted that
biosecurity was not simply a product of infrastructure and
protocols, rather it was a product of infrastructure, protocols, and
human behavior associated with willingness to use and comply
with biosecurity protocols. Treatments were designed to test
factors shown to influence willingness to comply, such as risk
of loss, information uncertainty, and the media type used to
deliver the message. In serious game play, participants received
information estimating the infection risk and the uncertainty of
that infection risk at the start of each round (Figure 2; Tables 1,
2). The infection risk information is used by the participant to
either accept the risk by using the emergency exit, or accept the
opportunity costs associated with the decision to use the shower
exit. The infection risk message was delivered numerically (e.g.,
“5%” infection risk), linguistically (e.g., “low” infection risk), or
graphically (i.e., using a threat gauge, Experiment Two only).

In Experiment One, participants received the Uncertainty
Treatment in the form of a message describing the confidence

TABLE 2 | Experiment two treatments.

Treatment N

Infection Risk: 1% (Very Low) 1,068 (6 rounds*178 participants)

Infection Risk: 5% (Low) 1,068 (6 rounds*178 participants)

Infection Risk: 15% (Medium) 1,068 (6 rounds*178 participants)

Infection Risk: 25% (High) 1,068 (6 rounds*178 participants)

Uncertainty Treatment: Contagion

Certainty (Single best estimate)

2,124 (12 rounds *177 participants)

Uncertainty Treatment: Contagion

Uncertainty (Best estimate plus a

range of potential values)

2,124 (12 rounds*177 participants)

Message Delivery Method: Numeric:

“1%,” “5%,” “15%,” or “25%”

2,124 (12 rounds*177 participants)

Message Delivery Method: Linguistic:

“Very Low,” “Low,” “Medium,” or

“High”

2,124 (12 rounds*177 participants)

Message Delivery Method: Graphical:

(A threat gauge with arrows used to

indicate risk)

2,124 (12 rounds*177 participants)

in the diagnosis of the infection risk: A farm worker stating
his level of certainty as either: “I have been working here for
30 years. I am 100% certain that there is an infection . . . ”
or “I just started working here. I am 70% certain that there
is an infection . . . ” While playing the round, the participant
could see information about the Uncertainty Treatment by
looking at a message displayed in the bottom right corner of the
screen reporting “Information Certainty: 70%” or “Information
Certainty: 100%” (Figure 1). Hereafter, this type of Uncertainty
Treatment is referred to as Diagnosis Uncertainty.

In Experiment Two, participants received the Uncertainty
Treatment using either a fixed level of infection risk or a variable
level of infection risk. The message the participant received noted
that the uncertainty was based on the understanding of the
disease threat: “There is a well-known disease in your system
with known contagion rates. There is a “low” probability of your
animals getting sick if you leave through the emergency exit.”
The following information was provided prior to starting each
round “There is a poorly understood disease in your system. The
best estimate is that there is a “low” probability (the probability
could range from “very low to medium”) of your animals getting
sick if you leave through the emergency exit.” As they were
playing the round, participants could check the information
about the Uncertainty Treatment through a display on the
bottom right information box on the game play screen (Figure 1).
Hereafter, this type of Uncertainty Treatment is referred to as
Contagion Uncertainty.

Uncertainty Treatment messages were displayed either
numerically (e.g., “1–15%”), linguistically (e.g., “low to high”)
or graphically using a threat gauge (Figure 2, Experiment
Two only).

In summary, after an initial examination of results from
Experiment One, we noted that there was not a treatment
that prompted a strong non-compliance signal (using the
emergency exit a strong majority of the time), and thus, we
decided to extend the treatment range in Experiment Two by
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adding an additional “Very Low” or 1% infection risk category.
Additionally, discussions with stakeholders and others suggested
the use of a graphical image to provide information was effective
means of information delivery, and thus we added a graphical,
threat gauge-style message delivery method. Thus, Experiment
Two had four infection risk treatments that varied from very low
(1%) to very high (25%) and three types of infection risk message
delivery (Numeric, Linguistic, and Graphical). Both experiments
had twoUncertainty Treatment categories related to the infection
risk information (Uncertain and Certain).

Three additional variables were used in these experiments.
First, because there were numerous rounds, we sought to control
for within-experiment learning or behavioral trends (48, 49),
and thus used a learning variable, referred to as Play Order,
to account for within-experiment changes, such as tendencies
to increase biosecurity as the experiment proceeded. Second,
we used psychological distance to look for behavioral changes
after participant’s facilities became infected. Third, in Experiment
Two, we used two different participant audience types. One
audience group performed the experiment with a moderator
present (from the Social Ecological Gaming and Simulation
Laboratory, University of Vermont). The other group performed
in the Amazon Mechanical Turks online environment (47).
Moderated participants received a higher cash payout than those
using the Amazon Mechanical Turk platform. These differences
may have resulted in differences in salience between groups, and
thus, an Audience covariate was included in the analyses.

Analysis
A set of candidate models was developed to explain the decision
response by the participants. All candidate models were mixed-
effect logistic regressions models compiled using R statistical
software (50, 51). Candidate models included treatment variables
(Tables 1, 2), i.e., Infection Risk Treatments, Uncertainty

Treatments, and Message Delivery Treatments, and interaction
terms between treatments as well as the predictor variables: (1)
psychological distance, (2) the learning variable: play order, and
(3) in Experiment Two only Audience type. Participant was
considered a random effect. Parameter estimation from mixed-
effect binary logistic regressions are presented as logit coefficients
that can be used to predict the probability (from 0 to 1) of a binary
response, in this case, the probability that the participant would
use the shower biosecurity facility given the combination of
treatment information provided in the particular scenario. Logit
coefficients can be exponentiated to generate odds ratios, which
provide a measure of the odds that an individual will choose
to use the shower biosecurity facility instead of the emergency
exit. With odds ratios, a 1:1 ratio, presented as the value 1,
indicates that there are even odds for the choice, and thus, if 1 is
included in the odds ratio confidence interval, it may be equally
possible that the participant will choose either the shower or the
emergence exit and indicates that the variable does not have a
significant signal.

One method to find the most parsimonious model when
the number of possible combinations of explanatory variables is
large is to create a set of plausible candidate models, and test
to see how well each of them explains the data. We used an
information-theoretic approach for candidate model selection
(52, 53). Candidate model selection methodology and results are
presented in Supplemental Material Appendix A.

RESULTS

Experiment One
Data were collected from 118 participants in Experiment One.
Fifty-four identified as female, 59 identified as male, and 5
choose not to identify with a gender. The mean age of the
participants was approximately 25.4 years old. Payouts for this

TABLE 3 | Results of the selected best fit, mixed-effect logistic regression model (Model 8; see Table S1) for Experiment One.

Parameter Odds Ratio Lower Bound Upper bound p-values

Intercept (Infection Risk @ 5%, Linguistic Message,

Diagnosis Certainty @ 70)

3.337 1.811 6.149 <0.001

Diagnosis Certainty @ 100 0.206 0.132 0.321 <0.001

Psychological Distance 0.516 0.345 0.774 0.001

Numeric Message 0.448 0.291 0.690 <0.001

Infection Risk @ 15% 4.342 2.662 7.083 <0.001

Infection Risk @ 25% 5.223 3.168 8.612 <0.001

Order of Play 1.009 0.994 1.025 0.231

Diagnosis Certainty @ 100 by Numeric Message 1.451 0.775 2.716 0.245

Numeric Message by Infection Risk @ 15% 0.565 0.294 1.084 0.086

Numeric Message by Infection Risk @ 25% 0.868 0.446 1.692 0.678

Diagnosis Certainty @ 100 by Infection Risk @ 15% 8.152 3.937 16.883 <0.001

Diagnosis Certainty @ 100 by Infection Risk @ 25% 25.046 10.259 61.143 <0.001

Diagnosis Certainty @ 100 by Numeric Message by

Infection Risk @ 15%

0.332 0.128 0.861 0.023

Diagnosis Certainty @ 100 by Numeric Message by

Infection Risk @ 25%

0.451 0.147 1.389 0.166

Depicted here are the odds ratios for the fixed effects describing relationships with the binary response variable: compliance with the biosecurity protocol. Bold values indicate significance

at alpha = 0.05.
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experiment averaged approximately $28 with a $19 minimum
and a $37 maximum.

The AIC-selected best candidate model included Participant
as a random effect and the fixed effects Infection Risk, Diagnosis
Certainty, Message Delivery Method Psychological Distance
and Play Order, as well as all interaction terms between
Infection Risk, Diagnosis Certainty and Message Delivery
Method (Supplemental Material Appendix A).

Logistic regression results presented in both experiments
quantify the probability that a participant will comply with
the shower biosecurity practice instead of using the emergency
exit. Results presented in Table 3 are odds ratios. The top line
represents the baseline odds ratio associated with the treatment
combination of 5% Infection Risk, message delivered using a
Linguistic phrase and with the Uncertainty Treatment set at
70% diagnosis certainty. The 3.337 odds ratio presented on the
first line in Table 3 (intercept results) should be interpreted
as participants are 3.337 times as likely to use the shower
facility instead of using the emergency exit. The rest of Table 3
(i.e., excluding the top data line) are odds ratios compared
with the baseline, intercept ratio. Odds ratio values in the

table should be interpreted relative to the baseline treatment
combination, i.e., the intercept value. For example, participants
that received the infection risk information with a numeric
message instead of the intercept value (Linguistic) had an
odds ratio of 0.448, meaning they were 0.448 times more
likely to use the shower door than the emergency door (or
inversely 2.23 times more likely to use the emergency exit)
than if they received information about the infection risk
using a Linguistic phrase. If the odds ratio confidence interval
includes 1 then it is unclear if or how the predictor variable
will affect their decision to comply with the shower practice,
and thus, variables that do not have 1 included in their
confidence interval are significant variables. Odds ratios <1
indicate that it is relatively more likely that the participant
will choose to exit through the emergency exit, whereas values
above 1 indicate that they are more likely to comply with the
suggested biosecurity practice by using the shower in—shower
out door.

We found significant main effects, two-way interactions and
a three-way interaction between Message Delivery Method,
Infection Risk and Diagnosis Certainty (Figures 3, 4, Table 3).

FIGURE 3 | Summary results of the main treatment effects from Experiment One. Box-plot of the probability of using the shower biosecurity practice by the main

effects, Message Delivery Method, Uncertainty Treatment, and Infection Risk, Lower, and upper box boundaries 25 and 75th percentiles, respectively, line inside box

median, overlaid on model predicted data values.
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FIGURE 4 | Summary results of the interaction effects between treatments from Experiment One. Box-plot of the probability of using the shower biosecurity practice

by the interaction effects between Message Delivery Method, Uncertainty Treatment, and Infection Risk, Lower and upper box boundaries 25 and 75th percentiles,

respectively, line inside box median, overlaid on model predicted data values.

Main Effects (H1–H3)

Odds of compliance with the shower in-shower out biosecurity
practice increased significantly as infection risk increased from
5% (46.4% compliance) to 15% (75.7% compliance) to 25%
(93% compliance) (Figure 3 Right Panel). Shower use was much
higher when the risk message was a linguistic phrase (77.7%)
vs. numeric probability (62.3%) (Figure 3 Left Panel). Changing
the Uncertainty Treatment from an message received from
an advisor that was 70% certain of their report compared
to 100% certain of their report resulted in a relatively small
overall increase in the probability of observing participants using
the shower biosecurity practice (Uncertainty: 71.6%. Certainty:
68.3%. Figure 3 Center Panel).

Interaction Effects (H1–H3)

Significant interactions with infection risk and message delivery
type were observed (Tables 3, 4, Figure 4). The probability
that participants would comply with the shower biosecurity

depended upon the combination of treatments in the simulation
with compliance values ranging from 31.2% with the treatment
combination of 5% risk, message delivered numerically, and
with 100% diagnosis certainty, to very high overall compliance
when the message was delivered with certainty using a linguistic
phrase (98.1%).

Experiment Two
Of the 178 participants in Experiment Two, 76 were recruited
as in Experiment One and through on-campus workshops, and
102 were recruited through Amazon Mechanical Turks. Ninety-
nine identified as male, 76 identified as female, and three chose
not to identify with a gender. The mean age of participants
in Experiment Two was approximately 30.3 years old. Payouts
for university community participants in Experiment Two
averaged approximately $27 with a $16 minimum and a $35
maximum. Amazon Mechanical Turk participants received
a base pay of $3.00 with additional performance bonuses
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TABLE 4 | Experiment One interaction affects.

Infection

risk (%)

Uncertainty

treatment

Message

delivery

Frequency of

compliance (%)

5 Certain Linguistic 38.6

5 Certain Numeric 31.2

5 Uncertain Linguistic 65.8

5 Uncertain Numeric 50.0

15 Certain Linguistic 91.2

15 Certain Numeric 61.4

15 Uncertain Linguistic 84.9

15 Uncertain Numeric 65.4

25 Certain Linguistic 98.1

25 Certain Numeric 89.5

25 Uncertain Linguistic 87.5

25 Uncertain Numeric 76.3

Observed frequency of use of the shower in–shower out biosecurity practice.

ranging averaging $2.98, ranging from a minimum of $1.28 to
a maximum of $3.84.

The AIC-selected best candidate model for Experiment Two
included Participant as a random effect and the fixed effects
Infection Risk, Diagnosis Certainty, Message Delivery Method,
Psychological Distance and Audience, as well as the two-
way interaction terms between Infection Risk and Message
Delivery Method, and between Infection Risk and Contagion
Certainty. Model selection results and details can be found in
Supplemental Material Appendix A.

Main Effects (H1–H3)

As in Experiment One, odds ratios observed in Experiment
Two confirmed the hypotheses about the main treatment
effects (Table 5, Figure 5). Note that an odds ratio with a 95%
confidence interval excluding the value 1 is considered significant
with values <1 suggesting the odds of observing the shower
behavior are less than the intercept, while treatments with odds
ratio values above 1 are more likely to trigger compliance
behavior. Inference from the selected best candidate model
suggests that the use of the shower increased significantly as
infection risk increased from 1% (23% compliance) to 5% (59%
compliance) to 15% (85% compliance) and finally to 25% (93%
compliance; Figure 5, Right Panel). Contagion Uncertainty, i.e.,
being unsure of the risk of acquiring an infectious disease with
the use of the emergency exit, resulted in greater compliance with
the shower biosecurity practice (Contagion Uncertainty: 69%
compliance. Contagion Certainty: 62% compliance. Figure 5,
Center Panel). Use of a Graphic (i.e., a threat gauge) to deliver
the infection risk information message increased shower use over
both the Linguistic and Numeric messages (Graphical delivery:
72% compliance; Linguistic delivery 69% compliance; Numeric
delivery 60% compliance. Figure 5, Left Panel).

Interaction Affects (H1–H3)

Substantial variation can be explained by the main effects,
especially the infection risk treatment. Yet, the effects of

these effects become more pronounced when we control
for other variables in the system (Tables 5, 6, Figure 6).
Compliance ranged from 16.7% with the treatment combination
of 1% Infection Risk, message delivered numerically and with
certainty, to the most frequent compliance at 98.1% when the
Infection Risk was 25%, messages were delivered graphically and
with uncertainty.

Psychological Distance (H4)
In both experiments, evidence (odds ratios of 0.516 and
0.574 in Experiments One and Two, respectively), suggests
that individuals are modifying their behavior based on
the psychological distance by increasing the probability
that they will comply with the biosecurity practice after
becoming infected (Tables 3, 5). This was quantified by
the number of rounds since they last experienced the
economic consequences that results from their animal
becoming infected.

Learning Effect and Audience
In Experiment 1, the Play Order (learning) variable was
selected for inclusion in the AIC-selected best candidate
model, but it did not have support as a significant variable
in the model. This indicates that it explained some of the
variability in the data but did not have a consistent effect.
Order of play was not selected as an important variable in
Experiment Two.

A small difference in behavior was detected between
the different participant types with Amazon Mechanical
Turk participants taking more risks than participants
at in experiment moderated by personnel from the
Social Ecological Gaming and Simulation Laboratory
(Amazon Mechanical Turks, 62% compliance. Moderated
69% compliance).

DISCUSSION

Common risks faced in agriculture often relate to the safety
of the execution of tasks or the applications of products
or technology. Farmers make decisions regularly on how to
manage their farms, plants and animals and their risk perception
influences their decisions (18). Risk messages are common
and they aim at increasing awareness and/or understanding
about the level of risk and motivating a behavioral change that
reduces it.

The degree to which the risk information is received, its value
and usefulness is affected by many factors including how it is
framed and presented, and the recipient’s situation/context at
the delivery (54–58). In particular, the probabilistic dimension
of risk is challenging to grasp for the general public. One
line of research, inspired by risk communication theories,
shows that the type of message chosen to convey probabilistic
information (for example numeric, linguistic, graphical, or
visual) has an effect on the degree to which perceived risk
will change behavior (55, 56, 59). Overall, there is no one
specific suggestion on which message format is best (55). The
numeric format is precise and suggests scientific rigor but it
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TABLE 5 | Results of the selected best fit, mixed-effect logistic regression model (Model 2; see Table S2) for Experiment Two.

Parameter Odds ratio Lower bound Upper bound P-value

Intercept (Contagion Certainty, Infection Probability @

1%, and Graphical Message)

0.267 0.119 0.596 0.001

Contagion Uncertainty 1.173 0.795 1.732 0.421

Psychological Distance 0.574 0.339 0.970 0.038

Audience: SEGS Moderated 4.509 2.110 9.638 <0.001

Linguistic Message 0.365 0.208 0.639 <0.001

Numeric Message 0.270 0.156 0.468 <0.001

Infection Probability @ 5% 12.086 6.269 23.301 <0.001

Infection Probability @ 15% 352.507 144.614 859.261 <0.001

Infection Probability @ 25% 1571.303 438.113 5635.517 <0.001

Contagion Uncertainty by Infection Probability @ 5% 4.922 2.914 8.314 <0.001

Contagion Uncertainty by Infection Probability @ 15% 1.170 0.658 2.079 0.594

Contagion Uncertainty by Infection Probability @ 25% 1.010 0.500 2.040 0.977

Linguistic Message by Infection Probability @ 5% 1.040 0.493 2.193 0.918

Numeric message by Infection Probability @ 5% 0.399 0.196 0.816 0.012

Linguistic Message by Infection Probability @ 15% 0.934 0.355 2.463 0.891

Numeric message by Infection Probability @ 15% 0.196 0.079 0.489 <0.001

Linguistic Message by Infection Probability @ 25% 1.439 0.343 6.035 0.619

Numeric message by Infection Probability @ 25% 0.176 0.049 0.632 0.008

Depicted here are the odds ratios for the fixed effects describing relationships with the binary response variable: compliance with the biosecurity protocol. Bold values indicate significance

at alpha = 0.05.

may not connect with gut-level reactions in people who do not
have familiarity with methematical concepts (low numeracy).
The verbal format allows more fluid communication but it
might lack precision. Graphical and visual formats have become
common in conjunction with numeric or verbal risk messages
because they can encapsulate data, patterns, and matematical
relationships. The immediacy of graphical formats is very
appealing but it needs the right skills and/or information for
interpretation. Recomendations on how to improve messages of
risk probability are suggested in the paper reviews by Lipkus
(55) and Visschers et al. (56). Most reviews published on risk-
probability communication are in the medical field. The need for
guidance and research on effectively using risk messages in any
form (visual, graphic, linguistic or numerical) is growing. There
are still important questions about how to compose messages
for best efficacy in the farming context. With our experiment,
we aimed at understanding the effect of message type at the
operational level of biosecurity in the hog farming system. In
a recent publication, Merrill et al. (21) showed that the type
of information provided to inform about disease risk in a hog
production system affects the direction of behavioral change.
Specifically, information on disease presence lead to increased
investment in biosecurity. On the other hand, information
about neighbors’ biosecurity level triggered a free rider effect
in a significant fraction of individuals. Our current study is
therefore timely and essential to test and tailor risk messages
in the specific context of biosecurity compliance in livestock
production systems.

We examined effects of different aspects of infection risk
information and delivery on compliance with biosecurity

by testing for effects of disease infection risk, information
uncertainty, and message delivery methods. As hypothesized,
compliance with the biosecurity practice of using the shower
facility increased significantly with increasing disease infection
risk. With increased diagnosis and contagion uncertainty,
participants increased the frequency of their safe choices
(compliance with biosecurity). Graphical information
in the form of a threat gauge increased compliance
more than information delivered linguistically, with the
least use of the shower facility associated with infection
risk information delivered numerically. We also found
evidence of psychological distancing—the more time that
passed since participants experienced the consequences
of their animals getting a disease, the less compliant
they became.

Limitations
Social, psychological and behavioral economics studies
frequently use participants from a portion of society, such
as a student population, and attempt to extrapolate to a larger
or more diverse group. This could lead to bias if the participants
behave differently than the population of interest. Participants in
the present study were not recruited based on experience working
in swine production facilities and thus, participant behavior
may not accurately reflect worker behavior. For example, U.S.
farmers are thought to be relatively more risk seeking than the
general public (18). However, Zia et al. (60), using a similar
serious game methodology to study risk and information in the
swine industry, did not find a significant difference between
swine industry stakeholders and behavior of those not known to
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FIGURE 5 | Summary results of the main treatment effects from Experiment Two. Box-plot of the probability of using the shower biosecurity practice by the main

effects, Message Delivery Method, Uncertainty Treatment, and Infection Risk, Lower and upper box boundaries 25 and 75th percentiles, respectively, line inside box

median, overlaid on model predicted data values.

have any experience in the industry. Their conclusions should
be taken with some caution because their sample population of
∼100 participants may not have been large enough to detect
a difference in the behavior between populations. People are
complex and make decisions based on a number of rational and
irrational factors. Because of this complexity, true differences in
the decision process between population groups may be hard
to tease out. Moreover, experience will alter one’s heuristics but
may not do so consistently. Therefore, workers in the swine
production industry may behave differently than participants
selected for our study, yet because workers are complex and
each have their own set of objectives, any bias that exists
may not be consistent. In addition, we attempted to reduce
the potential for participant subset bias by using multiple,
distinct participant group types (i.e., Amazon Mechanical Turk
participants and the community recruited to participate on
the University of Vermont campus). Using multiple groups
allowed us to control for statistical differences among participant
groups and should reduce bias that may be associated with a
particular subset e.g., bias that could be generated if participants
were from only a student population. Although, data from

an all-worker participant population would be ideal, it is
logistically impractical and good evidence exists (60) that
behavioral differences between participant populations may
be minimal.

Infection Risk (H1)
The experiments were designed with PEDv in mind. The number
of hog facilities in the U.S. was estimated at 69,100 in 20112.
At the height of the PEDv outbreak in 2014, the number of
infected facilities reached over 1,200 (61), putting the probability
of infection at approximately 1.75%. This value is close to the
“very low” treatment in the present study, but when considered
as a series of choices over the course of a week, reflects that
the likelihood of an infection break per behavioral choice is
exceptionally low. However, in aggregate, many choices can
impact biosecurity and aggregate decisions may approximate the
1% treatment in Experiment Two.Moreover, for any given region
during an outbreak, the probability may approach much higher

2https://www.porkbusiness.com/article/usda-estimates-number-us-swine-

operations-farms
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TABLE 6 | Experiment Two interaction affects.

Infection

risk

Uncertainty

treatment

Message

delivery

Frequency of

compliance (%)

1 Certainty Graphical 28.4

1 Certainty Linguistic 21.9

1 Certainty Numeric 16.7

1 Uncertainty Graphical 30.4

1 Uncertainty Linguistic 23.1

1 Uncertainty Numeric 17.8

5 Certainty Graphical 59.6

5 Certainty Linguistic 53.0

5 Certainty Numeric 30.0

5 Uncertainty Graphical 82.0

5 Uncertainty Linguistic 76.8

5 Uncertainty Numeric 54.4

15 Certainty Graphical 94.5

15 Certainty Linguistic 90.0

15 Certainty Numeric 66.1

15 Uncertainty Graphical 95.7

15 Uncertainty Linguistic 92.0

15 Uncertainty Numeric 70.6

25 Certainty Graphical 97.8

25 Certainty Linguistic 97.3

25 Certainty Numeric 83.9

25 Uncertainty Graphical 98.1

25 Uncertainty Linguistic 97.6

25 Uncertainty Numeric 85.6

Observed frequency of use of the shower in—shower out biosecurity practice.

numbers, which we reflect using our higher treatment levels of 15
to 25%.

Results of this study may extend for use in communicating
to farm workers, nudging behavior toward greater biosecurity
compliance, and thus, reducing their facility’s risk (8). By design
we varied the risk of infection if the participants chose to
exit through the emergency exit. In the high risk treatments,
we anticipated that most of the individuals would avoid risk
by complying with the suggested biosecurity practice and
conversely, we hypothesized that most would choose not to
comply in the low risk scenarios. As hypothesized, we found
significant jumps in compliance as the infection risk increased.

In Experiment One, less than half complied with the low (5%)
Infection Risk treatments, around ¾ complied with the medium
Infection Risk treatments and compliance approached 90% with
the high Infection Risk Treatments. After running Experiment
One, we recognized that we should include an additional very
low risk category to prompt evenmore non-compliance behavior.
Similar patterns were observed in Experiment Two with less
frequent compliance (around a ¼) in the very low, 1% Infection
Risk treatments, with an increase in the choice to use the
biosecurity practice (over half complied) as the risk of infection
increased to low, 5% Infection Risk treatments, about 85%
compliance with the medium, 15% Infection Risk Treatments,

and compliance over 90% with the high, 25% Infection Risk
treatment. The wide range of compliance observed by treatment
confirmed that our simulation was able to elicit a substantial
range of behaviors, and thus observe how the treatments
combined to observe emergent patterns of behavior. These
findings are supported by the risk aversion literature (33, 34, 44).

Infection Risk Uncertainty (H2)
Supporting previous research, we found evidence for an
uncertainty aversion effect in both experiments (62). Participants
were less apt to use the emergency exit to increase their
payouts if they believed that the information about the risk
associated with the behavior was uncertain. However, this
effect was not exceptionally pronounced as a main effect
because of the variation associated with infection risk and
message delivery format. However, when we examine uncertainty
when controlling for other variables, the effect is dramatic.
In Experiment One, when infection risk was set at 5%, and
message was delivered with certainty as the Linguistic phrase
“Low,” participants chose to use the shower biosecurity practice
38.6% of the time, and 65.8% when the infection risk message
was delivered with uncertainty, which marks over a 70%
increase in compliance associated with uncertainty aversion.
Similarly, in Experiment Two, with the Infection Risk at 5%, and
numerical message delivery, 30.0% complied with biosecurity
when infection risk information was certain, whereas 54.4%
complied when there was uncertainty about infection risk. So in
these two scenarios, by simply changing the level of certainty in
the infection risk information, we altered compliance from ∼1/3
probability of using the shower biosecurity to on average around
3/5 probability of compliance. These shifts suggest exceptional
uncertainty aversion constrained by situational risk (62, 63).
An exception to the uncertainty aversion effect appeared in
Experiment One, when significant infection risk prompted a
strong majority of participants to use the shower facility. In
this case, adding uncertainty slightly reduced the likelihood of
using the shower facility. This slight decrease may stem from the
wording that could have been interpreted to mean “I believe the
infection risk is high, but there is a chance it could be medium or
low.”With this interpretation, uncertainty in this situation would
produce a bias because the direction of uncertainty could only
reduce the probability of infection.

Message Delivery Format (H3)
Compliance with biosecurity protocols was observed more
frequently when the infection risk was conveyed using a
graphical representation (the threat gauge, Figure 2), followed
by messages delivered using a linguistic phrase, with the least
compliance when a numerical representation of the infection
risk (Tables 3, 5). The effect of message delivery format becomes
more pronounced when the other two treatment variables are
controlled. In Experiment One, we observed the most extreme
changes in behavior with the Infection Risk at 15%, and with
messages delivered with certainty, 91.2% of participants used
the shower biosecurity practice when the message was delivered
using the linguistic phrase “Medium Risk” contrasted with
61.4% when the risk message was delivered numerically as
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FIGURE 6 | Summary results of the interaction effects between treatments from Experiment Two. Box-plot of the probability of using the shower biosecurity practice

by the interaction effects between Message Delivery Method, Uncertainty Treatment, and Infection Risk, Lower and upper box boundaries 25 and 75th percentiles,

respectively, line inside box median, overlaid on model predicted data values.

“15%.” In Experiment Two, we observed the most dramatic
behavioral shift associated with message delivery type with the
treatment combination of Infection Risk at 5%, and the message
delivered with certainty. With this treatment combination,
there was a 59.6% probability that participants would comply
when the message was delivered graphically, and a 30.0%
compliance rate when the message was delivered numerically.
These results corresponds well with previous research that
suggests using graphical representations of information for
efficient information transfer (42). Moreover, research has
noted that people are notoriously poor at calculating cost
loss functions using numerical probabilities (24, 44). Because
we requested quick decisions for each scenario, we suggest
that participants were using mental shortcuts to calculate
the if the risk was worth the potential benefit, and in the
high risk scenario the numeric risk was 25%. Compared to
100%, this value is relatively low, and experientially, many
may have quickly considered the likelihood of an infection

to be low without analytically assessing the relative benefit
and relative costs of their decision (25, 27). In this case,
there was a 75% chance of earning approximately an extra
$9 experimental dollars and a 25% chance of losing around
$80 experimental dollars. If participants had fully assessed
those terms, it is unlikely many would have chosen to use
the emergency exit. Moreover, Slovic et al. (25) suggest
that the feeling, or affect, behind a decision can sometimes
discount probabilities so that the decisions are made without
fully analyzing the values but rather simply by assessing
whether the decision “feels” risky. Thus, participants may
have observed the numeric “15%” or “25%” and intuitively
felt that the risk was low, and thus, made a gut decision
to exit through the emergency exit. The graphical image,
using a threat gauge, may have triggered an additional affect,
associated with risk and prompted additional constrain over
the simple linguistic phrase. These results reinforce the impact
of the method of message delivery, because many of our

Frontiers in Veterinary Science | www.frontiersin.org 13 June 2019 | Volume 6 | Article 15657

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Merrill et al. Compliance With Biosecurity

quick decisions rely on mental shortcuts, based on previous
experience (26, 27).

Psychological Distance (H4)
Historic exposure to an infection ties in with the concept
that humans use experientially-informed mental shortcuts to
help make decisions. The relationship with passage of time
and the influence of experience is captured in the concept
of psychological distance. In both experiments participants
that had just had animals infected because of their choice
to use the emergency exit were approximately twice as
likely to use the shower facility compared to those that
were nearing the end of the experiment and had not
experienced an infection. Thus, participants behaved with
increasingly risky behavior as time passed since they had
experienced an infection. This evidence for psychological
distancing (45, 46, 64) has profound education implications
for the industry because it reinforces the need for temporally
frequent reminders or messages, especially those messages
that support internalization of the material, explain the
problem and provide appropriate actions (65), as well as
assist in reduction of the discounting through reinforcement-
learning (66).

Selecting Appropriate Combinations for
Effective Messaging
As noted above, the combination of treatments could change
behavior from infrequent compliance to nearly ubiquitous
compliance. Even without altering the actual Infection Risk, the
rate of compliance with the shower in—shower out biosecurity
practice could be dramatically shifted with messaging. For
example, in Experiment One, with the treatment combination of
5% risk, numerical message delivery, and with 100% diagnosis
certainty, we observed that just under a third (31.2%) of the
participants complied by using the shower biosecurity practice.
Yet almost two-thirds (65.8%) of participants complied when the
message was delivered with uncertainty about the diagnosis and
with the message delivered using a linguistic phrase. Within the
subset of high infection risk treatments from Experiment One,
when the message was delivered numerically with uncertainty,
compliance was observed in ∼76% of trials, whereas if the
infection riskmessage was delivered using a linguistic phrase with
certainty, we observed approximately 98% compliance with the
shower biosecurity practice. This evidence suggests that we can
influence behavior through explicit message design and delivery
with the potential to radically change behavior, with an intended
goal of changing the default behavior and the culture within the
system (67).

Compliance with existing biosecurity practices is one of the
critical issues that confronts managers in the swine industry (8).
In August 2018, the authors were requested to run a workshop
for industry professionals to help assist in designing messages
to improve biosecurity compliance in their production system.
In light of this workshop, we recognize that compliance is
something that managers struggle with on a daily basis.

“I would be happy if I could get my guys to use soap.”–An

industry professional at a workshop titled Improving Workplace

Compliance Through Message Development. Minnesota,

August 2018.

Human behavior in the animal livestock industry remains
a challenge because of the serious ramifications of a disease
outbreak and the ongoing fight against complacency (8, 15). Here
we confirm that compliance with existing biosecurity measures
may be influenced by the way that we provide information
to those working in the facilities. Graphical messages that
make note of the inherent uncertainties rather than numeric
“best estimates” of the risk of contagion should provide the
most reliable compliance with existing biosecurity rules. If
graphical message delivery is not an option, our research
provides evidence that the use of linguistic phrases should
be encouraged over the use of numerical delivery. Costs for
biosecurity failures can be exceptionally high. In addition to
the direct costs associated with animal mortality and stunted
growth, owner operators and their workers can experience the
loss of livelihoods and even experience an array of mental health
issues. Awareness that psychological discounting temporally
(and likely spatially) will distract workers reinforces the idea
that biosecurity communication and trainings need to be
frequently reinforced.

CONCLUSION

As we have noted, the types of factors that influence the abilities
of farm workers to comply with biosecurity protocols like the
shower-in-shower-out facilities simulated in these experiments
are complex. Drawing on a number of factors that industry
leaders have highlighted for the researchers, three possible
influences were tested. The first is when the infection risk is
communicated, we see that the higher the risk, the stronger
the compliance.

The second influence is the level of certainty that the worker
has in the risk that their behavior may lead to an infection.
In Experiment One variations in this certainty as a matter of
both trust in the experiences of an experienced farmer (who is
100% certain of his forecast) and the less trustworthy experiences
of a new, less experienced farmer (who is only 70% certain
of his forecast). Operationally, we can interpret this as the
relative importance of the medium through which a risk message
is conveyed. Our results demonstrate that the assuredness of
information about the risk associated with behaviors may reduce
the rates of compliance with biosecurity protocols. In Experiment
Two, uncertainty was associated with epidemiological factors.
Regardless of the type of uncertainty, increased uncertainty
led to increased compliance. This result may seem counter-
intuitive. However, the selection of infection risks examined were
all relatively low from a pure probability perspective—at the
maximum, infection risk was 25%. In general, people tend to
discount the probability that something bad will happen if its
likelihood is low (44). When that probability is more certain, this
discount effect is more likely, because when a probability is less
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certain, the potential for even higher rates of probability are there,
leading to increased risk aversion (62, 63, 68).

Thirdly, these findings confirm that the method by which risk
is conveyed matters. Graphical displays are more effective than
linguistic, followed by numerical displays.

If findings are extended to the farm level, the operational and
policy implications from this study are summarized as follows.
If routine compliance with biosecurity protocols is desirable,
then one can expect significant variance in responses as risk
threat is communicated to farm workers. These findings suggest
that although risk communication is still likely very important,
the active and ongoing reporting of risk threat, regardless of
the medium (the assuredness of the messenger) and means of
communication are influential and should be considered with the
audience preferences in mind.

The findings of this project suggest that messages delivered
using graphical means to convey disease infection risk, include
infection risk uncertainty, and are delivered with relatively high
frequency to reduce the psychological distancing effect, have
the potential to dramatically improve biosecurity compliance on
livestock facilities. While we acknowledge that idiosyncrasies in
human nature will not disappear, we believe that even small
improvements in compliance can have a profound impact in the
reduction of disease, improving the welfare of animals and the

livelihoods of workers across this industry.
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Traditionally, cost-benefit analyses (CBAs) focus on the direct costs of animal disease,

including animal mortality, morbidity, and associated response costs. However, such

approaches often fail to capture the wider, dynamic market impacts that could arise.

The duration of these market dislocations could last well after an initial disease outbreak.

More generally, current approaches also muddle definitions of indirect costs, confusing

debate on the scope of the totalities of disease-induced economic impacts. The aim

of this work was to clarify definitions of indirect costs in the context of animal diseases

and to apply this definition to a time series methodological framework to estimate the

indirect costs of animal disease control strategies, using a foot and mouth disease

(FMD) outbreak in Scotland as a case study. Time series analysis is an econometric

method for analyzing statistical relationships between data series over time, thus allowing

insights into how market dynamics may change following a disease outbreak. First an

epidemiological model simulated FMD disease dynamics based on alternative control

strategies. Output from the epidemiological model was used to quantify direct costs and

applied in a multivariate vector error correction model to quantify the indirect costs of

alternative vaccine stock strategies as a result of FMD. Indirect costs were defined as

the economic losses incurred in markets after disease freedom is declared. As such,

our definition of indirect costs captures the knock-on price and quantity effects in six

agricultural markets after a disease outbreak. Our results suggest that controlling a

FMD epidemic with vaccination is less costly in direct and indirect costs relative to

a no vaccination (i.e., “cull only”) strategy, when considering large FMD outbreaks in

Scotland. Our research clarifies and provides a framework for estimating indirect costs,

which is applicable to both exotic and endemic diseases. Standard accounting CBAs

only capture activities in isolation, ignore linkages across sectors, and do not consider

price effects. However, our framework not only delineates when indirect costs start, but

also captures the wider knock-on price effects between sectors, which are often omitted

from CBAs but are necessary to support decision-making in animal disease prevention

and control strategies.

Keywords: indirect costs, animal disease, foot and mouth disease, time series modeling, vector error correction

model, market impact, disease control strategy
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INTRODUCTION

Animal diseases represent threats to the environment, animal
welfare, public health, and the economy. Livestock diseases
contribute to losses via increasedmortality, reduced productivity,
control costs, loss in trade, decreased market value, and food
insecurity (1). The economic and social impacts of livestock
disease have been recognized globally, in both developed and
developing countries (2). Quantifying the economic impact of an
animal disease outbreak is important in support of prevention
and control decisions for improved animal health.

The economic costs of animal disease can be categorized as
either direct or indirect losses.

