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Summary
The growth in world trade has generated significant benefits to
humankind, but it has also generated costs. Among these is an
increase in the dispersal of pests and pathogens across the globe.
International trade has been implicated in outbreaks of several reoccurring livestock diseases. This paper is focused on the risk of foot
and mouth disease (FMD) associated with the international trade in
live animals. A model was used to estimate FMD risk as a function of
the international trade in live animals, controlling for the biosecurity
measures undertaken by importing and exporting countries, and for
the presence of endemic FMD reservoirs. It was found that the indirect
risks associated with exports may be as great as the direct risks
associated with imports. For countries where livestock production
occurs in disease-free zones (with or without vaccination) the trade
risks vary with both species and trading partner. These findings may
assist the targeting of disease risk mitigation activities.
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Introduction
The growth in world trade has delivered significant benefits to
consumers worldwide. At the same time it has dramatically increased
the rate at which pests and pathogens are dispersed. Indeed, the
increased spread of human, animal and plant diseases has been argued
to be among the most important side effects of the growth of
international trade (1). Research on the general problem of invasive
species has revealed strong positive relationships between the
development of new trade routes and the introduction of new species,
and between the growth in trade volumes and the probability that
introduced species will establish and spread (2, 3, 4, 5, 6, 7, 8, 9, 10,
11). The spread of many emerging zoonotic and epizootic diseases has
been facilitated through local, regional or international trade in
livestock and wildlife products. The list of emerging zoonoses spread
this way includes monkeypox, severe acute respiratory syndrome
(SARS) and H5N1 avian influenza (8, 12, 13, 14, 15), though for the
latter two trade likely plays a larger role in local and regional rather
than international spread. Epizootic diseases spread through trade
include H9N2 avian influenza and re-emerging livestock diseases such
as foot and mouth disease (FMD), bovine spongiform encephalopathy
(BSE) and a range of swine viral diseases (16, 17, 18, 19).
This paper is focused on the epizootic disease risks of trade, and in
particular on the FMD risks of the trade in live animals. Live animals
are not the only source of FMD risk. The trade in animal products is
also implicated. What makes the trade in live animals particularly
interesting, however, is that trade vessels may be as much a source of
risk as the animals themselves. Therefore, an empirical model of FMD
risk is estimated that incorporates both the import and export risks of
the international trade in live animals, while controlling for the
presence of endemic reservoirs and how well a country manages
disease within its borders. Import risks correspond to risks associated
with import of potentially infected animals. Export risks correspond to
risks associated with the export of animals to locations where the
disease may be present. These risks are largely associated with
contaminated material returning in trade vessels.
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Previous research has shown that the probability that animal or plant
pathogens will be transmitted from one location to another via the
movement of goods depends on direct exposure to infected materials
(4, 5), and on the biosecurity measures undertaken by those who
produce and transport the goods (20, 21, 22, 23, 24, 25). However,
there are concerns that focusing only on imports and generic
biosecurity can be misleading. Current trade-related animal disease
risk assessments are argued to understate risk when they ignore
indirect trade linkages (26, 27, 28) and to overstate risk when they
treat all commodities as equal (29, 30). For example, African swine
fever in the Russian Federation continues to pose a serious risk to the
European Union (EU) swine industry even though trade in pigs and
pig products from the Russian Federation has been banned since June
2007. One reason for this is that infection may occur via contaminated
waste or infected vehicles used to trade goods not subject to the ban
(26). This is equivalent to invasive species being unintentionally
imported into countries as ‘passengers’ on cargo or transport vessels, a
good example of which is the large number of aquatic species
transported via ballast water (31).
Two sets of disease risk models were estimated that incorporate the
two-way effects of imports and exports in the international trade in
livestock. One set of models captures the disease risks associated with
national imports and exports of all susceptible animals into all
countries of a given disease status. The World Organisation for
Animal Health (OIE) recognises five states: disease-free everywhere
in a country (with and without vaccination), disease-free in specified
zones within a country (with and without vaccination), and not
disease-free anywhere in a country (32). The disease-free categories
used by the OIE are also trade categories since they determine which
countries have access to what markets. The other set of models
captures the disease risks associated with national exports and imports
of different animals into all countries in a given geographical region,
using the Food and Agriculture Organization of the United Nations
(FAO) regions. This enables evaluation of the relative significance
and strength of the different risk factors identified, including the
impact of imports from/exports to groups of countries.
No. 01112017-00114-EN
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Two current trends in international trade are important. One is a longterm but still accelerating growth in the volume of trade relative to
output. Since 1950, world merchandise exports have increased at more
than three times the rate of gross domestic product (GDP) growth
(33). The second is a more recent change in the regional structure of
exports. Export growth has been more rapid in emerging markets and
developing economies than in developed economies – a trend that has
accelerated since the 2007–2009 recession (34). In the first decade of
this century the world trade in live animals increased by over 50%.
While it is recognised that this has implications for the spread of FMD
(35), there are relatively few attempts to quantify the associated risks
(36, 37, 38, 39, 40, 41). This paper reports on the estimation of a
model of the FMD risks of the live animal trade, and especially the
risks associated with the increasing live animal trade into and out of
emerging markets and developing economies.

Background
The biology of the FMD virus is well understood (see Alexandersen et
al. [42], Arzt et al. [43, 44], and Sutmoller et al. [45] for reviews of
this literature). Transmission may occur via a number of pathways
such as airborne droplets, entry through cuts and abrasions in the skin,
and consumption of contaminated fodder (42). The virus is also able
to persist in a variety of materials including hay, soil, fodder, milk,
hair, machinery and clothing, although the length of time it persists
varies with environmental conditions and the type of material (42, 45,
46, 47, 48, 49, 50). Persistence time ranges from several days to six
months or more (47, 48, 50).
Virtually every cloven-hoofed animal is susceptible to FMD, but
susceptibility and infectivity vary with the virus strain and host
species (42, 51). In livestock, the disease causes the formation of
lesions within and around the mouth and feet, lameness, fever,
depression, loss of appetite, reduction in milk yields and reproductive
potential, but causes mortality only in rare cases (42, 52).
The primary cost of the disease lies more in the trade response it
induces rather than its clinical effects. The primary response to an
No. 01112017-00114-EN

4/61

Rev. Sci. Tech. Off. Int. Epiz., 36 (3)

5

FMD disease outbreak in disease-free zones is to ban the export of
risky goods until satisfactory animal health conditions have been
restored, and to slaughter infected and potentially infected livestock
(32, 53). The economic damage caused by FMD outbreaks due to this
response may be very large (52, 54). The 2001 United Kingdom (UK)
outbreak, for example, resulted in the culling of over 2 million head of
livestock (55), and in costs for the national government, farmers,
agriculture, the food chain and tourist revenues of around £6.5 billion
(56). That is, the cost of the outbreak comprised both the loss of a
substantial proportion of standing stock, and the loss of trade in both
agriculture and related industries. Similarly, the 1997 Taiwan FMD
outbreak caused US$ 378 million in damages to the livestock industry,
but also led to the loss of over 65,000 jobs spanning pharmaceutical,
animal fodder, meat packaging, equipment manufacture and supply,
and transportation industries (57). Indeed, FMD outbreaks in diseasefree countries frequently induce additional expenditures on disease
monitoring, vaccination and the isolation of disease-free areas as
conditions for restoring trade, while trade restrictions imposed in
response to an outbreak frequently affect sectors other than agriculture
(41, 52, 54).
The international management of trade-related animal disease risks is
governed by the Sanitary and Phytosanitary (SPS) Agreement, which
regulates the trade interventions allowed to protect animal and plant
health under Article 20 of the General Agreement on Tariffs and
Trade. Three bodies fix the sanitary standards applied: the OIE, the
Codex Alimentarius and the International Plant Protection
Convention. The former includes health standards for international
trade in animals and animal products. The SPS Agreement permits
trade interventions to protect animal health, but also requires those
interventions to be informed by a scientific assessment of risk. The
risk assessment methodology developed by the OIE aims to establish
the likelihood of the introduction, establishment and spread of disease
within the territory of an importing country, and to assess its
biological and economic consequences (29).
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Typically, risk assessments for both pests and pathogens transmitted
through trade assume that risk is a function of direct exposure to risk
material (often referred to as ‘propagule pressure’ [58, 59],
approximated by the volume of imports) and biosafety measures (the
sanitary capabilities of exporting countries). For FMD, the OIE
applies the principles specified in the OIE Terrestrial Animal Health
Code, which requires the geographical separation of production zones
from areas where FMD is present (32). Permitted policy responses
include trade restrictions that either ban exports from areas where no
separation has been established, or allow exports only from particular
zones or compartments within a country that is recognised as applying
acceptable biosecurity standards (42, 45, 53, 60, 61, 62).