Over the last decade, the direct cost of zoonotic diseases has
been estimated at more than $20 billion and indirect losses at
over $200 billion to affected economies as a whole (3). This
highlights that indirect costs are an important aspect of the
economic impact of an animal disease outbreak, and as these
estimates suggest, can be larger in magnitude than direct costs
(3–5). While direct disease costs are important, indirect costs
are also of concern (6) because the costs of disease do not
stop at the farm-gate, within the agricultural sector, or after
disease-freedom is declared. Disease can affect a wide range of
sectors of the economy including rural business and tourism
(7). However, few studies evaluate the full economic cost of
disease outbreaks (8). Often only farm costs are considered and
indirect impacts are not included (9, 10). There is a danger that
estimates of economic costs of animal disease fail to capture
indirect costs and may underestimate the true costs of an
outbreak. It is important to understand the full economic cost of
animal disease outbreaks, and to achieve this, economic disease
cost frameworks must include indirect costs. This is essential
to support holistic decision-making of disease prevention and
control strategies because producers and policymakers need to
be aware of the broader disease impacts to improve animal health
welfare strategies and policy. This will be particularly important
if alternative policy options lead to significantly different indirect
cost outcomes and hence different decision choices than would
otherwise be indicated.

At the same time, even where indirect costs are considered
in the analysis, the definitions of direct and indirect costs of
animal disease outbreaks vary in the literature (as described in
Table 1). Some studies do not categorize economic costs as either
direct or indirect, while others do not explicitly define direct and
indirect costs (17). This non-exhaustive summary table highlights
the inconsistency in the definition of direct and indirect costs
making it difficult to quantify and compare the economic impact
of livestock diseases. In particular, prevention and control costs
are allocated as either direct or indirect costs, depending on
the individual interpretation. The distinction between direct
and indirect economic losses of animal diseases is unclear and
subjective. Often there are a lack of data and an analytical
framework to capture indirect costs. Hence, there is a need for
a more systematic and unified framework on which to estimate
and assess the economic impact of animal diseases (18). It is
important to categorize direct and indirect costs more objectively

to help determine who the economic impact of alternative animal
disease scenarios likely fall upon.

A country’s animal disease status changes over time. For
this reason, we assume direct costs are the sum of losses from
the first confirmation of a notifiable disease outbreak until
disease freedom is declared (19). Accordingly, indirect costs are
defined as the economic loss incurred in affected commodity
markets (e.g., domestic and international trade) and in other
sectors (e.g., tourism) after disease freedom is declared. Applying
this definition, indirect costs are related to knock-on effects
(i.e., shocks) in markets as a result of changes in prices and
quantities for producers and/or consumers, which can also be
described as revenue foregone, after disease freedom. Using
disease status as a marker, our definition of indirect costs
objectively differentiates when direct costs end and indirect costs
begin to avoid double counting.

A range ofmodels are available for assessing the economic cost
of livestock diseases (20). Based on our definition, indirect effects
capture the substitution and displacement in markets as a result
of changes to price and output in agriculture and tourism sectors
(7). Capturing such dynamics is challenging and there is a need
for models that encapsulate the impacts of a disease outbreak in
multiple agricultural markets and linkages with non-agricultural
sectors (21). Traditional cost benefit analyses (CBAs) based on
farm accounts and partial budgets cannot capture such dynamics,
and as such partial equilibrium (PE) (4, 22–24) and computable
general equilibrium (CGE) (7, 25, 26) models are being used to

TABLE 1 | Non-exhaustive literature review summary of the definitions of direct

and indirect components of animal disease costs.

Direct costs Indirect costs Source

Visible production losses (e.g.,

death, lower yield, and reduced

growth) and invisible losses (e.g.,

reduced fertility and changes to

herd structure) losses

Disease control costs

Revenue foregone from

restricted market access

(11)

Disease control costs Export losses (12)

Disease detection, confirmation,

and control costs

Revenue foregone from

trade restrictions

Production losses beyond the

agricultural sector

Farmer losses taking into

account market value and

compensation received

(13)

Loss in profitability Disease control costs (14)

Disease losses that are

experienced at the herd level on

farm

Public expenditures and losses

that occur beyond the farmgate

(9)

Disease control and prevention

costs

Export losses (4)

Losses to agriculture, the food

industry, the public sector, and

consumers

Losses to other sectors in the

supply chain and tourism

(15)

Disease management and

carcass disposal costs

Net economic welfare of the

disease to producers,

processors, and consumers.

(16)
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estimate the indirect knock-on effects of animal disease. A PE
model is based on supply and demand relationships to evaluate
the impact of a shock, such as a disease outbreak, on one sector
of the economy assuming the rest of the economy is fixed. This
approach is thus simplified and ignores any sector interactions.
On the other hand, CGE models simulate how a multi-sector
economy might respond to a shock until equilibrium is restored,
with linkages between different sectors. While CGE models link
multiple sectors and can represent the entire economy they
also rely on economic data and in some cases estimates of
elasticities1 to parameterize market responses. Hence, a weakness
of these models is a reliance on estimates of elasticities which
are often outdated or “guesstimated,” if available at all, which
might affect the model’s performance and estimation. Therefore,
in the absence of good data or if elasticities cannot be estimated,
demand and supply relationships are based on assumptions.

An alternative and complementary approach to PE and CGE
modeling is times series analysis. Time series modeling (27) is
an econometric method for identifying patterns and representing
statistical relationships between data series ordered over time,
and forecasting to predict using observed data. Time series
models have been cited extensively in the literature including
in the disciplines of economics, mathematics, epidemiology,
finance, meteorology, engineering, and natural sciences to name
just a few. However, their application in estimating the cost of
animal disease is somewhat limited (28, 29). In these examples,
time series models have estimated the impact that a disease
outbreak is likely to have on markets. The type of time series
model selected depends on the underlying statistical properties
of the data (30). Time series models assume data are stationary,
such that the mean, variance, and autocorrelation structure
do not change over time. Stationary properties of the data
define which time series model to use. Vector autoregressive
(VAR) models (31) are a multivariate generalization of a
univariate autoregressive model, in which each variable is a
linear function of past values of itself and other variables.
Alternatively, autoregressive distributed lag models (32) are
based on regression equations to predict using current and past
values of time series. When cointegration is detected, i.e., long-
run relationship between variables, a vector error correction
model (VECM) is the most appropriate model to represent the
data. A VECM estimates long-run equilibrium relationships and
short-run dynamics between data series over time (33). Impulse
response functions (IRFs) (34) are a useful tool for forecasting
and determining the relationship between variables over time
until a shock dissipates. An IRF describes the change in a variable
over a time after a shock in another variable. IRFs lend themselves
to modeling a disruption to supply chain shock, i.e., animals
culled following an outbreak, and simulating the response of such
a shock in other variables. Once obtained, IRF coefficients can
be interpreted as elasticities (35) on which to estimate price and
quantity changes for estimating indirect costs, i.e., the economic
losses incurred in markets after disease freedom is declared.

1Elasticity measures the extent to which a proportional change in one variable is

associated with a proportional change in another variable.

The culling of animals for disease control reduces their
supply, disrupting domestic meat production. Economic theory
assumes that the slaughter of animals will lead to a supply
shortage affecting producers and consumers by increasing the
prices consumers pay for commodities (36). During an exotic
disease outbreak, an export ban would be triggered which is
likely to put downward pressure on prices as meat destined
for export would remain within domestic markets. While this
might be the case during an outbreak, what will happen in
markets after disease freedom is declared and how much prices
and quantities will adjust by? Time series analysis can help with
this, using market data, to estimate such price and quantity
changes, i.e., market response, without relying on estimates
of elasticities from the literature. Hence, a more data-focused
time series model can capture the relationship between prices
and substitution effects between markets to compliment and
feed into more comprehensive yet computationally demanding
assumption-based models, such as CGE models, which rely on
good data from existing literature.

The overall aim of this work was to outline the steps necessary
to estimate indirect costs, i.e., the economic losses incurred in
markets after disease freedom is declared using a time series
model.We apply this in the context of amodeled Foot andMouth
Disease (FMD) in Scotland. FMD is considered one of the most
economically significant livestock diseases globally due to its
impact on production, as a barrier to international trade and high
control/stamping out costs (8). While the direct costs of FMD in
Scotland have been estimated, there is a need for indirect costs to
also be estimated (19). Therefore, our paper seeks to remedy this
by estimating the indirect costs of a hypothetical FMD outbreak
in six of Scotland’s important agricultural commodity markets,
(i.e., beef, pork, lamb, chicken, milk, and feed wheat), and, by
this provide a more objective definition of indirect costs using
a time series modeling framework. We considered agricultural
commodity markets that were thought to be most affected by an
FMD outbreak. The indirect economic impacts are likely to be
felt much more widely than this study attempts to quantify.

While FMD is likely to affect international trade and
tourism, the data to support such analysis are not available
at an appropriate resolution. Hence, our paper focusses on
the domestic supply side evaluating indirect costs incurred by
producers after a disease outbreak is over as an illustration of
the method. The distribution of indirect costs was compared to
direct costs on alternative FMD control strategies in Scotland.
We assess the potential impact of vaccine stock scenarios on
indirect costs on decision outcomes in a future outbreak and so
the suitability of time series for contribution to decision support.
Vaccine capacity is important (37, 38) and vaccination plays a key
role in large outbreaks of FMD in terms of the epidemiological
benefit (39) and direct economic costs (19). Hence, this paper
evaluates the indirect costs of alternative levels of vaccines stocks
to compliment previous work (19). Our indirect cost estimation
framework can be applied to other animal disease outbreaks
in Scotland, the UK or elsewhere. The paper provides insights
into an econometric method which quantifies broader knock-
on effects of notifiable animal disease that affect production and
trade after an outbreak is over which are often overlooked.
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FIGURE 1 | Economic cost modeling framework.

MATERIALS AND METHODS

Our indirect cost methodology was demonstrated in the context
of a FMD outbreak in Scotland. The indirect cost modeling
framework (Figure 1) for estimating indirect costs involved the
following four steps: (i) collection of input data; (ii) selection and
specification of a time series model to simulate market dynamics;
(iii) simulation of disease dynamics by way of an epidemiological
model; and (iv) estimation of indirect costs based on integrating
output from the time series model and epidemiological model
under alternative disease control strategies. This methodological
framework is described below.

Overview of Foot and Mouth Disease
FMD is a highly contagious viral disease affecting ruminants,
including cows, sheep and pigs. Globally, FMD is estimated to
cost endemic countries between $6.5 and $21 billion annually,
due to visible production losses and vaccination costs in endemic

countries (8). In addition, previously disease-free countries
incurred outbreak costs of between $0.5 billion and $10 billion
following an outbreak, i.e., between 0.2 and 0.6% of GDP (8).
These losses make FMD one of the most economically important
livestock diseases. In the UK, FMD is a notifiable exotic disease,
with the last outbreak in 2007 estimated to have cost the British
livestock sector over £100 million and the government £47
million (40). However, a larger, costlier outbreak occurred in
2001 generating losses of over £8 billion (41). During the 2001
outbreak, the first case of FMD was confirmed on 20 February
and the disease was eradicated by the end of September 2001, by
which time more than 6 million animals were slaughtered (41).

Animal health and welfare is a devolved issue in the UK,
meaning the Scottish Parliament and Scottish Government have
responsibility for the health and welfare of animals in Scotland.
FMD is a notifiable disease and control mechanisms include
movement bans and restrictions of the marketing of milk and
meat products during an outbreak. The principal control method
to eradicate FMD, as required under EU and national law, is the
slaughter of affected animals (i.e., infected animals and dangerous
contacts) to prevent any further spread of the virus. Vaccination
is also an important tool in controlling FMD during an outbreak.
However, preventative vaccination is banned under EU law,
but the Scottish Government considers emergency vaccination a
disease control strategy during an outbreak (42). The presence
of a notifiable exotic disease, such as FMD, will result in the UK
losing its FMD disease freedom status and trigger an export ban
until disease freedom is declared. The loss of export trade may
persist beyond disease freedom should importing countries adopt
a precautionary approach.

Data Collection
Monthly agriculture commodity price and quantity data between
January 2004 and December 2016 (n = 156 observations) were
gathered from various sources for this study (see Table 2).
Producer prices were adjusted for inflation using the producer
price index (47) to reflect real prices in 2011, the year in which
the modeled hypothetical FMD outbreak occurred. Some data
series were only available at either the UK or Great Britain level,
consequently these data were adjusted to reflect Scottish prices
or Scotland’s share of the UK’s or Great Britain’s volume of
production. The prices of UK pork, lamb, chicken, milk, and feed
wheat were adjusted by 0.99 to reflect prices in Scotland relative
to UK levels (48). Wholesale milk production was adjusted
to reflect Scotland’s share of the UK’s milk production (49).
Scotland’s production of feed wheat was also adjusted to reflect
Scotland’s share of Great Britain’s production (50). Scottish cattle,
pig and lamb slaughtered in Scotland was adjusted to reflect
Scottish livestock slaughtered in the rest of the UK (i.e., beef: 5%,
pig; 55%, lamb: 15%) (51).

Scotland was assumed to be a closed economy in terms of
economic impacts on domestic supply because trade (i.e., exports
and import) data were not available at an appropriate monthly
resolution to determine the indirect cost after disease freedom
is declared. Consumer demand was assumed not to be affected
because FMD is not a zoonosis and there was not sufficient model
power to include retail market data series.
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TABLE 2 | Description of monthly price and quantity data series.

Data series

(Acronym)

Description of data Units References

Price of beef

(PBeef )

Average monthly farmgate price of Scottish steers

(deadweight price)

£ Per ton (QMS 2017, personal communication, 20

October)

Price of pork

(PPork)

Average monthly farmgate price of pork in the UK

(deadweight price)

£ Per ton (QMS 2017, personal communication, 20

October)

Price of lamb

(PLamb)

Average monthly farmgate price of lamb in the UK

(deadweight price)

£ Per ton (QMS 2017, personal communication, 20

October)

Price of chicken

(PChicken)

Average monthly wholesale price of chicken in the UK

(roasters 2050g and under 2450g)

£ Per ton (Defra 2017, personal communication, 1

September)

Price of milk

(PMilk)

Average monthly farmgate price of milk in UK £ Per liter (43)

Price of feed wheat

(PWheat)

Average monthly farmgate price of feed wheat in the UK £ Per ton (44)

Quantity of cattle

(QCattle)

Quantity of cattle (including finished and culled cattle) of

Scottish origin slaughtered (carcase weight)

Ton (Scottish Government 2017, personal

communication, 3 October)

Quantity of pig

(QPig)

Quantity of pigs (including sows and boars) of Scottish origin

slaughtered (carcase weight)

Ton (Scottish Government 2017, personal

communication, 3 October)

Quantity of sheep

(QSheep)

Quantity of sheep (including lambs and ewes) of Scottish

origin slaughtered (carcase weight)

Ton (Scottish Government 2017, personal

communication, 3 October)

Quantity of chicken

(QChicken)

Quantity of poultry of Scottish origin slaughtered (carcase

weight)

Ton (Scottish Government 2017, personal

communication, 3 October)

Quantity of milk

(QMilk)

Quantity of wholesale milk produced in the UK Liters (45)

Quantity of feed wheat

(QWheat)

Quantity of Scottish feed wheat (animal feeding stuff)

production in Great Britain

Ton (46)

Time Series Model Selection
A time series model was used to quantify the indirect costs, i.e.,
the economic losses incurred in markets after disease freedom
is declared, in domestic commodity markets associated with an
FMD outbreak in Scotland. The steps for selecting the most
appropriate time series model are presented in Figure 2 [Adapted
from Wooldridge (52), Johnston and DiNardo (53)]. Following
data gathering and transformation, the order to which data series
are integrated and the presence of cointegration determines the
times series model selected. In our case, a VECMwas selected and
an IRF evaluated market dynamics resulting from a hypothetical
outbreak for the estimation of indirect costs.

Data Exploration and Processing
Descriptive statistics and plotting were used to summarize
and visualize the characteristics and patterns in the data
series, including the presence of seasonal variation. Seasonal
adjustments were performed by estimating and removing
seasonality from the data to understand underlying trends and
movement in the data over time, masked by seasonal variation
(54–57). Data were expressed in natural logarithms to ensure the
series were on a consistent scale.

Following the methodological framework (Figure 1), data
series were decomposed into seasonal, trend, and residual
components (Figure S1). The seasonally decomposed data series
suggest that the pattern of seasonality is similar across months
for each variable. Therefore, seasonality was removed additively
before modeling the data. Following removal of seasonality, data

were expressed in natural logs to ensure the series were on a
consistent scale.

Testing of Stationarity and Cointegration
Stationarity is an underlying statistical property of data required
for time series analysis. A stationary process is such that the
mean, variation, and autocorrelation in the structure of the data
do not change over time. A trend in the mean due to the presence
of a unit root or deterministic trends are causes that violate the
underlying assumption of stationarity.

The data series were tested for stationarity (i.e., the presence
of unit roots) using the augmented Dickey-Fuller [ADF; (58)] test
to detect the order of integration, a metric describing a unit root
process in time series analysis. A time series, Yt , is integrated of
order 0, or at the level, if Yt ∼ I (0) is stationary. Yt is integrated
of order 1, denoted by I[1), if it is not stationary but the first
difference (i.e., Yt − Yt−1) of the series is stationary. If Yt is non-
stationary, but Yt ∼ I

(

d
)

such that d > 0 is stationary, then
the data series is integrated of order d. Agricultural commodity
market data are assumed to be stationary but typically such data
exhibit non-stationary behavior (59).

Examining the stationary process of the data and
cointegration between the time series will determine with which
model to analyse the data [Figure 2: Adapted from Wooldridge
(52) and Johnston and DiNardo (53)]. Cointegration is a
statistical property that identifies long-run relationships between
data series. Data series are cointegrated if all the series are
integrated of order 1, (i.e., I(1)) and a linear combination of
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FIGURE 2 | Summary of steps in time series model selection. Source: Adapted from Wooldridge (52) and Johnston and DiNardo (53).

these series are integrated of order 0 (i.e., I(0)). If cointegration
is present, this suggests there is an equilibrium relationship
in the long-run, although the series may diverge from that
equilibrium in the short-run. Johansen’s trace test (33) is a
statistical procedure to determine whether two or more I(1)
time series are cointegrated. The Johannsen’s trace test was used
because it is robust to skewness and excess kurtosis. In the case
that cointegration is present a vector error correction model is
selected, which models both short and long-run relationships
jointly in multiple data series. In cases where no cointegration
is detected alternative models, such as autoregressive and
autoregressive distributed lag models, are appropriate [Figure 2:
Adapted fromWooldridge (52) and Johnston and DiNardo (53)].

Model Selection
Statistical testing for stationarity and cointegration described
above and outlined in Figure 2 [Adapted from Wooldridge (52)
and Johnston and DiNardo (53)] identified that a VECM model
was appropriate. The Results section describes the outcome of
the statistical testing. A VAR model of order p (where p is the
number of lags), or a VAR(p), combined with an error correction
model can be modeled as a VECMwith p−1 lags, i.e., VECM(p−
1) (33). According to the Granger theorem (60–62), a general
multivariate VECM(p − 1) with K endogenous variables, an
intercept, u, and time trend, δt, takes the form:

1Yt = µ+ δt +
∑p−1

l=1
Ŵl1Yt−l +

∏

Y
t−1

+ εt (1)

where, Yt is a K × 1 vector of K I (1) endogenous variables such
that the first difference is Yt = Yt − Yt−1. The number of lags is

denoted by l (where, l = 1, . . . , p − 1) and t is the time period.
u is a K × 1 parameter vector associated with the intercept and
δ is a K × 1 parameter vector associated with a time trend, t.
The deterministic regressors, u and δ contribute to both the short
and long-run components of Yt . Ŵl is a K × K matrix of short-
run dynamic adjustment coefficients at lag p − 1 of Yt−l.

∏

is
a K × K error correction matrix and the long-run equilibrium
relationship among Yt is determined by the rank, r. The matrix
∏

contains long-run relationships assuming there is a reduced

rank of 0 ≤ r ≤ K it follows that
∏

= −αβ
′

. The strength of

cointegrating relationships is determined by α and β
′

. Where, α
is aK×rmatrix of speed of adjustment to equilibrium coefficients
of which K variables adjust to error correction terms at varying

speeds and β
′

is a r × K matrix of long-run cointegration
coefficients. εt is a K × 1 vector of independently and identically
distributed errors over time with a mean of 0 and covariance
matrix,6ε . Following this, a VECM(p−1) in (1) can be written as:

1Yt = µ+ δt + Ŵ11Yt−1 + Ŵ21Yt−2 + . . .

+Ŵp−11Yt−(p−1) + αβ
′

Y
t−1

+ εt (2)

where, Ŵj = −
∑p

j=l+1

∏

j. Based on the VECM(p − 1) (2),

an IRF was estimated to evaluate how 12 endogenous variables
(i.e., PBeef, PPork, PLamb, PChicken, PMilk, PWheat, QCattle,
QPig, QSheep, QChicken, QMilk, and QWheat) responded to
3 impulses, or shocks, (i.e., QCattle, QPig and QSheep) at a
particular point in time and subsequent periods. An IRF gives
the response of the kth variable when a system is shocked by one
standard-deviation in the jth variable, and the matrix ψ allows
for alternative responses in different variables. When data are

Frontiers in Veterinary Science | www.frontiersin.org 6 June 2019 | Volume 6 | Article 19067

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Barratt et al. Indirect Costs of Animal Disease

expressed in natural logarithms, the IRF coefficients represent the
percentage change in the kth variable when the system is shocked
by a 1% change in the jth variable. As such, the values of IRF
coefficients are interpreted as elasticities, namely IRF elasticities.
The IRF estimates the response of endogenous variable k, Yk,t+n,

to a one-time impulse, or shock, in variable j, Yj, t , from time
t to time t + n. Where, n = 0,. . . , N is the number of time
periods specified over which the endogenous response variable
evolves with all other endogenous variables at time t or earlier
held constant. The IRF is expressed as:

Yk, t+n =
∑∞

i=0
ψiεt+n−i (3)

{ψn}k, j =
δYk,t+n

δεj,t
(4)

where, Yk, t+n is a function of current and lagged impulses,
or shocks, and accordingly an IRF represents the adjustment
process and impacts of a shock over time. The coefficients in
ψkj are the impulse response functions, where ψ is a n x k
matrix of j matrices depending on the number of response
variables, Yk, t , impulses, Yj, t , and n, the number of specified
time periods over which the response variables evolve and time
periods after which the impulse dissipates, i. A generalized IRF
assumes that a shock occurs at a single point in time such that
shocks in different variables are independent and invariant to
the ordering of variables (34). If correlation between the error
terms is detected it suggests that a shock in one variable is
likely to be accompanied by a shock in another variable and an
orthogonalized IRF is used to model structural shocks.

Epidemiological Model
Weused theWarwick FMDmodel to simulate the spread of FMD
following a hypothetical introduction in Scotland in June 2011
and simulate various scenarios of vaccination (19). This model is
a fully stochastic, spatial, farm-based model that was developed
and used during the FMD epidemic in 2001 in Great Britain (63–
67) and was later modified to represent the Scottish livestock
industry (39). Although transmission of FMD is restricted to
all farms with cattle, sheep or both, disease control activities
implemented in themodel will involve farms showing at least one
animal susceptible (including pigs and deer). The model further
assumes FMD individuals will pass through four epidemiological
states: susceptible; infected, but not infectious; infectious; or
reported infected and thereby culled. Following the introduction
of the virus in a given jth premises, the model assumes that each
ith premises is infected with a daily probability Mi depending
on its own susceptibility Si and on the transmissibility Tj of the
surrounding j premises such that:

Mi = 1− exp



−Si
∑

i6=j

TjK
(

dij
)





where Si and Ti depend on the species (i.e., cattle and sheep) and
on the related herd size on premises (63–67). The component
K

(

dij
)

is the so-called “transmission kernel function” and
determines the scaling factor on the rate at which infected

premises may infect susceptible ones as a function of inter-farm
distance dij.

A baseline scenario of a “cull only” (i.e., no vaccination) vs.
alternative scenarios of “cull plus vaccinate to live” policy was
simulated. The availability of vaccine stocks at the start of an
outbreak was considered assuming only cattle were vaccinated
and that vaccinated animals would become immune to infection
after 4 days (42). As in previous work (19, 39), we made
the conservative assumption that during this 4-day delay, all
cattle are completely susceptible and if infected, the disease
progresses in the same way as for non-vaccinated cattle. We also
considered that not all cattle present on vaccinated farms would
become totally immune, with 10% of the cattle remaining totally
susceptible to infection and able to transmit the virus to farms
that were not vaccinated (65). In line with current regulations
in place in Scotland, we assumed that the vaccination campaign
would start 14 days after the disease is first detected, allowing
the decision to vaccinate to be taken, the doses of vaccine to
be received from the appropriate vaccine bank and vaccination
teams to be mobilized and actively deployed in the field. Once
the decision to vaccinate has been made, vaccination would be
implemented within a 10-km-radius buffer around each IP and
carried out within the recommended 24 h (42).

The model simulated the effects of the Scottish Government’s
FMD contingency plan under alternative vaccine stock scenarios
(i.e., initial vaccine stocks ranged from 100,000 to 5 million
doses as in Porphyre et al. (19). Briefly, we considered that, for
each vaccine stock scenario, 10,000 epidemics were simulated
assuming that FMD is introduced in a single susceptible herd and
spread silently to four additional herds due to delays in detecting
new incursion events. Although we arbitrarily considered that
outbreaks will be initiated with five infectious premises, this was
based on the fact that: (1) it is unlikely for cattle farms to remain
undetected for long period of time given the high awareness of
farmers to the disease in the UK due to the traumatic experience
during the 2001 outbreak; (2) the noticeable symptoms of FMD
infection in cattle (68) and; (3) the implementation of the
standstill regulations which would limit the spread of FMDdue to
animal movement (69). As such, the spread of FMD is likely to be
mostly driven by local spread and affect a relatively small number
of farms within a short period. Over all simulations, we used the
same set of all initially infected herds. These were located in the
county of Ayrshire, which has a high density of premises and
animals, and has been previously identified as an area where there
is potential for extensive initial spread (39), and hence represent
the worst case scenario for FMD spread in Scotland.

Output data from the epidemiological model included the
number of animals (i.e., cattle, pigs, and sheep) culled for disease
control purposes, which informed the estimation of indirect
costs. Direct economic costs, i.e., the economic losses incurred in
markets before disease freedom is declared, were estimated from
the epidemiological model data and are published (19).

Indirect Cost Estimation
The indirect costs, i.e., the economic losses incurred in markets
after disease freedom is declared, associated with a FMDoutbreak
in Scotland were estimated by integrating output from the time
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TABLE 3 | Summary statistics of monthly agriculture commodity price and quantity data between January 2014 and December 2016 (n = 156 observations).

Data series

(units)

Minimum Maximum Median Mean Standard

deviation

Coefficient of

variation

Price of beef

(£ per ton)

2,446 3,870 3,132 3,126 400.32 0.128

Price of pork

(£ per ton)

1,096 1,667 1,401 1,400 114.34 0.082

Price of lamb

(£ per ton)

2,317 5,476 3,711 3,694 566.18 0.153

Price of chicken

(£ per ton)

928 1,681 1,347 1,341 140.27 0.105

Price of milk

(£ per liter)

0.20 0.32 0.26 0.26 0.03 0.109

Price of feed wheat

(£ per ton)

78 207 117 129 36.18 0.281

Quantity of cattle

(ton)

12,034 19,226 14,996 15,353 1,746.00 0.114

Quantity of pig

(ton)

1,679 7,246 4,580 4,230 1,502.50 0.355

Quantity of sheep

(ton)

2,073 9,048 5,376 5,319 1,429.50 0.269

Quantity of chicken

(ton)

1,841 11,337 6,868 6,892 2,017.50 0.293

Quantity of milk

(ton)

92,533,221 131,099,341 106,746,572 107,461,126 7,978,941.54 0.074

Quantity of feedwheat

(ton)

4,282 41,042 16,139 16,510 7,560.56 0.458

series model (i.e., IRF elasticities) and epidemiological model
(i.e., number of animals culled inputs into the indirect costs time
series model).

The IRF elasticities capture the changes in the levels of
prices and quantities in six commodity markets (i.e., beef,
pork, lamb, chicken, milk, and feed wheat) following the
culling of 1% of animals (i.e., cattle, pig, and sheep). The IRF
elasticities capture the adjustment of prices and quantities to
a long-run equilibrium until the effect of the shock dissipates
over time. We identified the period in which the impact of
the shock dissipated, i.e., the change in the IRF elasticities
tended to zero. This determines up to what period to sum the
IRF elasticities to quantify the total economic impact of the
animals culled.

To estimate the total impact of the supply shock, the IRF
elasticities were multiplied by the epidemiological shock (i.e.,
number of animals culled as output from the epidemiological
model) as a proportion of the national production herd
[1,803,937 cattle; 389,995 pigs; and 6,801,134 sheep in June 2011;
(70)]. As a result, the IRF elasticities reflect the total economic
impact of a supply shock taking into account the size of the
outbreak in terms of animals culled.

The indirect costs, ICs, of alternative vaccination strategies,
S, and six domestic commodity markets (i.e., beef, pork, lamb,
chicken, milk, and feed wheat), i, were estimated. The indirect
costs are associated with price and quantity changes, i.e., change
in revenue or revenue foregone, in each market, i, as a result
of a supply shock of animals culled, j, after disease freedom

is declared:

ICs =
∑3

j=1

∑6

i=1
( Pi,d∗Qi,d)−(Pi,t∗Qi,t) (5)

where i denotes commodity markets for beef, pork, lamb,
chicken, milk, and feed wheat, and j represents cattle, pig and
sheep culled. Pi and Qi are the price and quantity in the ith
commodity market, respectively. t denotes the period before the
outbreak and d is the period after disease freedom is declared
until the supply shock dissipates. To quantify the total indirect
costs across the six markets, the change in revenue is summed
across the commodity markets for animals culled for alternative
scenarios, S.

ICs =
∑3

j=1

∑6

i=1
(Pi,t∗(1+

(

ElPi,j
)

))∗(Qi,t∗(1+
(

ElQi,j
)

))−(Pi,t∗Qi,t) (6)

where ElPi,j is the IRF elasticity of price of the ith market,
Pi, with respect to the jth species culled, and the ElQi,j is the
IRF elasticity of quantity of the ith market, Qi, with respect
to jth species culled. The IRF elasticities, estimated from the
time series model, capture proportional changes in the levels
of price and quantity changes as a result of animals culled.
Finally, the total economic cost is the sum of indirect and
direct costs.
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FIGURE 3 | Times series of real producer prices of (A) beef, (B) pork, (C) lamb, (D) chicken, (E) milk, and (F) feed wheat between January 2004 and December

2016, inclusively.

RESULTS

The objective of this paper was to demonstrate a method
for estimating the indirect costs, i.e., the economic losses
incurred in markets after disease freedom is declared,
under alternative disease control strategies using time
series analysis.

Data Exploration and Processing
Table 3 presents descriptive statistics for the data series.
The lowest and highest variation, according to the
coefficient of variation (i.e., ratio of standard deviation to

the mean) is quantity of milk produced and quantity of
feed wheat produced, respectively. On average, there is
a higher variation in the quantity of commodities rather
than the price of commodities. Figures 3, 4 show the
data series of prices and quantities, respectively, plotted
over time.

Test of Stationarity and Cointegration
The ADF unit root test (58, 71) was conducted on each data
series to determine to what degree data series are integrated. The
ADF test indicated that 11 of the 12 data series contained were
stationary at I(1)), except QSheep (i.e., quantity of sheep) which
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FIGURE 4 | Time series of quantities of (A) cattle (B) pig (C) sheep (D) chicken (E) milk produced and (F) feed wheat produced between January 2004 and

December 2016, inclusively.

is stationary at the level, i.e., I(0), at the 5% level of significance.
While a VECM requires all variables to be stationary at I(1),
in systems with three or more series a VECM is appropriate
providing at least two of the variables are stationary at I(1) (72).
Therefore, QSheep does not impact the validity of our VECM.

The next step was to test for cointegrating relationships
between the variables. The Trace statistics (Table 4) tests the null
hypothesis that there are no cointegrating relationships (i.e., r =
0) against the alternative that there is at least one cointegrating
relationship (i.e., r ≥ 1).

The trace statistic (Table 4) indicates at least two cointegrating
relationships among our data series at the 5% level of

significance. Since cointegration is detected, it was incorporated
into our model because otherwise its omission contributes to
misspecification error.

Vector Error Correction Model
In this paper, a VECM is estimated because of the presence of
stationarity in the data series at I(1) and cointegration. Long-
run relationships were estimated using maximum likelihood
for a VECM(1) with 12 endogenous data series (i.e., K =12),
one lag (i.e., p − 1 =1), two cointegrating relationships (i.e.,
r =2), and a constant deterministic regressor as shown in
Allan et al. (7).
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TABLE 4 | Johansen cointegration trace test for determining the number of

cointegrating relationships, r.

Null hypothesis Alternative hypothesis Trace statistic p-value

r = 0 r ≥ 1 373.15 <0.001

r ≤ 1 r ≥ 2 292.26 0.02

r ≤ 2 r ≥ 3 237.76 0.06

r ≤ 3 r ≥ 4 185.55 0.16

r ≤ 4 r ≥ 5 141.05 0.32

r ≤ 5 r ≥ 6 103.10 0.51

r ≤ 6 r ≥ 7 75.88 0.51

r ≤ 7 r ≥ 8 54.05 0.46

r ≤ 8 r ≥ 9 32.71 0.58

r ≤ 9 r ≥ 10 18.65 0.53

r ≤ 10 r ≥ 11 8.78 0.39

r ≤ 11 r = 12 3.20 0.07

Maximum-likelihood test of the cointegrating rank.

Trend assumption: Constant.

Lag selection (lag=1) based on Akaike information criterion (AIC) and Bayesian information

criterion (BIC).
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The estimated coefficientmatrices for the VECM (7) are reported
in Tables S1–S5.

Impulse Response Function
Once a VECMwas identified an impulse response function (IRF)
was estimated to evaluate short-run dynamics. The correlation of
the variance covariance matrix suggests there is little correlation
between the coefficients (Table S6). In which case, a generalized
IRF is the most appropriate IRF, which is invariant to the order
of endogenous variables. A generalized IRF was estimated with
1,000 bootstrapped replications. The supply shocks dissipate in
the market variables at different time horizons, from 2 to 13
months. The IRF elasticities capture the response of variables to
a 1% shock decrease in the production of cattle (Figure 5A), pig
(Figure 5B), and sheep (Figure 5C) due to animals culled until
the supply shock dissipates. As described in the Materials and
Methods, these IRF elasticities represent a 1% change because
the data are expressed in natural logarithms. The IRF elasticities
were multiplied by the hypothetical epidemiological shock as
a proportion of the national production herd [1,803,937 cattle;
389,995 pigs; and 6,801,134 sheep in June 2011; (70)] to estimate
the total impact of the supply shock.

Indirect Costs
The magnitude of indirect, direct, and total costs conducive to
large outbreaks is presented in Figure 6. These results suggest
that economic costs vary with size of the initial vaccine stock.
Total economic costs range from £400 to 950 million, with
median direct costs between 10 and 24 times larger in magnitude
than indirect costs. Indirect costs constitute 9% of total costs
under a baseline scenario of no vaccination (i.e., “cull only”)
and between 4 and 8% of total costs under alternative scenario
of “cull plus vaccinate to live” as the size of the initial vaccine
bank decreases from 5 to 0.1 million doses. Losses in revenue in
some commodity markets (e.g., beef, pork, lamb, and chicken)
are partially offset by gains made in other commodity markets
(e.g., milk and feed wheat). Hence, the net effect on indirect
costs is likely to be lower compared to the presumption that all
commodity markets lose revenue during an outbreak.

The distribution of indirect costs, i.e., the economic losses
incurred in markets after disease freedom is declared, in the
baseline and alternative vaccine stock scenarios is presented in
Figure 7. Controlling an FMD epidemic with vaccination has
a lower median indirect cost than the baseline scenario of no
vaccination (i.e., “cull only”). Overall, there is less uncertainty,
i.e., spread, in indirect costs associated with vaccination
compared to the baseline strategy of no vaccination. Varying the
size of the vaccine stock impacts on the variability of indirect
costs associated with an outbreak. There is wider variation in
indirect costs associated with alternative scenario of between
0.1 and 0.3 million compared to 0.5 to 5 million doses in the
vaccine bank. These results suggest that vaccination is relatively
more beneficial than a strategy of no vaccination. However, more
uncertainty is associated with fewer doses of vaccines (i.e., 0.1 to
0.3 million) compared to more doses of vaccines (i.e., 0.5 to 5
million) in the bank, when considering indirect costs.
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FIGURE 5 | Impulse response elasticities associated with a 1% increase in the quantity of (A) cattle (B) pig and (C) sheep culled for disease control purposes.

DISCUSSION

Our study confirms controlling an FMD epidemic using
vaccination costs less, on average, than under a no vaccination
strategy (4). In our study, indirect costs constitute only between
4 and 9% of total costs. In other studies indirect costs exceed
direct costs, i.e., between 79 and 97% (4) or 29% of total costs
(5). Over the last decade the indirect costs of zoonotic disease

have contributed 91% of total costs (3). To a certain extent, the
ratio of indirect to direct costs may depend on the definition
of direct and indirect costs used. Our definition of indirect
costs considers indirect costs as the losses after disease freedom
is declared and is comprised of change in revenue in various
agricultural commodity markets. Economic losses experienced
during an outbreak are defined as direct costs. In our study, the
loss in revenue in some commodity markets (e.g. beef, pork,
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FIGURE 6 | Median direct, indirect, and total costs (£ million) associated with

the baseline (no vaccination) and alternative (vaccination) vaccine stock

scenarios (i.e., 0.1, 0.2, 0.3, 0.5, 1, and 5 million doses) at the start of the

epidemic. Green and orange lines represent median direct and indirect

economic costs, respectively.

lamb, and chicken) are partially offset by gains made in other
markets (e.g. milk and feed wheat). Therefore, the overall net
effect suggests the magnitude of indirect costs is lower than
had all the commodity markets suffered a reduction in revenue.
Furthermore, the loss in revenue in exports was not considered
because export trade data were not available. The loss of export
trade may persist beyond disease freedom should importing
countries adopt a precautionary approach. Other examples of
offsetting could include: decrease in employment in a particular
sector and increase in employment to an economy overall;
costs to one farm offset by gains to other farms; and reduced
tourism expenditure vs. an expansion in household expenditure
(7). Furthermore, an exotic disease, such as FMD, is likely to
have indirect consequences that were felt over a larger number
of sectors than this study attempts to quantify, e.g. tourism,
and retail (7). Lower than expected indirect costs may also be
explained by the vaccine bank scenarios considered in this paper
because only the worst case scenario for direct costs was evaluated
(39). In addition, we have not considered the costs of farm
management practices such as restocking livestock, following
disease freedom, that could have disease implications but such
costs could be included as additional component of indirect costs.
In the future, it would be interesting to consider other scenarios
and how the trade-off between direct and indirect costs varies
under alternative prevention and control strategies.