Data description
The dataset used in this study spans 216 countries over the period
between 1996 and 2011. It reports the number of monthly outbreaks
published by the OIE (www.oie.int). The OIE itself includes 180
Member Countries, 24 having joined since 2002, but reports outbreaks
in both Member and non-member countries. Beginning in 1996,
participating countries filed both annual and monthly reports of the
number of new outbreaks within their borders. Because trade data
were, until recently, reported on an annual basis, outbreak data were
aggregated to the annual level. In order to test two different
aggregations of trade data, two sets of dependent variables were
constructed: a count of the number of outbreaks reported in each
country, and a binary outbreak(s)/no outbreak measure for each
country. These are the primary dependent variables in the analysis.
To identify the value at risk during outbreaks, proxies were secured
for the economic consequences of outbreaks. Three measures of the
potential economic losses due to an FMD outbreak or ‘value at risk’
were considered: agriculture value added, livestock production index,
and the standing stock of livestock. The first is agriculture value added
or agricultural GDP, as reported by FAO. This is a measure of value
added in the agricultural sector – the annual income the sector yields
to farmers, farm workers and associated industries. Since it is not
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possible to isolate the livestock sector within agriculture, this is an
overestimate of the value at risk. While the value added by the
livestock sector alone would be a better measure of value at risk, these
data were not available for most of the countries in our study. The
second is a measure of the growth trajectory of the livestock sector:
the FAO livestock production index (LPI) calculated as a country’s
aggregate volume of production compared with a base period (in this
case, between 2004 and 2006). It includes meat and milk, dairy
products, eggs, honey, raw silk, wool and animal hides and skins, and
is a proxy for the development of a country’s livestock industry. The
third is a measure of the assets that might be destroyed during efforts
to control an outbreak – the standing stock of cattle, sheep and pigs in
a country. It was hypothesised that all three measures would be
positively correlated with ex ante risk mitigation measures, and hence
negatively correlated with the likelihood that the disease will be
reported to the OIE.
The authors are interested in two sets of risk factors: those relating to
the structure and volume of international trade in live animals, and
those relating to the biosecurity measures taken within importing
countries and along trade routes. The trade dataset includes the
volume of imports and exports of all cloven-hoofed animals reported
to FAO between 1996 and 2011 (http://faostat3.fao.org/home/E).
While FAO makes available data on the trade of other risk materials
(e.g. meats, milk, hides, skins and genetic material) these are beyond
the scope of the analysis.
Country imports and exports were aggregated in two different ways.
The first was by the disease-free categories recognised by the OIE
(Fig. 1). Using this aggregation the authors explored country risks in
terms of the volume of imports from and exports to all countries in
each designation. The number of countries in each disease-free
category and the aggregate number of annual outbreaks per category
are presented in Figure 2. While countries with disease-free
designations tend to trade with countries with the same designation,
they also import from and export to countries with FMD. This
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suggests that while disease history plays a role in trade decisions, it is
not the only driving factor.
Insert Figures 1 and 2
The second aggregation was by geographically defined regions. More
particularly, imports from and exports to each of the 22 geographical
regions of the FAO were aggregated (Fig. 3). Owing to low trade
volumes, Melanesia, Polynesia and Micronesia were combined into a
single ‘Pacific Islands’ region. While resolution is lost by aggregating
the data into regions as opposed to individual countries, not
aggregating causes significant collinearity in the trade data among
members of particular regional groups.
Insert Figure 3
Certain countries and regional groups of countries are regarded as
safer trading partners than others (Figs 1–4). For example, India, Iran,
Thailand, Turkey and Vietnam are known to be high-risk areas for
FMD (mean annual number of outbreaks 1,555, 1,130, 69, 436 and
822, respectively). Other countries, such as the United States of
America (USA), France, Germany, the UK, Australia and New
Zealand, are known to be FMD disease-free.
Insert Figure 4
It was assumed that the volume of livestock imports captures the
import risk – the probability that imports of infected animals will lead
to an outbreak in the importing country. It was also assumed that the
volume of livestock exports captures the export risk – the probability
that exports into a risky port will lead to an outbreak in the exporting
country. The authors do not have data on the specific mechanisms
involved in export risks, but these would include mechanisms similar
to those reported for African swine fever (26). That is, there is some
probability that FMD contaminated material is ‘picked up’ and
transported back to the exporting country in livestock
containers/vessels, as occurs with many pest species (31).
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With regard to biosecurity measures, FMD spread is affected by how
well a country manages disease within its borders (40, 41, 63). A
number of proxies were employed for this. One is the density of
veterinarians registered with the OIE. This measure includes
veterinarians in both private and public sectors, but does not include
associated personnel such as veterinary technicians. A second is
binary data on control measures reported to the OIE, including:
– inspection and interception at the border
– disease monitoring and surveillance of livestock
– the control of wild reservoirs and
– the presence of measures, such as veterinary cordon fences, that
isolate disease-free regions within the country (www.oie.int).
The last three may also be interpreted as indirect proxies for the
existence of endemic disease reservoirs within countries. For example,
zoning isolates the quarantined zone areas where FMD is present. It
was hypothesised that these measures will be positively related to the
likelihood that an FMD outbreak will be reported as ‘present’ in the
national herd. Their inclusion helps control for the presence of
endemic, non-commercial livestock reservoirs that may potentially
affect commercial disease incidence rates by providing sources of
disease that may spread to commercial livestock (36, 45, 64).
Since the trading status of a country depends on a commitment to
certain management practices prior to and in response to an outbreak
(32), a second set of binary data were included on the practice of and
prohibition of vaccination within a country. These contribute to the
‘disease-free’ designation given by the OIE, and serve as proxies both
for the trading behaviour of a country, and for the presence of endemic
disease reservoirs. A country that practises (or prohibits) vaccination
will be more (or less) likely to possess an endemic disease reservoir.
A country that prohibits vaccination will be more cautious of what
they trade, and with whom, than a country that vaccinates its entire
national herd. International market prices of meat are closely tied to a
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country’s OIE disease-free designation, with the lowest risk
designation fetching the highest market price. Countries that meet the
requirements for a high disease-free designation will behave in ways
that maintain that designation.
Table I reports the summary statistics of the data included in the
analysis. Table II presents pairwise correlation coefficients for all nontrade variables.
Insert Tables I and II

Methods
In order to evaluate the effect of trade on relative disease risk, the
impact of various risk factors on the probability that an FMD outbreak
was reported in the national herd in a given period was first
considered using each of the two models. The dependent variable in
the first model is the number of new outbreaks reported in a country
per year in the study period. Traditionally, both Poisson and negative
binomial regression analyses have been used to analyse count data of
this sort (65). While Poisson regression models are more robust to
model misspecification than negative binomial models, the data are
highly overdispersed (μ = 40.15, σ = 316.20), making a Poisson
regression model inappropriate. A zero-inflated Poisson with scaled
variances also proved inadequate. Therefore a negative binomial
model was estimated, of the form:
[1] yit ~ NegativeBinomial (it ,  )
9
5
5


[2]  it  exp  it   Z 'jit  j   M ikt'  k 9   X ikt'  k 14   it 
j 1
k 1
k 1



for country i in year t, where the dependent variable is the probability
that a number of FMD outbreaks were reported to the OIE by a
country, conditional on the linear predictors. The elements of Z
include the following: value at risk, veterinarian density and binaries
for disease control measures and management factors contributing to a
country’s disease-free designation. Owing to the non-linear nature of
the negative binomial model, its estimation is sensitive to binary data
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and correlations between independent variables (66). Given the
correlation between standing stocks of species, stocks of cattle, pigs
and sheep were summed into a single measure of value at risk.
Because of the correlation between border precautions and the
prohibition of vaccination, the presence of border precautions was also
dropped from the analysis. The elements of M and X are aggregate
imports and exports, respectively, of all cloven-hoofed livestock
between the country i and all other countries within each OIE diseasefree designation category. Intercept and error terms are represented by
α and ε respectively. The overdispersion parameter, κ, is estimated
automatically in the regression.
Since the authors did not have observations for all countries for all
years the data comprise an unbalanced panel. The model was
estimated as a fixed effects negative binomial, using the method of
maximum likelihood with standard errors, in Stata 14.0 (StataCorp,
2015, College Station, TX, USA). Non-linearity in model structure
prevented specification tests for fixed versus random effects. While
independence between the fixed effect (country) and other covariates
is a strong assumption, relaxation of this assumption is left for future
work.
The dependent variable in the second model is the presence or absence
of a reported FMD outbreak in a country in particular year. That is, a
binary outbreak/no outbreak measure was used for each country in
each year (μ = 0.34, σ = 0.47). The trade data in this case refer to
imports to and exports from each of the 20 FAO regions. This is
meant to capture differences among regional risks for the main species
traded internationally. Owing to non-linearity in the model structure,
estimation of the negative binomial by maximum likelihood methods
is difficult, particularly when dummy variables are used in the
analysis (66).
Linear regression, logit/probit and tobit models are frequently used for
binary data (65). The data in this study do not fit the assumptions for
ordinary least squares regression, nor are the data truncated. A logistic
model was therefore chosen, of the form:
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[3] Pr( yit  1) ~ 1  exp(it ) 