Economic cost frameworks that classify costs as either
direct or indirect are often subjective and there lacks a

consistent framework to evaluate them, making it difficult
to assess the costs of alternative animal disease relative to
one another. An economic cost framework should “(1) Be
consistent with economic principles; (2) Be derived from and
consistent with veterinary control measures; and (3) Include
an explicit definition of the economic perspective and the
stakeholders included” (18). Our framework meets these three
criteria because; (1) it distinguishes objectively between direct
and indirect economic costs using disease status to avoid double
counting costs; (2) the estimation of costs is derived from
veterinary control measures adopted by the Scottish Government
in an epidemic scenario; and (3) direct costs incurred during
an outbreak are broken down by economic perspective of
government and industry (19) while indirect costs come from
the economic perspective of markets considered, in our case
the producers of agricultural commodities. This indirect cost
framework can be extended to other economic perspectives,
e.g., tourism and retail, explicitly taking the perspective of
stakeholders beyond the farmgate that are impacted after an
outbreak, which is often not considered in other studies. This
aspect is important for policy makers responsible for disease
outbreak prevention and mitigation decisions who may be
required to make important and difficult choices at regional,
national or international level. Failure to account for impacts
beyond the farming sector has been a criticism of decision
making in previous UK FMD epidemics (73, 74). Besides the
direct costs associated with production, economic models may
be called upon to inform producers and policy-makers of the
broader knock-on effects associated with indirect costs after
disease freedom is declared because such costs might affect
various markets and also have implications for trade.

This paper presents a framework that outlines the necessary
steps to estimate indirect costs, i.e., the economic losses incurred
in markets after disease freedom is declared, using time series
analysis. Using agricultural commodity data, time series models
can capture market dynamics and the knock-on price and
quantity effects between markets, which are often omitted from
traditional farm account-based CBAs and other methods. PE and
CGE models have been used to explore the indirect costs of
animal disease outbreaks. A drawback of these models is that that
they are sometimes based on strong assumptions in the absence
of good data, e.g., elasticities, defining the demand and supply
relationships in multiple sectors to anticipate the likely economic
impact of a supply shock. Often elasticities are taken from the
literature or assumed unless estimations are developed directly
for the model. By contrast, our econometric approach estimates
elasticities directly from data to capture production and price
dynamics and equilibrium levels, without the need for relying
on the literature or making key assumptions and as such can
complement PE or CGE models.

PE models can examine a single sector or multiple markets
capturing changes in production and prices. An advantage of
CGEs over time series models is that they can represent an entire
economy. However, a drawback to CGEs is the use of more
complex modeling techniques and results that can be difficult
to interpret (21). Our time series model can incorporate further
markets and sectors, providing such data are available, without
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FIGURE 7 | Kernel probability density function of the distribution of indirect economic costs (£ million) associated with the baseline (no vaccination) and alternative

(vaccination) vaccine stock scenarios at the start of the epidemic associated with (A) 0.1, (B) 0.2, (C) 0.3, (D) 0.5, (E) 1, and (F) 5 million doses. Dashed vertical red

and blue lines represent the median indirect economic costs for the baseline and alternative scenarios, respectively.

the modeling complexity of a CGE. A review of economic models
found that CGEs do not explicitly link to an epidemiological
model because this requires further development (21). Multi-
market models have also been used to model the impact of
changing access to export markets on breeding and investment
decisions (24). Such integration does not feature in our time
series model. Nevertheless, our time series model is linked
with the epidemiological model because the indirect costs are
derived from the number of animals culled. Although the models
are not integrated fully, a development which requires further
interdisciplinary research. Despite this, our paper illustrates
the usefulness of time series analysis in modeling the indirect
economic costs of an animal disease outbreak.

FMD is not a zoonotic disease i.e., it has no human health or
food safety risk. For this reason, the retail response of consumer
demand was not considered. However, the FMD outbreak
of 2001 had psychological impacts on members of the rural
community (75). Indirect costs arising from tourism were also
not considered. It is suggested that economic losses arising from

the tourism industry are similar in magnitude to that of losses
to agriculture and the food supply chain (15). Our framework
demonstrates how indirect costs can be estimated, but this study
does not quantify all potential indirect costs. The scope of indirect
costs can be broadened with our methodology provided that
appropriate data, such as tourism revenue and retail market,
are available. Our IRF was fit with 12 response variables, each
with 156 observations (i.e., 13 years of monthly data), and three
shocks but did not have enough forecasting power to include
additional variables. To investigate the relationship between the
supply shock of animals culled and tourism or consumer demand
would require an extension of the data series or fewer impulse
or response variables, which was not possible for this study.
Alternatively, a separate time series model to represent consumer
demand and tourism could be considered.

Data availability can also restrict the scope of indirect costs
estimated when considering time series modeling. UK market
data are available but often such data are not disaggregated
into UK administrations, such that regionalization cannot be
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accurately considered. For this reason, access to publically
available data at a disaggregation required, i.e., monthly
observations for Scotland, at the farmgate can be problematic.
Where possible we have used Scottish-specific data in our
model, otherwise UK-level farmgate price and quantity data were
adjusted to reflect a regionalisation for Scotland. Likewise, net
export trade data were only available quarterly for the UK-level,
however such an aggregation did not allow for sufficient variation
in the data. Hence, indirect costs do not capture the impact of
animal disease outbreak on trade flows. If a country affected by a
disease outbreak is a large exporter of livestock, a shock in the
domestic market will have knock-on effects into international
markets, and consequently international prices if there is an
export ban (76).

If animal health is considered a public good (77), better
estimates of indirect costs are necessary to support decision-
making for animal disease prevention and control strategies.

The Scottish Government’s animal health and welfare strategy
is to prioritize limited resources and to consider cost sharing
responsibilities for preventing and controlling disease. Therefore,
indirect costs are a concern for policy makers to understand
the cost of alternative prevention and control strategies in
context of one another given the allocation of limited resources.
Governments need to appropriately balance the costs of disease
control between industry and the tax payer, ensuring financial
support for farmers and value for money for taxpayers. During
the 2001 UK FMD outbreak, farmers were compensated £1.4
billion for the slaughter of animals and disposal and clean-up
costs. In addition, the epidemic costed £1.3 billion to eradicate
and other public sector costs amounted to £0.3 billion. The
private sector was not compensated but also experienced losses;
agriculture, food supply chain and supporting services lost
£0.6 billion, while the outbreak costed tourism and supporting
industries between £4.5–5.4 billion (41). The moral hazard
problem arises when not all stakeholders are compensated (78,
79). When compensation is expected it may create incentives
for individuals to act in ways that incur costs that they know
they will not have to bear. Compensation must be large enough
to ensure reporting of disease but not so large to discourage
preventative biosecurity (78). Partial compensation helps spread
some of the risk responsibility to farmers. Nevertheless, all those
that incur losses of an epidemic are not compensated. Therefore,
determining how indirect costs are distributed helps address
this by informing government of stakeholders, besides farmers
and the farming industry, that are impacted by an outbreak
and should potentially be considered for compensation after an
outbreak is over.

The indirect cost methodology presented in this study is
applicable not only to FMD but also other exotic animal diseases.
Furthermore, the method is particularly pertinent in light of
Brexit, which can be thought of as a “shock” that may alter
the UK’s livestock disease risk and disrupt markets. It will be
important to evaluate the knock-on-indirect effects of alternative
Brexit scenarios that are likely to arise from changes to trade
rules and access to pharmaceuticals. New trading arrangements
may affect the import and export of livestock products and also
the movement of animals which may alter the UK’s disease
risk and interrupt the supply chain. In the context of changing

trade relationships with global trading partners under Brexit,
understanding indirect costs will become even more important.
The UK is a net importer of agri-food production from the EU,
which could have implications for EU farming and food sectors
(80). The anticipated price and production changes will vary
depending on trade agreement considered and whether the UK
is a net importer or export of individual commodities concerned
(81). There are also concerns as to the supply and access of
vaccines post-Brexit (82). In an emergency epidemic, this could
pose a risk to the UK’s disease status, food security and could
have knock-on effects for trade relationships. For example, the
UK may no longer have access to the European Union’s FMD
vaccine bank. The UK has a reference laboratory for FMD but
in the face of an outbreak would the UK’s national vaccine bank
have sufficient stock? Hence, as much uncertainty remains, it
is important that alternative Brexit scenarios are considered to
anticipate the perceived impact of leaving the EU on various
agricultural markets and rural sectors of the economy and the
implications for disease risk and the associated economic costs.

CONCLUSION

In conclusion, this paper has presented a framework for defining
and estimating the indirect costs, i.e., the economic losses
incurred in markets after disease freedom is declared, of an
animal disease outbreak. The time series model identified was a
VECM, a useful tool for capturing knock-on market dynamics
following a disease freedom/outbreak. Overall, in terms of
indirect costs it is more beneficial to vaccinate compared to a
“cull only” FMD control strategy. Our findings suggest indirect
costs vary with the size of the initial vaccine stock and are
less variable when vaccination is used instead of culling. The
estimation of indirect costs contributes to the overall economic
assessment of the costs of an animal disease outbreak, which
is often overlooked but is necessary in support of decision-
making. In future, constraints on data and analytical frameworks
that otherwise limit the estimation of indirect costs should be
addressed. The framework presented can be applied to other
animal disease scenarios to more consistently evaluate indirect
costs. It is important that indirect costs are not overlooked
because their estimation is necessary for a more complete picture
of the costs of animal disease outbreaks across case studies to
better prioritize limited resources and inform cost sharing. Our
indirect cost modeling framework can be adapted to model how
changes in the political economy, such as Brexit, might impact
the cost of animal disease outbreaks in the future.

AUTHOR CONTRIBUTIONS

AS developed the initial concept with GG, Dr. Habtu
Weldegebriel, and TP, with further refinement from AB
and KR. AB gathered data, developed the indirect cost model
with KR and JE and carried out the modeling. AB drafted the
paper, and KR, JE, AS, TP, and GG also contributed to the
manuscript. GG and AS secured funding and led the project. All
authors gave final approval for publication.

Frontiers in Veterinary Science | www.frontiersin.org 15 June 2019 | Volume 6 | Article 19076

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Barratt et al. Indirect Costs of Animal Disease

FUNDING

This work was funded by the Scottish Government’s Rural and
Environment Science and Analytical Services Division, as part of
the Centre of Expertise on Animal Disease Outbreaks (EPIC).

ACKNOWLEDGMENTS

This study was funded by The Scottish Government’s Centre of
Expertise on Animal Disease Outbreaks (EPIC). The authors are
grateful for assistance from colleagues involved with the Strategic

Research Programme of the Rural & Environment Science &
Analytical Services Division of the Scottish Government and
data provided by third parties. The authors thank Dr. Habtu
Weldegebriel for his contributions toward an earlier version of
the model.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fvets.
2019.00190/full#supplementary-material

REFERENCES

1. Dehove A, Commault J, Petitclerc M, Teissier M, Macé J. Economic

analysis and costing of animal health: a literature review of methods

and importance. Rev Off Int Epizoot. (2012) 31:605–17. doi: 10.20506/rst.3

1.2.2146

2. FAO. The Economic Losses Caused by Animal Disease. Food and Agriculture

Organization of the United Nations, Rome (1962). Available online at: http://

www.fao.org/3/a-i5512e.pdf

3. World Bank. People, Pathogens and Our Planet, volume 1: Towards a One

Health Approach for Controlling Zoonotic Diseases (2010).

4. Berentsen P, Dijkhuizen A, Oskam A. A dynamic model for cost-benefit

analyses of foot-and-mouth disease control strategies. Prev Vet Med. (1992)

12:229–43. doi: 10.1016/0167-5877(92)90052-H

5. Fofana A, Toma L, Moran D, Gunn G, Gubbins S, Szmaragd C, et

al. An ex-ante economic appraisal of Bluetongue virus incursions and

control strategies. J Agric Sci. (2016) 154:118–35. doi: 10.1017/S00218596150

00015

6. Dijkhuizen AA, Morris RS. Animal Health Economics: Principles and

Applications. University of Sydney, Post-Graduate Foundation in Veterinary

Science (1997).

7. Allan G, McLellan D, Swales J. The Economic Impact of the 2001 Foot

and Mouth Disease Outbreak in Scotland. Working paper, University of

Strathclyde (2003).

8. Knight-Jones T, Rushton J. The economic impacts of foot and mouth disease–

What are they, how big are they and where do they occur? Prev Vet Med.

(2013) 112:161–73. doi: 10.1016/j.prevetmed.2013.07.013

9. McInerney J, Howe K, Schepers J. A framework for the economic

analysis of disease in farm livestock. Prev Vet Med. (1992) 13:137–

54. doi: 10.1016/0167-5877(92)90098-Z

10. Bennett R. The ‘direct costs’ of livestock disease: the development of a

system of models for the analysis of 30 endemic livestock diseases in

Great Britain. J Agric Econ. (2003) 54:55–71. doi: 10.1111/j.1477-9552.20

03.tb00048.x

11. Rushton J, Thornton PK, Otte MJ. Methods of economic impact assessment.

Rev Sci Tech. (1999) 18:315–42. doi: 10.20506/rst.18.2.1172

12. Boklund A, Halasa T, Christiansen LE, Enøe C. Comparing

control strategies against foot-and-mouth disease: will vaccination

be cost-effective in Denmark? Prev Vet Med. (2013) 111:206–

19. doi: 10.1016/j.prevetmed.2013.05.008

13. Ivanova P, Ivanova E. Economic model for calculation of direct and indirect

economical losses from African swine fever occurrence. Bulg J Vet Med.

(2017) 2017:1–10. doi: 10.15547/bjvm.2037

14. Gethmann J, Probst C, Sauter-Louis C, Conraths FJ. Economic

analysis of animal disease outbreaks - BSE and Bluetongue disease as

examples. Berl Munch Tierarztl Wochenschr. (2015) 128:478–82.

doi: 10.2376/0005-9366-128-478

15. Thompson D, Muriel P, Russell D, Osborne P, Bromley A,

Rowland M, et al. Economic costs of the foot and mouth disease

outbreak in the United Kingdom in 2001. Rev Sci Tech. (2002)

21:675–85. doi: 10.20506/rst.21.3.1353

16. Carpenter TE, O’Brien JM, Hagerman AD, McCarl BA. Epidemic and

economic impacts of delayed detection of foot-and-mouth disease: a case

study of a simulated outbreak in California. J Vet Diagn Invest. (2011)

23:26–33. doi: 10.1177/104063871102300104

17. Kompas T, Nguyen HTM, Van Ha P. Food and biosecurity: livestock

production and towards a world free of foot-and-mouth disease. Food Secur.

(2015) 7:291–302. doi: 10.1007/s12571-015-0436-y

18. Saatkamp H, Mourits M, Howe K. A framework for categorization of

the economic impacts of outbreaks of highly contagious livestock diseases.

Transbound Emerg Dis. (2016) 63:422–34. doi: 10.1111/tbed.12286

19. Porphyre T, Rich KM, Auty HK. Assessing the economic impact of vaccine

availability when controlling foot and mouth disease outbreaks. Front Vet Sci.

(2018) 5:47. doi: 10.3389/fvets.2018.00047

20. Rich K, Miller G, Winter-Nelson A. A review of economic tools

for the assessment of animal disease outbreaks. Rev Sci Tech. (2005)

24:833. doi: 10.20506/rst.24.3.1618

21. Rich KM, Winter-Nelson A, Miller GY. Enhancing economic

models for the analysis of animal disease. Rev Sci Tech. (2005)

24:847–56. doi: 10.20506/rst.24.3.1617

22. Paarlberg PL, Lee JG, Seitzinger AH. Potential revenue impact of an outbreak

of foot-and-mouth disease in the United States. J Am Vet Med Assoc. (2002)

220:988–92. doi: 10.2460/javma.2002.220.988

23. Mangen M, Burrell A. Who gains, who loses? Welfare effects of classical

swine fever epidemics in the Netherlands. Eur Rev Agric Econ. (2003) 30:125–

54. doi: 10.1093/erae/30.2.125

24. Rich KM, Winter-Nelson A. An integrated epidemiological-

economic analysis of foot and mouth disease: applications to

the southern cone of South America. Am J Agric Econ. (2007)

89:682–97. doi: 10.1111/j.1467-8276.2007.01006.x

25. Perry B, Randolph T, Ashley S, Chimedza R, Forman T, Morrison J, et al.

The Impact and Poverty Reduction Implications of Foot and Mouth Disease

Control in Southern Africa With Special Reference to Zimbabwe. International

Livestock Research Institute (ILRI), Nairobi (2003).

26. O’Toole R, Matthews A, Mulvey M. Impact of the 2001 Foot and Mouth

Outbreak on the Irish Economy. Ireland: Department of Economics, Trinity

College Dublin (2002).

27. Harvey AC. The Econometric Analysis of Time Series. Cambridge, MA: MIT

Press (1990).

28. Park M, Jin YH, Bessler DA. The impacts of animal disease

crises on the Korean meat market. Agric Econ. (2008) 39:183–

95. doi: 10.1111/j.1574-0862.2008.00325.x

29. Abao LNB, Kono H, Gunarathne A, Promentilla RR, Gaerlan

MZ. Impact of foot-and-mouth disease on pork and chicken

prices in Central Luzon, Philippines. Prev Vet Med. (2014)

113:398–406. doi: 10.1016/j.prevetmed.2013.12.005

30. Lütkepohl H. New Introduction to Multiple Time Series Analysis. Berlin:

Springer Science & Business Media (2005). doi: 10.1007/978-3-540-27752-1

Frontiers in Veterinary Science | www.frontiersin.org 16 June 2019 | Volume 6 | Article 19077

https://www.frontiersin.org/articles/10.3389/fvets.2019.00190/full#supplementary-material
https://doi.org/10.20506/rst.31.2.2146
http://www.fao.org/3/a-i5512e.pdf
http://www.fao.org/3/a-i5512e.pdf
https://doi.org/10.1016/0167-5877(92)90052-H
https://doi.org/10.1017/S0021859615000015
https://doi.org/10.1016/j.prevetmed.2013.07.013
https://doi.org/10.1016/0167-5877(92)90098-Z
https://doi.org/10.1111/j.1477-9552.2003.tb00048.x
https://doi.org/10.20506/rst.18.2.1172
https://doi.org/10.1016/j.prevetmed.2013.05.008
https://doi.org/10.15547/bjvm.2037
https://doi.org/10.2376/0005-9366-128-478
https://doi.org/10.20506/rst.21.3.1353
https://doi.org/10.1177/104063871102300104
https://doi.org/10.1007/s12571-015-0436-y
https://doi.org/10.1111/tbed.12286
https://doi.org/10.3389/fvets.2018.00047
https://doi.org/10.20506/rst.24.3.1618
https://doi.org/10.20506/rst.24.3.1617
https://doi.org/10.2460/javma.2002.220.988
https://doi.org/10.1093/erae/30.2.125
https://doi.org/10.1111/j.1467-8276.2007.01006.x
https://doi.org/10.1111/j.1574-0862.2008.00325.x
https://doi.org/10.1016/j.prevetmed.2013.12.005
https://doi.org/10.1007/978-3-540-27752-1
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Barratt et al. Indirect Costs of Animal Disease

31. Sargent TJ, Sims CA. Business cycle modeling without pretending to have too

much a priori economic theory. In: New Methods In Business Cycle Research.

Vol. 1. Minneapolis, MN (1977). p. 145–68.

32. Pesaran MH, Shin, Y. An autoregressive distributed-lag modelling

approach to cointegration analysis. Econom Soc Monogr. (1998)

31:371–413. doi: 10.1017/CCOL521633230.011

33. Johansen S. Estimation and hypothesis testing of cointegration vectors in

Gaussian vector autoregressive models. Econometrica. (1991) 1991:1551–

80. doi: 10.2307/2938278

34. Pesaran HH, Shin Y. Generalized impulse response analysis

in linear multivariate models. Econ Lett. (1998) 58:17–

29. doi: 10.1016/S0165-1765(97)00214-0
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The zoonotic helminth T. solium is one of the leading causes of acquired epilepsy in

endemic countries, resulting in a high burden both in human health and social stigma

of affected people (1–3). In 2012 T. solium was highlighted as a priority for control

in the World Health Assembly resolution 66.12 (4). Despite a call for validated control

strategies by 2015 and a “Tool Kit” of control options being available, relatively few

examples of successfully implemented and sustainable control programs are available

(5–7). A minimal control strategy focusing solely on the porcine host has also been

proposed although the cost-effectiveness of such has yet to be explored (8). Although

acknowledgment has been made of the need for initiatives to be sustainable, we are

yet to see sufficient consideration of the balance between the provision of public and

private goods, and the need for engagement of the people and organizations in the pork

value chains within T. solium control strategies. We utilized a food chain risk analysis

model to determine the incremental cost-effectiveness ratio (ICER) in terms of $/infective

meal avoided, of combining a pharmaceutical intervention in pigs with strengthenedmeat

hygiene services. The addition of a vaccination and treatment protocol, at an additional

10.3% cost, was illustrated to have the potential to improve the ICER of improving meat

inspection by 74.6%. The vaccination and treatment protocol also had the potential to

reduce the losses borne by the pork industry of condemned meat by 66%, highlighting

the potential to leverage private sector investment in T. solium control.

Keywords: Taenia solium, cysticercosis, control, interventions, economics, incentives

INTRODUCTION

Taenia solium is a zoonotic tapeworm which utilizes a porcine intermediate and a human definitive
host. It is thought that T. solium has been associated with a hominid definitive host pre-dating the
advent of Homo sapiens (9) and has accompanied modern humans as they colonized the globe
(10). Humans acquire a T. solium taeniosis infection through consumption of pork containing
viable cysticerci and pigs acquire T. solium cysticercosis through the ingestion of infective eggs
or proglottids excreted in the feces of infected humans (11). The ingestion of infective eggs by
humans due to fecal contamination of food or drinking water, or auto-infection from a tapeworm
carrier, can lead to an aberrant intermediate infection, cysticercosis, with larval cysts found in
muscle, optical or neural tissue. Infection of the central nervous tissue, neurocysticercosis (NCC) is
considered to be a major causes of acquired epilepsy in endemic counties (12), leading to significant
reductions in quality of life (13) and making T. solium the foodborne parasite with the greatest
global burden (14).
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Improvements in pig production, sanitation andmeat hygiene
have contributed to the decline in T. solium infection pressure
in North America and Europe, although pockets of endemnicity
exist where a triad of poor sanitation, free-range pigs and lack of
food safety governance are found, making it very much a disease
of poverty (15). The three major endemic regions are Africa,
Asia, and Latin America (16), although there is evidence that
the parasite may still have autochthonous transmission within
Eastern Europe (17). Evenwithin individual countries in endemic
regions the parasite has a varied spatial and temporal distribution
depending on local factors influencing the lifecycle (18).

T. solium taeniosis/cysticercosis has traditionally been
considered one of the neglected zoonotic diseases (19–22) but
increased advocacy and a growing body of literature detailing the
prevalence and burden of this parasite has led to its incorporation
into the 2012 London Declaration on Neglected Topical Diseases
(NTDs) (23), The WHO Roadmap “Accelerating work to
overcome the global impact of neglected tropical diseases” (24)
and the World Health Assembly resolution WHA66.12 (25).

Despite this high-level commitment we have yet to
significantly advance the control of the parasite on a large
scale. As a community, we have failed to achieve the 2015 goal set
by the WHO Roadmap, to have a “validated strategy for control
and elimination of T. solium taeniosis/cysticercosis available” and
are unlikely to meet the 2020 goal for scaled up interventions. A
“tool kit” of intervention options are available, each of which has
the potential to break the tapeworm lifecycle at different points
by focusing on either the human or porcine host (7).

Interventions targeting the human host include improving
access to clean water and sanitation, preventative chemotherapy
(often in the form of mass drug administration) and wider public
health education campaigns (26). Control interventions in the
porcine host and associated value chain such as the confinement,
anthelmintic treatment or vaccination of pigs can be considered
as pre-harvest (26). Post-harvest control covers stringent meat
inspection with condemnation of infected meat (27), treatment
of meat through freezing (28), gamma-radiation (29), and salt-
pickling (30) as well as cooking to over 50◦C (30, 31) which also
assists in the control of other foodborne pathogens (32–34).

An optimal intervention strategy has not yet been
demonstrated in the field and importantly the acceptability
and sustainability of these strategies has not been evaluated
(6, 35–37), with the cost-effectiveness of control evaluated in
only two studies to date (38, 39). A “One Health” approach, with
interventions in both the human and non-human animal host
has generally been regarded to be necessary for the control of
zoonoses such as T. solium (40). It has recently been suggested
that a “minimal intervention strategy” targeting only the porcine
host through vaccination and anthelmintic treatment of pigs
between 2 and 7 months of age may be appropriate (8).

The One Health strategy utilizes the TSOL18 vaccine which
has demonstrated 100% protection against porcine cysticercosis
under field conditions (41) and which is now produced by India
Immunologicals Ltd, India as Cysvax R© (8). The anthelmintic
treatment to be administered is oxfendazole, administered at
30 mg/kg, now available in some African countries as a 10%
formulation for pigs (Paranthic) (8). Oxfendazole (30 mg/kg)

has also been demonstrated to also have 100% efficacy against
the gastrointestinal nematodes Ascaris suum, Oesophagostomum
spp., Trichuris suis and Metastrongylus spp., thereby providing
additional benefits to productivity for pig farmers (42). A recent
trial of this strategy inNepal demonstrated a significant reduction
in porcine cysticercosis, with elimination of infection in those
animals assessed by post-mortem (43).

In an integrated control program in Laos PDR, a pig
intervention including the TSOL18 vaccine, oxfendazole (30
mg/kg), was combined with T. solium and soil transmitted
helminth control in humans through the mass administration
of Albendazole (44). An economic analysis of this program
from a societal perspective has been conducted and the
combined approach was judged to be highly cost-effective at 214
USD/DALY averted against the GDP per capita of Laos PDR of
1,793 USD (38).

As yet all studies utilizing porcine pharmaceutical
interventions have been provided to farmers free of charge.
Whilst acknowledging the barriers, including lack of access to
finance or credit to make capital investments of feed purchases
(45), to improve the pork value chain in endemic areas, it is
important to provide value chain actors with the responsibility
and agency to deliver a safe and quality product to market,
if sustainable control is to be achieved. We suggest that a
cost-sharing model between the private and public sector may be
a suitable direction to take for T. solium control, based upon the
delivery of private (e.g., profit) or public (e.g., food safety) goods
through the different control interventions.

We hypothesize that farmers may be incentivized to adopt
a control strategy through demonstration of “rewards,” such
as increased profitability of the pig production system due to
improved husbandry practices or the adoption of judicial use of
anthelmintic treatment for gastro-intestinal nematode infections
in combination with T. solium control. Behavior change may
also be encouraged through potential punishments, such as the
condemnation of grossly infected meat at inspection.

Despite the low sensitivity of meat inspection for the
detection of T. solium (46), highly infected carcasses are likely
to be observed if qualified personnel are present at slaughter,
well trained and sensitized to the importance of preventing
consumption of infected meat. If meat inspection is carried
out according to regulatory standards, a trader or butcher
who presents a pig to slaughter carries the full burden of risk
should that carcass be condemned at meat inspection as no
compensation is received for condemned animals (47).

Changes in demand, toward uninfected pigs, may induce
losses for small-holder pig farmers until they adopt T. solium
control strategies. It could be hypothesized therefore, that the
public expenditure of enforcing meat hygiene regulations may
therefore “leverage” investment from the private sector in control
measures (48). An example of such would be the purchase of
vaccines and anthelmintic treatment for pigs directly by farmers,
rather than through publicly funded campaigns.

The current study aimed to explore this hypothesis by
determining the incremental cost-effectiveness ratio (ICER) in
terms of $/infective meal avoided, of the “minimal intervention
strategy” of pharmaceutical intervention in pigs in combination
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with strengthened meat hygiene services in western Kenya. We
utilize a food chain risk analysis modified from Thomas et al. (49)
parameterized by data relating to western Kenya although the
model parameters may be easily adjusted for use in other settings.

MATERIALS AND METHODS

Study Area
The data used to parameterize the risk model described below
was obtained through previously described studies conducted in
a mixed crop-livestock farming community in western Kenya,
centered around Busia town on the Uganda border (50, 51).
Many pig farmers in this area practice extensive forms of
pig production, with three systems predominating; full time
free range where pigs are left to scavenge for all their food
requirements, part-time free-range where pigs scavenge during
the dry season, where during planting or growing seasons they
may be tethered or confined with supplemental feedstuffs to
prevent crop damage, or full time confined systems which may
involve tethering or confining pigs in rudimentary structures
and providing supplementary feedstuffs (52–54). These systems
are similar to those described in other endemic areas (55–60).
Within the study site, 16.6% (95% C.I. 13.1–20.5) of homesteads
owned pigs, and the majority of farmers sell their pigs to butchers
who transport the pigs to rudimentary, but licensed, slaughter
premises for slaughter, with a small, but important proportion
(4.3%, 95% C.I 2–12%) of pigs undergoing “back-yard” slaughter
(52). By law, ameat inspectormust inspect each pig, although low
staffing levels and poor facilitation in terms of transport, means
that many animals are currently slaughtered without inspection.

Food Chain Risk Analysis
A stochastic risk assessment model, built using the @Risk
(Palisade, Newfield, NY, USA) add-on for Excel (Microsoft corp.,
USA) and the initial parameters (P1–P25) are described in detail
in Thomas et al. (49). The structure of the model is illustrated
in Figure 1 for ease of reference. This model indicates that
any one pork meal consumed in western Kenya has a 0.006
(99% Uncertainty Interval (U.I). 0.0002 ± 0.0164) probability
of containing at least one viable T. solium cysticercus at the
point of consumption and therefore being potentially infectious
to humans (49). We adapted this model to investigate the
ICER from a societal perspective of enforcing best practice meat
inspection at every registered porcine slaughter facility in Busia
county with or without adoption of a regime of Cysvax vaccine
and Oxfendazole in pigs at 3 and 6 months of age, adapted
from the minimal intervention strategy as recommended by
Lightowlers and Donadeu (8).

The assumptions in this adapted model are as follows:

• Pigs are slaughtered between 7 and 12 months of age
• Adoption of vaccination and treatment protocol was assumed

to be 75% (70–80%) of farmers fattening pigs for the “formal”
value chain (not those destined for “backyard” slaughter)

• Vaccination and treatment at 3 and 6 months (2 doses) is
100% protective (8, 61), but 1% of treatments may fail through
user error

• Vaccination and treatment failure will result in
infection profiles equivalent to non-treated pigs (i.e.,
Proportion of light/medium/heavy infections will
be equivalent)

• Meat inspectors will be present at every formal slaughter
facility and inspect every pig presented

• The proportion of pigs destined for the informal sector from
fattening remains at the baseline level and these farmers do not
take up the pharmaceutical intervention.

• Pigs slaughtered in the informal sector obtain only 45% of the
price of a formally slaughtered pig (62).

The updatedmodel can be found in Supplementary Material S1.
The new model parameters are described in Table 1 and the
original model parameters are presented in Thomas et al.
(49). Ten additional scenarios were added to the original
15 detailed in the original model (49) and are described
as follows:

Scenario 1 = Pig is formally slaughtered/treated/lightly
infected/not detected at meat inspection
Scenario 2 = Pig is formally slaughtered/treated/lightly
infected/detected at meat inspection/condemned
Scenario 3 = Pig is formally slaughtered/treated/moderately
infected/not detected at meat inspection
Scenario 4 = Pig is formally slaughtered/treated/moderately
infected/detected at meat inspection/condemned
Scenario 5 = Pig is formally slaughtered/treated/heavily
infected/not detected at meat inspection
Scenario 6 = Pig is formally slaughtered/treated/heavily
infected/detected at meat inspection/condemned
Scenario 7 = Pig is formally slaughtered/treated/very heavily
infected/not detected at meat inspection
Scenario 8 = Pig is formally slaughtered/treated/very heavily
infected/detected at meat inspection/condemned
Scenario 9 = Pig is formally slaughtered/treated/uninfected/
not detected at meat inspection
Scenario 10= Pig is formally slaughtered/treated/ uninfected/
detected at meat inspection (false positive)/condemned
Scenario 11 = Pig is formally slaughtered/Not treated/lightly
infected/not detected at meat inspection
Scenario 12 = Pig is formally slaughtered/Not treated/lightly
infected/detected at meat inspection/condemned
Scenario 13 = Pig is formally slaughtered/Not treated/
moderately infected/not detected at meat inspection
Scenario 14 = Pig is formally slaughtered/Not
treated/moderately infected /not detected at
lingual palpation/condemned
Scenario 15= Pig is formally slaughtered/Not treated/ heavily
infected/not detected at meat inspection
Scenario 16 = Pig is formally slaughtered/Not treated/heavily
infected/detected at meat inspection/condemned
Scenario 17 = Pig is formally slaughtered/Not treated/very
heavily infected/not detected at meat inspection
Scenario 18 = Pig is formally slaughtered/Not treated/very
heavily infected/detected at meat inspection/condemned
Scenario 19 = Pig is formally slaughtered/Not
treated/uninfected/ not detected at meat inspection
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FIGURE 1 | Food chain risk model structure © 2017 Thomas et al. Reproduced from Thomas et al. (49).

Scenario 20 = Pig is formally slaughtered/Not
treated/ uninfected/detected at meat inspection (false
positive)/condemned
Scenario 21 = Pig is informally slaughtered/not treated/
lightly infected
Scenario 22 = Pig is informally slaughtered/not treated/
moderately infected
Scenario 23 = Pig is informally slaughtered/not treated/
heavily infected
Scenario 24 = Pig is informally slaughtered/not treated/ v.
heavily infected
Scenario 25 = Pig is informally slaughtered/not treated/
uninfected

The probability of each scenario described is calculated
as follows:

P(scenario x) = (P(formal/informal slaughter)∗P(treated)
∗(P(Infected/uninfected)∗P(severity of infection)

∗P(detected/undetected at meat inspection))

And the probability of any one meal being potentially infective at
consumption expressed as:

P(anyoneporkmealisinfectiveatconsumption)

= ((P(pork meal contains a cyst| Situation1)∗P(Situation1)

+ P(pork meal contains a cyst|Situation2)∗P(Situation2)

+ P(pork meal contains a cyst|Situation3)∗P(Situation3)......

+ P(pork meal contains a cyst|Situation36)∗P(Situation36))
∗P(anyonecystisviablepriortocooking))∗P(Meal undercooked)

Only partial costs to the pig industry were considered in this
analysis, including; the vaccination and treatment protocol, and
losses due to carcass condemnation (pork price/kg × carcass
weight), feeding and transport of pigs were not included.
Costs to the county government considered are the additional
cost of staffing all pork slaughter facilities with a qualified
meat inspector. The income from meat inspection fees ($1.4
per pig) were not included as these are currently paid for
every pig irrespective of the presence of a meat inspector.
The interventions are compared through their incremental
cost-effectiveness analysis (ICER), calculated according to the
equation (65)

ICER =

(

Cost of strategy− Cost current strategy
)

(Effectiveness of strategy− Effectiveness current strategy)

Where: Costs are in US$ at 2017 values
A sensitivity analysis was conducted according to the method

described previously (49) to determine the most influential
parameters on the ICER output.

RESULTS

The models converged after 48,900 iterations, a summary of
the results can be found in Table 2. All model inputs and
outputs can be found in Supplementary Table 1 (improved meat
inspection only) and Supplementary Table 2 (Meat inspection
and treatment protocol).

The model suggests that within the context of an improved
meat hygiene service, addition of a vaccination and treatment
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TABLE 1 | New model parameters. Parameters P1–P25 as per original model (49).

Parameter Description Source Probability Distribution

P26 Probability infected pig is detected and

condemned at inspection

Sensitivity and Specificity of

inspection (46)

0.387 (97.5% C.I

0.22–0.58) Sensitivity

BetaPert (0.1, 0.387, 0.9)

P27 Probability uninfected pig passes

inspection

1.0 (97.5% C.I. 0.9-1.0) BetaPert (0.9, 1.0, 1.0)

P28 Probability pig slaughtered formally has

undergone vaccination and treatment

protocol

Assumption 0.75 Uniform (0.7-0.8)

P29 Probability pig is not infective after

vaccination and treatment protocol

100% effective (8, 61)

potential for 1% treatment

error

1.0 (0.99–1.0) BetaPert (0.99, 1.0, 1.0)

P30 Value of carcass at slaughter Mean dressed-weight

22.5kg (63)

Pork price/kg

Per. Comms. M.K Murungi,

2018 $3.2

Calculated as dressed-weight × pork price (Static)

P31 Average daily weight gain (64) 110 g/day (80–140 g) BetaPert (80, 110, 130)

P32 Pig live-weight at 3mths Calculated 8 kg weaned weight + [(P30*30)*2]

P33 Pig live-weight at 6mths Calculated as P32 + [(P30*30)*3]

P34 Cost of 1 dose Cysvax (IIL India) Per. Comms. M. Lightowlers

2018

$0.5 Static

P35 Cost of oxfendazole treatment/kg

(Paranthic from MCI Morocco)

$0.00038 Static

P36 Cost of vaccination and treatment protocol

per pig

2 doses of Cysvax and 2

treatments with oxfendazole

30 mg/kg (8)

Calculated as (P34 × 2) + (P35*32) + (P35*P33)

P37 Number of meat inspectors required to fill

deficit in Busia county

Dr Ogendo, County Director

of Veterinary Services 2018

24 Static

P38 Global cost per meat inspector (salary,

motorbike, ancillary costs)

$164,100 RiskPert(6400,7000,7900)4

P39 Meat Inspection costs Calculated as P38*P37

protocol in pigs has the potential to improve the cost-
effectiveness of the intervention by 74.6% from $59 (99% U.I
$15–$402) to $15 (99% U.I.$ 9.81–$33.75) per infective meal
avoided. For farmers, the cost-benefit ratio for adopting the
vaccination and treatment protocol is 10.29, due to the resultant
reduction in condemnation losses, without considering the
potential additional benefits from increase in weight-gain though
treatment of gastro-intestinal nematode infections.

Spearmans rank order coefficients (ρ) indicated that the five
most influential inputs on the ICER were; the probability of any
one cysticercus being viable (ρ = 0.76), the probability that an
uninfected pig is correctly passed at meat inspection (ρ=−0.26),
the probability that an untreated pig is infected (ρ = 0.22), the
probability of a pig being treated (ρ = −0.18) and the mean
number of cysts in a heavily infected pig (ρ = 0.17). These five
parameters were included in an advanced sensitivity analysis. If
all other parameters are fixed, the probability of any one cyst
being viable has the largest influence over the ICER, with the
mean at 1% of the input value being $11.06 and at 99% of the
input value being $22.4.

DISCUSSION

The analysis indicates that from a societal perspective,
implementing a vaccination and treatment protocol in pigs
has the potential to enhance the incremental cost-effectiveness

ratio ($/potential infective event avoided) of a T. solium control
intervention based on enforcing meat inspection regulations. It
also indicates the potential for public sector investment, in this
case in the meat hygiene inspectorate, to leverage private sector
investment, e.g., in a vaccination and treatment protocol for
pigs, to “insure” the private sector against potential losses due to
regulatory standards.

Within the immediate aftermath of tightening meat hygiene

regulations it is expected that food producers will incur a degree

of financial loss as they adapt to the new regulatory environment
(66). Increased costs may relate to carcass or partial carcass
condemnation, or from the increased time required for stringent
meat inspection to occur. However, it would also be expected that
over time these losses would reduce and stabilize as the market
adapts to the new environment, with pork traders and butchers
seeking pigs from “improved” producers, or pre-screening pigs
for infection prior to purchase, in order to reduce their risk.
Screening of pigs by pork traders using lingual palpation has
already been reported in Tanzania (67) and Zambia (62) and
traders in Kenya have expressed an interest in “insurance” against
condemnation (47).

Providing small-scale farmers with the responsibility and
agency to bring a safe product to market is an important
aspect of improving and growing a viable pig industry in
T. solium endemic areas. How farmers address the problem
of T. solium, alongside other animal health and husbandry
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TABLE 2 | Model outputs.

Baseline (no pigs inspected)

(49)

All pigs presented for slaughter at

registered facilities (“formal

slaughter”) are inspected

Farmers utilize treatment protocol

for those pigs entering the formal

system

Estimated risk of infection from any

one pork meal consumed

0.006 (99% Uncertainty Interval

(U.I). 0.0002–0.0164)

0.0036 (99% U.I 0.00009–0.0118) 0.0012 (99% UI. 0.00003–0.0041)

Number of infective events/year in

Busia county

22,282* (99% U.I. 622±64,134) 14,709 (99% U.I. 368-52,209) 5,121 (99% U.I. 118-18,087)

Potentially infective events avoided

from baseline

N/A 7,500 (one-sided 99% U.I 0-21,912) 17,161 (99% U.I. 504-46,047)

Losses through condemnation of

carcasses

$10,665* (99% U.I. 652-32,200) $196,078 (99% UI 63,067–395,189) $67,143 (99% U.I 19.936–138,946)

Total treatment costs N/A N/A $17,363 (99% U.I. 14,828–19,825)

Cost to county government for meat

inspection services

$112,817 (99% U.I.

103,712–123,658)

$282,043 (99% U.I.

$259,279–$309,146)

$282,043 (99% U.I.

$259,279–$309,146)

Condemnation losses avoided

through treatment

N/A N/A $178,724 (99% U.I. 48,239–375,364)

Incremental cost of intervention from

baseline

N/A $354,730 (99% U.I.

219,694–$555,247)

$239, 102 (99% U.I.

$178,999–$352,102)

ICER ($/infective event avoided) N/A $59 (99% U.I $15–$402) $15 (99% U.I.$ 9.81–$33.75)

*Fixed as a static baseline for comparison with intervention models.

issues they may be facing, is essentially an individual decision
and the solutions chosen must be relevant to the context in
which they are operating. Encouraging farmers to invest in T.
solium control interventions may require a “carrot and stick”
approach including enforcement of meat hygiene regulations
and promotion of the potential profits afforded by producing
“safe” pork.

A combination of rewards and punishments, “carrots and
sticks,” have been demonstrated to have a stronger effect on
eliciting “correct” behavior, than either alone (68). In terms of
rewards to the farmer for adopting such pharmaceuticals there
are two potential ways in which revenue may be enhanced.
The use of oxfendazole also has the potential to improve the
profitability of pig farming through the treatment of the gastro-
intestinal nematode infections which are prevalent in many
small-holder pig systems. An overall gastro-intestinal nematode
prevalence of 91% was detected in small-holder pigs in Uganda
(69) and of 84.2% in western Kenya (70). Treatment of these
infections should lead to improvement in the feed conversion
efficiency of these pigs, leading to increased daily weight gain, as
has been demonstrated in cattle (71).

Rewards may also come in the form of a price premium, or
enhanced market access, for a high quality product, the goal
of many private food standards. Willingness-to-pay for pork
perceived to be “safe” has been previously demonstrated in China
(72), but the ability to pay a “safe pork” premium assumes a level
of disposable income which will allow a degree of inelasticity
of demand.

In China, where pork is a traditional component of the diet,
the price elasticity of pork has been shown to be low (73).
In sub-Saharan Africa pork is not a traditional food, though
as populations urbanize and incomes rise there is a rapid
increase in the volume of pork consumed in the region (74).
In Kenya the price elasticity of pork across rural and urban

households was also found to be inelastic at 0.96, although closer
to the threshold for a “luxury good” than beef, chicken, and
goat (75).

Consumption of pork in much of the region is still
predominately the domain of those in the upper income brackets.
In Kigali, Rwanda for instance pork has been referred to as “Benz”
(as in Mercedes Benz) designating it as a high-status product
(76), in Uganda the consumption of pork has been shown to
be significantly higher among families of higher socio-economic
status (77). Within this demographic there may be an ability to
pay such a “safe pork premium,” but willingness-to-pay for safe
food is not only a product of consumer incomes, but of education,
risk perception, cultural food preferences, and access to substitute
foodstuffs or food suppliers (72, 78).

Although the model presented here is of course only an
approximation of reality, with many assumptions incorporated,
it illustrates how providing pig farmers with access to
pharmaceutical products such as the Cysvax vaccine and
oxfendazole, could substantially reduce exposure of consumers to
a dangerous zoonotic infection as well as reduce potential losses
to the pork industry from the condemnation of pig carcasses,
or through the sale of infected pork through the “informal”
sector, assuming that these pigs obtain only 45% of the market
value (62).

Field trials have indicated the efficacy of the vaccination

and treatment protocol to reduce the prevalence of porcine
cysticercosis (43, 61, 79). Studies are now needed to establish
farmers’ willingness-to-pay for these pharmaceutical products
and the likelihood of uptake in the context of different regulatory
frameworks. In order to allow smallholder farmers in endemic
areas to adopt vaccination and treatment protocols, products
must be available through local suppliers of agro-veterinary
products, they must be appropriately packaged in appropriate
dosages for smallholder famers who own 1–5 pigs and sufficient
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extension services should be provided to raise awareness of
the products.

Protecting the food chain through meat inspection requires
that countries formulate and enact appropriate meat hygiene
legislation and also that sufficient staff are deployed and
facilitated including across potentially inaccessible rural areas.
Within the analysis presented here, the total cost of meat
inspection services has been allocated to T. solium control,
although these services provide goods far beyond this goal. Meat
inspection, including ante mortem inspection of the animals
arriving for slaughter, provides wider benefits than purely
cysticercosis control. By removing diseased animals from the
food chain, inspection aims to both reduce zoonotic disease
exposure to people and to assist in the detection and control of
some livestock diseases thereby providing public goods, which
cannot be appropriated by any one individual, to both consumers
and the livestock sectors, respectively (80). Meat inspectors, or
official veterinarians at meat processing facilities, also have a
role in ensuring facility hygiene, a role which provides possibly
the most important control on microbial contamination of meat
products (81).

Regulatory impact assessments and cost-benefit analysis of
meat hygiene regulations would be highly useful for policy
makers within endemic counties to enable more efficient
allocation of resources within already stretched public budgets.
Meat inspectors in Kenya are also trained animal health assistants
and their role also incorporates aspects of farm extension and
surveillance activities. Ongoing work in western Kenya on
the surveillance of zoonotic diseases will enable us to begin
quantifying the cost-effectiveness of deploying these professional
resources across a range of different surveillance and extension
activities. Providing economic data will allow countries to
prioritize interventions for the NTDs as they move into the next
phase of the roadmap to 2030 (82).

CONCLUSIONS

Through the use of a stochastic riskmodel, we have demonstrated
how within the context of enforced meat hygiene legislation,
adoption of a porcine vaccination and treatment protocol by
farmers may provide a quantifiable economic benefit to the pig
industry through a reduction in losses through condemnation.
A porcine formulation of oxfendazole (as Paranthic 10%) and
TSOL18 (Cysvax) are now in commercial production and
licensing is underway in several sub-Saharan African countries,
including Kenya. Programmes are now urgently needed to
provide access to these products to those who require them,
stimulate demand and monitor the uptake and cost-effectiveness
of these products if we are to be successful in the global goal to
control this important zoonotic parasite.
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Hog producers’ operational decisions can be informed by an awareness of risks

associated with emergent and endemic diseases. Outbreaks of porcine epidemic

diarrhea virus (PEDv) have been re-occurring every year since the first onset in 2013 with

substantial losses across the hog production supply chain. Interestingly, a decreasing

trend in PEDv incidence is visible. We assert that changes in human behaviors may

underlie this trend. Disease prevention using biosecurity practices is used to minimize risk

of infection but its efficacy is conditional on human behavior and risk attitude. Standard

epidemiological models bring important insights into disease dynamics but have limited

predictive ability. Since research shows that human behavior plays a driving role in the

disease spread process, the explicit inclusion of human behavior into models adds an

important dimension to understanding disease spread. Here we analyze PEDv incidence

emerging from an agent-based model (ABM) that uses both epidemiological dynamics

and algorithms that incorporate heterogeneous human decisions. We investigate the

effects of shifting fractions of hog producers between risk tolerant and risk averse

positions. These shifts affect the dynamics describing willingness to increase biosecurity

as a response to disease threats and, indirectly, change infection probabilities and the

resultant intensity and impact of the disease outbreak. Our ABM generates empirically

verifiable patterns of PEDv transmission. Scenario results show that relatively small shifts

(10% of the producer agents) toward a risk averse position can lead to a significant

decrease in total incidence. For significantly steeper decreases in disease incidence,

the model’s hog producer population needed at least 37.5% of risk averse. Our study

provides insight into the link between risk attitude, decisions related to biosecurity,

and consequent spread of disease within a livestock production system. We suggest

that it is possible to create positive, lasting changes in animal health by nudging the
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population of livestock producers toward more risk averse behaviors. We make a

case for integrating social and epidemiological aspects in disease spread models to

test intervention strategies intended to improve biosecurity and animal health at the

system scale.

Keywords: agent-based models, disease transmission, biosecurity, risk attitude, human behavior, porcine

epidemic diarrhea virus (PEDv), hog production

INTRODUCTION

In recent years, the hog production industry has been subjected
to incursions of both endemic and new diseases. In 2013, the
first outbreak of porcine epidemic diarrhea virus (PEDv) in
the U.S. shook the industry both economically and socially,
and required us to rethink effective disease-prevention strategies
(1, 2). PEDv is now an endemic disease and it is one of
the most severe infectious diseases in the hog industry with
∼80–100% morbidity and 50–90% mortality in suckling piglets
(3, 4). The virus can spread via direct, indirect and possibly
airborne transmission mechanisms (5–12). Direct transmission
involves animal-to-animal contact while indirect transmission
implies exposure to contaminated fomites. Furthermore, both
animal and environment can be reservoirs of the virus for long
periods, making it difficult to predict the time and place of new
outbreaks (13). There is no single successful control strategy
for PEDv, in part because of the complexity and large size of
the swine population, but also because of poorly-understood
transmission vectors, including inconsistent, and occasionally-
irrational behavior by humans in the industry. Thus, one aspect
of the problem has become clear: livestock disease spread is
not only epidemiological but also a matter of human behavior,
specifically the choices producers make to implement biosecurity
protocols or not (14).

Observed data published by the United States Department
of Agriculture (Swine Enteric Coronavirus Disease Situation
report—Mar 20181) show a high PEDv incidence in the winter
of 2014 followed by a significant decreasing trend over each
subsequent year (Figure 1). The data also exhibit seasonal cycles
with winter seasons generally carrying higher PEDv incidence.
While there are likely a number of factors influencing the
variability in the data, we became interested in the steady
decreasing trend. Since the pathways of virus transmission have
stayed the same through time, why has incidence decreased?
Likely, this is evidence of a change in the response to
disease within the production system. We therefore investigate
how shifts in human behaviors and risk mitigation strategies
longitudinally affect contagion dynamics.

Biosecurity has been considered the most important
prevention strategy for PEDv (14). Biosecurity practices such
as disinfecting footwear, showering and wearing clean clothes
before entering production premises, vehicle washing and
disinfecting can be employed to mitigate PEDv transmission
both within and between farms (15–17). Although producers
have access to biosecurity information and implementation

1http://www.aphis.usda.gov/animal-health/secd

FIGURE 1 | Time series of the number of confirmed new PEDv positive

premises by week. Gray bars report data for the U.S. and green bars for the

state of North Carolina (NC). The data are available for the period 06/01/2014

to 02/25/2018. Issued on June 5, 2014, a Federal Order required the reporting

of swine enteric coronavirus diseases including PEDv (https://www.aasv.org/

aasv%20website/Resources/Diseases/PorcineEpidemicDiarrhea.php). On

March 6, 2018, USDA rescinded the Federal Order (https://www.aphis.usda.

gov/aphis/newsroom/news/sa_by_date/sa-2018/secd-reporting). The dark

green line traces the decreasing trend in incidence in NC with a slope m =

−0.02. This is equivalent to an average decrease from about 20 new cases in

the month June, 2014 down to eight new cases in the same month in 2017.

instructions, their risk attitude can influence the willingness to
comply with biosecurity protocols (18, 19). Hereafter, we refer
to this operational willingness to obey the rules as “compliance”
with biosecurity protocols. Failure to comply with biosecurity
practices can lead to infection, increased mortality of pigs of
all ages and economic losses for the farm. A second aspect of
biosecurity is the willingness by managers and owners to invest
in biosecurity, for example purchasing truck-washing equipment
or installing air-filtration systems. For this reason, human
decision-making factors, in addition to epidemiological factors,
are essential pieces needed to understand disease dynamics and
their associated economic repercussions (20).

From an applied perspective, clarifying the mechanisms that
link human risk attitude to biosecurity adoption and compliance
will aid in understanding long-term disease risks and help to
develop strategies for controlling disease incurrence (21). At the
forefront of disease prevention are people involved with daily on-
farm practices or decisions regarding the biosecurity standards
on a farm. However, not everybody perceives disease risk in
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the same way (20, 22) and biosecurity practices are not applied
homogenously and at the same level across farms (23, 24). Critical
research on human decision-making shows that behaviors are
not immutable and can be nudged toward standards that are
more beneficial both for the individual and the larger community
(25). In the case of disease for example, both the producer
and the production system can benefit from improved disease
control by shifting individual producers’ behaviors toward higher
biosecurity engagement (20). The integration of epidemiological
and social disciplines can provide insights (26) on the effect
of shifts in human behavior directed at protecting farms from
disease incursions.

A useful approach for studying the mechanisms by which
both epidemiological and human-behavioral factors affect disease
spread is in a simulated environment where factors can be
varied and tested for their effects. Epidemiological models
describe the biological and environmental components of disease
transmission and evolution (5, 10, 27–30) but do not address
the role of human behavior in the process of spreading disease
between animal production facilities (19). Melding epidemiology
with human behavioral science acknowledges that people play a
role in maintaining animal health and offers a potentially richer
framework to understand the dynamics of disease and inform
prevention strategies (18, 26).

Agent-BasedModels (ABMs) have been applied to study social
phenomena and analyze macroscopic patterns that emerge from
the interaction of a number of agents programmed to behave
according to specified rules (31, 32). ABMs are computational
models that attempt to capture the behavior of autonomous
agents within their environment. An ABM usually consists of:
(1) Agents, which represent actors characterized by attributes
and behaviors; (2) Agent relationships and functions for their
interactions and; (3) an environment in which the agents are
embedded and with which they can interact. Sometimes agents
can be part of a population and share characteristics and/or
behaviors. Agents can receive information and/or learn and
therefore have adaptive capabilities. The strength of ABMs is the
ability to model complex systems from the bottom up with agents
that have believable and realistic behaviors (33, 34). In situations
characterized by risk as in the onset of a disease outbreak, the
heterogeneity of human responses can lead to complex and
dynamic outcomes challenging to foresee. Therefore, modeling
agents with human-like characteristics including the ability to
appraise and respond to events also with non-rational behaviors,
is essential for social-ecological studies (18, 35). An example of
the potential of ABMs for epidemiological applications came
from the Models of Infectious Disease Agent Studies (MIDAS2).
In this collaborative effort, a set of ABMs was developed to
investigate avian flu transmission incorporating epidemiological,
environmental and social aspects and has been used to analyze
outbreaks, model outcomes of interventions involving human
behaviors and shape policies to help reduce the impact of
avian influenza (34). Because ABMs allow explicit modeling
of decision-making processes, interactions and networks, they
represent an effective approach for simulating the system

2https://www.epimodels.org/drupal-new/

structure of the swine industry, specifically by incorporating both
disease dynamics emerging from virus transmission with animal
and feed movement, and human decision processes influencing
biosecurity and movement interactions.

To form a better view of PEDv disease dynamics with the role
of human behavior, we built an ABM at the scale of a regional hog
production system. We modeled disease spread among a variety
of different agents: (1) producers with different holding types
(farrow-to-finish, farrow-to-wean, wean-to-feeder. . . ), (2) feed
mills, and (3) slaughter plants. The modeled hog supply chain
includes both single- and multi-site production with networks
of pig movement and feed deliveries. The other two main
ABM components are the epidemiological and human decision-
making components. The epidemiological component contains
the mechanisms of PEDv transmission (direct and indirect),
while the human behavioral component accounts for risk attitude
and decision-making that influence biosecurity in the system.
The elements of human decision-making and behavior were
selected to reflect patterns observed by industry professionals
to have major effects on farm biosecurity: (1) psychological
distancing (36) that leads to a relaxation of compliance with
biosecurity protocols as time passes without experiencing disease;
(2) responsiveness to disease presence and; (3) the willingness
of farm managers/owners to invest in biosecurity. The explicit
inclusion of human behavior into the ABM provides a dimension
for accounting for both the willingness to implement preventive
biosecurity measures and to comply with them. Thus, with agent-
based modeling we can represent the influence of responsiveness,
heterogeneity, information exchange, psychological distancing,
and interactions of humans and the environment.

This paper presents and compares the disease-spread
consequences of human decision-making simulated using an
ABM of a swine production system. To this end, we design agent
populations with proportionately varied risk attitudes observed
from an online digital field experiment. These range from
risk averse strategies that allocate more preventative biosecurity
during outbreaks to risk tolerant attitudes that gamble with
very little biosecurity investment. As the risk attitude influences
the agent behavior in our ABM, we analyzed temporal patterns
of disease incidence emerging from the simulated scenarios
of heterogeneity in risk attitudes within the population of
producer agents.

METHODS

The agent-based model (ABM) used in this study was built
off a previous ABM called “Regional U.S. Hog Production
Network Biosecurity Model” (RUSHPNBM) originally created
by Wiltshire et al. (37) and Wiltshire (38). The purpose
of these ABMs has been the study of PEDv transmission
in swine production systems. The ABMs are developed in
AnyLogic3 software with all functions written in Java4. The
main developments of the model for the current study
include the addition of: (1) seasonal disease cycles; (2)

3https://www.anylogic.com
4https://www.oracle.com/technetwork/java/index.html
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environmental infection events simulating persistence of PEDv
in the environment which allowed for reoccurrence of the
disease at previously infected sites; (3) on-farm infections
from visitor vehicles other than hog or feed trucks; (4) agent
adaptive functionalities (e.g., human behavioral processes such
as willingness to adopt biosecurity and psychological distancing);
(5) risk attitude categories derived from digital field experiments
and; (6) webDb database for data input and output. The
model’s design and implementation relevant for the current
study are provided here and further details can be found
in the Supplementary Material and in Wiltshire (38) and
Wiltshire et al. (37). The main idea of the current ABM is to
model both forward and feedback processes that describe the
influence of (1) human risk attitude on biosecurity choices,
(2) biosecurity on the probability of disease transmission,
and (3) disease status on human decisions around biosecurity
mediated by risk attitude. The ABM’s process flow can be
divided into a structural, an epidemiological and a human
behavioral component (Figure 2), described in the following
sections. The values of the model parameters are given in the
(Supplementary Material).

Structural Component: ABM
Representation of the Swine Industry
The structural component simulates a hog production system
with agents representing production premises, feed mills and
slaughter plants. The hog production chain simulated for this
study is a system mirroring the density, operation types and sizes
of production units found in North Carolina with data provided
by the Farm Location and Agricultural Production Simulator
(FLAPS) tool which draws from the USDA Census of Agriculture
and aerial images (39). Feed mills and slaughter plants were
initialized at random locations with numbers obtained from
public data and expert advising. Hog production in the U.S. is
increasing, which has resulted in increased vertical integration.
Multiple sites are used in the production flow with specialized
sites for sows, weanlings, growers and finishing pigs, or any
combination of these growth stages. The ABM production agents
are therefore also characterized by one of six holding types
(farrow-to-wean, wean-to-feeder, feeder-to-finish, farrow-to-
finish, wean-to-finish, and feeder-to-finish), size (total number of
animals), and number of pig batches (groups of pigs of the same
age). Other structural parameters include the basic functions
of the hog production system such as the process of birth and
growth. Birth, growth and movements of pigs are modeled at
the group level using batches of pigs of the same age. The
production system of the hog industry requires transfer of hogs
from one holding type to the next and in the end to the slaughter
plant. For instance, in a three-site production system a pig
batch moves from farrow-to-wean to wean-to-feeder to feeder-
to-finish sites before finally being sent to the slaughter plant. Pig
batchmovement as well as feed deliveries generate heterogeneous
interactions among agents and are included in the ABM using
networks of transportation (Supplementary Figure 1). These
networks are modeled with agents having set trading and service
areas according to their industry role and characterized by
neighborhood structures.

Epidemiological Component: ABM
Representation of Disease Transmission
The ABM epidemiological component is network-based and
spatially explicit in that it simulates disease spread via both
direct and indirect mechanisms related to the movement of
animals and feed across the production network. It is coupled
with a stochastic state transition model including Susceptible
(S) and Infectious (I) states. Probability functions regulate the
transmission of disease in single agent interactions while the
network structure of animal and feed movement determine
the ultimate pattern of disease spread. Each simulated agent
(hog producers, slaughter plants, and feed mills) may become
infected (state I) during an interaction with another agent
with a probability that depends on the type of interaction, the
agent’s biosecurity and a seasonality factor. Specifically, each
type of movement interaction is associated with an independent
probability of infection calculated using a logistic function. The
logistic functions describe the infection probability’s dependence
on the agent’s biosecurity with coefficients derived from the
estimates provided using expert opinion. The seasonal variability
in PEDv infectivity is modeled as a sinusoidal adjustment
on the logistic probability function that varies with time and
ultimately generates higher infection probabilities in winter
and lower in summer. Explicit representation of disease spread
mechanisms and functions for our ABM are detailed in the
Supplementary Material section titled The agent-based model’s
epidemiological sub-model.

Aside from the movement of contaminated pigs and feed, two
additional sources of infection are implemented: (1) from visitors
arriving at the production site and (2) from PEDv surviving
in the environment within or around a production site (5, 13,
40). In our ABM, we account for the first infection source by
simulating events of visitors on the production sites associated
with a logistic infection probability function dependent on the
producer agent’s biosecurity (Supplementary Tables 1, 3). To
account for the environmental infection, 0.3% of producers are
randomly infected during an event scheduled once a year on a
day selected from a triangular distribution defined on the range
from mid-September to mid-December with mode the first week
of November.

Human Behavioral Component: ABM
Representation of Biosecurity
Decision-Making
We explicitly investigated the importance of capturing human
behavior with interaction and feedbacks between humans and
the environment. The producer agents in our ABM have adaptive
capabilities and are reactive in that they do not learn but simply
respond to signals from other agents and the environment. In
the model, a population of veterinarian agents is encoded, each
with its own network of hog producers. Within the network,
the veterinarian tracks the number of hog producers affected
by disease and reports it back weekly. The producer agents
are encoded with a set of rules to simulate decisions to alter
biosecurity at their facility in response to the disease status
in their veterinarian network. Our goal was to explore the
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FIGURE 2 | Agent-based model (ABM) process flow. It highlights the ABM’s main components and processes of how the Porcine Epidemic Diarrhea virus (PEDv) can

spread through the network structure of the swine industry and is influenced by human behavior. The ABM structural component mimics the swine industry with three

types of agents: P, producer; FM, feed mill; and SP, slaughter plant. Agents interact via networks of hog and feed movement. The ABM epidemiological component

simulates the risk of PEDv transmission associated with movement through these network connections disease spreads. Human decisions on biosecurity also

influence infection risk. Disease spread depends on the probability of disease transmission on the networks and influences the biosecurity level on farms.

influence of reactive behaviors on biosecurity and ultimately
disease incidence.

To reflect heterogeneity of human risk attitude and allow
the evaluation of a variety of human behaviors, the ABM
has underlying human processes with parameters for risk
attitude, biosecurity investment, responsiveness to disease,
and psychological distancing. In particular, the agents’ risk-
attitude is directly linked to their response to disease by
determining the threshold number of neighboring infected
production premises necessary for an agent to react and
increase its biosecurity with a probability >0.9. We associate
risk aversion with higher propensity to adopt biosecurity. For
example, risk averse agents almost always increase biosecurity
as soon as there are three production premises infected in
their veterinarian network. On the opposite side of the risk
spectrum, risk tolerant agents increase their biosecurity quasi
certainly only when they know that there are nine or more
infected production premises in their veterinarian network.
In summary, the ABM agent behavior originates from a risk
attitude distribution with four categories (risk averse, risk
opportunists, risk neutral, and risk tolerant); four forms of
disease response, one for each risk attitude category are used
to simulate biosecurity response-to-disease strategies; and a
utility function for psychological distancing, which simulates
the waning of biosecurity compliance since an infection
event. The detailed description of parameters and methods
for the ABM human behavioral component are provided in
the Supplementary Material section The agent-based model’s
human behavioral component.

Risk-Attitude Scenarios Analysis
The goal of this study was to better understand the extent
to which shifts in the composition of risk attitudes in the
agent population change the incidence of PEDv outbreaks.
To this end, we ran a scenario analysis where we shifted
fractions of the producer population between risk tolerant and
risk averse categories and then evaluated the resulting PEDv
incidence. Six model scenarios were compared to a reference
baseline scenario (Table 1), assigned to the case where the
producer population is evenly distributed across all risk attitude
categories upon model initialization. The populations of feed
mill and slaughter plant agents were kept at even percentages
of agents across the four risk attitude groups in all seven
scenarios. The baseline scenario in particular was the reference
for being the model that we calibrated against observed data.
The ABM calibration was performed using AnyLogic software
with the built-in genetic algorithm by matching the observed
(Figure 1) and the simulated PEDv incidence. More information
about the calibration methods and results can be found in the
Supplementary Material, section Calibration of ABM’s human
behavioral component. For the six alternative scenarios (Table 1),
all the model parameters were kept fixed at the calibrated
values (Supplementary Table 1), while the initial proportion of
population in the risk attitude groups were varied. For this
analysis, the ABM was run over the time period spanning
from 12/27/2009 to 02/25/2018. The first part of this period
until 05/31/2014 was used to stabilize to model. The period
06/01/2014 to 02/25/2018 overlapping the observations’ time
series (Figure 1) produced the data for the analysis. We executed
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TABLE 1 | Risk attitude scenarios.

Scenario % risk averse producers % risk tolerant producers

Baseline 25 25

12.5% averse 12.5 37.5

17.5% averse 17.5 32.5

22.5% averse 22.5 27.5

27.5% averse 27.5 22.5

32.5% averse 32.5 17.5

37.5% averse 37.5 12.5

Each scenario represents a different initial condition in the model representing the

configuration of risk attitudes in the producer agent population. Columns 2 to 3 report the

relative percent of producer agents in each risk attitude group for the seven scenarios.

The baseline is the scenario used to calibrate the model. The percentages of producers

assigned to the risk neutral and risk averse categories are maintained fixed at 25% in all

the scenarios. The increase of risk averse percentage across scenarios aligns with a larger

section of the producer population adopting biosecurity with relatively higher probability

as a response to disease presence.

Monte Carlo experiments with 800 replicates for the seven
separate scenarios and collected disease incidence data.

Statistical analyses on incidence outputs from each scenario
were performed using R (41) software. We calculated summary
indicators such as total incidence and linear trend coefficients, to
characterize the output time series of PEDv incidence and then
applied non-parametric statistical tests to compare the indicators
across scenarios. Specifically we proceeded in the following ways
for each summary indicator:

• Total incidence: It is defined as the sum of incidence over
the simulated time period. We built distributions of total
incidence from the 800 Monte Carlo replicates for each
scenario. We then compared the distributions across scenarios
both visually with box-plots and statistically with non-
parametric tests. We applied non-parametric tests because
the data did not meet either the assumption of normality
(p > 0.0001 in Shapiro-Wilk test) or the assumption of
equal variances (p > 0.0001 in both Brown-Forsythe test and
Fligner-Killeen test). We first applied the k-sample Anderson-
Darling test with all the distributions of total incidence and
then compared the distributions pairwise with the two-sample
Kolmogorov-Smirnov test. Box-plots were used to show the
median, minimum, and maximum values and quantiles of the
simulated incidence totals for each scenario.

• Linear trend coefficients: A linear regression model was fit
to each of the 800 simulation runs for all scenarios and the
values for the coefficients intercept and slope were collected.
Box plots of intercept and slope showed the characteristics
of the underlying distribution of coefficients’ datasets. The
non-parametric k-sample Anderson-Darling test followed by
the two-sample Kolmogorov-Smirnov test were applied to
compare distributions across scenarios because the data did
not meet either the assumption of normality (p-value >

0.0001 in Shapiro-Wilk test) or the assumption of equal
variances (p-value > 0.0001 in Brown-Forsythe test and
Fligner-Killeen test). The Monte Carlo averages of both the
simulated incidence and trend coefficients were calculated to
display temporal patterns and trends for each scenario.

In all post hoc multiple pairwise comparisons with the
Kolmogorov-Smirnov test, a Bonferroni adjustment was applied
by testing individual hypotheses at the level α∗ = 0.05/21 (where
21 is the number of tests).

RESULTS

The scenario analysis performed in the study addressed the
sensitivity of PEDv incidence outputs given changes in the
proportions of producer agents assigned to the risk averse and
risk tolerant categories in the ABM. We performed statistical
tests to measure the effect of seven distributions of risk attitudes
(Table 1) on the spread of PEDv within the hog production
system simulated in our ABM. The results of the non-parametric
tests comparing the distributions of total incidence, linear trend’s
intercept and slope are shown by the compact letters above
the box-plots in Figures 3–5. Box-plots are presented to show
overall patterns of three indicators and visualize their distribution
characteristics across scenarios. The 12.5 and 37.5% averse
represent the two extreme scenarios. The baseline is the scenario
with an equal percentage (25%) of producers in both the risk
averse and risk tolerant categories.

Total Incidence Indicator
The compact letters in Figure 3 show that there are some
significant differences in the distributions of incidence totals
across scenarios. All scenarios except for the “22.5% averse” one,
which was only 10% less risk averse than the baseline scenario,
have distributions significantly different from the baseline
scenario. Generally, the scenarios with lower percentage of risk
averse producer agents (12.5%, 17.5% averse; compact letter “a”)
hadmore simulation runs that produced relatively high incidence
totals (larger interquartile ranges) compared to the other
scenarios. In contrast, scenario runs with higher proportions of
risk averse producer agents (32.5 and 37.5% averse; compact
letter “d”) lead to significantly different distributions of incidence
totals characterized by lower medians and narrower ranges. All
the scenarios appear to be right-skewed with some outlying
values indicating that in all Monte Carlo experiments there were
simulations where the system became very vulnerable to high
PEDv infection. This is particularly evident for scenarios 12.5
and 17.5% averse. Overall, the scenarios indicate that the ABM
is significantly sensitive to risk attitude shifts as small as 10%
producer agents moving from being risk tolerant to being risk
averse. Therefore, the total incidence indicator responds to the
risk attitude distribution within the population.

The comparative box-plots provided an unexpected result
when analyzed in relation to the observed total incidence
(Figure 3, dashed black line). The ABM tends to underestimate
the total incidence. While all scenarios produced some
realizations with total incidence close to the observed one, none
had the median aligned around the observed total incidence.
The scenario with the most risk tolerant producers (12.5%
averse) provided the highest number of simulation runs close
to the observations in terms of total incidence. These results
may suggest that we need to adopt a baseline model that is
calibrated on an initial population of producers with relatively
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FIGURE 3 | Box-plot of the distributions of total PEDv incidence (sum of new infection cases over the simulated time period) for each scenario. Each scenario

represents a different distribution of risk attitudes within the population of producer agents in our ABM. The baseline-scenario population has equal proportions of

producer agents in the all four groups (risk averse, risk opportunistic, risk neutral, risk tolerant). Three scenarios (12.5, 17.5, and 22.5% averse) tested the effect of

reducing the number of risk averse producers by shifting a fraction (10, 30, or 50%) of producer agents from the risk averse to the risk tolerant category and are color

coded with red shades. The other three scenarios (27.5, 32.5, and 37.5% averse) tested the effect of increasing the number of risk averse producers by shifting a

fraction (10, 30, or 50%) of producer agents from the risk tolerant to the risk averse category and are color coded with blue shades. Each scenario distribution is

drawn from a Monte Carlo experiment with 800 replicates. The compact letter display indicates significance from pairwise comparison. For the scenarios sharing a

letter there is no evidence of a difference for that pair of distributions at adjusted α* = 0.002 level (Bonferroni adjustment for 21 comparisons). The black dashed line

marks the total incidence in the observed data.

higher percentage of risk tolerant. Alternatively, the current
baseline model could be correct and the observed data could
represent a rare case that happened to be actualized in reality.
Only independent data on risk attitude collected from a sample
of producers can help answer this question.

Trend Intercept and Slope Indicators
The linear regressions fit on the incidence data in relations
to time provided significant trends (Table 2). The R-squared
of the linear models are < 0.2 ± 0.14 reflecting the high
variability in the data mostly due to the seasonal cycles. Even
with the high variability, the data provide significant trends
and information about disease incidence change with time. The
median p-values show significant trend formost of the simulation
runs. The average p-values further indicate the presence of outlier
regressions with non-significant trends. Overall, the data support
the existence of significant changes in the incidence with time.

We found significant effects of risk attitude shifts in the
coefficients describing the linear trends of incidence through
time (Figures 4, 5). In general, the two extreme scenarios (12.5
and 37.5% averse) showed significantly different distributions
compared to the baseline scenario. For example, a shift of
risk averse agents from 25% (baseline) to 37.5% (more risk

averse population) results in a steeper median trend (20% more
negative), in other words, disease spread decreases faster. When
we look at intercepts, an initial producer population with 37.5%
risk averse agents created a situation where the PEDv virus had
less infectivity since the simulation start with a median intercept
of disease incidence 22% smaller than the intercept of the baseline
scenario. We could not claim statistical support for a difference
in the distribution of intercepts and slopes between the baseline
scenario and the close scenarios (17.5, 22.5, 27.5, and 32.5%
averse) except for the case of the intercept distribution for the
17.5% averse scenario (same compact letters in Figure 4).

In all scenarios, more than 75% of the simulation runs
provided a linear trend with negative slope and positive intercept
capturing the same linear trend shown in the observed historical
PEDv incidence. This means that most of the simulations
reproduced a situation where the disease incidence was higher
at start (June 2014) and decreased with time. Fewer runs (<25%)
in each scenario showed instead a positive trend indicating some
model realizations in which the PEDv outbreak led to a growing
incidence through time. These positive-trend cases emerge in the
stochastic approach of Monte Carlo experiments where, by the
law of large numbers (of simulations) more rare outcomes may
also be realized. These cases accentuate and call the attention to
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FIGURE 4 | Box-plot of the intercept distributions derived from the PEDv incidence trends for each scenario. Description details as in Figure 3.

FIGURE 5 | Box-plot of the slope distributions derived from the PEDv incidence trends for each scenario. Description details as in Figure 3.

the stochastic nature of disease spread dynamics indicating that
there can be unexpected outcomes of disease spread even when
the system is calibrated to contain and reduce infection.

The observed intercept and slope falls either outside or at the
edge of the inter-quartile range for all the scenarios indicating
that most of the model simulations realized a weaker decreasing
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TABLE 2 | Regression model fitness indicators.

Scenario Model R-squared Model p-values

Mean Std. dev. Median Mean Std. dev. Median

Baseline 0.2 0.14 0.18 0.03 0.12 6.40E-10

12.5% averse 0.18 0.14 0.15 0.04 0.13 1.87E-08

17.5% averse 0.19 0.14 0.18 0.03 0.13 4.14E-10

22.5% averse 0.2 0.14 0.19 0.04 0.15 1.85E-10

27.5% averse 0.2 0.14 0.18 0.02 0.11 3.65E-10

32.5% averse 0.2 0.14 0.18 0.03 0.12 8.75E-10

37.5% averse 0.2 0.14 0.19 0.03 0.13 2.34E-10

Summary statistics of p-values and R-squares of the linear regression models (trends) of

disease incidence vs. time. For each scenario, 800 regression models were fit.

trend compared to the observed one. This means that the ABM
parameterization tends to create dynamics of disease spread
with overall lower incidence across time than what occurred
in reality. The graphs in Figure 6 display the time series of
PEDv incidence for the observation data and for the scenario
averages, calculated across the 800 Monte Carlo runs, along
with their trends. Our outputs demonstrate that the mechanisms
and parameterization of the ABM are capable of reproducing
decreasing PEDv incidence through time thanks to the dynamics
of human behavior where agents could respond to PEDv presence
by increasing biosecurity. In other words, the human behavioral
assumptions built into our ABM influencing biosecurity and
disease transmission probabilities, allowed the realizations of
negative incidence trends. Furthermore, the higher propensity
to increase biosecurity assigned to risk averse agents did result
in lower incidence when there was a sufficient number of risk
averse agents in the population. Despite the fact that most of the
simulations missed the observed initial high peak of incidence,
the shaded areas displaying the averaged Monte Carlo outputs
plus and minus one standard deviation demonstrate that the
ABM did realize disease outbreaks with high peaks of incidence.