1

12

[4]

3

20

3

20

it   it   Z 'jit  j   M ikt'  20 s  k 8   X ikt'  20 s  k 52   it
j 1

s 1 k 1

s 1 k 1

for country i in year t. The left-hand side of equation [3] is a binary
indicator that an FMD outbreak was/was not reported to the OIE,
conditional on the linear predictors. Specifically, yit  1 when a
country reported an outbreak; yit  0 when no outbreaks were reported
to the OIE. The elements of Z include the values at risk, veterinarian
density and a set of binary biosecurity variables. Elements of M and X
include aggregate imports and exports of cattle, pigs and sheep
between the region containing country i and all regions k. Although
trade data are available on other species that may transmit FMD, far
fewer countries are involved and there is a high degree of collinearity
between the data on other species. The constant intercept and error
terms are represented by α and ε, respectively. The logistic model was
estimated using the method of maximum likelihood with robust
standard errors in Stata 14.0 (StataCorp, 2015), explicitly treating
country as a random effect.
The logistic model was estimated with and without a one-year lag in
trade. The reason for this is that disease spread, particularly through
trade, is not instantaneous. Like an invasive species, a virus must be
physically transported to a new location and establish a large enough
population to be detected. However, there is uncertainty about the
mean length of the lag. The FMD virus may persist in animals, animal
products and the environment from days to months (48, 50). Once
introduced, spread and detection will vary by species and biosecurity
in the new location (42).
The estimates were then used to calculate the relative economic risks
associated with trade. The authors took the trade-related relative
economic risk of FMD outbreak as the product of the relative
probability of disease occurrence from trade and the magnitude of
potential damage caused by an FMD outbreak. The former was
calculated directly from the odds ratio (OR), the exponential of the
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betas generated from the logistic regression (above) (67). By
subtracting 1 from the OR we calculated the change in the odds for a
one-unit change (1,000 head) in the importation (exportation) of
livestock from (to) a particular region. Although it is generally
understood that ORs overestimate relative risk (RR) when greater than
1 and underestimate it when less than 1, the degree of deviation
between the two is more severe at high ORs and when the event is
very likely to occur (68, 69, 70). Using the UK in 2001 as an example,
two values of the potential economic damage of an FMD outbreak are
presented: the aggregate dollar value of exports of cattle, sheep and
pigs, and the dollar value of the agriculture sector. The former is a
lower bound representing the short-term losses due to a time-lapse in
trade in response to an FMD outbreak. This is an alternative to the
long-term losses due to the culling of the standing stock. The latter
provides an upper bound as value added by the agricultural sector to
GDP.

Results
The results on the relative disease risks of trade, and the impacts of
risk factors, are summarised in Tables III to VII. These report
significance at the 10% level. The results of the disease-free
designation trade aggregation model (negative binomial, explicit
panel, fixed effects and standard errors) are reported in Table III. The
results of the disaggregated regional trade model (logistic, explicit
panel, random effects and robust standard errors) are reported in
Tables IV through VI. Estimates of non-trade explanatory variables
are reported in Table IV. Estimates of imports and exports are
reported in Tables V and VI. Since this more disaggregated model has
a large number of trade variables, only trade results that are
statistically significant at the 10% level are presented. Detailed lists of
all trade results may be found in Appendix A.
Insert Tables III to VII
Of the measures of value at risk, the livestock production index was
selected as a measure of the development of a country’s livestock
industry. This was found to be negatively correlated with the
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probability of reporting disease outbreaks, in both models. Countries
in which agricultural productivity was rapidly increasing were less
likely to experience FMD outbreaks than countries in which
agricultural output was stagnating. The other measures of value at risk
were either uncorrelated with or did not significantly alter the odds of
reporting an outbreak.
Of the measures that serve as proxies for the existence of endemic
reservoirs of FMD in a country – monitoring and surveillance, the
existence of control measures for wild reservoirs, and zoning – all
were positively correlated with the probability of reporting an
outbreak in the disaggregated model. However, in the aggregated
model only monitoring and surveillance was positively correlated with
the probability of reporting an outbreak. The existence of control
measures for wild reservoirs and zoning were not statistically
significant.
The authors had hypothesised that precautionary biosecurity measures
would be negatively correlated with disease outbreaks. A strong
negative correlation was found between the density of veterinarians
and FMD outbreaks, significant at the 5% level in the disaggregated
model but not significant in the aggregated model. In the
disaggregated model, border precautions (which were removed from
the aggregated model) were uncorrelated with FMD outbreaks. Also,
it was found that the prohibition of vaccination was statistically
associated with a reduction in the probability of a country reporting an
outbreak, while the practice of vaccination did not have a significant
effect in either model.
The authors’ primary interest in the study was the relationship
between trade and disease risk. The disease-free categories used by the
OIE are also trade categories, since they are used in regulating which
countries have access to what markets. To get an overview of the
impact of the OIE trade structure on disease risk, the aggregated
model reported in Table III was considered. These estimates showed
the association between the RR of reported FMD outbreaks and the
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volume of trade into and out of countries belonging to each of the
OIE’s main disease-free categories:
– disease-free without vaccination
– disease-free with vaccination
– disease-free zones without vaccination
– disease-free zones with vaccination
– not disease-free.
The authors had hypothesised that the disease risks of imports and
exports would be lower for countries having disease-free status, and
higher for those where the disease is endemic. It was found that
imports from countries in the disease-free, no vaccination category
were indeed risk reducing, and that imports from the disease-free
zones with vaccination and not disease-free categories were risk
increasing. Exports into countries in disease-free zones without
vaccination were risk reducing, but exports into disease-free zones
with vaccination were risk increasing.
The disaggregated model reported in Tables IV to VI provided an
alternative perspective on the relation between trade and disease risks
in the intermediate OIE disease categories. The two aggregations are
presented alongside each other in Tables VIII and IX.
Insert Tables VIII and IX
For the disaggregated model the results turned out to be more mixed.
The authors had expected the probability of outbreaks to be increasing
in imports of animals from regions in which FMD is known to be
endemic, and the results generally confirm this (see Figs 3 and 4).
Imports from regions experiencing no outbreaks were generally
negatively correlated with the probability of reported outbreaks (and
vice versa). Interestingly, in both the lagged and unlagged models,
imports from the North America and Eastern Asia regions were
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positively correlated with the likelihood of FMD outbreaks in the
importing country.
A number of region-specific differences within species were also
found. For imports in the unlagged model, cattle brought in from
Southern Asia were positively correlated with the probability of
reported FMD outbreaks in importing countries, but cattle brought in
from Central America and Western Europe were negatively correlated
with reported outbreaks. Among pigs, imports from Western Asia
were positively correlated with reported outbreaks, but imports from
North America, Southern Europe, Australia and New Zealand were all
negatively correlated with reported outbreaks. For sheep, imports from
Southern Africa, Southeast Asia and Southern Europe were all
negatively correlated with reported FMD outbreaks.
The authors had less well-defined assumptions about the indirect
effect of exports on disease risks. For some regions, exports were
negatively correlated with FMD outbreaks in the exporting country. In
the unlagged model, examples include cattle to Central and Southeast
Asia; pigs to Eastern Africa; sheep to Central America and Southeast
Asia. However, exports of cattle to Southern Africa, North America
and Eastern Asia were also found to be positively associated with
reported outbreaks. Similarly, exports of pigs to Western Asia and
sheep to Eastern and Southern Asia and the Pacific Islands were also
all positively correlated with FMD outbreaks in the exporting country.
In general, a greater number of trade variables were found to be
associated with FMD outbreaks in the lagged than the unlagged
model. This is particularly true for imports and exports of pigs and
sheep. Nonetheless, with the exception of some regions/species, the
estimates of risk were consistent between the two models. See, for
example, imports of sheep from Southeast Asia and Southern Europe,
or exports of pigs to Southeast and Western Asia.
Based on these results, the trade-related FMD risk for the UK in 2011
was calculated according to regions of importation or exportation. The
results are reported in Figures 5 and 6 and Table VII. In this context,
negative risk implies that, all else being equal, an increase in trade by
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a country with a particular region will be statistically associated with a
reduction in the likelihood of disease outbreaks in that country. By
contrast, positive risk implies that, all else being equal, an increase in
trade by a country with a particular region will be statistically
associated with an increase in the likelihood of disease outbreaks in
that country. The risk as measured by expected forgone live animal
export earnings (lower bound) was found to be relatively minor. The
risk as measured by expected output in the whole agriculture sector
(upper bound) was found to be quite large. High relative economic
risks of trade were found in low-income regions where biosecurity
tends to be lax, but also in high-income regions where trade volumes
are high (e.g. North America and Eastern Asia).
Insert Figures 5 and 6

Discussion
The disease risks of the trade in live animals depend on the structure
and volume of trade, the biosecurity measures undertaken by trading
partners, and on interactions between the two. As expected, the
authors found a generally positive relationship between the quantity of
live animals imported from riskier countries and the probability of
reported disease outbreaks. Globally, trade with disease-free countries
is negatively associated with reported outbreaks; trade with countries
experiencing outbreaks or where the disease is endemic amongst wild
populations is positively associated with reported outbreaks. These are
the most intuitive and transparent trade-related risks revealed by the
models.
At the international scale, the findings on imports in this study are
broadly consistent with those of others (37, 38, 39, 40, 41, 63), even
though the methods are different. Berentsen et al. (40), Garner & Lack
(41) and Schoenbaum & Disney (63), for example, used simulations in
a coupled epidemiological–economic framework. Hartnett et al. (38),
Martínez-López et al. (37) and Miller et al. (39), grounded their
analysis in data, as in this study, but relied on stochastic simulation to
determine the probability of introduction using a much smaller range
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of trading partners. Nevertheless, the estimates of import risk often
reach the same conclusions.
Somewhat counter-intuitively, this study also found that imports of
cattle (pigs) from the North American (Eastern Asia) region were
positively correlated with the probability of FMD outbreaks. Yet, with
the exception of a 2011 outbreak in Bermuda and the 1997 Taiwan
outbreak, North America and Eastern Asia were free of FMD over the
study period. Indeed, the USA has not experienced an FMD outbreak
since 1929 (71), and Canada has not experienced an outbreak since
1952 (72). Others have reached similar findings. Miller et al. (39), for
example, found the probability of FMD introduction to the USA from
Canada to be positive (0.048%). A potential explanation for this is that
infected countries seeking to improve their biosecurity and/or their
trading position have an incentive to import livestock from uninfected
countries such as the USA. That is, the causality runs not from imports
to outbreaks, but from outbreaks to imports.
In two other respects the findings of this study differ from those in the
wider literature. The first is that the authors found exports to be as
strongly correlated with disease risk as imports. This is consistent with
findings on African swine fever by Mur et al. (26) that identified trade
vehicles returning from infected areas as a source of risk. However,
few other studies have explored the relationship between exports and
disease risk. This study did not include explicit measures of the risk
factors associated with exports, nor did the authors have data on vessel
itineraries. However, it is noted that the risks of trade into regions
characterised by high trade volumes and a complex trade network –
North America and East Asia (Figures 5 and 6, Table VIII) – are
frequently positive. This suggests that treating trade flows as
unidirectional (considering only the propagule pressure associated
with imports) overlooks a significant source of disease risk.
The second difference concerns countries with intermediate disease
status according to the OIE. At the extremes of the OIE spectrum, the
conclusions from the disease status and regional models coincide.
Higher-risk geographical regions often have disease endemic status,
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and lower-risk regions often have disease-free status (see Figures 1
and 3). The estimates of the risk of trade into and out of both
geographical regions and OIE zones are consistent with this
observation (Tables VIII and IX). At intermediate disease
designations, the ability of the disease-free grouping model to estimate
risk is less clear. Although the direction of impact is as expected, the
p-values of the incidence rate ratio (IRR) estimates are not sufficiently
precise to determine the sign of the effect. When aggregating trading
partners by geographical region two notable differences were found
between regions with intermediate designations: Southern Africa and
Southeast Asia. While trade with countries carrying intermediate
designations was positively associated with FMD outbreaks in the
disease-free grouping model, imports (exports) of sheep from
Southern Africa and Southeast Asia (Southeast Asia) were negatively
correlated with outbreaks (Tables VIII and IX). Many of the countries
within these regions implemented vaccination protocols and had few
or no outbreaks during the study period (e.g. Botswana, Namibia and
South Africa; Malaysia and the Philippines). It is possible that there
are unobserved spatial effects captured by the regional aggregation
that are not accounted for when grouping trade by disease-free status
(though this should be at least partially accounted for by country-level
fixed/random effects).
Nor does the disease-free grouping capture the effect of different
species or differences in regional trade volumes on risk. Different
species have different degrees of susceptibility to and infectivity with
FMD (42, 45), and animal husbandry standards and biosecurity
measures would be expected to differ among types of livestock
production. For example, pigs tolerate proportionately larger dosages
of virus compared with cattle and sheep before contracting the disease
but infected pigs proportionately excrete the virus in larger quantities
than cattle and sheep (42). At the same time, while cattle may have a
lower excretion of the virus per unit body mass than pigs, their greater
size may make them excrete greater quantities of the virus and so pose
a larger risk (45). In this respect there is added value in using a
regional trade aggregation to evaluate the risks of trade.
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The findings on the relation between disease outbreaks and
biosecurity measures were largely as expected. To interpret these,
however, recall that several of the measures tested are themselves
evidence for the existence of endemic FMD reservoirs in the country.
Monitoring and surveillance, the presence of controls for wild
reservoirs, and zoning are all activities that take place in countries
where the disease is endemic in wild and/or domesticated populations.
In countries that implement disease-free zones alongside wild
reservoirs, the control and isolation of wild animals in which the
disease is endemic is the primary goal of management (36).
Participation in the international live animal trade is conditional on
maintaining disease-free compartments. Since the existence of wild
reservoirs increases the risks to a country’s trading partners, it is not
surprising that these activities are positively and significantly related
to disease outbreaks.
The two biosecurity measures tested, the density of veterinarians and
precautions at the borders, were both expected to be increasing in the
value at risk, and so to be negatively related to the probability of
disease outbreaks. While, for the density of veterinarians, the IRR and
the OR were indeed significantly below 1, it was found that the
existence of protective measures at the border was uncorrelated with
the probability of FMD outbreaks. Similarly, the practice of
vaccination was not a significant factor in FMD disease risk. The
prohibition of vaccination, on the other hand, was negatively
correlated with the probability of reported outbreaks. There are two
possible explanations for this. First, the prohibition of vaccination
generally indicates the lack of (or strict isolation of) an endemic
disease reservoir. The absence of an endemic population removes one
potential avenue of disease transmission to commercial livestock.
Prohibition of vaccination is also required for the highest disease-free
status, and binds countries to particular sets of management practices
and particular responses to FMD outbreaks. Since these responses
carry a high cost, countries that prohibit vaccination are likely to be
more cautious about what they trade and with whom.
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The analysis used in this study does have its limitations. While the
authors identify an association between observed outbreaks and
factors that may be implicated in their occurrence, the models are
correlative and are not able to assign causality. Indeed, it is difficult to
establish causality outside of controlled experiments (65)
(Appendix B). Nor can the authors exclude the possibility that certain
explanatory variables are biased, which creates a potential problem in
identifying their true effect. The most likely sources of bias are:
unobserved heterogeneity in the sample, omitted variables bias and
simultaneity (73). Each of these is addressed in turn.
There is potential in both models that the errors are spatially
correlated due to unobserved, time-varying events affecting the animal
movement across borders of adjacent countries (e.g. conflict, famine,
smuggling, natural disasters, etc.). This would lead to spatially
correlated effects on reporting and/or the outcomes themselves. If
present, however, this should be at least partially captured by countrylevel fixed/random effects. Nor do the models account for bias in
reporting outbreaks between countries, often termed ‘endogenous
stratification’ (74, 75, 76). While differences in measurement and
reporting between countries are expected, the local involvement of the
OIE in its Member Countries should help to alleviate potential
sampling bias.
While the authors believe that they have accounted for the most
relevant factors in the international spread of FMD, they cannot
exclude the possibility that there are others. Live animals are not the
only source of risk, and detailed data on shipping routes and trade
volumes in other risk materials, such as products of animal origin,
were lacking. The FMD virus is capable of persisting in the
environment for extended periods of time, ranging from weeks to
months, depending on the nature of the contaminated material
(manure, bedding, fodder, clothing, equipment) and environmental
conditions (temperature, humidity, pH) (42, 45, 46, 47, 48). Therefore,
it would be useful to consider the trade in other risk materials that may
potentially spread FMD, including meat, milk, hides and skins.
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Simultaneity, also known as reverse causation, occurs when an
explanatory variable (in this case, the trade response) and a dependent
variable (disease outbreaks) are jointly determined at the same
moment in time (73). To address this, the trade data were time-lagged.
This should have helped to alleviate the problem, although there is a
degree of uncertainty about the mean length of the lag. Resistance,
persistence and infectivity vary significantly across species and
environments (42) and there are likely to be differences in the
conditions in which species are transported. Each of these will affect
the length of time between infection and detection. Time-lagging the
data should also partially account for potential autocorrelation of the
dependent variable. Specifically, the logistic model assumes that the
‘choice’ of the dependent variable is independent over time (77). That
is, past states have no influence on the current state and there is no lag
in the response of the dependent to the independent variables.
Several other issues are worth mentioning. For the more disaggregated
model the odds ratios provide less reliable approximations of relative
risk as incidence rates increase or as the OR deviates from 1 (68, 70).
Odds ratios less than 1 tend to underestimate RR; ORs greater than 1
overestimate it (70). It is likely that the proxies for wild reservoirs
(veterinarian density) overestimate (underestimate relative) risk,
though the authors believe that they have correctly identified the
direction of the effect.
Aggregating trade by disease status or region loses a certain degree of
spatial resolution and may pose a potential source of bias. The
estimates in this study are, from a global perspective, the change in
probability that a country will have reported an outbreak given that it
engaged in a particular biosecurity measure. This is different from an
analysis of the effect of biosecurity on the probability of an outbreak
within a single country. This potentially matters if the sanitary
conditions and regulations pertaining to the surveillance and
monitoring for disease are very different between the countries in a
particular region. The risks undertaken by an importing or exporting
country depend on biosecurity measures at the point of entry, which
vary from country to country. For example, Botswana, Namibia and
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South Africa – all countries that achieved a status of disease-free
zones with no vaccination during the study period – would be
expected to behave differently from other countries in the Southern
Africa region (e.g. Lesotho and Swaziland). In this case, the trade
risks for each country are averaged together to estimate the global risk
of trade for the region. The risk of importing infected livestock is
likely to be overestimated for countries such as the USA or those of
the BRICS (Brazil, Russia, India, China and South Africa), which
have stringent protocols at the border, and underestimated for
countries whose border security is more lax.
It would be helpful to have precise estimates of the different risks
associated with biosecurity and trade for individual countries. Indeed,
the Global FMD Disease Control Strategy relies heavily on increasing
biosecurity, particularly the development of veterinary services and
vaccination, in transitioning endemic countries to disease-free with
vaccination status (54).
The results of this study represent long-term average estimates of risk.
This will be appropriate for countries whose conditions remain
relatively constant over the study period, but less appropriate for
countries that experience short-term fluctuations in disease or trade.
For instance, Eastern Asia, Northern Europe and South America are
generally low risk areas, but some countries of these regions
experienced a large number of reported outbreaks during the 1997
Taiwan and 2001 UK/Uruguay epidemics (see Fig. 4). Marked
changes in trade volumes were also observed around the 2007–2009
recession, when patterns of disease risk paralleled those of
trade (Fig. 4).
In the future, the authors hope to explicitly account for changes in
trade networks. The ‘natural’ response by an importing country to an
FMD outbreak is to impose trade bans on high-risk products from the
exporting country with FMD (53), i.e. to cut off ‘propagule pressure’
of risk materials. The World Trade Organization (WTO) makes
available information on the initialisation, length and termination of
trade sanctions between countries in response to FMD outbreaks.
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However, the authors were unable to exploit such information in this
paper.