DISCUSSION

The epidemiological data on PEDv available for the period
of June 1st, 2014 to February 25th, 2018 shows a decreasing
trend in PEDv incidence. Because the characteristic pathways of
infection of the virus have not changed over time, we deduced
that something has been changing in the hog production system
that has improved the control of the virus. Both the literature
and collaborating stakeholders refer to human behaviors with
respect to both in compliance with and investment in biosecurity
as critical for disease-protection management. This implies a key
role of humans in the processes of controlling virus transmission.
To better understand how changes in behavioral patterns could
reflect changes in PEDv incidence, we developed an agent-based
model (ABM) able to examine the role of human risk attitude
to PEDv incidence within a simulated production system.
Our model outputs reproduced a significant decrease in PEDv
incidence through time. An important finding from our scenario
analysis was that the average decreasing trend is significantly

affected by the model’s initial state, defining the proportion of
the producer agents assigned to two risk categories, risk averse
and risk tolerant. An increase as small as 10% more risk averse
producer agents resulted in a 19% decrease in the median total
PEDv incidence, which is equivalent to 36 fewer PEDv cases
over the course of the analysis period (∼4 years). To observe
a significantly steeper decrease in incidence requires that more
than 37.5% of the population be in the risk averse category. The
implication is that biosecurity adoption and influencing factors
of adoption (for example risk attitude) are a critical consideration
when creating strategic plans or policies for disease control. Our
modeling analysis reinforces the message found not only in field-
specific papers but also in general papers such as in (42) who calls
for developing more effective approaches for integrating social
dynamics of epidemics to build more realistic models.

PEDv incidence data are highly variable and reflect the
complex social-ecological structure of the swine industry. While
the Monte Carlo results capture much of the system variability,
different parameter sets appear to more closely align with the
observed PEDv data (Figures 3–6), i.e., the initial conditions
allowed us to calculate the fraction of simulation runs whose
patterns are statistically close to the recorded incidence patterns.
An interesting finding is that a producer-agent population with
only 12.5% agents in the risk averse category resulted in statistical
indicators where the median is closer to the observed value.
In considering potential adjustments for our model, this result
suggests to use the risk-attitude distribution from 12.5% averse
scenario as a model set-up for realizations closer to the observed
PEDv pattern.

An aspect of complexity present in the observed data is
their variability at several time scales including weekly, seasonal,
and inter-annual variability. The inter-annual variability for
example is visible in the timing of the observed incidence
peaks (Figure 6 top panel, example: the 2015–2016 winter
peak occurred earlier than in 2014–2015). Our ABM uses a
sinusoidal function calibrated to peak in January and therefore
produces incidence oscillations that are more regular with time.
A variety of reasons can be postulated to explain the complex
variability in the observations including weather variability,
changes in production components and/or routes and stochastic
factors affecting disease spread. Our model simulates a closed
production system where all the hog and feed movements are
bounded within the region. Even if designed around the North
Carolina configuration of production premises, the model does
not include the complex network system that extends beyond
the state boundary into other U.S. states. These out-of-state
movements add potential for disease transmission and may
contribute to the higher observed incidence compared to the
averaged simulated one.

Human behavior and decision making represent a challenge
in the animal production industry because of their complex
interconnectedness with protection from disease (18, 19, 23,
43, 44). By weaving human behavioral components into
epidemiological processes, our ABM is a unique tool for
evaluating the effects and efficacy of disease control strategies
compared to more traditional epidemiological models that lack
social dynamics. Our ABM was equipped with two behavioral
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FIGURE 6 | Model results for PEDv incidence for the seven risk attitude scenarios (Table 1). Observed PEDv Incidence and its linear trend are overlaid in green. (A)

Time series of averaged simulated PEDv incidence (lines) and one-standard-deviation bands derived from the 800 Monte Carlo runs for each scenario. (B) Zoom on

simulated outputs with overlaid trends obtained from averaged linear regressions on each simulation run. The green line represents the linear trend of the observed

data. The other colors are the same as described in the legend of the top panel.

processes that act in opposition: (1) responsiveness to regional
disease incidence with consequent increase in biosecurity and (2)
psychological distancing with consequent decrease in biosecurity
as time increases since an infection. Model calibration provided
the appropriate tension between the two processes to match the
observed decreasing trend in PEDv incidence. With these two
behavioral processes we were able to capture important features
of the PEDv dynamics as shown in our results. We recognize
however that there is a variety of interplaying socio-psychological
factors that influence decisions, as skillfully illustrated byMankad
(18). Yet our ABM is a simplified but progressive effort toward
more realistic representation of epidemics.

PEDv is highly contagious and lethal in piglets that has
resulted in substantial losses for the North America’s swine
industry. All industry actors are aware of the devastating
consequences of disease incursion. The regular reemergence of
PEDv indicates that there is still work to do on the epidemiology
and microbiology of the virus but also on the role of humans,
which necessitates the investigation of practices carried out
in the industry and behaviors that allow the virus to survive
and become active. Intensive research efforts in the past 5
years have brought new information about the viability of
the virus (5, 7, 12, 30, 40, 45–47), and vaccines have been
researched in various countries around the world. Vaccine

efficacy has shown to be low (48) although a recent study had
promising results with a new vaccine that was immunogenic and
effective in growing pigs (49). Prevention of the virus therefore
relies on good biosecurity practices with active participation
of producers and all industry stakeholders in this complex
supply chain network. Crucial for biosecurity to work is the
proper training of staff and a culture of compliance with
the protocols.

Human risk attitude is a driver when examining the role of
human behavior as a factor in disease transmission. Our study
suggests that shifting producer attitudes toward risk aversion is
beneficial for the whole production system because it will result
in reduced disease incidence. In balancing cost and benefits of
biosecurity, our modeling outputs show that an engaged effort
from the population of producers toward more risk averse,
biosecure behaviors (e.g., readiness to enhance biosecurity and
limiting psychological distancing) is effective in the control and
reduction of PEDv spread. Our study points at the substantial
opportunity provided by shifting behavior; however, from a
production system perspective, altering a substantial proportion
of a population’s behavior represents a significant challenge.
Yet, significant progress has been shown in other industries,
for example when we alter choice architecture and provide
behavioral nudges (25, 50).
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Here we demonstrated the need to better understand
the cognitive processes underlying decision-making about
biosecurity, and highlight possible realizations of the impact of
changing behavior on the spread of disease in the swine industry.
However, in this research we coded biosecurity investment
decisions based on the risk of acquiring a disease. Obviously,
disease risk is an important factor when considering biosecurity,
but it is not the only factor. A complex array of factors exists
that influence biosecurity decisions that differ by individual and
further depend upon the objectives of the organization, regional
policies, logistical factors, and the array of behaviors by other
actors in the swine network (e.g., feed mills, truck drivers,
veterinarians, slaughter plants, processors, auction houses, etc.).
Yet, research has shown that risk attitude can be an important
decision-making factor. Like all models, our “model is wrong, but
hopefully it is useful” (attributed to George Box 1976) because it
provides a quantitative approximation for how human behavior
and decisions can influence the spread of disease.

CONCLUSION

The onset of PEDv in the U.S. hog industry was a singular
experience for all stakeholders because of its high infectivity
and rapid spread. Data show however that in 4 years, PEDv’s
potent spread appeared constrained with overall incidence
reduced. Social dimensions can play a significant role in
the biosecurity decisions of swine producers. We geared
our epidemiological model with human behavioral processes
connected to biosecurity and disease, and demonstrated the
opportunity and impact associated with changing biosecurity
behavior on PEDv incidence or, with a more positive spin, a
healthier animal production systems. If on one side, targeted
interventions to critical nodes of a production system may prove
important to inhibit disease “super-spreaders,” on the other, our

study shows that shifts in the overall industry toward a more
risk averse culture can yield more biosecure facilities along with
consistent and long-term industry-wide protection from disease.
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Caprine brucellosis is a main constraint for small-scale goat husbandry systems in the

Global South, as it negatively affects production parameters and can be transmitted

to humans. The aim of this manuscript is to point out opportunities for brucellosis

control in a resource poor area. The present paper draws from previous research in two

Mexican states, Jalisco and Michoacán, both within the Bajío region. Main opportunities

for brucellosis control are discussed within the “Sustainable Livelihoods Perspective.”

Goat farming gives farmers a number of livelihoods benefits: food, cash, prestige, and

a job. Goat farming is also a reason for some farmers to stay in their villages rather

than to migrate to the US. This livelihood strategy, however, is threatened by brucellosis,

which is endemic in the goat population of the region. Brucellosis control, however,

offers an opportunity for small-scale goat farmers to enhance health and welfare. The

socio-economic context is very important in planning a successful brucellosis control

campaign. Control strategies should be planned considering the local goat farming

husbandry and the views of the farmers.

Keywords: Bajío, disease control, livelihoods, “One health”, smallholders, zoonosis, goats, participatory methods

INTRODUCTION

Brucellosis is a common zoonotic disease worldwide (1). Despite the wealth of knowledge,
including tools like vaccines and serological tests, brucellosis remains endemic in Mexico as in
many other countries of the global South (2). Goats are the natural host of Brucella melitensis,
which is considered to be the most virulent Brucella specie in humans. Caprine brucellosis is a
great constraint for smallholder goat farming development and a threat for public health and for
farmers’ livelihoods (3). Although brucellosis is unlikely to be a fatal disease in humans, who are
accidental hosts, it is a severe health condition, very debilitating, and disabling (4).

It causes high fever and may lead to complications, such as arthritis and spondylitis, abortion in
pregnant women and orchitis inmen (5, 6). Brucellosis infections are often not timely recognized as
fever, an early symptom, is a clinical sign of many other infectious diseases. In developed countries,
it can happen that physicians are not alert to suspect brucellosis in patients as brucellosis is not
present in domestic livestock from many northern countries (7–9).

Disciplinary research with regard to brucellosis has been key for the control of brucellosis.
Vaccines and serological testing are important technologies that have been used with great success
in developed countries (10, 11). In the Global South, however, these technologies are not widely
adopted by farmers and therefore brucellosis control is still ineffective. Smallholder farmers in
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the global South are embedded in complex context which is
characterized first by the various purposes livestock husbandry
has. First, keeping animals is a source of income, food, security,
manure, prestige, and security among others. In addition
livestock husbandry is often one of many other activities
or strategies that farmers have. Second, strong governmental
institutions are often lacking and third are prone to shocks,
trends, and seasonality; which can be droughts, inflation,
insecurity, and violence to mention some. Thus, strategies to
improve livestock husbandry need to be in harmony with
farmers’ goals aiming to help them to better cope with a tough
environment. The sustainable livelihoods framework can be an
approach to capture the complexity of farmers livelihoods (12).

The aim of this paper is to explore feasible opportunities for
brucellosis control in Mexico through the lens of the sustainable
livelihoods perspectives. We argue that current control strategies
for brucellosis in goats could have more impact if they are
drawn from a liveslihoods perspective. This paper is organized
as follows: as a background we first present a brief explanation
of how brucellosis control is organized in Mexico and briefly
show the current status of brucellosis in livestock control
in Mexico and the incidence of human brucellosis in recent
years. We then characterize the goat farming system and how
goat farmers make a living. Finally an explanation of the
linkages between goat husbandry and brucellosis endemicity is
presented to show opportunities for brucellosis control based on
farmers livelihoods.

BRUCELLOSIS IN MEXICO: POLICIES AND
PROGRESS TO CONTROL IT

Brucellosis control in Mexico is based on a set of rules issued
in 1995 (13). The “Norma Oficial Mexicana NOM−041-ZOO-
1995” enlists the steps to control brucellosis. Three phases of
brucellosis control are considered: (1) control, (2) eradication,
and (3) free. Actions vary depending on the progress in a region
as follows:

Control
Applied to a region with high seroprevalence (>3%). The core
strategy is to vaccinate all ruminants.

Eradication
For a region with a low seroprevalence (<3%) the strategy focuses
on test-and-cull of seropositive animals.

Free
A region and also individual farms can obtain a free status
recognition if the herds of cattle and flocks of small ruminants
have been seronegative in 3 consecutive years. The core strategy
then is continuous surveillance.

Only three municipalities of the west northern state Sonora
are free of brucellosis. Sixteen municipalities have reached the
eradication phase. The latter belong to 13 states scattered in
central Mexico, in the south-east, western coast, and one state in
the north coast. All other municipalities are in control phase (14).

The campaign for eradication and control for brucellosis is
decentralized; each state has a committee for animal production,

health, and welfare. Committees are funded by public resources.
For the control of brucellosis, committees receive resources
from the federal government to pay for staff salaries, vaccines
against brucellosis, and biological reagents; i.e., Rose Bengal
test to run serological analysis. The way each committee
administrates its resources varies largely. Some committees hire
their own field staff for vaccination and surveillance while other
committees provide inputs for freelance veterinarians. Freelance
veterinarians will offer their services to farmers and charge for
their services to farmers.

LIVELIHOODS AND GOAT HUSBANDRY

The sustainable livelihoods perspective is utilized to analyze
how farmers make use of their capabilities, assets, and strategies
to make a living and to cope with shocks, trends, and
seasonality (12).

The five key capitals often considered in livelihoods
perspectives are: (1) Natural capital; such as farmers’ crop and
grazing land. (2) Social capital; farmers’ connections and working
together patterns. (3) Financial capital; income, credits, and
cash. (4) Human capital, people’s health, age, gender, knowledge,
and skills. (5) Physical capital, infrastructure, and the means to
generate financial capitals such as goat flocks (15).

Within the livelihoods perspectives these five key capitals help
people to withstand a vulnerability context where shocks, trends,
and seasonality occur. A shock can be a disease outbreak, trends
are for example, declining rural population and seasonality can
refer to farming cycles; milking, lambing, cropping, harvesting,
and others like, weather related cycles. Capitals are also themeans
by which people implement livelihoods strategies; these are
for example, livestock husbandry, off-farm work, and cropping
among others, resulting in outcomes such as more income,
reduced vulnerability, and more sustainable natural resource
based (15). Livestock is often considered a vital physical asset
which can help people to be less vulnerable and even the means
to step out of poverty (16).

We have used mixed methodology of qualitative and
quantitativemethods to characterize goat farmers livelihoods and
caprine brucellosis status in theMexican Bajío within the states of
Michoacán and Jalisco (17). We have chosen this region because
is a goat dairy basin area within the Bajío of Mexico (Figure 1).

The Bajío is located in west central Mexico and has been
characterized since colonial times by the quality of the crop land.
Main crops are maize, wheat, beans, and chickpeas by the Goat
husbandry played a key role in farmers livelihoods. Figure 2
shows a feedback system representation of goat husbandry. From
a longitudinal survey with 46 farmers chosen by convenience we
found that average number of dairy does in flock was 65. Does
required human capital; this is farmers’ care and work, in return
farmers obtained animal protein from goats, i.e., milk and meat.
The average milk yield was 0.80 liters per day per doe. Goat’s milk
was sold, which provided a weekly income.

Besides labor, a goat flock required inputs such as feed and
veterinary drugs. Goats were integrated to the cropping system
of the region and were herded to graze crop residues while their
manure was a natural fertilizer. Having goats allowed people
to work with others, farmers helped each other in their tasks
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FIGURE 1 | Localization of the research area. Source: own elaboration.

by taking turns in grazing two or three flocks together. In
addition goat kids were gifts to pay back for favors or services.
Bajío farmers were often granted to herd their flocks to graze
crop residues in neighbors’ crop land. In return farmers made
payment-in-kind with a goat kid (17). In general, goat farming
popularity among resource-poor farmers of the region shows
a revival contrasting with figures at national level where the
number of goat farmers dropped by 40 between 1991 and 2007
(18, 19). Smallholder farmers of the Bajío are eager to keep goats
for the following three reasons:

First, jobs scarcity; well-paid jobs in the region are scant and
undocumented emigration to the USA has become riskier and
tougher. A farmer said to us when we asked him why is that he
became a goat farmer:

“Here in this village you either have goats or you go to the US;

I was once an immigrant. I did not like it, this why I am a

goat farmer.”

Farmers appreciate very much goat farming as it is a source
of income. They said colloquially “it is better to herd than be
herded” meaning that farmers are happier being their own boss
rather than obeying someone else. Goat farming can be carried
out by landless farmers.

Second, a growing demand for goat milk and cropping maize
the main staple crop is less profitable. The demand for goat milk

is triggered by the caramel industry. This industry monopolizes
goat milk trade to make caramels sold in Mexico and in the US.

Third, the relative low cost of feeding goats. In the Bajío region
of Michoacán and Jalisco goat husbandry is pre-dominantly a
pastoral activity. Goats are herded to graze crops residues in the
valleys during the dry season and native vegetation in the hills
and mountains during the rainy season.

Besides goat farming other livelihood strategies are utilized by
households to make a living, such as cropping, other livestock
rearing (cattle, poultry, pigs, and sheep), off-farm work, and
remittances (3).

BRUCELLOSIS CONTROL:
OPPORTUNITIES FOR
SUSTAINABLE LIVELIHOODS

A drawback of goat husbandry in the area is brucellosis
endemicity in the goat population. Our serological survey in
1,768 goats showed a high brucellosis apparent prevalence in
goats: 11–38% depending on the region (20). Not surprisingly,
villagers avoid goat milk in their diet. Drinking goat milk
causes fever farmers said. Moreover, brucellosis has afflicted
farmers badly, according to the testimonies of two farmers
one had a spinal involvement due to brucellosis and the
other epididymo-orchitis.
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FIGURE 2 | Flow chart of livelihood assets around goats. Source: own elaboration.

Brucellosis infections in humans are shocks, which are part of
the vulnerability context and have a negative effect on the human
capital. Likewise brucellosis outbreaks in goat flocks diminishes
farmers physical capital quality due to abortion, mastitis,
infertility, and goat kid mortality (21). Hence, brucellosis control
is an opportunity to reduce farmers’ vulnerability, increase their
income and well-being, improve food security, and provide a
better natural resource base. We do not need to reinvent the
wheel, enough technologies have been out for a long time.
The key is then to understand farmers’ limitations to adopt an
effective brucellosis control strategy.

VACCINATION: EFFECTS AND COSTS

Brucellosis in livestock can be controlled with the use of
vaccines. The efficacy of vaccination in small-ruminants is well-
documented (21–24). We found significant difference in the
seroprevalence of goats depending on difference in vaccination:
38% in Jalisco (poorly vaccinated) and 11% in Michoacán
(intensively vaccinated) (20).

It is generally accepted that vaccination is inexpensive, but
this is not so for Mexican farmers. In Jalisco farmers willing to
vaccinate their flocks were charged 10 Mexican pesos per goat
[in 2008 the exchange rate of a Mexican peso (MX) was 0.08
US (25)]. While this price per goat vaccinated might be seen as
inexpensive, it was not to the farmers who were used to vaccinate

goats against other diseases, and these costs were about nine
times cheaper compared to brucellosis vaccination. Furthermore,
during the field work we noticed that freelance veterinarians in
Jalisco rarely visited farmers to offer the vaccination and once a
veterinarian vaccinated goats at the wrong time of the year; goats
were pregnant when vaccinated, resulting in an abortion storm in
some of the flocks [(15), p. 92].

So farmers can be reluctant to invest in vaccination being
afraid for potential errors at vaccine application and because
the unawareness of the benefits of brucellosis control can have
through vaccination.

We have simulated the economic benefits of different control
strategies for various scenarios (26). The simulation was run
through a series of epidemiological and economic models.
Our models have shown that a regional caprine brucellosis
vaccination campaign can be economically rewarding for the
goat sector (26). The cost/benefit ratio of vaccination was 3.8
MX and the net present value was 3.2 MX. We could not
calculate the benefits on human health, to our knowledge this
has not been evaluated yet in Mexico. Roth et al. (27) showed
that the economic benefits of vaccination of cattle and sheep in
Mongolia were substantial; three times higher than the cost of the
intervention for the whole country in a 10 year-period (about 18
million USD), taking the impact on human health into account.

According to our models in Oseguera Montiel et al. (26)
vaccination with Rev 1 does not eradicate brucellosis though

Frontiers in Veterinary Science | www.frontiersin.org 4 July 2019 | Volume 6 | Article 216105

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Oseguera Montiel et al. Caprine Brucellosis Control in Mexico

it will reduce its prevalence. In brucellosis endemic goat
populations, brucellosis vaccination on its own can lower the
seroprevalence by two thirds in a 10 year-period. To lower the
prevalence below 3%, which is the eradication phase according
to the Mexican law, will need a test-and-cull strategy. Caprine
brucellosis eradication, through test-and-cull is considered to be
hard to achieve and is most unlikely to happen in developing
countries. A possibility to apply a test-and-cull strategy could be
to add value to goat milk by entering a different market through
a value chain. Our research showed that test-and-cull approach
becomes feasible in economic terms if farmers could sell their
milk for a three times higher price (26).

Currently the goat milk processing industry does not pay
more for milk coming from brucellosis free flocks, probably
because goat milk is used for caramels and they see no risk of
brucellosis for consumers as the pathogen does not survive the
production process. Farmers’ opportunity then is by negating
the dairy industry, e.g., brucellosis control could offer an
opportunity to create a new market. A potential marketing
possibility could be to offer goat products directly to consumers
by-passing middlemen, retailers, and the big dairy industry.
Farmers in the study site are close to good potential markets,
such as Guadalajara metropolis with 4 million people about
150 km from the villages. Farmers have to get involved in
local initiatives promoting fair trade of their products which
need to be of good quality and free of pathogens, especially
Brucella spp.

PARTICIPATORY BRUCELLOSIS
CONTROL STRATEGY

It seems that little attention is given to the problems farmers
in the global South encounter to implement brucellosis control
strategies. Engagement of farmers in designing the control
strategy is very much needed. Thus, a good understanding of
farmers’ practices, knowledge, interests, beliefs, and experiences
is needed (28). We propose a strategy that takes into account the
latter aspects.

First, help farmers to reach better markets. A positive feedback
loop has to be sought, i.e., better quality and safe milk resulting
in better cash returns to farmers. Farmers’ main concern is the
milk price, which does not keep up with the inflation. If they
could get a better price for their milk when they have a brucellosis
free flock, surely they will make the efforts to reach that status
brucellosis away from their flocks.

Second, recognize farmers’ knowledge and experience to
gain their support. Various stakeholders such as milk buyers
and state employees of the agricultural ministry (veterinarians,
extensionists) showed low esteem of farmers and are arguing
their lack of knowledge (29). Ethnographic methods (e.g.,
participatory observations and in-depth interviews) have shown,
however, that farmers have a wealth of knowledge of the
agro-ecology of the region, goat diseases, treatments, disease
prevention, cropping, and economics (3). Farmers’ knowledge
explains partly why goat husbandry has persisted for almost 500

years and farmers have adapted production goals over time. And
their knowledge will be useful for the design of brucellosis control
strategies which are suited to farmers’ socio-economic situation
and agro-ecological context.

Third, Compensate farmers for their loss if a test-and-cull
strategy. Financial support has been key for the success of
brucellosis control campaigns in European countries (30). A
proper test-and-cull strategy will bring down the prevalence
more quickly. But test-and-cull will be very difficult to implement
when farmers have to bear the costs on their own or when milk
prices do not allow investment in test-and-cull.

Fourth, Make farmers more aware of all aspects related to
brucellosis. While farmers have a wealth of knowledge on goat
husbandry and some diseases including brucellosis there are
some knowledge gaps to tackle. Especially farmers should be
better informed about the implications of brucellosis in goats and
ways to prevent infections in animals and humans. Broadcasting
to inform farmers about brucellosis is an option, but there
is a range of other possibilities. Smits (23) suggested the use
of text messages in mobile phones, another possibility is to
include some entertaining lectures about brucellosis for children
in rural schools.

Fifth, Farmers couldmake use of their milk for their own use if
they can boil their milk to minimize risks of brucellosis infection.

Sixth, A regional approach is needed to effectively control
brucellosis. Brucella pathogens can spread beyond administrative
borders (23). Brucellosis control in Mexico is organized within
the boundaries of states. Direct and indirect transmission of
brucellosis among goats of more than one state is possible and
very likely as goats are traded between states or graze in border
areas and in territories of two states alike.

CONCLUSIONS

In developing countries such as Mexico, caprine brucellosis is
a great constraint for smallholder goat farming development
and a threat for public health and especially for farmers’
livelihoods. Brucellosis control has proven to be complex, and
goes beyond veterinary sciences. By an understanding of farmers
assets, livelihoods strategies, and their environment a livelihoods
perspective approach helps to understand how farmers can
benefit when they implement brucellosis control strategies.
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To promote public health, Finland has adopted a stringent Salmonella control policy.

However, the rationale of Salmonella control in pig feeds has been debated after a

European Union (EU)-wide cost–benefit analysis, which provided mixed, country-specific

results on whether control measures are economically beneficial. The aim of this study

was to analyze the costs and benefits of current pig feed Salmonella control in Finland

compared to a reduced control scenario. In addition, this study contributes to the

literature by looking at the costs across stakeholder groups. The costs of preventive

and monitoring measures were assessed, and a Monte Carlo model was developed

to simulate costs caused by Salmonella contaminations along the pork supply chain

(including feed importation, commercial feed manufacturing, feed transportation, mobile

feedmixers, pig farms, slaughterhouses) and because of human salmonellosis originating

from contaminated feed. The data were collected from official records and feed sector

operators by surveys and interviews. The prevalence of Salmonella was obtained from

a previously conducted risk assessment study. The total costs of pig feed Salmonella

control were estimated on average to be e4.2–5.4 million per year (95% of simulated

years between e2.1 and e9.1 million) for the current control scenario, and e33.8–34.8

million per year (95% e2.2 to e26.0 million) for the reduced control scenario. In the

reduced control scenario, the monitoring and prevention costs were decreased down to

e1.1–2.1 million, and the costs of Salmonella contaminations and human salmonellosis

were up by e32.7 million when compared to the current control scenario. The results

suggest that the current pig feed Salmonella control policy of Finland is economically

profitable. It can reduce the costs caused by feed-related Salmonella contaminations

on average by e29.4 million per year and provides public health benefits. Pig feed

Salmonella control can support the effectiveness of the Finnish Salmonella Control

Programme. The current pig feed Salmonella control policy benefits the consumers,

while a substantial part of the costs are covered by feed operators. In order to

increase the acceptability of current policy, greater attention to the allocation of financial

responsibilities regarding the control measures may be required.
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108

https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://www.frontiersin.org/journals/veterinary-science#editorial-board
https://doi.org/10.3389/fvets.2019.00200
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2019.00200&domain=pdf&date_stamp=2019-07-09
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles
https://creativecommons.org/licenses/by/4.0/
mailto:Jarkko.niemi@luke.fi
https://doi.org/10.3389/fvets.2019.00200
https://www.frontiersin.org/articles/10.3389/fvets.2019.00200/full
http://loop.frontiersin.org/people/279138/overview
http://loop.frontiersin.org/people/761768/overview


Niemi et al. Salmonella Cost-Benefit Analysis

INTRODUCTION

Salmonella is a bacteria which can cause food-borne illness and
negatively affect human health. It can be transferred between
humans and nonhuman animals through contaminated food,
drink, or the environment. Salmonellosis can incur economic
losses to society due to increased health care costs, lost working
days when people are ill, and mortality (1). Ao et al. (2)
estimated that that 3.4 (range 2.1–6.5) million human cases of
invasive non-typhoidal Salmonella disease occur globally each
year. In the European Union member states, Salmonella is the
most frequently reported pathogen in food (3). In 2013–2017,
there were 19.7–21.0 human cases of salmonellosis per 100,000
population reported in the European Union (4). In Finland,
∼1,500 to 3,000 salmonellosis cases (26–58 cases per 100,000
population) have been reported each year (5), and about 2 out
of 3 cases have been acquired from abroad. However, 70–90% of
the actual cases have been estimated to remain unreported (6, 7).

The association between Salmonella contamination in feed
and pigs is well known and epidemic feed-borne Salmonella
outbreaks have occasionally been experienced. For instance, in
2003, a feed-borne outbreak of Salmonella cubana occurred in
Sweden as a result of contamination in a feed plant. Salmonella
cubana was detected in 49 of 77 pig farms having received
possibly contaminated feed (8). A study published in 2008 (9)
found that the prevalence of Salmonella spp. in slaughter pigs
within the European Union (EU) was 10.3%. The estimates
ranged by member state from 0% in Finland to 29% in Spain
(9). The European Food Safety Authority (EFSA) (10) has
estimated that around 10–20% of human Salmonella infections
in EU may be attributable to the pig reservoir as a whole.
Their quantitative microbial risk assessment analysis suggested
that an 80 or 90% reduction in lymph node prevalence should
result in a comparable reduction in the number of human cases
attributable to pig meat products. EFSA (10) further suggests
that by feeding only Salmonella-free feedstuffs, a reduction of
10–20% in high-prevalence member states and 60–70% in low-
prevalence member states were foreseen in slaughter pig lymph
node prevalence.

The literature shows several measures which can be used to
mitigate the risk of Salmonella [see, e.g., review by Andres and
Davies (11)]. Following appropriate biosecurity and feed-based
interventions are among the most important measures to be
taken. Preventive measures to control diseases can also lead to

increased public trust toward the food system [see Clark et al.
(12)]. To promote public health, Finland has adopted a stringent

Salmonella control policy (13). The policy aims to decrease the

occurrence of Salmonella across the food supply chain. The
Finnish Salmonella Control Programme (FSCP) (14) covers the
Salmonella surveillance and risk management measures for pigs,
beef, and poultry, and the meat and eggs derived from these. At a
national level, it aims to protect consumers through ensuring that
<1% of animals andmeat are contaminated with Salmonella. The
program takes measures to reduce the risk of Salmonella-positive
eggs or meat from reaching the market (15).

FSCP has been regarded to achieve high food safety targets
of meat, milk, and egg food chains without high costs (16).

FSCP has been regarded as economically profitable in the broiler
meat supply chain (17–20), whereas the financial viability of
Salmonella control in the pig sector or for feedstuffs has not
been investigated. Salmonella control in pig feeds has been
considered only by an EU-wide cost–benefit analysis (21), which
evaluated five different Salmonella control options across the
EU member states. These options varied depending on whether
biosecurity at the farm, interventions based on high or low
Salmonella prevalence, or transport and slaughterhousemeasures
were taken into account. In most cases, the benefits of the
control options were lower than their costs. In the case of
Finland, two options were financially viable [i.e., Net Present
Value (NPV) was positive]: these included an establishment of
a Salmonella control support unit and some increased sampling,
as well as feed control measures either with or without transport
and slaughterhouse measures. By contrast, an establishment of
a Salmonella control support unit and some increased sampling
with or without specific feed practices and farm-level biosecurity
were not financially viable (21).

Studies provide conflicting evidence on whether feed-related
interventions to control Salmonella are economically viable.
While some studies have found that feed-related interventions
can be financially beneficial either as such or as part of a wider
program [e.g., Lawson et al. (22); Sundström et al. (23); Gavin
et al. (24), FCC consortium (21)] other studies have found their
costs higher than the benefits [e.g., Miller et al. (25); Goldbach
et al. (26)].

While feeds, especially imported feed materials and feeds,
are considered the most important source of Salmonella
contaminations in animals, FSCP does not cover feedstuffs.
However, the feed law does not allow feed in Finland to contain
Salmonella. The feed operators must indemnify damage for a
buyer of feed when the feed does not comply with the legal
requirements, even when the incompliance is not caused by
intent or negligence (Finnish Feed law, 86/2008). This principle
is called strict liability. The prevalence of Salmonella in the
Finnish pork chain is low [e.g., Maijala et al. (16)], and Jensen
and Unnevehr (27) suggest that intervention costs increase
when the desired level of pathogen approaches zero. Hence,
is it relevant to investigate whether a control program is
economically viable.

To comply with the regulations, feed operators apply
voluntary and mandatory prevention and monitoring measures.
This, together with the FCC consortium (21) results, has
stimulated discussion on whether the current Salmonella control
in pig feeds is cost-effective. The issue is scientifically and
empirically interesting from several perspectives. Firstly, the
overall financial viability of the pig feed Salmonella control is a
pertinent issue. Secondly, another relevant question is how the
costs and benefits of pig feed Salmonella control are distributed
along the supply chain. This is important because if the costs
of control are paid by different stakeholders rather than those
who benefit from themeasures, then some stakeholders may have
inadequate economic incentives to promote stringent Salmonella
control. Hence, this article contributes to the literature by
studying the costs and benefits of the pig feed Salmonella
control program across stakeholder groups. The data were
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collected from official records and from feed sector operators
through surveys and interviews, conducted simultaneously with
a risk assessment related to Finnish pork production. The
epidemiological analysis was obtained from Rönnqvist et al. (28).
The analysis takes into account the current Salmonella control,
including statutory and voluntary measures, and compares the
current situation with a reduced control scenario where current
statutory Salmonella controls are applied in pig farms but not
in full for the commercial feed manufacturers or feed or feed
material importers.

MATERIALS AND METHODS

Salmonella Control Scenarios
Two scenarios to control Salmonella in pig feeds were compared.
The first scenario corresponded to the current Salmonella control
policy. The second scenario represented a reduced control policy.
The main differences between the scenarios are represented
in Table 1. In the reduced control scenario, fewer prevention
and monitoring activities were targeted on imported feed,
commercial feed manufacturing, feed storage, and mobile feed
mixers in the reduced control than in the current control
scenario. Some control measures were eliminated completely. If
Salmonella was detected in feed, no actions were assumed to be
taken to eliminate the pathogen from feed under the reduced
control scenario. Salmonella contaminations in pigs or pork were
assumed to be treated similarly in both scenarios.

While the price parameters were similar for both scenarios,
there were differences in the parameters representing a
prevalence of Salmonella and differences in whether themeasures
to monitor, prevent, or eradicate the bacteria were taken.

Computational Model
In order to assess the costs and benefits of pig feed Salmonella
control in Finland, a model to simulate two types of costs
for a given control scenario was developed. The costs were
simulated on an annual basis. The first type of costs was costs
associated with measures to prevent Salmonella. These included
the cost of feed (heat) treatment and other measures to reduce
the risk of Salmonella contamination, cleaning measures and
pest control at different stages of the supply chain, statutory
Salmonella sampling and official control checks made by
authorities, and self-monitoring measures related to Salmonella
control in commercial feed manufacturing. The second type
of costs includes costs caused by realized Salmonella outbreaks
and Salmonella arising from the contamination of pig feed.
These costs included the costs of cleaning facilities where
Salmonella-contaminated feed or pigs had been detected; the
costs of treating contaminated feed with substances permitted
to treat feed; losses due to idle production capacity at feed
manufacturing, feed storage, or farms; costs due to Salmonella
observed at slaughterhouse or in pork; costs due to human
cases of salmonellosis; and tracing, product recalls, and labor
and material input associated with these measures. The model
considered these two types of costs to different stakeholders
across the pork supply chain. The stakeholders included feed
importers, commercial feed manufacturers, feed transporters,

TABLE 1 | Measures applied in the current and in the reduced Salmonella control

scenario, and the proportion of measures applied in the reduced control scenario

(% of the current control policy costs which are incurred in the reduced control

scenario)a.

Salmonella control measures

applied

Current controla Reduced control

CONTROL AT IMPORT OF FEED AND FEED MATERIALS

Official control measures Yes No (0%)

Self-monitoring, sampling Yes Reduced (50–90%)

Quarantine storage for high-risk feed Yes No (0%)

Eradication of Salmonella when

detected

Yes No (0%)

CONTROL AT COMMERCIAL FEED MANUFACTURING

Treatment of feed, labor and

materialsb
Yes Reduced (95%)

Maintaining appropriate hygiene Yes Yes (100%)

Pest control Yes Yes (100%)

Official control, sampling Yes No (0%)

Samples as self-control Yes Reduced (50–90%)

Self-monitoring and related

documentation

Yes Reduced (80%)

Eradication of Salmonella when

detected

Yes No (0%)

CONTROL AT MOBILE FEED MIXERS

Treatment of feed Yes Reduced (50%)

Official control and sampling Yes No (0%)

Maintaining appropriate hygiene Yes Yes (100%)

Samples as self-control Yes Reduced (50–90%)

Self-monitoring and related

documentation

Yes Reduced (75%)

Eradication of Salmonella when

detected

Yes Reduced (0–100%)

CONTROL AT PIG FARMS

Treatment of feed, acid treatment Yes Yes (100%)

Sampling Yes Yes (100%)

Maintaining appropriate hygiene Yes Yes (100%)

Eradication of Salmonella when

detected

Yes Yes, if detected in

pigs (100%)

CONTROL AT SLAUGHTERHOUSE

Extra measures if Salmonella is

detected

Yes Yes (100%)

a In the current control policy scenario, all costs and measures were applied in full, which

corresponds to 100% adoption rate in the reduced control scenario. Percentages in the

reduced control scenario indicate which proportion of current control measures were

applied, and hence, which proportion of costs were incurred when compared to the

current control policy scenario.
bHeat treatment for production volumes more than 6 million kilograms, except liquid feed,

vitamin, and mineral mixes.

mobile feed mixers, pig farms, slaughterhouses, taxpayers
(government), and consumers of pork. The benefits of effective
Salmonella control were because of a reduced costs burden
caused by realized Salmonella outbreaks and Salmonella arising
from the contamination of pig feed (possibly leading to
contamination of pigs or their environment).