Conclusions
To conclude, it is worth repeating the central finding that export risks
may be as large as or greater than import risks, and that high-risk
regions may be characterised as much by high trade volumes and
complex trade networks as by lax biosecurity measures. Current risk
assessments that consider only the risk posed by direct ‘propagule
pressure’ – the one-way threat posed by imports – may therefore
overlook a potentially significant risk factor for the spread of FMD.
Ignoring the indirect effects of exports means that the ‘natural’ trade
response to disease – banning imports – may prove less effective at
mitigating risk than the many countries would like to believe. It was
also found that a country’s disease-free status provides a reasonable
approximation of the riskiness of trading with that country, but a
regional grouping captures finer-scale and species-specific
characteristics of risk. This can potentially inform targeting of trade
actions to mitigate disease.
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Table I
Summary of outbreak data and independent variables
Variable

Units

Mean

St. Dev.

Min.

Max.

Source

FMD outbreak

Count

40.15

316.20

0

10,625

OIE

FMD outbreak

Binary

0.34

0.47

0

1

Authors

Current US$

110.97E8

369.2E8

2,802,446

734.9E9

FAO

–

99.07

17.04

36.15

236.08

FAO

Stocks, cattle

# heads

8256939

2.49E7

5

2.13E8

FAO

Stocks, pigs

# heads

5673672

3.43E7

0

4.76E8

FAO

Stocks, sheep

# heads

6591824

1.70E7

420

1.78E8

FAO

Veterinarian density

#/km2

0.29

2.12

8.58E–7

53.03

Authors

Existence of wild reservoirs

Binary

0.06

0.23

0

1

OIE

Monitoring and surveillance

Binary

0.26

0.44

0

1

OIE

Precautions at the border

Binary

0.60

0.49

0

1

OIE

Vaccinations practised

Binary

0.31

0.47

0

1

OIE

Vaccinations prohibited

Binary

0.27

0.44

0

1

OIE

Zoning

Binary

0.19

0.40

0

1

OIE

Agriculture value added
Livestock production index

#: number
FAO: Food and Agriculture Organization of the United Nations
FMD: foot and mouth disease
OIE: World Organisation for Animal Health
St. Dev.: standard deviation
US: United States
The livestock production index is a unit-less index of the aggregate volume of production of a
country’s livestock sector compared to a baseline (in this case, the production between 2004
and 2006). Count and binary outbreaks are the dependent variables. Agriculture value added,
the livestock production index and stocks of cattle, sheep and pigs are taken as proxies for
‘value at risk’. The remaining variables are proxies for biosecurity measures undertaken by
countries and the presence of an endemic disease population. Sources of data include the
World Organisation for Animal Health, Food and Agriculture Organization and author
calculations (‘authors’). See text for details
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FMD outbreak

1

Ag Val Ad

0.105*

1

LPI

–0.085*

0.074*

1

Vet density

–0.071*

–0.032

0.025

1

Existence of wild

0.109*

0.151*

0.066*

–0.004

1

Monitoring

0.228*

0.085*

0.214*

–0.007

0.266*

1

Border precautions

–0.005

0.099*

0.203*

–0.014

0.168*

0.341*

1

Vacc. practised

0.434*

0.112*

–0.015

–0.078*

0.170*

0.296*

0.203*

1

Vacc. prohibited

–0.313*

–0.010

0.134*

–0.042*

0.037*

–0.009

0.411*

–0.361*

1

Zoning

0.125*

0.106*

0.130*

–0.009

0.332*

0.292*

0.345*

0.258*

0.158*

1

Stocks, cattle

0.165*

0.652*

–0.028

–0.059*

0.048*

0.057*

0.091*

0.199*

–0.066*

0.098*

1

Stocks, pigs

0.066*

0.786*

–0.004

–0.021

0.143*

0.054*

0.019

0.055*

–0.008

0.082*

0.415*

1

Stocks, sheep

0.142*

0.684*

–0.001

–0.077*

0.121*

0.087*

0.064*

0.130*

–0.098*

0.045*

0.521*

0.720*

Ag Val Ad: agriculture value added
FMD: foot and mouth disease
LPI: livestock production index
Vacc: vaccination
Correlation coefficients were rounded to three decimal places. A single asterisk denotes significance at the 10% level
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Stocks, pigs

Stocks, cattle
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Border precautions

Monitoring
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LPI

Ag Val Ad

FMD outbreak

Table II
Pairwise correlation coefficients for independent variables
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Table III
Negative binomial estimates of exogenous variables

Exporting to:

Importing from:

Variable

IRR

P-value

Agriculture value added

1.000*

0.071

Livestock production index

0.993*

0.042

Veterinarian density

0.001

0.191

Existence of wild reservoirs

1.326

0.136

Monitoring and surveillance

1.377*

0.006

Vaccination practised

1.200

0.152

Vaccination prohibited

0.568*

0.014

Zoning

0.895

0.429

Stocks (cattle, sheep, pigs)

1.000

0.752

Disease-free, no vaccination

0.999999*

0.054

Disease-free, vaccination

1.000000

0.909

Disease-free zones, no vaccination

1.000004

0.706

Disease-free zones, vaccination

1.000003*

0.075

Not disease-free

1.000002*

0.007

Disease-free, no vaccination

0.999998*

0.088

Disease-free, vaccination

0.997832*

0.014

Disease-free zones, no vaccination

0.999997

0.190

Disease-free zones, vaccination

1.000023*

0.047

Not disease-free

1.000000

0.446

Constant
N
Log-likelihood

–0.570

0.112

761
–1875.90

AIC

3789.81

BIC

3877.86

AIC: Akaike information criterion
BIC: Bayesian information criterion
IRR: Incidence rate ratio
N: number of observations
Note that the dependent variable is the number of new outbreaks. Estimates are reported as incidence rate ratios. Owing to nonlinearity in the maximum likelihood function, convergence of the negative binomial model is sensitive to correlation between
independent variables and binary data (66). Therefore, stocks of cattle, pigs and sheep were aggregated into a single variable and
the presence of border precautions was dropped from the analysis. Non-trade data and p-values are rounded to three decimal
places; trade data are rounded to six. A single asterisk denotes significance at the 10% level
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Table IV
Logistic regression estimates of exogenous variables
No trade lag
Variable

One-year trade lag

Odds ratio

P-value

Agriculture value added

1.000*

0.036

1.000*

0.031

Livestock production index

0.970*

0.035

0.951*

0.001

Veterinarian density

0.000*

0.020

0.000*

0.014

Existence of wild reservoirs

5.794*

0.002

5.282

0.111

Monitoring and surveillance

2.601*

0.027

3.801*

0.004

Precautions at the border

0.607

0.404

0.586

0.316

Vaccination practised

2.083

0.181

0.922

0.895

Vaccination prohibited

0.226*

0.024

0.197*

0.009

10.004*

0.000

21.734*

0.000

Stocks, cattle

1.000

0.810

1.000

0.344

Stocks, pigs

1.000*

0.069

1.000*

0.000

Stocks, sheep

1.000

0.623

1.000*

0.005

Constant

2.903

0.441

Zoning

Odds ratio

14.540

N

1307

1298

Pseudo log-likelihood

–290.194

–245.528

AIC

800.039

707.057

BIC

1369.343

1265.263

P-value

0.103

AIC: Akaike information criterion
BIC: Bayesian information criterion
N: number of observations
Note that the dependent variable is a binary outbreaks/no outbreaks indicator. Odds ratios are rounded to three decimal places.
A single asterisk denotes significance at the 10% level. The associated trade variables are reported in Tables V and VI
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Table V
Logistic regression trade estimates from imports
No trade lag
Variable

Odds ratio

One-year trade lag

P-value

Odds ratio

P-value

Cattle
Eastern Africa

–

–

1.0003

0.055

Northern Africa

–

–

0.9965

0.033

Southern Africa

–

–

0.9999

0.048

1.0022

0.005

Western Africa

0.9992

0.062

North America

1.0006

0.000

–

–

Central America

0.9993

0.096

–

–

Eastern Asia

0.9999

0.002

Southern Asia

1.0003

0.057

Western Europe

0.9999

0.024

Pacific Islands

1.0294

0.002

1.0734

0.005

–

1.0074

0.062

1.0003
–
–

0.001
–
–

Pigs
Eastern Africa
Importing from:

North America

–
0.9991

0.014

–

–

Caribbean

–

–

1.0934

0.047

Central Asia

–

–

1.0160

0.015

Eastern Asia

–

–

1.0001

0.000

Southern Asia

–

–

1.3422

0.035

0.000

–

–

–

0.9997

0.054

0.022

0.9984

0.095

–

1.0002

0.024

0.039

0.9846

0.005

–

0.9999

0.019

Western Asia
Northern Europe
Southern Europe
Western Europe
Australia and New Zealand

1.0181
–
0.9996
–
0.9907

Sheep
Eastern Africa
Southern Africa

–
0.9991

0.060

–

–

South America

–

–

0.9999

0.060

Central Asia

–

–

1.0035

0.053

0.9898

0.005

Southeast Asia

0.9961

0.001

Eastern Europe

–

–

1.0001

0.042

Northern Europe

–

–

1.0007

0.033

0.049

1.0009

0.079

Southern Europe

0.9996

P-values are rounded to three decimal places; trade data to four places. Imports of cattle from Australia and New Zealand and South
America (no lag), and imports of sheep from Western Europe (trade lag) were significant at the 10% level and possessed odds ratios
equal to 1 (rounding to five decimal places). A dash indicates an estimate not significant at the 10% level
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Table VI
Logistic regression trade estimates from exports
No trade lag
Variable

Odds ratio

One-year trade lag

P-value

Odds ratio

P-value

Cattle
Eastern Africa

1.0000

0.032

–

–

Southern Africa

1.0006

0.068

–

–

North America

1.0214

0.000

–

–

Central Asia

0.9989

0.000

Eastern Asia

1.0001

0.032

Southeast Asia

0.9999

0.002

Western Asia

1.0000

0.024

–

–

0.005

–

–

0.9978
–
0.9997

0.004
–
0.007

Exporting to:

Pigs
Eastern Africa

0.9979

Southern Africa

–

–

0.9888

0.010

Western Africa

–

–

1.0014

0.069

Eastern Asia

–

–

0.9999

0.000

Southern Asia

–

–

2.1892

0.041

Southeast Asia

1.0000

0.030

1.0001

0.026

Western Asia

1.0011

0.075

1.0021

0.059

Southern Europe

–

–

0.9998

0.009

Australia and New Zealand

–

–

0.1329

0.015

Sheep
Southern Africa

1.0000

Western Africa

–

Central America

0.9859

0.064
–
0.005

–

–

1.0000

0.069

0.9604

0.037

Caribbean

–

–

1.0288

0.035

Central Asia

–

–

1.0011

0.079

Eastern Asia

1.0004

0.012

0.9984

0.018

Southern Asia

1.0006

0.000

1.0010

0.002

Southeast Asia

0.9989

0.029

Western Asia

–

Pacific Islands

1.5025

–
0.042

–
1.0000
–

–
0.085
–

P-values are rounded to three decimal places; trade data are rounded to four decimal places. A dash indicates an estimate not
significant at the 10% level
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Table VII
Relative economic risks of trade (no trade lag)
United Kingdom
Variable

Odds
ratio

Change in
odds

RER (lower)
(million US$)

RER (upper)
(million US$)

Importing from:

Cattle
North America

1.0006

Southern Asia

1.0003

Western Asia
Australia and New Zealand

0.0006

0.017

10.998

0.0003

0.007

4.508

1.0180

0.0181

0.468

308.194

0.9907

–0.0093

–0.241

–158.942

Southern Africa

0.9991

–0.0009

–0.024

–15.651

Southern Europe

0.9996

–0.0004

–0.010

–6.477

Southern Africa

1.0006

0.0006

0.015

10.110

Southeast Asia

0.9999

–0.0001

–0.002

–1.317

Eastern Africa

0.9979

–0.0021

–0.054

–35.652

Western Asia

1.0011

0.0011

0.029

19.024

Central America

0.9859

–0.0141

–0.365

–240.477

Eastern Asia

1.0004

0.0004

0.011

7.155

Pigs

Sheep

Exporting to:

Cattle

Pigs

Sheep

UK value of exports (million US$)

25.918

UK agriculture value added (billion US$)

17.077

RER: relative economic risk
UK: United Kingdom
US: United States
Relative economic risk is calculated as the product of the relative probability of foot and mouth disease outbreak (change in the
odds) and the magnitude of potential damages (value at risk). Two measures of value at risk were tested: the value of all exports of
cattle, pigs and sheep (lower bound), and the value of the agriculture sector (upper bound). Relative economic risk is from the
perspective of the United Kingdom in 2011. The authors interpret the relative economic risk as, from a global perspective, the dollar
value of risk associated with a one unit (1,000 head) increase in imports to/exports from a partner region. Positive values indicate the
acquisition of additional risk; negative values indicate risk mitigation. Values at risk and relative economic risk are rounded to three
decimal places; odds ratios and the change in the odds are rounded to four decimal places
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Table VIII
Comparison of trade aggregations for imports
Variable