The total annual costs (L) of control and prevention measures
plus costs caused by Salmonella contaminations and human
infections in each scenario were calculated as:
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L =

H
∑

h=1

PhCh+

24
∑

i=1

pa′iwiQi +

9
∑

j=1

pa′′jwjQj

+

14
∑

k=1

PftkwkQkdk +

2
∑

r=1

PapprwrQrθ1,r

+

4
∑

m=1

PmwmQmθmfdm

where h refers to one of H cost items associated with preventive
or monitoring costs; Ch refers to the total costs of item h,
which is implemented fully or partly because of the goal of
reducing Salmonella contamination; Ph is the proportion of
prevention or monitoring measures’ costs Ch that are associated
with item h (i.e., if a measure is adopted for multiple reasons,
this parameter indicates the contribution of the Salmonella
control to the costs); i, j, k, and r are indices representing
feed material (i), feed (j, k), or animal type (r), respectively,
in connection with measures associated with the treatment
of Salmonella-contaminated materials, animals, or humans; m
refers to “severity” of human salmonellosis; pa′i, pa

′′
j, Pftk, Pappr ,

and Pm represent the probability of Salmonella contamination
or prevalence of Salmonella contamination occurring in i, j,
k, r, or m; w is the cost caused by Salmonella contamination,
or eradication of the pathogen, in i, j, r, k, or m; dk is the
proportion of true infections that will be detected; dm is the
proportion of each type of human infection; θ is the proportion
of infections related to contamination in feed; and Q represents
the quantity of pig feed materials, pig feed, pigs, or humans in the
study population.

For feed materials at import and storage prior to feed
manufacturing, pa′i is the apparent prevalence (pa′) of
Salmonella in feed material batches of 25 tons. For costs
incurred at the industrial feed manufacturing stage, the apparent
prevalence of Salmonella in manufactured compound or
complete feed (pa′′j) was used. The occurrence of Salmonella
contamination in pigs at the farm was modeled by using the
probability of contamination (Pftk), and the probabilities were
specific to feeding type and animal (complete feeds for sows,
piglets or fattening pigs, farm-made feeds plus complementary
feeds for sows, piglets or fattening pigs). As this was the true
prevalence, only the proportion dk was considered to result in
costly eradication measures.

The incidence of Salmonella in slaughter pigs was assigned
with the observed prevalence of infections (Papp) represented
by the prevalence in the lymph node samples, and the costs
for infection (wr) were relative to the number of pigs that
were assumed to be influenced in the batch when a Salmonella-
positive pig was detected. Finally, the annual prevalence of
Salmonella infections in humans Pm was determined as a
proportion of observed infections that could, according to the
source attribution model, be linked to pig feeds. PmwmQmθmf dm
therefore represent the product of the prevalence in humans,
size of the population in Finland, reporting factor f = 11.5
(21), proportion of infections associated with contamination
in feed, and the proportion of infections associated with each

type of human infection and cost wm per infected person. The
following sections characterize information used to parameterize
the model.

Data
The information needed for the cost–benefit analysis was
gathered from several sources, including the reports of the former
Finnish Food Safety Authority (Evira), which has been called
the Finnish Food Authority since January 1, 2019, the Finnish
Farm Registry, and from a questionnaire that administered to
the feed producers in Finland. The data were collected, and the
simulations were carried out for 2013.

Data on the volume of pig meat and feed production, and
the number of pig farms and pigs in Finland were based
on the statistics of Luke (29) and Evira (30). The costs of
preventive measures were defined for seven large commercial
feed manufacturers, which produced in total 290,000 tons of
commercial pig feed in 2013, as well as for 12 mobile feed
mixers, which produced 33,000 tons of pig feed, and all the pig
farms in Finland (∼1,600 farms in 2013). Commercial pig feed
producers use the vast majority of the imported high-risk feed
material listed in the Decree of the Ministry of Agriculture and
Forestry on the pursuit of activities in the animal feed sector
548/2012. For this reason, the amount and cost of imported-
high risk feed were estimated for these operators’ production. The
costs related to the time used for self-monitoring were assessed
for pig farms that were registered as feed manufacturers (about
400 farms), as only these farms have a statutory requirement for
self-monitoring.

The questionnaire was sent to nine feed mill operators, of
which six responded. From the 432 pig farms that had reported
feed manufacturing, 61 returned completed questionnaires
and 53 other farms informed that they no longer had pork
production. Only 2 mobile mixers out of 12 filled in the
questionnaires. All the respondents did not answer all of
the questions. Therefore, any missing operator information
was added by using information sourced from other similar
operators. Besides the questionnaire, complementary data were
gathered by interviewing a mobile mixer and the staff of a
feed mill. In addition to the survey and the interviews, cost
and price information was collected from laboratories; service
providers collaborating with the feed industry, such as pest
control operators and warehouse operators; and experts in the
feed industry.

Costs of Measures to Prevent Salmonella
Costs of preventive measures related to the import of feed and
feed materials are caused by statutory Salmonella sampling (self-
monitoring and official monitoring), possible fees by authorities,
and quarantine storage for high-risk feed materials. The Finnish
Food Authority (formerly Evira) is responsible for controlling
Salmonella in feed. The control is based on legislation and
described in the annual control plans. This covers the control
of feed mills and other operators. The authorities carry out spot
checks for the imported and non-imported feeds and control that
feeds meet legal requirements.
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In Finland, Salmonella samples are taken as official sampling
from high-risk feed imported from outside the EU member
states, and mainly as self-monitoring from the high-risk feed
within the EU member states. More intensive monitoring
is currently required for high-risk than non-high-risk feed
materials. A Ministry of Agriculture and Forestry decree on
the pursuit of activities in the animal feed sector (548/2012)
states that high-risk feed materials listed in annex 3 of the
decree (for example, soybean, rapeseed, and meals derived
from these are considered as high-risk materials) and feed
imported from outside the EU member states must be analyzed
by official sampling, and by self-monitoring when importing
from the member states. The amounts of imported high-risk
feed materials used for pig feeds were evaluated based on the
amount of manufactured pig feed per operator and the sample
pig feed recipes obtained from feeding experts. The imported
high-risk feed material attributed to pig feed production was
about 55,000 tons in 2013. The additional warehouse capacity
for the prolonged storing of feed at the harbor because of
waiting for laboratory results for 4–6 days was included in
the costing.

For the commercial feed manufacturers, such as feed mills,
costs related to preventive measures consisted of Salmonella
sampling, the treatment of feed, maintaining appropriate hygiene
and cleanliness in the facility, self-monitoring, pest control, and
official inspections, including the official Salmonella samples.
Feed manufacturing was controlled by inspections and sampling
based on the authorities’ control plan, which focuses on those
control points considered most risky. All the feed manufacturers
were required to have a self-control system for a hazard
analysis and critical control points (HACCP). Sampling and
other measures are defined by the HACCP. Large feed mills
were inspected annually. It was mandatory for all feed operators
who produced more than 6 million kilograms of feed per
year to treat their products with heat or acid to mitigate
Salmonella in feed (Finnish feed law 86/2008, 23 §). Based on
the survey, only two of the operators used other treatments than
heat treatment.

Acid treatment, maintaining appropriate hygiene related to
mobiles, self-monitoring measures, and official inspections were
considered as Salmonella control measures applied by mobile
feed mixers. In the case of pig farms, costs included in the
assessment were Salmonella sampling, pest control, maintaining
appropriate hygiene and cleanliness in feed storages and feeding
facilities, and acid treatment when using liquid feeding (about
70% of farms).

The costs were assessed by first estimating the total annual
cost of monitoring and preventive control measures. These
costs were obtained from the stakeholder survey and interviews.
Second, a share of these costs was attributed to pig feed in
relation to the share of manufactured pig feed of all feed,
since especially commercial feed production operators purchase
materials and produce feed for many types of animals, and
further to Salmonella control, as all the measures besides
Salmonella sampling were assessed to be carried out also to
prevent other diseases than Salmonella. The share attributed to
Salmonella was evaluated by the feed sector experts individually

to each measure, and they represent the proportion of costs that
could be saved if Salmonella control were to be discontinued.
This approach was chosen in order to take into account that
preventive measures may mitigate both Salmonella and other
diseases. As feed heat treatment would be carried out to some
extent also when there was no mandatory Salmonella control,
zero percent of the costs of treatment equipment maintenance
and installation costs, and 20% (feed mills), 50% (mobile mixers),
and 10% (farms) of the labor and material costs were assigned
to Salmonella. Overall, 25% of the costs of official feed control,
maintenance of appropriate hygiene and cleanliness, pest control
(except 14% for feed mills), and self-monitoring (except 50%
for feed mills) were assumed to be attributed to Salmonella.
Potential impacts of preventive costs to market-clearing prices
and quantity traded were not considered in the current analysis
because the costs were fairly small when compared to the volume
of Finnish pork production.

The parameters assumed to represent the costs of preventive
measures in the current control scenario are provided in Table 2.
Table 1 summarizes the proportion of preventive and control
costs incurred in the reduced Salmonella control scenario when
compared to the current control policy scenario.

Cost of Human Salmonellosis and
Salmonella Contaminations in the Pork
Chain
As a consequence of the Salmonella control, fewer Salmonella
contaminations along the pork supply chain and fewer human
cases of salmonellosis can occur, thus reducing the costs of
illness and contaminations along the food supply chain. The costs
related to Salmonella were first estimated per Salmonella case,
and then the number of cases was simulated for the two control
scenarios by using a seeded Monte Carlo simulation model
programed in MATLAB R2014b 8.4.0.150421 (MathWorks
Inc., USA) to calculate the total annual costs of Salmonella
contaminations and infections.

Costs caused by Salmonella contaminations included the
statutory measures and additional voluntary measures taken
by feed importers, feed mills, mobile feed mixers, pig farms,
and slaughterhouses in accordance with the current control
policy to eliminate Salmonella when it was simulated to
occur in the pork supply chain. Measures included additional
samples taken to verify Salmonella contamination and freedom
from the bacterium; washing, cleaning, and disinfecting of
facilities contaminated with Salmonella; and the treatment
of contaminated feed. Salmonella-positive findings had to be
communicated to authorities who are in charge of further actions
carried out in cooperation with the feed business operator. If
a sample from a feed consignment imported from the EU or
from outside the EU was found positive for Salmonella, the
contaminated feed was assumed to be treated with heat or acid.
In the event of Salmonella contamination in pigs or pig farms, the
cost included the treatment or culling and rendering of infected
animals, business interruptions caused by restrictive measures
which prevent the farm from selling animals, labor effort by
authorities and stakeholders to handle the case of Salmonella
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TABLE 2 | Parameter values assumed to represent the costs (e1,000 per year) of preventive measures in the current Salmonella control scenario per different stakeholder

group.

Cost item Feed importation Feed mills Mobile mixers Pig farms Source or method of data extraction

Sampling as self-monitoring 42 150 1.8 44 Survey, expert interview

Hygiene and cleaning 24 0.9 364–756 Survey

Pest control 1 28 Expert interview

Time used for other self-control measures 9 0.3–1.0 9–10 Survey

Feed treatments 974–1,499 1.0 67–329 Survey, Wierup and Widell (31)

Official control and sampling 56 17–18 2.8–3.4 Expert interview, national monitoring data

Prolonged storage 7–11 Expert interview

Total 105–109 1,174–1,701 5–6 512–1,166

Empty items in the table were assumed zero.

contamination, and costs caused by infections in humans (lost
working time, visits to the doctor, hospitalization, mortality, and
secondary diseases).

The economic burden of Salmonella and its sequela in humans
was estimated by using the disability adjusted life year (DALY)
method. DALY is a non-monetary approach to estimate health
implications of a disease. The average cost per human infection
was estimated to range from e530 to e620 per case. This
includes the cost of health care and productivity loss of acute
symptoms (gastroenteritis with a raised body temperature and
bloody diarrhea), sequela (reactive arthritis, inflammatory bowel
disease, and irritable bowel syndrome), and death. Death was
valued at e55,000 per lost human life year (32). It was evaluated
that the true number of Salmonella infections would be 11.5-
fold (21) compared to the annual number of reported cases and
that although a productivity loss can occur due to absence from
work, 80% of cases would not require any acute health care as
they were asymptomatic. Symptoms requiring health care were
divided further into different severities, ranging from the visit to
a general practitioner to the hospitalization of the patient.

Table 3 illustrates the cost parameters used to simulate the
costs of Salmonella contaminations. All parameters (mean,
median, standard deviation (SD), percentiles) describing the
prevalence of Salmonella at different stages of the supply chain
were obtained from Rönnqvist et al. (37) [further described in
Välttilä et al. (38)]. Parameters for the prevalence of Salmonella
in pig feed, feedmaterials, and feed-related facilities are described
in Appendices 1 and 2 for the current control scenario.

Differences Between Current and Reduced
Control Scenarios
Under the reduced control scenario, fewer measures were
taken to prevent Salmonella from occurring in feed. In the
event that Salmonella was simulated to occur in feed or feed
handling facilities, no action to eradicate Salmonellawas assumed
to be taken. Hence, parameter values for the prevalence of
Salmonella in feed materials and feeds were not of importance
in the reduced control scenario when considering the cost
implications of prevalence on eradication measures applicable to
feed. By contrast, Salmonella contaminations observed in pigs
or pig farms, pork, or slaughterhouses were expected to lead

to the same measures being taken in both current and reduced
control scenarios.

Parameters, which represent the prevalence of Salmonella
in pigs (i.e., Papp), the probability for infection due to feed
(Pftk), and the annual prevalence of Salmonella infections in
humans (Pm), were the most important parameters differing
between the scenarios, because in the reduced control scenario,
Salmonella contamination of feed was not considered to lead to
an action. Under the current control policy scenario, the apparent
prevalence of Salmonella in pigs was assumed to be presented by
a parameter value of 0.139% (SD 0.061), when feed was given
to sows, and by a parameter value of 0.074% (SD 0.030), when
feed was given to fattening pigs. The number of human cases was
simulated by using three distributions. It was assumed that of 337
reported cases in 2013, multiplied by an underreporting factor
of 11.5, 12.29% (SD 3.756) were associated with pig meat, and
of cases associated with fattening pigs, 33.63% (SD 14.62) were
associated with pig feed. Under the reduced control scenario, the
number of cases in humans and pigs was simulated to be 55.42
(SD 31.54) times the number of cases simulated under the current
control policy scenario.

Sensitivity Analysis
Previous sections described the baseline parameter values
used to simulate the costs of Salmonella control, Salmonella
contaminations, and human cases associated with the current
pig feed Salmonella control, as well as with a reduced control
policy scenario. In addition to these, several sensitivity analysis
scenarios were simulated. In the sensitivity analysis scenarios
reported in the Results section, the costs parameters for
the prevention and monitoring measures were doubled (i.e.,
increased twofold ceteris paribus), compared to the baseline
scenario or the cost parameters for measures taken when
Salmonella has been detected (contaminations or human
cases), which were halved (i.e., decreased 0.5-fold ceteris
paribus). The parameters were adjusted (either increased or
decreased) separately for feed importation, feed manufacturing,
pig farms and the slaughtering phase, and human cases (one
stakeholder group at a time); for all prevention and monitoring
measures simultaneously; and for all contaminations and human
cases simultaneously.
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TABLE 3 | Parameter values assumed to represent the costs [mean cost (SD in parentheses) or range of variation] of a Salmonella contamination, the costs of human

cases, and the costs of measures required to eradicate Salmonella from feed materials, feed manufacturing, feed storage, or feed processing facility; from a pig farm; or

from a slaughterhouse.

Variable Parameter value Source or method of data extraction

IMPORTATION

Treatment, e per lot 46,849 (SD 2,237) Expert interview

Extra samples, e per batch 3,938 (SD 2,809) Expert interview, laboratory

Extra rent of warehouse, e per batch 719 (SD 343) Expert interview

FEED MANUFACTURING

Disinfection and cleaning of the mill environment, e per case 1,000–1,500 Survey

Disinfection and cleaning of feed manufacturing line, production interruption for a

week, additional work and compensations paid to the customers, e per case

167,500–390,000 Survey

PIG FARMS

Cleaning and disinfecting a piggery, e per sow 160–431 Expert interview

Cleaning and disinfecting a piggery, e per fattening pig 106–190 Expert interview

Culling and rendering, e per farm 1,640 Authors’ calculations

Culling and rendering in addition to farm, e per sow 49.50 Lyytikäinen et al. (33)

Culling and rendering in addition to farm, e per fattening pig 16 Lyytikäinen et al. (33)

Value of rendered feed, e per sow 10.35 Heinola et al. (34)

Value of rendered feed, e per fattening pig 4.04 Heinola et al. (34)

Official inspections, sampling, and self-monitoring, e per sow 139 Authors’ calculations based on the feed law

Official inspections, sampling, and self-monitoring, e per fattening pig 62 Authors’ calculations based on the feed law

Restricted measures, duration in days 21–259 Evira

Lost value of culled animals and costs due to business interruptions, e per

fattening pig

102 + 0.41*duration of restrictive

measures

Niemi et al. (35)

Lost value of animals and costs due to business interruptions, e per fattening

pig (pigs not culled)

12.7 + 0.47*duration of restrictive

measures

Estimated with a model similar to

Niemi et al. (36)

Lost value of animals and costs due to business interruptions, e per sow (pigs

culled)

665 + 0.53*duration of restrictive

measures

Estimated with a model similar to

Niemi et al. (36)

Lost value of animals and costs due to business interruptions, e per sow (pigs

not culled)

0.6 + 1.3*duration of restrictive

measures + 4.8*105*duration of

restrictive measures

Estimated with a model similar to

Niemi et al. (36)

SLAUGHTERHOUSE

Extra samples, cleaning of slaughterhouse, e per case 1,070–14,620 Expert interview

HUMAN CONTAMINATION

Health care, sequela (IBS, Rea, IBD), e per case on average 530–620 Authors’ calculations

Feed-borne salmonellosis, annual loss of DALYs because of acute symptoms in

Finland

0.04 Authors’ calculations

Feed-borne salmonellosis, annual loss of DALYs because of fatality in Finland 0.97 Authors’ calculations

Feed-borne salmonellosis, annual loss of DALYs because of sequela in Finland 1.43–3.64 Authors’ calculations

RESULTS

Simulated Baseline Costs
In the current pig feed Salmonella control policy scenario, the

total costs of measures to monitor and prevent Salmonella in

pig feeds were e1.8–3.0 million per year (Table 4), depending on

whether a high or a low estimate for the cost of control measures

was used to appreciate the current control program. Costs
related to the importation, commercial feed manufacturing,

and farms were e0.1 million, e1.2–1.7 million, and e0.5–1.2

million per year, respectively. Under the current control scenario,

simulated costs of Salmonella contamination at feed import
process were on average e1.8 million. Salmonella contamination
of feed origin at pig farms resulted annually, on average, in

e0.4 million and at slaughterhouses in e0.1 million in losses.
The costs of human salmonellosis of feed origin were simulated
on average at e0.1 million per year for the current control
policy. The average total cost of Salmonella contamination under
the current control policy scenario was therefore e2.4 million,
varying in 95% of simulations within the range of e0.3–6.1
million. Hence, the total costs of preventive and monitoring
measures plus Salmonella contaminations were e4.2–5.4 million
per year, with 95% of simulated years falling between e2.1 and
e9.1 million.

In the reduced control scenario, the monitoring and
prevention costs were decreased down to e1.1–2.1 million.
Hence, the potential savings were only e0.7–0.9 million when
compared to the current Salmonella control policy scenario. The
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TABLE 4 | Simulated cost of Salmonella prevention and monitoring and Salmonella contaminated pig feed, pigs, and human infections (e million per year, 95% range of

variation within brackets).

Current control scenario Reduced control scenario

Low cost

control

High cost

control

[CI 95%] Low cost

control

High

cost control

[CI 95%]

PREVENTION AND MONITORING

Measures at import and storage 0.1 0.1 0 0

Measures at feed manufacturinga 1.2 1.7 0.6 0.9

Measures at pig farms 0.5 1.2 0.5 1.2

Subtotal 1.8 3 1.1 2.1

COSTS CAUSED BY CONTAMINATIONS

Contamination at import or storage 1.8 1.8 [0.0, 4.5] 0.0 0.0 [0.0, 0.0]

Contamination at feed factory 0.0 0.0 [0.0, 0.1] 0.0 0.0 [0.0, 0.0]

Contamination at farmb 0.4 0.4 [0.1, 1.1] 20.5 20.5 [0.6, 80.7]

Costs to slaughterhouse 0.1 0.1 [0.0, 0.4] 6.0 6.0 [0.2, 26.1]

Costs of human infectionsc 0.1 0.1 [0.0, 0.3] 6.2 6.2 [0.1, 22.0]

Subtotalc 2.4 2.4 [0.3, 6.1] 32.7 32.7 [1.1, 123.9]

Total costs 4.2 5.4 33.8 34.8

a Includes the costs of mobile mixers. b Salmonella detected in the pigs or their environment. c The costs of human cases were simulated assuming a fixed average cost per case.

lower level of control resulted in fewer preventive measures
being applied, which decreased the costs, but likely increased
the possibility of Salmonella to occur, as seen in the prevalence
parameters originating from the risk assessment study (28).
This increased the total costs of Salmonella contaminations,
which were on average e32.7 million. This estimate included
the costs of human cases. The contamination costs estimated
for pig farms were on average e20.5 million, but the costs
incurred at slaughterhouses were partially related to measures
taken because of contaminations at farms. The increase in the
costs of human salmonellosis was on averagee6.2 million, which
was more than the costs saved because of reduced preventive
and monitoring measures. The total costs of reduced control
scenario were estimated on average to be e33.8–e34.8 million
per year.

The current control policy provided on average e29.4
million in annual benefits when compared to the reduced
control scenario. The additional prevention and monitoring
costs of the current control policy were estimated to be
within the range of e0.7 to e0.9 million per year, whereas
saved costs of contaminations under the current control
policy were on average e30.3 million when compared to the
reduced control scenario (in 95% simulations between e0.8 and
e117.8 million).

The results showed a substantially larger variation in
the costs of the reduced control scenario than the current
control scenario (Figure 1; Table 4). The average estimates
were elevated in individual years when larger outbreaks
were experienced. Hence, the simulated costs of Salmonella

control were substantially lower in the current control policy

scenario than in the reduced control scenario. In the current
analysis, the costs of human cases were simulated assuming a
fixed average cost per case. Separating the costs by different
types of human infections would have further increased

the variation of simulated costs as fatality cases carried a
high cost.

Sensitivity Analysis
Figure 2 reports the results for sensitivity analyses where the
cost parameters of measures to prevent and monitor Salmonella
were doubled, or the cost parameters of measures taken when
Salmonella has been detected were halved. As Figure 2 illustrates,
the costs of the current control policy were on average <e8.5
million in all sensitivity analysis scenarios representing the
current control policy, whereas the costs simulated for the
reduced control were on average between e21.5 and e37 million
in all sensitivity scenarios. Therefore, the current control policy
was financially preferred over the reduced control policy in the
scenarios which were analyzed.

The results were the most sensitive to costs associated with
a contamination in pigs (at farms or at slaughterhouses) and
feed on pig farm. This can be anticipated because in the
reduced control scenario, these costs represented approximately
three-fourths of the total costs. Changes in the modeling
assumptions regarding human cases of Salmonella also had
a potentially substantial impact of the total costs. Adjusting
assumptions regarding the cost parameters of prevention and
control measures before Salmonella had occurred had a fairly
small impact on the total costs.

Further analyses indicated that the costs associated with
measures taken upon Salmonella contamination or associated
with human cases had to decrease by at least 90% (ceteris
paribus) before the costs of reduced control policy would
have been, on average, at the same level, as costs simulated
for the current control policy scenario. However, even then,
the reduced control policy was simulated to show a larger
variation of costs when compared to the current control
policy. This was because the costs of contaminations and
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FIGURE 1 | Distribution of costs simulated for measures of prevention, monitoring, and eradication of Salmonella in the pig feed chain, and human cases originating

from Salmonella in the pig feed chain. *Simulations exceeding e100 million per year are aggregated in this category.

FIGURE 2 | The average total costs of pig feed Salmonella control simulated for the baseline parameter values of “current control” and “reduced control” policy

scenarios, as well as for both policies, so that the costs parameters for prevention and monitoring measures were doubled (“Prevention…”) when compared to the

baseline scenario or the cost parameters for contaminations or human cases, which were halved (“Contamination…,” “Human cases”) either for one stakeholder

group at a time or for all groups simultaneously.

human cases varied more than the costs of prevention and
monitoring measures.

DISCUSSION

Economic Rationale of Salmonella Control
in Pig Feed
In this study, the costs and benefits of current Salmonella
control policy concerning pig feeds were assessed and compared
to a reduced control scenario. The results suggested that the

current pig feed Salmonella control policy is financially profitable
as it reduced costs caused by Salmonella contaminations in
pigs, in their environment, or in pork and human infections.
Currently Salmonella is controlled already early in the pork
supply chain. While rather small amount of costs could be saved
by relaxing the current prevention and monitoring measures,
simultaneously much larger additional costs would be incurred
through increased human infection costs and costs caused by
eradicating Salmonella from pigs, pig farms, and slaughterhouses.
Therefore, pig feed Salmonella control provides both public
health benefits to society and supports FSCP in it goals. The
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results extend earlier research results on that that FSCP is
economically viable in the poultry sector [e.g., Kangas et al. (19)]
and that FSCP achieves high food safety targets of meat, milk, and
egg food chains without high costs (16).

Our results are in line with those of the FCC
consortium (21) report in the sense that a control option with
an increased sampling as well as feed control measures either
with transport and slaughterhouse measures was financially
profitable in both studies for Finland, and in the case of the
FCC consortium (21) also for some other countries. However,
our study did not look specifically for other measures than
those related to feed control. In Sweden, Sundström et al.
(23) found that it was not cost-effective to introduce reduced
Salmonella control strategies. Lawson et al. (22) indicated in
their comparison that using home-mixed or acidified feeds for
Danish pigs was financially beneficial in some cases. Gavin et al.
(24) found for the United Kingdom that two interventions using
wet feed and organic acids in feed were able to provide a financial
net benefit to the farms as means to control for Salmonella. By
contrast, Goldbach and Alban (26) found that using specific
home-mixed feed in herds with slaughter pigs and using acidified
feed for slaughter pigs as means to control for Salmonella in
Denmark were not socioeconomically profitable. Comparing
these results and studies therefore suggests that an intervention
to control Salmonella is not financially profitable per se because
the profitability is influenced by context-specific factors.

The benefits of controlling Salmonella in pig feeds likely
depends on how much feeds contribute to the risk of Salmonella
and what is the prevalence of Salmonella in the country. As
long as the prevalence of Salmonella is at the current low
level, it makes sense to try to maintain the current situation in
Finland and eliminate emerging cases as this can be done with a
reasonably low level of costs. The results of Jensen and Unnevehr
(27) suggest that intervention costs increase when the desired
level of pathogen approaches zero. Miller et al. (25) suggested
that changes in Salmonella status during processing are more
important for human health risk and have a higher benefit–
cost ratio when compared with on-farm strategies for Salmonella
control. They noticed that in the contexts of the United States,
benefit–cost ratios were less than unity for the on-farm strategy
of meal feeding. This does not comply with our results.

Reducing feed-related Salmonella control measures from the
current level, the risk of Salmonella prevalence could rise and
this would have negative economic consequences to society.
In the alternative situation, the number of feed-borne human
salmonellosis cases would increase, which would have a negative
effect on the health care cost, but also the productivity of labor
due to more absences from work. Approximately e6.2 million
were saved because of improved public health (i.e., human cases)
under the current Salmonella control policy. Therefore, the pig
feed Salmonella control was justified already because of public
health issues. Most of the saved costs were associated with lower
costs incurred due to contaminations in pigs (whether observed
at farm or at slaughterhouse) or in their environment. These
costs were saved because of reduced prevalence of Salmonella
in pigs or in their environment and measures associated with
these contaminations because of FSCP. Hence, effective pig feed

Salmonella control can support effectiveness of FSCP, which
further supports public health in Finland. Pig feed Salmonella
control policy and FSCP should therefore be examined jointly.
An important aspect which can be generalized beyond the
context of this study is that risk management measures can be
complementary when applied in a livestock supply chain and
the use of joint inputs is involved, and therefore, possible joint
effects of risk management measures affecting the same outcome
indicators should be considered.

Potential limitations of our study are related to the scenarios
which were investigated. Besides the two scenarios, we did not
look at other intervention scenarios. Hence, there may be other
scenarios with slightly reduced or increased control options
which could be preferred over the current control policy. This
includes novel combinations where both pig feed Salmonella
control policy and FSCP are adjusted from their current status.
The scenarios were also developed by using information from
a limited number of feed operators, which, together with
missing responses, causes uncertainty about the parameter values
used. Specific conditions prevailing in Finland may limit the
applicability of the results to other contexts. Another potential
limitation is related to the appraisal of joint costs. This refers to
the costs of measures such as biosecurity, which are applied to
mitigate several diseases. Accounting for a higher proportion of
these costs to be related to Salmonella prevention would increase
the costs of the current control scenario. However, apart from
feed heat treatment, the costs were rather modest.

Stakeholder Incentives
Strict liability currently defines responsibilities regarding feed-
related Salmonella contaminations. These liabilities are mainly
faced by the commercial feed manufacturers as they must
indemnify damage caused by contaminated feed for buyer if their
feed does not meet the requirement of the law, even though
the contamination is not caused by intent or negligence. This
can be a financially heavy responsibility. The reduced control
scenario examined a situation where more responsibility on the
contamination costs and human cases was transferred to the pig
industry and consumer. Since the beneficiaries of strict liability
are mainly farms which purchase pig feed, the meat industry, and
consumers who face reduced risk of salmonellosis both directly
and indirectly through support that it provides to FSCP’s goals,
an important policy question is whether the feed suppliers are
able to recover their costs through feed prices.

The incentive aspect can be extended beyond the context of
this study. In order to provide sufficient incentives to comply
with a given level of liability, it would be important that
feed suppliers can recover their costs, for instance, through an
insurance policy, a co-finance mechanism involving the supply
chain parties, or from the markets. Even if the official pig feed
Salmonella control policy would be relaxed, many similar actions,
and thus their costs, would be taken as they are part of the
policy to control animal diseases and to maintain appropriate
feed hygiene. Official control and self-control measures should
therefore be considered jointly.

The cost aspect is relevant because previous studies show in
the context of farms that there is a clear inverse relationship
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between the willingness of farmers to adopt a biosecuritymeasure
to reduce Salmonella and its estimated cost [Niemi et al. (39),
Fraser et al. (40)]. For an individual farm in Finland, the damage
caused by Salmonella contamination can be substantial. An
elevated risk of Salmonella can occur when interventions are
applied only at later stages of the supply chain. With the statutory
requirement to eliminate Salmonella, the consequences would
be costly for the pig producers. Insurance policies to cover the
risk of Salmonella contamination exist, but they are sometimes
considered expensive. This is a challenge not only in Finland but
also in various other countries where livestock disease insurance
is available in the market [cf. Heikkilä and Niemi (41)].

CONCLUSION

The current pig feed Salmonella control policy of Finland is
economically profitable because it reduces the costs caused by
Salmonella contaminations along the food chain with low costs.
This provides public health benefits which are higher than
the costs of pig feed Salmonella control. Pig feed Salmonella
control can support the effectiveness of a broader control
program (FSCP), which further enhances public health. Pig
feed Salmonella control policy and FSCP should therefore be
examined jointly. In order to increase the acceptability of
current policy, greater attention to the allocation of financial
responsibilities (costs and benefits) regarding the control
measures may be required.
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Models can be used to plan, evaluate, and improve programs for animal disease control.

In Germany, a nationwide compulsory program to eradicate Bovine viral diarrhea (BVD)

is in force since January 2011. As it is associated with substantial expenditures, the

program is currently under revision. To provide the basis for a science-based decision on

the future course of BVD control in Germany, we evaluated 13 scenarios (sc1-13) with

respect to the chance of reaching freedom from disease and their economic implications

for a period of 20 years (2011–2030). To simulate the impact of different control strategies

on disease dynamics, a disease spread model was developed. To estimate the effects

of a transient infection (TI) on animal level, a gross margin analysis was performed. To

assess the value of cattle that died prematurely, a valuation model was used. Finally,

an economic model was developed to perform a cost-benefit analysis and to compare

each control scenario with a baseline setting with no BVD control. Costs comprised

the expenditures for diagnostics, vaccination, preventive culling, and trade restrictions.

Benefits were animal and production losses avoided by having control measures in place.

The results show that reducing the PI prevalence on animal level to 0% is only feasible

in scenarios that combine antigen or antibody testing with compulsory vaccination. All

other scenarios, i.e., those based exclusively on a “test and cull” approach, including

the current control program, will, according to the model, not achieve freedom of BVD

by 2030. On the other hand, none of the scenarios that may lead to complete BVD

eradication is economically attractive [benefit-cost ratio (BCR) between 0.64 and 0.94].

The average direct costs of BVD in Germany are estimated at 113 million Euros per year

(34–402 million Euros), corresponding to 28.3 million Euros per million animals. Only the

concepts of the former and the current national BVD control program (“ear tag testing

and culling”) may reduce the BVD prevalence to 0.01% with an acceptable BCR (net

present value of 222 and 238 million Euros, respectively, with a BCR of 1.22 and 1.24).

Keywords: bovine viral diarrhea, disease control, economic analysis, cost-benefit analysis, agent-based model,

dairy cattle
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INTRODUCTION

Bovine viral diarrhea (BVD) is an important infectious disease
in cattle with a major economic impact that varies within and
between countries (1, 2). Most of the economic damage is caused
by a lower reproductive performance in dairy cattle, including
reduced conception rate, abortion and reduced milk yield.
Depending on the stage of pregnancy at the time of infection,
vertical BVD transmission may result in abortion/stillbirth,
congenital defects, growth retardation or the birth of persistently
infected (PI) calves, which are often small and unthrifty, have
increased susceptibility to other diseases and may eventually die
from mucosal disease (3). Horizontal transmission can occur
by direct or indirect contact with virus-shedding animals. The
causative agent, BVD virus (BVDV), belongs to the genus
Pestivirus of the family Flaviviridae and is divided into two
genotypes: Pestivirus A (previously BVDV-1) and Pestivirus B
(previously BVDV-2) (4). Although the existence of Pestivirus B
has been confirmed in Germany (5), the predominant genotype
in the country is Pestivirus A.

A number of countries in the European Union, e.g., Spain,
do not monitor BVD at the national level (6). However,
most countries have implemented voluntary or mandatory
BVD control programs, which can lead to a significant
decline in the PI prevalence (7). The programs differ in the
way PI animals are detected, and in allowing or excluding
vaccination. Some successful programs combine the test and
cull strategy with vaccination, e.g., in Belgium, Ireland and
Scotland (8). Others were successful without using vaccination,
e.g., those implemented in Scandinavian countries, Austria and
Switzerland (9–14). The economic impact of BVD and different
control strategies has recently been reviewed in a number of
publications (14–16).

According to the German statistical office (Destatis) and the
Federal Office for Agriculture and Food, in 2017 there were 12.37
million heads of cattle in the country, including 4.2 million dairy
cows, distributed in 143 thousand cattle farms. In Germany,
the first voluntary BVD control program was developed in the
late 1980s by the federal state of Lower Saxony (17). Central
elements were the identification and elimination of PI animals
and the systematic vaccination of all female offspring (18). Later,

other federal states launched their own BVD control programs,
on either a voluntary (e.g., Bavaria, North Rhine Westphalia,

Lower Saxony) or a compulsory basis (e.g., Saxony-Anhalt) (19).

However, the programs differed between the federal states and
participation was at least in the beginning voluntary, with the
consequence that little progress was achieved (20). There were
also drawbacks in PI-free herds that had become seronegative
and thus fully susceptible in an environment where infectious
pressure of BVDV was high (21).

On 3November 2004, BVD became a notifiable animal disease
in Germany and on January 1, 2011, a nationwide compulsory
BVD control program was started (22). At that time, the PI
prevalence in Germany was at about 0.5% on animal level (23)
and a limited proportion of the population was vaccinated against
BVD. Consequently, all animals had to be tested for BVDV or
its genome. The new regulations of 2011 introduced the testing

of all newborn calves combining the cattle ear tag application
with the sampling of a small ear tissue plug, which was subjected
to BVDV testing (24). PI animals have to be eliminated (either
immediately culled or slaughtered within seven days). It is also
mandatory to test animals prior to movement if they have
not been assigned a BVD status. Only cattle that have tested
negative for BVDV (“unsuspicious animals”) may be traded.
If an animal tests positive for BVDV, it is either removed
(usually slaughtered) or retested after 6 weeks to rule out a
transient infection. The German BVD control program has
always allowed the use of vaccines, since they are considered
a useful addition for preventing the formation of PI calves.
In Germany, one modified live and several inactivated BVD
vaccines are currently registered and can be used in different
vaccination schemes. Since 2009, all BVD vaccinations and
test results are recorded at the individual animal level in the
national animal identification database (“Herkunftssicherungs-
und Informationssystem für Tiere,” HIT), which is used for the
registration of cattle holdings, all cattle individually, and for
movements of cattle. Reliable BVD data are available since mid-
2011. Based on the time point and the results of the BVD
tests, an algorithm integrated into HIT calculates the individual
BVD status: (i) without status; (ii) unsuspicious, i.e., antibody
negative or mother of negative calf; (iii) first test positive; (iv) PI
animal, i.e., two consecutive positive tests, or positive test without
confirmation, or a calf of a PI mother.

Between the onset of mandatory testing in January 2011
and December 2016, more than 34 million animals were tested,
registered in the HIT database and assigned a BVD status. The
proportion of PI affected farms (animals) was reduced from
3.44% (0.48%) in 2011 to 0.16% (0.02%) in 2016. Although no
recent studies are available, the seroprevalence in Germany is still
assumed at 10-25%, depending on the region (25). The national
BVD control strategy is currently under revision. The following
alternatives to the current control policy are under discussion:
(1) Stop BVD control and monitoring1 including a strict non-
vaccination policy. (2) Continue controlling and monitoring
BVD as laid down in the national regulation implemented
from 2011 to 2016. (3) Proceed as in (2) with additional trade
restrictions for BVD-affected cattle farms. (4) Continue BVD
control as laid down in the current BVD regulation (antigen-
detection by ear tag). (5) Proceed as in (4) with additional
antibody testing (AbT) in individual or pooled serum/plasma
samples from young stock between 9 and 12 months (so
called “Jungtierfenster”) (26, 27) and voluntary vaccination. (6)
Proceed as in (5) with additional compulsory vaccination. In
this study, we evaluated 13 scenarios including the current BVD
control policy, different combinations of the above-mentioned
alternatives, and a baseline scenario (no BVD control) with
respect to the chance of disease eradication and the economic
implications in a period of 20 years (2011–2030).