Odds ratio

P-value

Variable

IRR

Western Africa

0.9992

0.062

Disease-free, no vaccination

0.999999

0.054

North America

1.0006

0.000

Disease-free, vaccination

1.000000

0.909

Central America

0.9993

0.096

Disease-free zones, no vaccination

1.000004

0.706

Eastern Asia

0.9999

0.002

Disease-free zones, vaccination

1.000003

0.075

Southern Asia

1.0003

0.056

Not disease-free

1.000002

0.007

Western Europe

0.9999

0.024

Pacific Islands

1.0294

0.002

North America

0.9991

0.014

Western Asia

1.0180

0.000

Southern Europe

0.9996

0.022

Australia and New
Zealand

0.9907

0.038

Southern Africa

0.9991

0.061

Southeast Asia

0.9961

0.001

Southern Europe

0.9996

0.049

P-value

Importing from:

Importing from:

Cattle

Pigs

Sheep

IRR: incidence rate ratio
Note that odds ratios for the no trade lag model are presented for the regional trade aggregation
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Table IX
Comparison of trade aggregations for exports
Variable

Odds ratio

P-value

Variable

IRR

P-value

Southern Africa

1.0006

0.068

Disease-free, no vaccination

0.999998

0.088

North America

1.0214

0.000

Disease-free, vaccination

0.997832

0.014

Central Asia

0.9989

0.000

Disease-free zones, no vaccination

0.999997

0.19

Eastern Asia

1.0001

0.032

Disease-free zones, vaccination

1.000023

0.047

Southeast Asia

0.9999

0.002

Not disease-free

1.000000

0.446

Eastern Africa

0.9979

0.005

Western Asia

1.0011

0.074

0.9859

0.005

Eastern Asia

1.0004

0.013

Southern Asia

1.0006

0.000

Southeast Asia

0.9989

0.029

Pacific Islands

1.5025

0.042

Exporting to:

Exporting to:

Cattle

Pigs

Sheep
Central America

IRR: Incidence rate ratio
Note that the odds ratios for the no trade lag model are presented for the regional trade aggregation
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Fig. 1
Foot and mouth disease outbreaks by OIE disease-free
designations as of 2011
Individual countries are coloured according to their disease-free designation: disease free, no
vaccination; disease free, with vaccination; disease-free zones, no vaccination; disease-free
zones, with vaccination; and not disease-free. Circle size indicates an increasing gradient in
the number of cumulative foot and mouth disease outbreaks within a country during the study
period. Data are from the World Organisation for Animal Health (www.oie.int/)
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(a)

(b)

Fig. 2
Annual aggregate number of countries (a) and number of
reported outbreaks (b) by disease-free category
Symbol and colour indicate the disease-free category: disease-free everywhere, no
vaccination (black, circle); disease-free everywhere, vaccination (square, blue); disease-free
zones, no vaccination (diamond, green); disease-free zones, vaccination (triangle, red). Total
outbreaks by countries without a designation (‘not disease-free’) ranged between 2,164 and
24,321 outbreaks annually
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Fig. 3
Foot and mouth disease outbreaks by Food and Agriculture
Organization geographical regions as of 2011
Individual countries are coloured according to their FAO geographic group:
Eastern Africa ( ), Central Africa ( ), Northern Africa ( ), Southern Africa ( ),
Western Africa ( ), North America ( ), Central America ( ), Caribbean ( ),
South America ( ), Central Asia ( ), Eastern Asia ( ), Southern Asia ( ),
Southeast Asia ( ), Western Asia ( ), Eastern Europe ( ), Northern Europe ( ),
Southern Europe ( ), Western Europe ( ), Australia and New Zealand ( ),
Pacific Islands ( ). Melanesia, Polynesia and Micronesia are lumped into a single
‘Pacific Islands’ region. Circle size indicates an increasing gradient in the average number of
foot and mouth disease outbreaks within a country during the study period. Information on the
regional grouping of countries may be found at the FAO Trade Statistics Division
(http://faostat3.fao.org/home/E). Outbreak data are from the World Organisation for Animal
Health (www.oie.int/)
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(a)

(b)
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(c)

(d)
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(e)

(f)

Fig. 4
Regional number of reported outbreaks (a–c) and total trade
volume (d–f) over time
Regions are sorted into three categories based on the maximum number of outbreaks in a
single year: (a, d) low risk (<100 outbreaks), (b, e) intermediate risk (<1,000 outbreaks) and
(c, f) high risk (>1,000 outbreaks). The following regions reported no outbreaks during the
study period: Central America, Australia and New Zealand, and the Pacific Islands. Total
trade volume (d–f) is the regional sum of import and export quantity (heads) of cattle, sheep
and pigs
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Fig. 5
Regional gross domestic product per capita versus relative
economic risk calculated from the no trade lag model
Regional gross domestic product is the average gross domestic product per capita of all
nations within a region, averaged over the study period (1996–2011). Relative economic risks
have been log-modulated. Marker colour indicates imports (black) or exports (red), while the
species is given by the marker shape (square, cattle; diamond, pigs; triangle, sheep).
Regions are labelled next to their corresponding marker. Zero relative economic risk of trade
is plotted as the dot-dashed reference line
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Fig. 6
Regional gross domestic product per capita versus relative
economic risk calculated from the one-year trade lag model
Regional gross domestic product is the average gross domestic product per capita of all
nations within a region, averaged over the study period (1996–2011). Relative economic risks
have been log-modulated. Marker colour indicates imports (black) or exports (red), while the
species is given by the marker shape (circle, cattle; square, pigs; triangle, sheep). Regions
are labelled next to their corresponding marker. Zero relative economic risk of trade is plotted
as the dot-dashed reference line
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Appendix A
Full logistic trade regression
Table AI
Full logistic regression trade estimates from imports of cattle
No trade lag

Importing from:

Variable

Odds ratio

One-year trade lag
P-value

Odds ratio

P-value

Eastern Africa

1.0001

0.372

1.0003*

0.055

Central Africa

1.0002

0.472

0.9999

0.738

Northern Africa

0.9993

0.524

0.9965*

0.033

Southern Africa

1.0000

0.874

0.9999*

0.048

Western Africa

0.9992*

0.062

1.0022*

0.005

North America

1.0006*

0.000

1.0001

0.596

Central America

0.9993*

0.096

0.9991

0.420

Caribbean

0.9947

0.370

1.0014

0.430

South America

1.0000*

0.034

1.0000

0.414

Central Asia

0.9749

0.523

0.9890

0.646

Eastern Asia

0.9999*

0.002

1.0003*

0.001

Southern Asia

1.0003*

0.057

1.0007

0.107

Southeast Asia

1.0000

0.499

1.0000

0.469

Western Asia

1.0001

0.875

0.9983

0.124

Eastern Europe

1.0000

0.733

0.9999

0.232

Northern Europe

0.9997

0.503

1.0000

0.983

Southern Europe

1.0002

0.164

0.9996

0.276

Western Europe

0.9999*

0.024

1.0000

0.823

Australia and New Zealand

1.0000*

0.007

1.0000

0.740

Pacific Islands

1.0295*

0.002

1.0734*

0.005

P-values are rounded to three decimal places; trade data are rounded to four decimal places.
A single asterisk indicates significance at the 10% level
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Table AII
Full logistic regression trade estimates from imports of pigs
No trade lag
Variable

Importing from:

Eastern Africa

One-year trade lag

Odds ratio

P-value

Odds ratio

P-value

0.9969

0.183

1.0074*

0.062

Central Africa

1.0062

0.253

0.9915

0.260

Northern Africa

1.0000

(omitted)

0.7972

0.210

Southern Africa

1.0001

0.692

1.0003

0.135

Western Africa

0.9938

0.258

1.0008

0.902

North America

0.9991*

0.014

1.0002

0.702

Central America

1.0074

0.919

0.8342

0.175

Caribbean

1.0604

0.330

1.0934*

0.047

South America

1.0003

0.476

0.9997

0.482

Central Asia

1.0010

0.787

1.0160*

0.015

Eastern Asia

1.0000

0.352

1.0001*

0.000

Southern Asia

1.1146

0.278

1.3422*

0.035

Southeast Asia

1.0000

0.187

1.0000

0.339

Western Asia

1.0181*

0.000

1.0285

0.126

Eastern Europe

1.0000

0.512

1.0000

0.885

Northern Europe

1.0000

0.253

0.9997*

0.054

Southern Europe

0.9996*

0.022

0.9984*

0.095

Western Europe

1.0000

0.170

1.0002*

0.024

Australia and New Zealand

0.9907*

0.039

0.9846*

0.005

Pacific Islands

1.0000

(omitted)

1.0000

(omitted)

P-values are rounded to three decimal places; trade data are rounded to four decimal places.
A single asterisk indicates significance at the 10% level
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Table AIII
Full logistic regression trade estimates from imports of sheep
No trade lag
Variable

Odds ratio

Importing from:

Eastern Africa

1.0000

One-year trade lag
P-value
0.473

Odds ratio
0.9999*

P-value
0.019

Central Africa

0.9999

0.307

1.0001

0.217

Northern Africa

1.0000

0.830

1.0000

0.127

Southern Africa

0.9991*

0.060

1.0001

0.160

Western Africa

1.0000

0.789

1.0000

0.456

North America

1.0002

0.416

1.0001

0.527

Central America

0.9986

0.842

0.9992

0.913

Caribbean

0.9671

0.232

0.9324

0.105

South America

1.0000

0.347

0.9999*

0.060

Central Asia

1.0024

0.323

1.0035*

0.053

Eastern Asia

1.0001

0.673

1.0001

0.539

Southern Asia

1.0001

0.861

1.0002

0.532

Southeast Asia

0.9961*

0.001

0.9898*

0.005

Western Asia

1.0000

0.998

1.0000*

0.068

Eastern Europe

1.0000

0.565

1.0001*

0.042

Northern Europe

1.0001

0.268

1.0007*

0.033

Southern Europe

0.9996*

0.049

1.0009*

0.079

Western Europe

0.9998

0.339

0.9999

0.571

Australia and New Zealand

1.0000

0.758

1.0000

0.764

Pacific Islands

1.0000

(omitted)

1.0000

(omitted)

P-values are rounded to three decimal places; trade data are rounded to four decimal places.
A single asterisk indicates significance at the 10% level
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Table AIV
Full logistic regression trade estimates from exports of cattle
No trade lag

Exporting to:

Variable

Odds ratio

P-value

One-year trade lag
Odds ratio

P-value

Eastern Africa

1.0000*

0.032

1.0000

0.660

Central Africa

1.0000

0.938

1.0005

0.251

Northern Africa

1.0000

0.482

1.0000

0.707

Southern Africa

1.0006*

0.068

1.0000

0.782

Western Africa

1.0000

0.254

1.0000

0.551

North America

1.0214*

0.000

0.9955

0.709

Central America

1.0003

0.644

1.0001

0.927

Caribbean

0.9780

0.107

1.0644

0.139

South America

1.0000

0.117

1.0000

0.743

Central Asia

0.9989*

0.000

0.9978*

0.004

Eastern Asia

1.0001*

0.032

0.9998

0.110

Southern Asia

0.9984

0.677

0.9835

0.403

Southeast Asia

0.9999*

0.002

0.9997*

0.007

Western Asia

1.0000*

0.024

1.0000

0.272

Eastern Europe

1.0002

0.368

1.0006

0.556

Northern Europe

0.9994

0.280

0.9996

0.574

Southern Europe

1.0000

0.414

1.0000

0.876

Western Europe

0.9999

0.337

1.0002

0.256

Australia and New Zealand

0.9447

0.190

1.1043

0.197

Pacific Islands

0.8777

0.289

1.2464

0.123

P-values are rounded to three decimal places; trade data are rounded to four decimal places.
A single asterisk indicates significance at the 10% level
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Table AV
Full logistic regression trade estimates from exports of pigs
No trade lag

Exporting to:

Variable

One-year trade lag

Odds ratio

P-value

Odds ratio

P-value

Eastern Africa

0.9979*

0.005

1.0013

0.329

Central Africa

1.0055

0.444

0.9972

0.754

Northern Africa

0.9993

0.916

0.9899

0.234

Southern Africa

1.0002

0.897

0.9888*

0.010

Western Africa

0.9997

0.620

1.0014*

0.069

North America

0.9743

0.126

0.9748

0.119

Central America

1.0000

(omitted)

0.1473

0.108

Caribbean

0.5562

0.264

0.5055

0.158

South America

1.0004

0.430

1.0007

0.227

Central Asia

0.9956

0.418

0.9939

0.511

Eastern Asia

1.0000

0.404

0.9999*

0.000

Southern Asia

1.0567

0.396

2.1892*

0.041

Southeast Asia

1.0000*

0.030

1.0001*

0.026

Western Asia

1.0011*

0.075

1.0021*

0.059

Eastern Europe

0.9999

0.219

0.9998

0.153

Northern Europe

1.0000

0.525

1.0007

0.132

Southern Europe

1.0000

0.741

0.9998*

0.009

Western Europe

1.0000

0.311

0.9999

0.448

Australia and New Zealand

1.0127

0.973

0.1329*

0.015

Pacific Islands

0.9708

0.671

1.0000

(omitted)

P-values are rounded to three decimal places; trade data are rounded to four decimal places.
A single asterisk indicates significance at the 10% level
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Table AVI
Full logistic regression trade estimates from exports of sheep
No trade lag

Exporting to:

Variable

One-year trade lag

Odds ratio

P-value

Odds ratio

P-value

Eastern Africa

1.0001

0.526

0.9999

0.628

Central Africa

1.0001

0.622

1.0000

0.984

Northern Africa

0.9999

0.145

1.0001

0.245

Southern Africa

1.0000*

0.064

1.0000

0.793

Western Africa

1.0000

0.424

1.0000*

0.069

North America

1.0003

0.894

1.0011

0.760

Central America

0.9859*

0.005

0.9604*

0.037

Caribbean

1.0082

0.493

1.0288*

0.035

South America

1.0000

0.860

1.0000

0.488

Central Asia

1.0003

0.168

1.0011*

0.079

Eastern Asia

1.0004*

0.012

0.9984*

0.018

Southern Asia

1.0006*

0.000

1.0010*

0.002

Southeast Asia

0.9989*

0.029

0.9999

0.826

Western Asia

1.0000

0.807

1.0000*

0.085

Eastern Europe

1.0001

0.191

1.0000

0.659

Northern Europe

0.9995

0.455

0.9993

0.196

Southern Europe

1.0000

0.317

1.0000

0.126

Western Europe

1.0001

0.132

0.9999

0.785

Australia and New Zealand

0.9988

0.704

1.0030

0.374

Pacific Islands

1.5025*

0.042

1.0081

0.878

P-values are rounded to three decimal places; trade data are rounded to four decimal places.
A single asterisk indicates significance at the 10% level
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Appendix B
Alternative models and causality
As with other parametric studies, the authors assumed a particular
function form for their models. However, neither the logistic nor the
negative binomial regression explicitly accounts for the ‘tailed’ nature
of foot and mouth disease (FMD) outbreaks. Non-parametric methods
exist to estimate the probability density function of continuous data
(including zero-inflated data), though they are less used in
conventional statistics (1). See Bean & Tsokos (2), Cleveland &
Devlin (3), Izenman (4), Racine & Li (5) and Wolter (6) for reviews
and recent applications of this literature. Alternatively, a spatial model
could capture the direct and indirect sources of risk. The authors used
trade variables to establish the risks of imports and exports. A gravity
model, in contrast, would incorporate all possible linkages between
spatial locations into a single summary measure of disease exposure
(7, 8). These are left for future work.
The models used are also correlative – that is, they are unable to
establish causality. In economics, difference-in-differences,
instrumental variables and regression discontinuity design (RDD)
experiments have been shown to be viable methods for establishing
causation outside randomised experiments (9). Each method has its
strengths and weaknesses. Difference-in-differences requires countries
to experience the same trend in disease in the absence of a treatment
(10, 11). It then measures the differences between the countries, e.g.
the treatment effect. Given the nature of the data used in this study,
this assumption is not likely to be met. Instrumenting for all
potentially endogenous variables is also not feasible given the large
number of trade variables.
Regression discontinuity design (RDD) experiments are gaining
popularity as a viable alternative to randomised experiments (9). The
basic idea behind an RDD experiment is to exploit a discontinuity in
the data (‘threshold effect’) due to a particular treatment (12, 13). The
discontinuity arises as a break in the dependent variable at an
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exogenously determined threshold of an indicator or ‘assignment’
variable. By measuring the change in the dependent variable on either
side of the discontinuity one may measure the effect of the treatment.
Imbens & Lemieux (14), Lee & Lemieux (9) and Jacob et al. (15)
provide comprehensive reviews of this literature.
Though they are mild compared to those of difference-in-differences
and instrumental variable approaches, an RDD experiment makes
several key assumptions that are of particular concern (9, 15). First,
there must exist a clear structural break in the data, specifically in the
assignment variable. Discontinuities in other covariates lead to
problems in the identification of the treatment effect. Second,
participants in the experiment (countries) have an equal chance of
being on either side of the discontinuity. That is, they have no control
in their placement around the discontinuity and (all else being equal)
the treatment is the driving factor in determining the value of their
assignment variable. Given the zero-inflated nature of the data and the
degree of control that countries have over their biosecurity and
sanitary measures, it is unlikely that both assumptions will be
satisfied.
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