1Control means, a pre-defined control measure is carried out (e.g., culling, trade

restriction, quarantine), if a BVDV positive animal is detected. Monitoring is

a systematic measurement of animal health, where a positive result does not

necessarily lead to action.
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MATERIALS AND METHODS

Scenarios
Starting with the baseline scenario without any BVD control
(sc1), we developed 12 alternative scenarios and simulated the
course of BVD from 2011 onwards. In sc2, we simulated the
former BVD control program that was in place in Germany
2011–2016. In sc3, we simulated the control program that is
currently in place. In sc4, we simulated the immediate cessation
of BVD control on July 1, 2017. The other nine scenarios
were deduced from the current epidemiological situation and
represent potential options for future BVD control based on
various combinations of measures.

Each scenario is a chronological order of strategies; each
strategy consists of a combination of measures (e.g., ear tag and
vaccination; Table 1). All 13 scenarios start with the strategy
“no BVD control” (sc1). By contrast, scenarios sc2-13 include
the former BVD regulation as implemented on January 1, 2011.
While sc2 represents only the continuation of the former BVD
regulation (in place from 2011 to 2016), scenarios sc3-13 go
beyond sc2 by including also themeasures foreseen in the current
BVD regulation as implemented on June 27, 2016. While sc3
represents the continuation of the current BVD regulation, sc4-
13 implement different further strategies in the model from July
1, 2017 onwards.

Scenario 1 (sc1) reflects the basic situation, in which no
control program is in place, i.e., no efforts are made to detect
or remove PI animals. Thus, no vaccination expenses or other
preventive expenditures are included in the economic model.
This scenario is hypothetical, since Germany has implemented
BVD control measures for a long time. Scenario sc1 was included
to compare different intervention scenarios with a “baseline”
scenario that does not include any intervention.

Scenario 2 (sc2) was designed according to the control
program that was in place in Germany between 2011 and 2016
(former BVD regulation). This program included obligatory

antigen screening (ear tag) in newborn calves (<7 days) and
the removal of PI animals within 60 days after confirmation of
a BVD positive test result. The strategy also included voluntary
vaccination and individual antigen testing in adult animals before
trading them.

Scenario 3 (sc3) combines the strategy of the former BVD
regulation with the control program, which is in place in
Germany since June 27, 2016 (new BVD regulation). Similar
to sc2, it includes antigen screening (ear tag) in newborn
calves (<7 days) as well as individual antigen testing in adult
animals before trading and voluntary vaccination. In contrast
to sc2, sc3 includes the removal of PI animals within 40
days (instead of 60 days in sc2) and a trade restriction of
40 days for farms after confirmation of a BVD infection in
the herd.

Scenario 4 (sc4) is similar to sc3 but assumes that BVD control
has stopped on July 1, 2017.

Scenario 5 (sc5) is similar to sc3 with the only difference that
it includes compulsory vaccination starting on July 1, 2017.

Scenarios 6 and 7 (sc6, sc7) include antigen detection after
birth or before trade (similar to sc2, sc3, and sc5). In addition,
they also include AbT, either twice a year (sc6) or once a year
(sc7) and PI removal within 40 days as well as trade restrictions
of 40 days, but no vaccination.

Scenarios 8 and 9 (sc8, sc9) are similar to sc6 and sc7 and
include AbT, either twice a year (sc8) or once a year (sc9), but in
contrast to sc6 and sc7, they include compulsory vaccination.

Scenario 10 (sc10) only includes AbT twice a year.
Scenarios 11 and 12 (sc11, sc12) represent the decision to stop

testing on July 1, 2017 and to switch to vaccination only, either
immediately (sc11) or after a transitional period (sc12).

Scenario 13 (sc13) combines the measures of AbT twice a
year and compulsory vaccination. Testing of ear tags plugs is
stopped after a transition period of 1 year (06/2018) to allow
the whole cattle population to become protected by vaccination
against BVD.

TABLE 1 | Overview of the 13 modeled BVD control scenarios.

Scenario Strategies (start) Measures

24/11/1983 01/01/2011 29/06/2016 01/07/2017

1 1 No control

2 1 2 Former regulation (ear tag)

3 1 2 3 New regulation (ear tag, trade restrictions)

4 1 2 3 1 No control

5 1 2 3 4 Ear tag, compulsory vaccination

6 1 2 3 5 Ear tag AbT 2×/year

7 1 2 3 AbT 1×/year

8 1 2 3 6 Ear tag, compulsory vaccination AbT 2×/year

9 1 2 3 AbT 1×/year

10 1 2 3 7 AbT 2×/year

11 1 2 3 8 Compulsory vaccination, stop testing Inmediate stop

12 1 2 3 Slow stop

13 1 2 3 9 Compulsory vaccination AbT 2×/year

The different colors represent different strategies. Each scenario is a chronological order of strategies; each strategy consists of a combination of measures.
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Models
The evaluation of the eradication success and profitability of
different BVD control scenarios was done in four steps. (1)
An agent-based disease spread model (DSM) was developed to
simulate the dynamics of BVD spread and immunity within the
population. (2) A gross margin analysis (GMA) was performed to
estimate the economic impact of a transient BVD infection. (3)
To estimate the value of PI animals that prematurely die of BVD,
we developed a stochastic animal valuation model (AVM). (4)
We developed an economic model and performed a cost-benefit
analysis (CBA) using the results of the DSM, GMA and AVM.

Disease Spread Model (DSM)
To simulate the dynamics of BVD in different scenarios, a
stochastic, event-driven, hierarchical agent-based disease spread
model (DSM) was developed.Within the DSM, trade was realized
using a farm manager and a market. The farm manager keeps
the size of the farms constant. When a farm has too many
animals, it will sell animals to a market, if it needs animals it
will buy animals from the market. These movements are based
on trade criteria. If there is no demand on animals with a
certain criteria, they will be slaughtered. Whenever there are
not enough animals in the market, new animals are created
(simulation of imports from EU member states). The DSM
takes into account (i) five individual disease status, namely
susceptible, transiently infected (TI), persistently infected (PI),
recovered from transient infection, and vaccinated; (ii) disease
transmission between animals, (iii) disease transmission (trade)
between farms, and (iv) the introduction of new animals into
the population. We assume that (1) recovery from natural BVD
infection leads to lifelong immunity, that (2) calves with maternal
antibodies are protected for about 6–9months after birth and that
(3) vaccination requires yearly boosting. To take the constant risk
of disease introduction through imports into account, the model
includes a trade manager and the PI prevalence of imported
animals was set at 2%. Each individual animal is simulated from
birth to death.

The following input parameters were retrieved from the DSM:

- Number of farms with no active infection (i.e., all animals
susceptible), with protected (recovered or vaccinated) animals,
and with PI animals per scenario and year;

- Number of PIs and TIs and animals that died from mucosal
disease per scenario and year;

- Number of farms and animals subject to control measures, i.e.,
number of diagnostic tests (ear tag, blood samples for PCR and
AbT), scenario and year; number of vaccinated animals and
number of vaccinations by scenario and year;

The following values from the German cattle trade database
(HIT) were used as input parameters: Number of farms and farm
size distribution, age distribution for males and females, cause of
death, age at first calving, calving interval, BVD test results, and
number of PIs and TIs between 2010 and 2017.

The simulation was run in C++ for the years 1983–2030
(total of 20,000 days). Thereof, the first 10,000 days were used
to reach a stable state in disease dynamics. After 5,000 days an
equilibrium between susceptible, recovered, PI and TI animals

was reached. The source code of the model can be accessed
in a repository (https://github.com/Yperidis/bvd_agent_based_
model). The disease spread model is described according to
Grimm et al. (28) and can be found at arXiv (29). Further details
on themodel and its validation can be found at Bassett (30). Since
our statistical software is not equipped to handle extremely large
datasets (12.4 million head of cattle, 13 different scenarios), we
first run themodel on a subset of 360,000 animals.We then scaled
the results up to the whole cattle population in Germany using a
factor of 39.2.

Gross Margin Analysis (GMA)
To estimate the effects of a transient BVD infection in terms
of production losses, a gross margin analysis (GMA) on animal
level was performed for dairy cows and heifers. To consider the
heterogeneity of cattle farms in Germany in terms of herd size
andmanagement, the GMAwas performed as a stochastic model.
All estimations are based on data of the German Association
for Technology and Structures in Agriculture (“Kuratorium für
Technik und Bauwesen in der Landwirtschaft e.V., KTBL”), the
animal health services (“Tiergesundheitsdienste”), animal disease
compensation funds of the federal states (“Tierseuchenkassen“),
Destatis, and HIT database (Table S1). The GMA was carried
out with R statistical software (31) and the packages xlsx,
ggplot2, sm, fitdistrplus, MASS, foreign, EnvStats, stats, graphics,
utils, and base. For each set of parameters, 10,000 iterations
were conducted.

We calculated the gross margin (GM) for both, healthy
animals (GMh), i.e., in absence of BVD, and for cattle with
a transient BVD infection (GMTI) by adapting the respective
variables for the calving interval, milk yield, and veterinary costs.
Direct costs incurred by a TI animal (DCTI) were then calculated
as the difference between both:

DCTI = GMh − GMTI

To quantify the average impact of TI on reproduction, we
used the calving interval (Ci). In case of BVD induced
abortion/stillbirth, the Ci was increased by a certain number
of days.

To quantify these, we first estimated the probability of the
outcome (abortion/stillbirth) on five different time periods,
including four pregnancy stages (days 1–70; 71–120; 121–180;
181–285) and the post-partum stage (days 286–385), based on
Viet (32). We then calculated the overall probability for an
animal being in a particular stage with a specific outcome
(birth of a PI calf, abortion/stillbirth, congenital defect/growth
retardation, birth of an immune calf, no influence; Table S5).
Finally, we estimated the number of days the “healthy” Ci had
been prolonged in each stage, as the average of the respective
period (Table S6).

To quantify the impact of TI on the revenues in milk sale, we
multiplied the difference between the milk yield of a “healthy”
and that of an infected cow with the average milk price. All
equations and input parameters are shown in Table S1.
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Animal Valuation Model (AVM)
To estimate the market value (vc) of PI animals that
prematurely die of BVD, we devised a stochastic animal
valuation model (AVM) based on the appraisal guidelines of the
animal health compensation fund of North-Rhine-Westphalia
governing indemnity payments for livestock (“Schätzrahmen”).
Two different equations were used (for dairy cows as well as
calves and young stock, respectively). The equations combine the
age of the animal (in months) with production, reproduction
and animal health data (Table S2). The AVM was carried out
using R statistical software (31) using the packages xlsx, pander,
ggplot2, sm, fitdistrplus, MASS, foreign, EnvStats, stats, graphics,
utils, and base.

Economic Model
To simulate the economic impact of BVD and the control
measures on national level, we developed a stochastic economic
model in @Risk for Microsoft Excel 2010 with 20,000 iterations,
covering a period of 20 years (2011–2030). For parametrization,
the results of the DSM, GMA, and AVM were used. For all other
parameters, we used empirical distributions based on literature
and expert opinion (Horst Schirrmeier, Kerstin Wernike, and
Martin Beer from the FLI, Georg Wolf from the Ludwig-
Maximilians-Universität München, and Karsten Donat from the
animal disease compensation fund Thüringen). All parameters
and equations are listed in Tables S3, S4. We differentiated
between four different age groups: calves (1–6 months), young
stock (7–18 months), heifers (females 19–28 months), and cows
(females >28 months).

Total costs of BVD
The total costs of each scenario for the 20-year study period
(2011–2030) include direct and indirect costs.

Direct costs PIs. If not discovered in time, PIs may display
clinical symptoms thus requiring veterinary treatment, and they
usually die within the first 2 years of life (33). Hence, the
direct costs incurred by a PI animal include veterinary costs and
costs incurred through premature death. The latter include the
disposal costs for a calf, young stock or cow, and the lost market
value of the animal (calculated in the animal valuation model,
see chapter 3.2.3). The costs of culling or preventive slaughter
were included in the indirect costs (as they represent a BVD
control measure).

Direct costs Tis. Transient infection with BVD may cause
production losses in all age groups. In calves and young stock,
losses include poor growth and weight loss, and were estimated
using a risk uniform distribution (Table S1). For heifers, losses
include increased calving interval and were estimated in the
GMA for heifers (Table S1). For cows, losses include increased
calving interval (Ci) and the reduced milk yield. They were
estimated in the GMA for cows (Table S1). For heifers and cows,
we took a sample from the GMA results using the RiskResample
function in @Risk.

Indirect costs of BVD. Depending on the scenario, the indirect
costs of BVD include the costs to prevent infection, i.e.,
diagnostic measures and vaccination, as well as costs to control
the disease, including culling or preventive slaughter of PIs and
trade restrictions.

Diagnostic measures: Individual BVD diagnosis can either
be done through antigen or BVDV genome detection (tissue
sampling by ear tag in calves or blood sampling in adults) or
AbT (blood sampling in young stock). Ear tags are applied by the
farmer. Hence, the costs for antigen detection in ear tags include
material (ear tags and a certain percentage of ear tag pliers)
and labor (shipping, testing and communicating test results).
In contrast to tissue samples, blood samples need to be taken
by a veterinarian. So at individual animal level, the costs for
antigen detection in blood include the costs for blood sampling
and testing (PCR). On the farm level, the costs include the herd
fee, handling, shipping, and communicating test results. Similar
to blood sampling for antigen detection, the costs for blood
sampling for AbT include on the farm level the herd fee, handling,
shipping, and communicating results. At the individual animal
level, they include costs for sampling and testing (ELISA).

Vaccination: In all six scenarios that include vaccination (sc5,
8, 9, 11, 12, 13), vaccination was planned to be compulsory for
all female animals before getting pregnant. In the remaining
seven scenarios, vaccination was not included. Depending on
the vaccination scheme, several immunizations are required. As
vaccines must only be administered by veterinarians in Germany,
vaccination costs include the herd fee charged by the veterinarian.
At the individual animal level, we accounted for the number
of immunizations per animal and the costs for the vaccine
and vaccination.

Preventive slaughter of PIs: Usually, PIs are culled or
preventively slaughtered as soon as they are discovered. The lost
revenues and costs were calculated by multiplying the number of
preventively slaughtered PI calves, young stock and cows by their
relative market value, which was assumed to be lower than the
value of an average slaughter animal.

Trade restrictions: If a BVD infected animal is detected,
cattle must not be moved from the affected premise for 40 days
according to national legislation. Non-pregnant cattle can only
leave the farm for slaughter or if the animal has been subjected
to a second test 40 days after the initial analysis at the latest.
Pregnant cattle may be moved if the animal has been subjected
to a serological test after the 150th day of gestation with a
negative result. We assumed that each affected farm would move
three pregnant and three non-pregnant dams within 40 days
of quarantine (34). This implies the following costs for these
three pregnant and three non-pregnant animals: travel 10 e,
taking blood samples 10 e, handling and shipping samples 9 e,
laboratory analysis 30 e (3 × 10 e). Hence, the movement ban
would result in 118 e (2 × 59 e) additional veterinary costs per
affected premise.

Cost-benefit analysis
A cost-benefit analysis (CBA) was conducted to evaluate the
profitability of each scenario compared with sc1 (no BVD
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control) throughout the study period (2011–2030). The CBA was
performed as described by Rushton et al. (35). It was conducted
as a stochastic simulation with the add-on @Risk 5.7 (Palisade
Corporation, Ithaca, NY, USA), performed with 10,000 iterations.
The built-in @Risk sensitivity analysis tool was used to evaluate
which input parameters had the strongest effect on the results.
The benefit-cost ratio of each scenario (BCRs) was calculated by
dividing the present value of benefits (PVBs) by the present value
of indirect costs (PVICs).

BCRs =
PVBs

PVICs

PVB and PVIC were calculated as follows (where r is the
interest rate):

PVBs =

2030
∑

y=2011

By,s

(1+ r)(y−2011)

PVICs =

2030
∑

y=2011

ICy,s

(1+ r)(y−2011)

The annual benefit (By,s) of each scenario was calculated as the
difference in disease (i.e., direct) costs between sc1 (DCy,s1) and
the respective alternative scenario x (DCy,s).

By,s = DCy,s1 − DCy,s

All monetary values were expressed in Euros. Break-even points
(the point at which total cost and total revenue are equal)

were obtained from the annual results for each scenario. The
analytical objective of this part of the study was to estimate the
net present value (NPV) of different scenarios over the study
period of 20 years. To enable a comparison between past, current
and future values, all monetary flows for the benefits and costs
were discounted at a rate of 3%. For reasons of comparability,
foreign currencies referred to in the international literature were
converted into Euros using the average currency exchange rate
valid in the year of publication of the respective study.

RESULTS

Disease Spread Model
The results of the DSM have been described elsewhere (30).
According to the DSM, only scenarios that combine antigen
or antibody testing with compulsory vaccination (sc5, sc8, sc9,
sc13) are likely to reduce the PI prevalence on animal level to
0%, i.e., may lead to the eradication of BVD (Figure 1). In sc5,
the PI prevalence will reach 0% in the third quarter of 2022, in
sc8 and sc9 in the fourth quarter of 2022, and in sc13 in the
second quarter of 2023. In scenarios that include compulsory
vaccination, the prevalence of protected animals (recovered or
vaccinated) will be above 75% by 2030. Scenarios that include
antigen testing (sc2, sc3, sc6, sc7) may reduce the PI prevalence to
a value 0.01%. All other scenarios, including the control program
currently in place, are unlikely to lead to BVD eradication. In
scenarios sc4, sc10, sc11, and sc12, the PI prevalence is predicted
to stay in the range of 0.01–0.05% by 2030. In scenario sc1, the
PI prevalence will decrease gradually from 1.2 to 0.9% and the
seroprevalence (recovered animals) will go down from 64 to 47%,

FIGURE 1 | Predicted PI prevalence between 2010 and 2030 for each BVD scenario. (A) Start of the former BVD regulation (sc2). (B) Start of new BVD regulation

(sc3). (C) Start of alternative scenarios (sc4–sc13).
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while the proportion of susceptible animals will increase from 35
to 52% and the TI prevalence is predicted to stay nearly constant
at a level of 0.25–0.33%.

As soon as testing stops in scenario sc4, the PI prevalence
will rapidly rise up to 0.75% in 2019 and is predicted to decrease
then again, but a proportion of 0.33% PI animals will still remain
by 2030 (Figure 1, Table 2). Although scenarios sc11 and sc12
include vaccination, they do not combine it with testing, and will
not lead to BVD eradication according to the model predictions.
In all other scenarios, the prevalence of protected animals will be
3–7% by 2030.

Gross Margin Analysis
In cows, the direct costs of a transient infection were estimated
at 55.71 Euros per animal on average (Figure 2A). An increased
Ci of 0–60 days increased the direct costs by 0–180 Euros
(Figure 2B). A reduced milk yield of 64–76 L reduced the GM
in average by 50 Euros (Figure 2C). In heifers, the average costs
were estimated at 7.80 Euros, and for calves and young cattle
between 0 and 10 Euros (mean 5 Euros).

Animal Valuation Model
The results of the AVM are shown in Table 3. The mean value of
a cow was estimated at 1,451 Euros (Table 3).

Economic Model
The results of the economic model are listed in Table S7 (direct,
indirect, and total costs per year). Direct costs are estimated at
113 (34–402) million Euros per year. They are predicted to stay
nearly constant over time, since the PI prevalence decreases very
slowly. Table 4 details the minimum, maximum, and mean total
costs. The total costs arising from BVD in sc1 (no BVD control)
were estimated at 2.258 billion Euros. The least expensive
scenarios among those that continue with BVD control are sc12
and sc11 (stop testing and switch to vaccination, either gradually

TABLE 2 | Prevalence of PI and BVD antibody-positive animals (recovered or

vaccinated).

Scenarios Prevalence in 2030 (%)

PIs Antibody positive animals

Scenario 01 0.894 46.91

Scenario 02 0.010 4.36

Scenario 03 0.009 3.17

Scenario 04 0.317 18.93

Scenario 05* 0.000 75.49

Scenario 06 0.011 3.49

Scenario 07 0.010 3.82

Scenario 08* 0.000 75.59

Scenario 09* 0.000 75.61

Scenario 10 0.053 6.53

Scenario 11* 0.026 75.95

Scenario 12* 0.026 75.98

Scenario 13* 0.000 75.62

Scenarios that include vaccination are marked with an asterisk (*).

or immediately), followed by sc3 (ear tag and quarantine), and
sc2 (ear tag). Scenarios sc11 and sc12 generate total costs of 1.81
and 1.77 billion Euros, respectively. Similar to scenario sc4, the
majority of costs are predicted to arise in the initial years, while
from 2023 onwards both scenarios, sc11 and sc12, will become
cheaper until they are expected to level off at about 65 and 66
million Euros per year. Sc2 and sc3 are predicted to cause total
costs of 1.93 and 1.91 billion Euros, respectively. The costs of
both scenarios will level off from 2017 onwards and lead to nearly
constant sums of about 84 and 82 million Euros per year.

Seven scenarios are predicted to be more expensive than sc1.
The five most expensive scenarios all include AbT. With total
costs of 7.23 billion Euros, the most expensive scenario will be sc8
(ear tag, AbT twice a year and vaccination). From 2017 onwards,
sc8 is predicted to generate increasing costs until 2024, and from
2024 onwards, they will level off at 538 million Euros per year. As
the PI prevalence is predicted to decrease to almost 0%, all costs
are allocated to control measures, in particular antigen testing in
blood (72%), antigen testing in ear tags (13%), vaccination (11%),
and antibody testing (4%) (Figure 3).

The second most expensive scenario is sc6 (ear tag and AbT
twice a year), which is predicted to generate total costs of 3.65
billion Euros, of which 90% (3.30 billion) are allocated to disease
control. The costs of sc6, sc10, and sc7 peak in 2018 and then
almost constantly decrease until 2030. Scenario sc13 (AbT twice
a year, vaccination) is the third most expensive scenario and
is expected to generate 2.75 billion Euros costs (thereof 88%
for disease control), followed by sc9 (ear tag, AbT once a year,
vaccination, 2.7 billion Euros), sc10 (AbT twice a year, 2.68 billion
Euros), sc5 (ear tag, vaccination, 2.53 billion Euros), and sc7 (ear
tag, AbT one a year, 2.51 billion Euros).

Toward the end of the study period, the yearly costs of all
scenarios are predicted to level off at almost constant sums: The
cheapest scenario will again be scenario sc4 (36% of sc1), followed
by sc12, sc11, sc3, and sc2 (66–80% of sc1). Scenarios sc7 and
sc10 will be slightly more expensive (103–104% of sc1), followed
by sc5, sc9, sc13, and sc6 (138–171% of sc1), and sc8 is expected
to stay the most expensive scenario (535% of sc1).

The highest disease impact is predicted to occur in sc1 and sc4,
i.e., in scenarios with no control or stopping control measures
altogether (2.26 billion Euros, 100% of the total costs of sc1, and
845 million Euros, 60% of the total costs of sc4). Among the
scenarios with control, the highest disease impact is predicted to
occur in sc11 and sc12 (584 and 473 million Euros, 32 and 27% of
the total costs, respectively), followed by sc10 (427 million Euros,
16%) and sc2, sc6, sc7, sc3, and sc13 (360–324 million Euros, 10–
19%). The lowest disease impact is expected to occur in sc5, sc8,
and sc9 (280–285 million Euros, 4–11% of the total costs). All
estimates are reported as medians.

Sensitivity analysis showed that the costs for AbT had the
highest impact on the indirect costs. In scenarios without
vaccination (sc6, sc7, sc10), the number of AbT will stay constant
(∼2.8 million tests per year for sc6 and sc10 and 1.4 million tests
per year for sc7). On the other hand, the number of positive
AbT is predicted to decrease to about 8% in scenarios sc6 and
sc7, and to 12% in scenario sc10. In scenarios with vaccination
(sc8, sc9, and sc13), the number of AbT will first decrease and
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FIGURE 2 | Impact of a transient BVD infection in a dairy cow: (A) Histogram of the total losses. (B) Influence of the increased calving interval. (C) Influence of the

decreased milk yield on the losses.

stay constant from 2023 onwards (∼475.000–946.000 tests per
year). In scenarios with vaccination (sc8, sc9, sc13), the number
of BVD antibody-positive animals will remain in the range of
132,000–265,000 from 2022 onwards.

Compared to sc1, the break-even points of all scenarios were

estimated to be reached in 2017. However, only sc2, sc3, sc4, sc11,
and sc12 are predicted to stay beneficial, while the cumulative

costs of all other scenarios will rise in the following years and will

finally be higher than the benefit. Scenarios sc6, sc7, sc8, and sc10
are unlikely to result in profit from 2018 onwards, sc9 from 2021,
sc13 from 2022, and sc5 from 2023 onwards.

Table 5 lists the undiscounted and discounted benefit (B),
indirect costs (IC), benefit-cost ratio (BCR), net value (NV), and
net present value (NPV) per scenario.

The discounted BCR was estimated to range between 0.31
(sc8) and 2.08 (sc4). It was>1 for scenarios sc2, sc3, sc4, sc11, and
sc12. This means in case of scenario sc4, that 2.08 Euros are saved
for each invested Euro, whereas only 0.31 Euros per invested Euro
are saved in scenario sc8.

DISCUSSION

We developed two models (DSM and an economic model)
to plan, evaluate, and improve BVD control programs. The
models were applied to the situation in Germany, a country
that is currently in the process of optimizing its BVD control
strategy. Both models may also be applied in other countries.
They can help to design or improve other disease control
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TABLE 3 | Estimated market value of cattle of different age classes.

Calves (0–6 months) Young stock (7–24 months) Heifers Cows

Age in months 1 · · · 12 · · · 24 25 26 27 28 29

Mean 304.4 · · · 902.3 · · · 1,616.8 1,673.4 1,729.9 1,855.1 1,913.9 1,972.6 1,451.4

Min 165.1 · · · 489.3 · · · 876.7 907.4 938.0 1,005.9 1,037.8 1,069.6 376.9

1st Qu 276.6 · · · 819.9 · · · 1,469.1 1,520.5 1,571.9 1,685.7 1,739.0 1,792.4 1,260.8

Median 316.2 · · · 937.4 · · · 1,679.7 1,738.4 1,797.1 1,927.2 1,988.2 2,049.2 1,493.8

3rd Qu 339.8 · · · 1,007.4 · · · 1,805.0 1,868.1 1,931.2 2,071.0 2,136.6 2,202.1 1,682.6

Max 358.6 · · · 1,062.9 · · · 1,904.5 1,971.1 2,037.7 2,185.2 2,254.4 2,323.5 1,936.3

TABLE 4 | Total costs (direct and indirect costs) per scenario (million Euros) with

minimum and maximum values.

Scenario Mean Minimum Maximum

sc1 2,258 1,821 3,497

sc2 1,933 1,614 2,540

sc3 1,909 1,602 2,469

sc4 1,413 1,162 2,195

sc5 2,525 2,167 3,139

sc6 3,655 2,966 4,520

sc7 2,511 2,122 3,214

sc8 7,229 5,567 9,128

sc9 2,703 2,308 3,287

sc10 2,680 2,094 3,488

sc11 1,812 1,503 2,402

sc12 1,769 1,430 2,534

sc13 2,747 2,206 3,498

programs and to avoid problems that may be expected in
their course.

Economic Model
We estimated the direct costs of BVD to range from 34 to
402 million Euros per year in Germany, with a mean of 113
million Euros, corresponding to 28.3 million Euros per million
animals. These results fall within the range of estimates that
were previously obtained for other countries. Projected on costs
per million animals, direct BVD costs were estimated at 18–
21 million Euros for Switzerland (36), at 16.3 million Euros for
Norway (37), at 10.3–28 million Euros for the Netherlands (15),
and between 32 million (suckler cows) and 63 million Euros
(dairy cows) for Ireland (38). High costs associated with BVD
infection has led to increased disease in the cattle industry and
to public eradication efforts. Although the German program has
been regarded as successful in recent years (23), it is currently
under revision as eradication has not yet been achieved.

All scenarios that include only “test and cull” strategies, i.e.,
also the current control program, are unlikely to have eradicated
BVD in Germany by 2030. Only scenarios that combine either
antigen or antibody testing with compulsory vaccination (sc5, 8,
9, 13) are likely to reduce the PI prevalence to 0% according to
the model predictions. However, from an economic perspective,
these scenarios are not beneficial.

Scenarios that combine antibody and ear tag testing (sc6, 7, 8,
9) may result in a significantly faster decrease of PI prevalence,
but none of them is economically attractive due to the large
numbers of tests required for surveillance. Scenario sc10 (AbT
only) leads to an increase in PI prevalence and causes higher
costs than sc1. In this case, risk-based surveillancemay reduce the
number of samples, while providing a high sensitivity at the same
time (36). Risk-based categorization of farms could be performed
by taking for example the number of animal movements and the
disease status of the origin of purchased animals into account.

Of all simulated scenarios, only four were found to be
economically attractive, namely scenarios sc2, sc3, sc11, and sc12,
with an NPV of 222, 238, 307, or 337 million Euros, respectively.
Although scenario sc4 has an NPV of 572 million Euros, it must
be assumed that the disease costs will rapidly increase again if
all control measures are abandoned. With scenarios sc11 and 12
(vaccination only), eradication does not appear to be feasible. If
BVD control is stopped before the last PI is removed (see sc4), the

PI prevalence is predicted to level off on the long term at about
0.33%. Previous studies do not advise premature discontinuation

of control efforts, as a mainly seronegative cattle population is
fully susceptible to BVD (39). Abandoning the long-standing
goal of eradicating BVD may lead to necessity of imposing trade
restrictions and, more importantly, to the loss of credibility of
official disease eradication programs.

In summary, scenarios sc2 and sc3 were predicted to be
successful in terms of both, disease eradication and benefit-cost
ratio. However, a major current challenge for BVD eradication
is the unrecognized import of inapparent or subclinical PI
animals. A recent risk assessment showed that BVD is regularly
introduced in the Netherlands through cattle importations
and estimated that 334 cattle herds may become infected per
year (40).

According to our results, the control program currently

implemented in Germany is beneficial (BCR= 1.2). This is in line

with calculations for Ireland (38) and Switzerland (36), which run

similar control programs as Germany. Both groups calculated

a higher BCR (10 and 1.9) than we did. In the Netherlands

(15), where a control program based on bulk milk testing is
in place, the BCR = 1.5 is slightly higher than the one we
calculated for Germany. Other studies came to a negative BCR,
e.g., for Styria, Austria, with a BCR of 0.83 (41). Comparing
our results directly with those of others is difficult as the
control programs are different, the assessment periods vary in
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FIGURE 3 | Direct and indirect costs incurred 2011–2030 in the 13 simulated scenarios.

TABLE 5 | (A) Undiscounted and (B) discounted benefit (B/PVB), indirect cost (IC/PVIC), benefit-cost ratio (BCR), and net value (NV/NPV) of the 13 simulated scenarios (in

million Euros).

Scenario (A) Undiscounted (B) Discounted

B IC BCR NV PVB PVIC BCR NPV

sc1

sc2 1.897 1.573 1,22 324 1.437 1.216 1,18 222

sc3 1.915 1.566 1,24 349 1.449 1.211 1,2 238

sc4 1.413 569 1,1 844 1.097 524 2,09 572

sc5 1.972 2.240 0,92 −268 1.488 1.658 0,9 −170

sc6 1.898 3.295 0,69 −1.397 1.437 2.433 0,59 −996

sc7 1.901 2.154 0,92 −253 1.439 1.633 0,88 −193

sc8 1.976 6.947 0,52 −4.971 1.491 4.837 0,31 −3.346

sc9 1.978 2.423 0,87 −445 1.492 1.785 0,84 −293

sc10 1.831 2.253 0,93 −423 1.388 1.710 0,81 −322

sc11 1.674 1.229 1,95 445 1.266 959 1,32 307

sc12 1.785 1.296 1,51 489 1.351 1.014 1,33 337

sc13 1.934 2.424 0,94 −490 1.458 1.772 0,82 −314

The discounting rate is 3%.

time and duration, and the cattle structure (e.g., herd structure,
trade patterns and animal density) may not be comparable.
A recent review has only identified four countries (Norway,
Ireland, France and Switzerland), where the implementation of
BVD mitigation activities appeared economically justified after a
specific period (16).

Disease Spread Model
In scenario sc1, BVD reaches an endemic status with a
PI prevalence of at least 0.9%. Over the study period,
the PI prevalence was predicted to decrease slightly and
no steady state was reached within the projected period,
although the rate of reduction was very small. Most

probably, this is due to fact that the disease transmission
rates between animals and farms were estimated rather
low, although they were based on values obtained from
literature (32).

In scenario sc4, we observed a rapid increase of the PI
prevalence up to 0.75% just after stopping BVD control, before it
decreases and levels off at about 0.33%. The initial increase of the
PI prevalence is due to the high number of naïve animals at the
end of the control program. In the following years, the number
of animals recovered from transient infection increases and the
number of PI animals decreases until a steady state is reached. In
contrast to sc1, the PI prevalence is lower, probably because in
sc1 no steady state is reached.
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Compared to real life data, the initial PI prevalence in theDSM
was three times higher (1.2 vs. 0.4%) (Figure 4). To explain this
phenomenon, it has to be taken into account that (i) reliable data
from the HIT database were not available until mid-2011 and (ii)
in reality, several federal states had already implemented different
types of voluntary control programs in 2011. Hence, the reported
prevalence at the animal and farm level in previous years does not
necessarily reflect a baseline scenario (without BVD control), but
rather a heterogeneous situation. Compared with studies carried
out prior the start of any control program, e.g., 2.1% in Lower
Saxony, Germany (42) or 0.8–1.3% in Switzerland (9, 11, 43), the
assumed PI prevalence of 1.2% in the DSM seems realistic.

Previous studies revealed BVD seroprevalences of 64–97%
in Germany (44), 57.6% in Switzerland (45), and 33–54% in
Belgium (46, 47). Compared with these studies, the antibody
prevalence of 47% in the DSM seems to be realistic.

Compared with real data obtained from the HIT database,
the reduction in PI prevalence seems to be predicted in a rather
realistic fashion by scenario sc3, with the only difference that the
PI prevalence was reduced to 0.01% in the first quarter of 2017
in reality, while this prevalence level will not be reached until
2024 according to the model prediction (Figure 4). This may be
due to the fact that (i) the initial PI prevalence in scenario sc3 is
three times higher than in reality, and (ii) we did not simulate
further effects in the DSM, e.g., additional measures carried out
by the farmers.

Scenarios that include only ear tag testing (sc2, sc3), only
AbT (sc10) or a combination of both (sc6, sc7) will not lead to
BVD eradication. Regarding scenarios sc2 and sc3, the reasons

are imperfect tests, the continuous importation of PI animals,
delayed removal of PI animals, and failure to take transient
infections into account (23).

In scenario sc10, the number of PI animals increased after
switching from ear tag to antibody testing only. This confirms
experiences made in Switzerland in 2012/2013 (https://www.
infosm.blv.admin.ch/public/). Hence, in terms of PI prevalence,
this option is worse compared to ear tag testing (sc2, 3) Only
scenarios that combine vaccination with either ear tag (sc5) or
AbT (sc13) or both (sc8, sc9) are expected to lead to eradication
according the modeling results. All scenarios that include AbT
are predicted to lead to an unexpectedly high number of blood
antigen tests. This is due to the fact, that, according to German
BVD regulation, all cattle in a farm are subjected to a virus
isolation test to detect viremic animals if an animal is confirmed
antibody positive. Furthermore, maternal BVD antibody titers
are still high enough to be detectable in calves until the age of
9 months. This can explain why so many animals (tested at the
age of 7–18 months) were antibody positive in the DSM and
why strategies that include AbT are so effective in reducing the
PI prevalence. However, in reality, the number of antigen tests
may be substantially lower, probably because animals subjected
to AbT are older than 7 months. Moreover, it seems unlikely that
all animals of a farm will be tested if a single BVD-positive result
is obtained in this herd.

Other studies on the spread of BVD and the effect of different
control strategies were published for Scotland (48), Ireland (49),
and Italy (50). Nevertheless, the authors used other approaches to
model disease spread or tested different control strategies. Tinsley

FIGURE 4 | Comparison of the PI prevalence in reality (source: HIT, blue circles, left axis) and simulated in the DSM, scenario sc3 (red stars, right axis).
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et al. (48) compared only trade restrictions, using a network
model. Thulke et al. (49) tested the change from the current
control system (ear tag testing), which is similar to the German
strategy, to serological testing. They also included additional
factors, e.g., difficulties in changing the strategy. Iotti et al. (50)
used a more general approach in analyzing a random or targeted
removal of farms from the network. These models and the results
obtained with them can therefore not be compared directly with
our findings.

Gross Margin Analysis
The sensitivity analysis showed that the economic model was
most sensitive to alterations in the parameters associated with
production losses. The GMA revealed a mean economic impact
of 56 Euros per TI dairy cow, 8 Euros per heifer and 5 Euros
per calf and thus falls within the range of previous studies: Two
worldwide reviews quote the economic impact of BVD as 0.4–
585 Euros (1) or 0–621 Euros per animal (2). Losses per cow and
year were estimated at 56-133 Euros for France (51), 9.2 Euros
for Norway (37) and 75.5–79.1 Euros for Switzerland (14). In
Bavaria, losses were estimated at 40 Euros per TI in a lactating
cow, 25 Euros per TI in a non-lactating cow and 25 Euros per
young stock or heifer (52). In the Netherlands, the production
losses per milking cow due to BVD were estimated to range
from 19 to 384 Euros per milking cow, with 72 Euros as the
most likely value (53). However, these costs included a biannual
vaccination of all cows in the herd against BVD and further
actions that had to be taken by a farmer to obtain a BVD-free
status for the herd. In general, reproduction losses associated with
BVD may vary greatly and it is difficult to compare them for
different population sizes, herd, and animal-specific conditions
and periods.

Limitations
The disease spread model (DSM) was designed to model the
disease spread via animal trade. Each farm can sell and buy
from all other farm, which might promote the spread of the
virus and thus lead to an overestimation of the number of
affected farms. Also, the model simulates the continuous influx
of a certain proportion of PI (2% of imported animals). The
assumed influx represents a worst-case scenario, which may not
necessarily reflect the true current situation. However, Germany
is not entitled to additional guarantees of BVD-freedom if cattle
are imported from other EU member states, so an influx of PI
animals through cattle trade with farmers in other EU member
states is possible. If and when Germany may achieve freedom
from BVD with a smaller number of imported PI animals
will have to be analyzed in a future study. Moreover, virus
spread by people (e.g., animal traders, veterinarians, farmers)
is not taken into account in the model, which might lead to
an underestimation of the PI incidence. We also had to make
some simplifications in the model: We did not consider different
(combinations of) BVD vaccines, but simulated only the use
of a single vaccine with “standard” efficacy. We also assumed
that PI calves do not receive maternal antibodies. This should
have no influence on the model, since there was only a small
number of PI calves. On the other hand, serological testing of

calves with maternal antibodies leads to false-positive test results
and consequently to the virological testing of the whole herd
with a consequence of a massive overestimation of the number
of tests.

A sensitivity analysis was carried out for several parameters,
e.g., population size, transmission rate, time lag until retesting,
vaccination efficacy (29, 30). When we compared the output
of the model with the data available from the German
cattle trade database, we observed similar trade patterns
and age distributions. Socio-economic or animal welfare
aspects as well as trade benefits that may arise from a
BVDV-free status as well as possible future developments in
European legislation on BVD control were beyond the scope
of this study. Increased biosecurity in terms of quarantine
in combination with testing imported animals in quarantine
in the farm of destination may decrease the risk of virus
spread. The PI prevalence might be reduced accordingly
in all scenarios that include control measures. However,
enhanced biosecurity measures were not taken into account in
our model.

In conclusion, we modeled the spread of BVDV with and
without control measures and calculated the economic impact
of the disease and its control using data from Germany. Our
analysis showed that within the given limitations, only scenarios
with a combination of testing and compulsory vaccination will
lead to eradication. However, these scenarios are not beneficial
from an economic perspective. The currently implemented
eradication program is likely to reduce the PI prevalence
to a very low value close to 0 % at a reasonable cost-
benefit ratio.
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Improving biosecurity in intensive livestock production has become an increasingly

challenging task. Often, animal hygiene measures are implemented at lower levels than

recommended. Therefore, veterinarians and farm advisors look for new approaches to

improve their advisory process with farmers. In the current study it has been hypothesized

that German pig farmers’ big-five measured personality traits might correlate with farms’

biosecurity level expressed by a “continuous animal hygiene index” and a “technical

animal hygiene index.” Hence, comprehensive data on the implementation of more than

100 hygiene measures were collected at farm level from a specific pilot sample of 42 pig

farmers from a livestock intensive region in north-western Germany. In addition, big-five

personality traits (BFI-S) were measured by self- and other-rating. Inter-rater reliabilities

for personality traits indicated expected positive correlations apart from agreeableness

(rS =−0.101). Regarding the self-rating, neuroticismwas valued lowest (x̄= 3.88± 1.18)

and conscientiousness highest (x̄ = 5.68 ± 0.70). The animal hygiene indexes revealed

medium biosecurity levels on the participating farms. Piglet breeders had a significantly

higher value for the “continuous animal hygiene index” (x̄ = 63.00 ± 9.91%). Personality

traits conscientiousness and openness showed correlations with the continuous and

the technical animal hygiene index. Depending on the production systems as well as

the rating perspectives, correlations varied. For one of the personality traits playing a

direct role in social interaction—extraversion—the advisory process might function as a

mediating factor. The current results show that clustering of single hygiene measures

into indexes in the evaluation of pig farms’ biosecurity level might have advantages.

The preliminary results from this study should be validated in larger, more representative

samples. Furthermore, structured and systematic consideration of personality traits of

farmers adds an additional aspect to include individuality of farmers more systematically

in complex advisory processes. Interaction of personality traits with characteristics of the

advisory process should be further researched and should be included in a much broader

socio-political understanding of what is involved in changing practices.

Keywords: pig farmer, biosecurity, animal hygiene, personality, advisory process
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INTRODUCTION

Animal hygiene has become a “mainstream prerequisite for
an ethically accepted and sustainable production of food from
animals” (1). Nevertheless, measures to enhance animal hygiene
are often implemented at levels lower than recommended. Not
least of all, animal performance could increase, if animal health
and hygiene were enhanced (2). Therefore, there has been
a recent increase in research aimed at a valid evaluation of
current biosecurity levels and practicing biosecurity measures on
livestock farms [e.g., (3–6)]. But even when biosecurity levels
were regularly highlighted as strongly in need of improvement,
reasons for low implementation were often unclear.

Zoonotic diseases, which can affect food animal populations
as well as human health, still play a major role (7). Especially
intensive pig livestock regions, such as the north-western part
of Germany, are susceptible to epidemic outbreaks. Concerning
the African swine fever, for example, there is a high risk of
dissemination from Eastern Europe through food leftovers, feral
pigs as well as pig livestock imported to Germany. Dissemination
depends on biosecurity levels of pig farms (8), among others.
Whereas, the African swine fever does not harm humans, pig-
transmitted Methicillin-resistant Staphylococcus aureus (MRSA)
colonization of German farm workers has been proven in several
studies [e.g., (9, 10)]. So, the level of endemic infection of
pig herds is relevant concerning hospital-transmitted MRSA
infections (11). Further examples given are Salmonella infections,
whose harm is not limited to pig health. Nowadays, people still
become ill by food-borne salmonellosis infections (12–14). They
also cause the most deaths regarding foods of animal origin
in Germany (15). Therefore, the implementation of biosecurity
measures on livestock farms as a preventive approach has become
an increasingly important task.

Here the question arises of how implementation of measures
can be enhanced at the farm level. Implementation deficits have
been identified in several studies [e.g., (5, 16, 17)]. Research
clearly showed that pure knowledge about useful on-farm
measures with concern to livestock husbandry is lost before
their implementation (18, 19). It was also shown that biosecurity
measures were considered derogatorily by many farmers (20).
Distinctly, perceptions and attitudes toward the implementation
of single hygienic measures at any rate, recommended by science
and mediated by veterinarians or farm advisors, have been a
worldwide problem for years, as discussed by Racicot et al. (4).
Hence, veterinarians and farm advisors look for new approaches
to overcome the lack of implementation of measures. Moreover,
these persons are the most important ones, who can highly
impact on farmers’ decision making and attitudinal behavior (16,
21–26). Therefore, communication and understanding between
all agents is necessary (16).

Veterinarians and farm advisors need science’s support to
get access to valid and feasible tools, being applicable during
farm visits. Indeed, veterinary epidemiology in combination
with social sciences maintains a multidisciplinary approach. It is
difficult to let results intertwine (24). Obstacles were attributed
to researchers’ specializations. Relevant interdisciplinary
cooperation between veterinary and social sciences is often

still missing. Following this scientific background, the most
important and difficult tasks are still prospectively, (1) to be
able to define the origin of farmers’ general understanding
and decision making behavior with regards to farm operating
strategies and (2) to meet the challenge of deriving action
strategies for veterinarian personnel and farm advisors.

In recent years there have been different approaches to
analyze, especially psychological, motivational as well as social
factors explaining and predicting farmers’ behavior in relation
to veterinary epidemiology as well as infectious diseases among
farm animals (19, 21, 23, 27). Additionally, increasing research
is available in which farmers’ personality traits were assessed
in relation to non-epidemic as well as health topics. Reliable
predictors of their behavior could be identified (28–30). Thereby,
the five-factor personality model or rather the big-five model,
as a method originated in the “psycho-lexical-tradition” (31, 32)
in combination with the “differentiated and clinical tradition of
the personality research” (33, 34) was implemented successfully
several times on different farmers [e.g., (35)]. Regarding
farms’ disease control as well as farms’ biosecurity compliance,
researchers found that several personality traits are highly
correlated for the assessed dependent variables and measures
(4, 36, 37). Because of these recently obtained and demonstrably
useful signs on the applicability of the big-five personality model
on cattle as well as poultry farmers, this model was chosen in the
current study with intensive pig farms. Here, it has been generally
hypothesized that farmers’ big-five measured personality traits
might have significant impact on pig farms’ biosecurity levels.
Hypothetically, information on farmers’ personalities could
support veterinarians and farm advisors to develop more tailored
advisory processes and strategies.

Therefore, the first aim of the current study was to test
the big-five model “BFI-S” (38) for reliability by self- and
other-rating, which has not been done in animal health-related
studies before. The sample comprised 42 German intensive pig
livestock farmers. They were part of a more comprehensive
three-year research project. The second aim was appraising the
implementation level of biosecurity measures. For this purpose,
a survey of farmers participating in the project was conducted
by two researchers during a farm visit. The third aim of the
present study was to analyze the impact of big-five measured
personality traits on the farms’ biosecurity levels. Therefore, it
was hypothesized that different measures occurring on farms
were influenced, to various extents, by different personality
traits (Figure 1).

DATA AND METHODS

Project Design
Farmers participating in the current study joined the three-year
project “Preventive hygienic consulting” which ran from 2014 to
2017. The project was for improving animal hygiene in intensive,
conventional pig production in a livestock-intensive region in
the state of North Rhine-Westphalia in north-western Germany.
The project included workshops on biosecurity measures,
possibility for on-farm research trials, farm individual biosecurity
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FIGURE 1 | Big-five model with the five personality traits aligning the “continuous animal hygiene index” and the “technical animal hygiene index” with their

frequencies of implementation of measures.

consulting and the possibility to engage a professional pest-
control operator at subsidized fees. Farmers were suggested by
regional advisors from different organizations and veterinarians
to participate in two project information workshops in October
2013. Due to the pilot character of the present study, it was seen as
essential to work within established on-farm research structures
and build on trust relationships with these farmers. All farmers
were pig producers at different levels in the production chain.
Famers in our sample were from three production systems of
“breeding sow keepers” (N = 8), “piglet breeders” (N = 10), and
“fattening pig keepers” (N = 24). The three different production
systems chosen were classified according to common conditions
as follows:

1. BSK: Breeding sow keepers (sows and piglets till 8 kg
body weight)

2. PB: Piglet breeders (piglets from 8 to 25 kg body weight)
3. FPK: Fattening pig keepers (pigs from 25 kg body weight to

slaughter weight)

As shown in Table 1, some farms were comprised of two or all
three production systems with every possible combination. Thus,
for the current analyses, farms were classified according to the
production system self-selected by farmers. Data were based on
stables and partly accounted for overall farm hygiene. On average,
breeding sow keepers kept 438 ± 125 sows, piglet breeders 1,265
± 673 piglets and fattening pig keepers 2,262± 1,434 pigs.

Participation in the research project was voluntary. Project
data for this study was collected by the help of two questionnaires
within face-to-face interviews. The first was the “intensive farm
questionnaire,” which was implemented to build animal hygiene
indexes. Furthermore, overall project evaluation data as well
as big-five personality traits assessed by self- and other-rating
were collected by the “concluding farm questionnaire.” Data was

TABLE 1 | Number of kept animals disaggregated by production systems.

Sows Piglets Fattening pigs

x̄ ± x̃ x̄ ± x̃ x̄ ± x̃

Breeding sow keepers

(BSK)

438 ± 125 (8*) 1,253 ± 799 (6) 640 ± 792 (2)

Piglet breeders

(PK)

360 ± 310 (5) 1,265 ± 673 (10) 1,288 ± 165 (4)

Fattening pig keepers

(FPK)

84 (1) 643 ± 367 (3) 2,262 ± 1,434 (24)

*Number of farms in brackets.

collected in such a way that data from the two different surveys
could be linked for each farm.

Intensive Farm Questionnaire
A comprehensive questionnaire was developed and implemented
on farms from January to April 2014 in order to conduct
a detailed overall evaluation of the hygienic situations. The
survey was done face-to-face with the respective farmers by
two researchers during a farm visit. A specific questionnaire
was developed for each different production system containing
specific items referring to the production system in question, as
well as containing an equal main part, which was divided into six
farm compartments (Table 2). Biological performance indicators
were queried as well but not included in the current study. Most
of the items were polar questions with predefined reply classes.
Depending on the type of question, each reply class was named
or only the polar points were named. Additionally, some open
questions were asked and constitute additional items.
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Animal Hygiene Index
As measures are implemented on farms to varying degrees, the
items of the “intensive farm questionnaire” were firstly divided
by their frequency of measure implementation. Following this,
there were two kinds of frequencies. The first concerns whether
or not measures are continuously implemented or, if they are

TABLE 2 | Farm compartments comprised by the “intensive farm questionnaire”

for the production systems breeding sow keepers, piglet breeders, and fattening

pig keepers.

Farm compartment

1 Stable

2 Farm organization

3 Farm hygiene

4 Stable climate

5 Health prophylaxis

6 Biological performances

generally conducted or not. The latter were related to structural
conditions and considered as technical measures. Thus, a detailed
definition of the “continuous animal hygiene index” and the
technical hygiene index is presented in the following two sections.

Continuous Animal Hygiene Index (CAHI)
The “continuous animal hygiene index” includes operational
measures conducted at different frequencies, even if they
should be carried out regularly. Regularly means in relation
to the intended objective (once or more times a day, once
after emptying the stable, etcetera). These measures relate to
the farmers’ operational behavior and decisions. Examples of
measures considered in this index are listed in Table 3.

Technical Animal Hygiene Index (TAHI)
The “technical animal hygiene index” relates to measures
of structural implementation and in relation to technical
conditions. As such, these measures relate to farmers’ strategic
behavior and decision-making. Examples of measures considered
in this index are provided in Table 4.

TABLE 3 | Number of items according to the production systems and content examples of items related to the “continuous animal hygiene index” (CAHI).

Production system Number of

items

Content of items

Breeding sow keepers (BSK)

(N = 8)

80 Take on/off

farm-owned

protection clothes

Cleaning/disinfecting

protecting shoes

Cleaning

appliances/water/

feed pipelines

Conducting

deworming

Dissection of pigs

with unknown cause

of deathPiglet breeders (PB)

(N = 10)

67

Fattening pig keepers (FPK)

(N = 24)

72

Answer options

Always/

mostly/

sometimes/

never

Always/

mostly/

sometimes/

never

After every trial/

yearly/

sometimes/

never

Yes/

partly/

no

Always/

partly/

rarely/

never

TABLE 4 | Number of items according to the production systems and content examples of items related to the “technical animal hygiene index” (TAHI).

Production system Number of

items

Content of items

Breeding sow keepers (BSK)

(N = 8)

38 General structural

state of the stable

Conducting the “all in - all

out” and “black—white’

system

Providing a changing

room with shower

and visitor protocol

Storage of feed and

litter saved from sun

and animals

Conduction of water

samples analyses and

water disinfectionPiglet breeders (PB)

(N = 10)

34

Fattening pig keepers (FPK)

(N = 24)

38

Answer options

Very good/

good/

in need of

renovation/

very in need of

renovation

Yes/

no

Yes/

no

Yes/

partly/

no

Yearly/

if required/

never
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FIGURE 2 | Score awarding for the animal hygiene indexes (CAHI, TAHI) for

two to six reply classes.

Animal Hygiene Index Calculation
The animal hygiene indexes (CAHI and TAHI) were calculated
as two separate indexes for every single farm. Thereby, all items
were assigned either to be included in the CAHI or in the TAHI
calculation. Secondly, the points given for every question were
divided proportionally to the number of reply classes as shown
in Figure 2. High levels of implementation correspond to six
points and low levels to one point. The numbers of reply classes
reflect the implementation of measures (i.e., the frequency of
implementation of measures or if specific structural conditions
are present or not). If no hygiene measures were implemented,
this was evaluated by one point. Further open answers were
coded to reply classes, too. These reply classes were defined ex-
post to the survey during data analysis. Examples include the type
of washing equipment for shoes or the strategy to reduce flies.
Afterwards, all items were weighted based on their relevance with
regard to hygiene levels by factor multiplication. The factors run
from 1 (low factor loading) over 2 (medium factor loading) to 3
(high factor loading). The ranking was carried out by the three
researchers conducting this study, all having a pig production
advisory background. Altogether, the CAHI and the TAHI each
represent the sum of the achieved question points multiplied with
the determined factors for every single farm, always in relation
to the maximal reachable sum of points over all items, as the
following formula shows.

V C
T

(

j
)

= 1/z

q
∑

i=1

(xij∗yi)∗100% (1)

VC = Value of “continuous animal hygiene index” (CAHI)
VT = Value of “technical animal hygiene index” (TAHI)
i= Items
j= Farmer
q= Number of items
x= Scored number of reply classes
y= Factor-loading
z=Maximal reachable sum of points from all items.

Concluding Farm Questionnaire
The “concluding farm questionnaire” was designed for a final
project evaluation. Therefore, farmers were visited again during
December 2016 to February 2017. This questionnaire evaluated
the overall project at the end, i.e., if the project measures provided
resulted in increased hygienic conditions on farms; if the farmers’
hygienic awareness has changed. Both aims were not the focus
of the current study. Parts of the project evaluation results have
been published by Wildraut et al. (39) and Hecker et al. (40).
The big-five assessment was included in the “concluding farm
questionnaire” as explained in the following section.

Big-Five Personality (BFI-S) Assessment
For the personality trait assessment, the “BFI-S” from Schupp
and Gerlitz (38) was chosen. The farmers valued their approval
or disapproval for the items (for items’ content, see the second
column of Table 5; items were linguistically shortened) on
terminal seven-pointed Likert scales (“does not apply at all” to
“fully applies”). For the self-ratings, all items started with “I
am somebody, who....” For the other-rating, the items started
with “The farmer is somebody, who. . . .” For the other-rating,
the person was an affiliated person who knew the farmer well.
As the study was done in a context with family farms, the
farmers’ wives were mostly chosen by the farmers as the person
doing the other-rating. Reverse scaled items were rescaled before
data analysis was conducted, so that all items were expressed
positively: High scale values mean high approval (see column
“item-polarity” in Table 5). Results were always presented for the
self- and other-rating.

Statistical Analyses
Data entry was done with Microsoft Excel 2010 and statistical
analyses with IBM SPSS Statistics 25. All data were first analyzed
descriptively. Afterwards, data were tested for homogeneity
of variances and normal distribution using the Levene and
Kolmogorov-Smirnov procedures, respectively. Variance
homogeneity was given for all BFI-S personality traits except
neuroticism. Additionally, sample sizes for the farmers of the
three different production systems differed widely. Hence,
differences between personality traits and production systems
were analyzed by the Hochberg GT2 procedure (α = 0.05) after
using the univariate ANOVA.

Differences of the big-five traits (dependent variable) between
production system (independent variable) were analyzed
answering the question if personalities of farmers differ between
production systems.

Concerning the continuous (CAHI) and technical animal
hygiene indexes (TAHI), variances were homogenous and data
were distributed normally for the technical index (TAHI).
Regarding the different sample size of the production systems and
the robustness of the Hochberg GT2 procedure (α= 0.05) against
non-normal distributed data, this test was chosen for analyzing
the differences of the indexes (dependent variable) between
pig production systems (independent variable), answering the
question if implementation of hygiene measures differs between
production systems.
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TABLE 5 | Means, standard deviation, medians, inter-rater-, and inter-item correlations (rS,
*p ≤ 0.05, **p ≤ 0.01) of the big-five traits based on the BFI-S for intensive pig keepers (N = 42).

Trait Item Item-no.

(Item-polarity)

Means ± standard deviation (Median) Differences

of the means

Inter-item correlations Interrater-

correlation
Self Other Items Self Other

Extraversion communicative, talkative 1 (+) 5.38 ± 0.96 (6.0) 5.95 ± 1.08 (6.0) −0.57 ± 1.15 1↔2 0.443** 0.205 0.397**

reserved 2 (–) 3.36 ± 1.41 (4.0) 4.45 ± 1.85 (4.0) −0.10 ± 2.02 2↔3 0.411** 0.452** 0.268

outgoing, sociably 3 (+) 5.17 ± 1.17 (5.0) 5.95 ± 1.13 (6.0) −0.79 ± 1.14 1↔3 0.452** 0.442** 0.530**

Mean 4.97 ± 0.93 (5,0) 5.45 ± 1.01 (5.3) −0.48 ± 0.92 0.515**

Conscientiousness working thoroughly 1 (+) 5.57 ± 0.86 (6.0) 6.24 ± 0.93 (6.0) −0.67 ± 0.93 1↔2 0.520** 0.675** 0.393**

effective and efficient 2 (+) 5.81 ± 0.80 (6.0) 6.14 ± 1.20 (6.5) −0.33 ± 1.20 2↔3 0.073 0.260 0.351*

rather lazy 3 (–) 5.67 ± 1.39 (6.0) 6.43 ± 1.42 (7.0) −0.76 ± 1.59 1↔3 0.225 0.374* 0.139

Mean 5.68 ± 0.70 (5,7) 6.27 ± 0.93 (6.5) −0.59 ± 0.95 0.212

Neuroticism getting nervous easily 1 (+) 3.69 ± 1.62 (4.0) 3.52 ± 1.80 (3.0) 0.17 ± 1.67 1↔2 0.325* 0.644** 0.518**

relaxed, doing well with stress 2 (–) 3.55 ± 1.44 (3.5) 3.29 ± 1.73 (3.0) 0.26 ± 2.10 2↔3 0.112 0.019 0.179

worrying often 3 (+) 4.40 ± 1.77 (4.5) 4.43 ± 1.71 (4.5) −0.02 ± 1.92 1↔3 0.477** 0.194 0.326*

Mean 3.88 ± 1.18 (3,8) 3.75 ± 1.27 (3.7) 0.14 ± 1.21 0.440**

Openness appreciating artistic experiences 1 (+) 3.40 ± 1.56 (4.0) 3.88 ± 1.66 (4.0) −0.48 ± 1.74 1↔2 −0.160 0.246 0.420**

vivid phantasy, having imagination 2 (+) 4.57 ± 1.42 (5.0) 4.38 ± 1.55 (4.0) 0.19 ± 1.86 2↔3 0.153 0.602** 0.170

ingenious, introducing new ideas 3 (+) 5.02 ± 1.32 (5.0) 5.60 ± 1.08 (6.0) −0.57 ± 1.58 1↔3 −0.032 0.331* −0.066

Mean 4,33 ± 0,76 (4,3) 4.62 ± 1.10 (4.7) −0.29 ± 1.17 0.216

Agreeableness considering and friendly 1 (+) 5.71 ± 0.86 (6.0) 5.86 ± 1.07 (6.0) −0.14 ± 1.56 1↔2 0.362* 0.551** −0.275

sometimes rude to others 2 (–) 5.17 ± 1.40 (5.0) 5.55 ± 1.58 (6.0) −0.38 ± 2.06 2↔3 0.180 0.317* 0.113

forgiving 3 (+) 5.57 ± 1.09 (6.0) 5.74 ± 1.38 (6.0) −0.17 ± 1.78 1↔3 0.124 0.280 0.178

Mean 5,48 ± 0,76 (5,7) 5.71 ± 1.02 (5.8) −0.23 ± 1.39 −0.101
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FIGURE 3 | Box-and-whisker plot of personality trait values according to the pig production system: breeding sow keeper (N = 8), piglet breeders (N = 10) and

fattening pig keepers (N = 24).

Inter-rater and inter-item correlations of the big-five
personality traits were calculated. Inter-rater correlation refers to
the correlation between self- and other-rating. High correlations
indicate a high reliability of the measured item. Inter-item
correlations refer to correlations between the three single
items of each personality trait. High correlations indicate
high internal construct validity of the respective personality
traits. Since items were measured as ordinate variables, the
Spearman rank-correlation (rS) was used. Together, these
analyses were implemented to test for the consistency of the
big-five personality model in the context of this study. For
comparison of the continuous (CAHI) and “technical animal
hygiene index” (TAHI) as metric parameters, the Pearson
correlation was calculated (rP). Correlations of the big-five
personality traits by self- and other-rating with the “continuous
animal hygiene index” (CAHI) and the “technical animal hygiene
index” (TAHI) were analyzed by the Spearman rank-correlation
(rS). These analyses answer the key question of the study whether
personality traits are correlated with the implementation level
of hygiene measures. The reference unit for all analyses was the
farms (always N = 42).

RESULTS

Inter-rater and Inter-item Correlations
Regarding the self-ratings with an average value of 5.68 ± 0.11
for conscientiousness, this trait was valued highest, followed by
agreeableness (x̄ = 5.48 ± 0.12, Table 5) and extraversion (x̄ =

4.79 ± 0.14). Openness was valued with 4.33 ± 0.12 on average
and neuroticism lowest (x̄ = 3.88 ± 0.18). The highest mean
difference between self- and other-rating was 0.59 ± 0.95 data

points, which was related to conscientiousness. The other-rating
always resulted in higher valued items.

Regarding the self-rating, inter-item correlations were
significant concerning extraversion as well as particularly
concerning conscientiousness, neuroticism as well as
agreeableness. Regarding other-rating, correlation was
found between two pairs of items in relation to extraversion,
conscientiousness, openness, and agreeableness, whilst only
one pair of items was significant for neuroticism. Significant
inter-rater correlations were found for some of the personality
traits (Table 5).

Differences Between the Production
Systems for the BFI-S Traits
Differences between all five of the personality traits were not
significant in relation to the three production systems “breeding
sow keepers” (BSK), “piglet breeders” (PB), and “fattening
pig keepers” (FPK) (extraversion: F = 0.267, p = 0.767;
conscientiousness: F = 0.140, p = 0.870; neuroticism: F = 0.702,
p = 0.502; openness: F = 0.110, p = 0.896; agreeableness: F
= 1.355, p = 0.270). As a tendency, piglet breeders valued
themselves highest in all traits (Figure 3). In this production type,
conscientiousness as well as agreeableness was valued highest
with always a median of six. Lowest values were chosen for
openness (x̃ = 4) and neuroticism (x̃ = 4). Breeding sow keepers
valued themselves highest in regards to conscientiousness (x̃ =

6) and lowest regarding neuroticism (x̃ = 4) and openness (x̃ =

4), when comparing the different traits within this production
system. Further, the fattening pig breeders had the widest
standard deviation for neuroticism with additionally the lowest
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FIGURE 4 | Box-and-whisker plot of continuous and “technical animal

hygiene index” values (%) according to the pig production systems. Different

letters indicate significant differences (ANOVA and Hochberg GT2 procedure;

α = 0.05); p-values of pairwise comparisons are given below the

box-and-whisker plots.

median value (x̃ = 4). They rated themselves highest with
conscientiousness and agreeableness (always x̃= 6).

Differences Between the Production
Systems for the CAHI and TAHI
The value for the CAHI was significantly higher for piglet
breeders in comparison with breeding sow keepers and fattening
pig keepers (Figure 4). Breeding sow keepers and fattening pig
keepers did not differ significantly (p = 0.999) with regard to the
CAHI. Regarding the TAHI, no significant differences occurred
between the three systems (F = 1.837, p = 0.173). The Pearson
correlation between the indexes revealed a significant positive but
medium result concerning fattening pig keepers (rP = 0.639, p=
0.01). Further medium non-significant correlation occurred for
breeding sow keepers (rP = 0.607) and low negative correlation
for piglet breeders (rP = −0.188), which was not significant
either. Altogether, the indexes correlated significantly but with
moderate value (rP =0.451, p= 0.01).

Big-Five Personality Traits in Correlation
With the CAHI and TAHI
Few significant correlations were found between the hygiene
indexes and personality traits (Table 6). For example, significant
correlations occurred with the fattening pig breeders (FPB),
who achieved higher index values for both indexes, when
conscientiousness was valued higher regarding the self-rating
(CAHI: rS = 0.453, p = 0.05; TAHI: rS = 0.419, p = 0.05). With
regards to breeding sow keepers (BSK), openness is significantly
and highly positively correlated with the TAHI in respect to
the self-rating (rS = 0.764, p = 0.05). For the piglet breeders’
(PB) other-rating, there is a significant negative correlation for
extraversion with the TAHI (rS =−0.691, p= 0.05).

TABLE 6 | Spearman correlations (rS, p* ≤ 0.05) of the big-five personality traits

(BFI-S) by self- and other-rating with the “continuous animal hygiene index” and

the “technical animal hygiene index” according to the production systems.

Trait Continuous animal hygiene index

Self-rating Other-rating

BSK PB FPK BSK PB FPK

Extraversion −0.455 0.624 0.251 0.072 0.265 −0.132

Conscientiousness −0.265 0.519 0.453* 0.049 0.304 −0.010

Neuroticism 0.386 0.120 −0.094 0.570 −0.161 −0.248

Openness 0.497 0.530 0.140 0.220 0.332 −0.183

Agreeableness 0.170 0.000 −0.236 0.563 −0.086 0.202

Technical animal hygiene index

Extraversion −0.467 −0.333 0.097 −0.012 −0.691* −0.177

Conscientiousness −0.072 0.337 0.419* −0.195 0.076 0.126

Neuroticism 0.169 −0.031 −0.060 0.218 0.019 0.118

Openness 0.764* −0.439 0.389 0.293 −0.049 −0.188

Agreeableness 0.485 0.058 −0.022 0.240 0.295 −0.070

BSK, Breeding sow keepers (N = 8); PB, Piglet breeders (N = 10); FPK, Fattening pig

keepers (N = 24); All, All farmers (N = 42).

DISCUSSION

Inter-rater and Inter-item Correlations of
Big-Five Personality Items and Traits
Inter-rater reliabilities as well as inter-item reliabilities indicated
mostly expected signs of the correlation coefficients. Inter-item
correlations were predominantly in medium range with partially
significant results. In general, lower correlations occurred
within self-ratings. The results give first indications about the
appropriateness of single items for evaluating personality traits
when using the BFI-S among pig farmers. In addition, for single
items as well as personality traits wide standard deviations were
observed, especially for other-ratings. This is an indication that
farmers’ personality differences can be evaluated with the BFI-S
and there are no stereotypical valuations.

Certain problems can be detected to measure the trait
openness. For “appreciating artistic experiences” as well as
“ingenious, introducing new ideas” from the openness trait, low
negative correlations were found (rS = −0.160 and −0.032) in
the self-ratings. With the item “appreciating artistic experiences,”
Lang et al. (41) also identified inconsistent correlations in the
self-ratings while testing for item-reliability. Perhaps this trait
should be rephrased or even exchanged by another item in
future self-ratings. Openness should possibly be rather assessed
by other-ratings as inter-item correlations where considerably
higher for other-ratings. Additionally, with conscientiousness as
well as agreeableness, higher inter-item correlations regarding the
other-rating could be identified.

The low negative yet non-significant total inter-rater
correlations for agreeableness were caused by low inter-rater
correlations for single items. In particular, the item “considering
and friendly with others” did not correlate between self- and
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other-rating. Similar findings on agreeableness were found by
Conelly and Ones (42), who did a meta-analytical study on
observers’ accuracy. This study found that for traits which were
high in being evaluative—as agreeableness—personal closeness
does not lead to higher inter-rater reliability. With agreeableness,
inter-item correlations were higher for other-ratings than for
self-ratings. This gives an indication that agreeableness should
rather be measured by other-ratings in future studies.

Total inter-rater correlations appeared significant for
extraversion and neuroticism. However, Vazire (43) found that
neuroticism is assessedmore reliably by other-rating. Indeed, this
was not found in the present study. Here inter-item-reliability
was good for self- and other-rating, and inter-rater reliability was
good (rS = 0.440, p = 0.01). A review on work performance and
personality discovered that neuroticism’s prediction ability was
not at all satisfying (44). The authors concluded that broader
constructed items would make this trait more valid. With
“resiliency” vs. “internalizing negative emotionality” as opposed
to neuroticism, the “Questionnaire Big Six Scale” could meet
these requirements with greater validity.

Due to medium satisfaction with the reliability of the BFI-
S, the implementation of a more specialized personality trait
questionnaire, such as the “Questionnaire Big Six Scale,” could
lead to more reliable results. In that model, “honesty-humility”
is separated from agreeableness into an independent sixth
personality trait. Additionally, different subsets of the original
120-item survey (45) are available and already tested for item
validity (46, 47). For practical reasons, it might be difficult to use
longer survey tools.

Overall, the results of the present study give a first indication
that the BFI-S model could be a valid tool to measure pig farmers’
personality traits. Yet, as the focus of this study has been much
broader than testing the validity of the BFI-S model and as the
sample size has been limited, more specific studies are required
for validation of the BFI-S among pig farmers. Special focus
should be given on self- and other-ratings as the present study
gives indication that they differ in their reliability depending
on the type of personality trait to be evaluated. Openness and
agreeableness especially might be evaluated more consistently
by other-ratings. This would be a challenge for many empirical
studies as data on self-ratings can be collected much easier than
data on other-ratings.

The CAHI and the TAHI
The hygiene standard for pig livestock in Germany is at amedium
level as data from the current study show. This applies to themain
production systems breeding sow keepers, piglet breeders as well
as fattening pig keepers and in relation to continuous (CAHI) and
more structural (TAHI) biosecurity measures. With the highest
values for the CAHI being 74% (PB; 71% = FPK, 61% = BSK)
and for the TAHI being 71% (PB; 67% = FPK, 64% = BSK),
results allow the conclusion that an increase of the farms’ hygiene
level is not only possible but also strongly recommended. Our
results are in a similar range as results from Backhans et al. (5).
These authors estimated biosecurity levels for farrow-to-finish

herd farmers having reached 59–68 points on an average of a
possible 100 for hygiene measure implementation.

Piglet breeders had the highest animal hygiene indexes, which
could indicate increased awareness of hygienic practices and
biosecurity during the very sensitive rearing period where piglets
are prone to infectious diseases. The CAHI lead to measures,
such as cleaning and disinfection procedures, being implemented
more often. These measures lead to better pigs and piglet
health (2, 28).

The CAHI seemed to be more important for sow keepers
in comparison to fattening pig keepers. This suggests that
sow keepers were more aware of the negative consequences
when measures are not implemented than fattening pig keepers.
Fertilization, birth and rearing periods are sensitive periods,
which critically decide about the farms’ economic success, too.

Additionally, further analyses have to be done to evaluate
in which compartments the greatest deficits and potentials for
improvement occurred to specifically target these farm-designed
aspects. This should be done separately for every production
system. On the other hand, it was difficult to attempt a total
and detailed evaluation of the biosecurity level of the pig farms.
Hygiene comprises many fields with its measurement of hygiene
epidemics as well as hygiene within stable surfaces, water, air and
feed [production, storage and its usage; (3)]. Still, the applied
“intensive farm questionnaire” with at least 100 queried measures
has included many important categories regarding important
hygienic measures.

All items were evaluated by three agricultural researchers.
This procedure was used for weighting the importance of single
items. As such, it should be obvious that “Are further livestock
animals kept at this location?” and “Is there a separating area for
ill pigs within the stable?” have different weighting factors. The
factor 1 (low factor loading) was chosen for the first and factor
3 (high factor loading) for the latter example item. An example
for medium factor loading (i.e., factor 2) is “How long does the
stable remain empty after cleaning and/or disinfection until its
occupancy?” To conclude, clustering of single hygiene measures
into indexes offers advantages in the evaluation of pig livestock
farm situations.

Big Five Personality Traits and the CAHI
and the TAHI
Consideration of pig livestock farmers’ personality traits opens
new avenues of inquiry to include individuality of farmers more
systematically in consulting processes of improving biosecurity
in livestock production. The present results from the big-five
models gave only weak hints as being related to biosecurity levels
as measured by the two index values (CAHI, TAHI). In that
way, results showed that conscientiousness and openness had
significant impact concerning the CAHI as well as the TAHI.
However, this appeared only for fattening pig breeders in respect
to both indexes related to conscientiousness. Studies on work
performance generally showed significant positive influence of
conscientiousness from previous years [reviewed by (48)].
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Breeding sow keepers achieved significantly higher values
concerning the TAHI if openness was valued higher by self-rating
procedures. Consequently, more open sow-keeping farmers tend
to have more success in technical measures. This occurrence may
be due to a greater inclination toward new techniques and a
more digitalized workflow (e.g., from the current questionnaire:
“Is a sensor-controlled feed trough implemented?”). Research
showed for example that knowledge led farmers to use estrus
detection techniques more often with dairy cattle (17). It can be
concluded that more open farmers tend to have more interest
in increasing their knowledge in this field. The result suggests
that veterinarians and farm advisors have to develop strategies to
specifically target farmers with lower levels in conscientiousness
and openness.

Extraversion had a negative influence on the TAHI in respect
to the other-rating with piglet breeders. This personality trait
playing a direct role in social interaction in the advisory process
might function as a mediating factor (49, 50). This research gap
should be addressed in future studies. If these results could be
further confirmed, knowledge of improved consulting processes
should be transferred to veterinarians as well as farm advisors to
meet requirements for successful consulting processes.

Advisory agents should significantly increase their efforts for
understanding factors which lead farmer’ decisions and behavior.
First, it can be emphasized that understanding farmers’ decision
making and attitudinal behavior are worldwide obstacles to the
common urgency of enhancing the biosecurity levels of livestock
farms. Secondly, it can be considered that consideration of
farmers’ personality could improve biosecurity measures and
animal health.

LIMITATIONS OF THE STUDY

The present study aimed to analyze if the implementation of
hygiene measures correlates with personality traits of intensive
pig famers. The sample size of N = 42 can be considered limited
and is not representative in a statistical sense. Collection of high-
quality data about on-farm implementation of hygiene measures
as well as data about personality traits require a trust-relation
with farmers in the research process. Therefore, a certain tradeoff
can be assumed between sample size and data quality. The
results of the present study should not be generalized. Instead,
they should be considered as a starting point for broader, more
comprehensive studies about the link between implementation
of hygiene measures in pig farming and the decision-makers in
this process.

Moreover, a multidisciplinary approach should be employed
to acquire valid and applicable recommendations for
veterinarians and farm advisors, including psychologists,
social researchers as well as animal scientists. A broader

analytical perspective should also include a socio-political
understanding of what is involved in changing practices. Hence,

it becomes clear that the inclusion of big-five personality traits
constitute only a partial explanation of the implementation of
biosecurity measures, which has to be complemented by other
factors (51, 52).

CONCLUSION

For prevention of zoonotic disease spreading from German
pig livestock farms, increased animal hygiene is essential.
The underlying hypothesis for the present study was that
intensive pig farms’ biosecurity levels were influenced by farmers’
personalities. As a conclusion from the present data, personality
could be considered in advisory processes as one aspect
among many. The results should be validated in larger, more
representative samples with adapted survey tools. Moreover,
future research should be done with respect to amultidisciplinary
approach to include multifactorial-caused decision making and
attitudinal behavior of livestock farmers.
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