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ABSTRACT As international trade constitutes one of
the main spread pathways of diseases, a better unde
standing of the trade behaviors of countries will help
identify strengths and areas for improvement in the
approach of national authorities to controlling poultry
diseases globally. Using data reported to the United
Nations Comtrade and the World Organisation for Ani-
mal Health (OIE ) between 2004 and 2016 by 193 coun
tries, we used a network analysis on trade data o
poultry hatching eggs, live poultry of less than 185 g and
live poultry of 185 g or more to determine that: 1) quan-
tities traded between countries are substantial, and tend
to increase (average increase of 800,000 poultry hea
and 21,000 tons of hatching eggs each year equivalent
an increase by 2-fold in 17 yr); 2) the stability of the net-
works was low (a quarter to half of trade relationships
maintained between 2 consecutive years) and the sub
networks favorable to the spread of diseases were in ge
eral consistent with regional clustering, trade exchange
l
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being equally at intracontinental and intercontinental
levels; 3) countries with highest number of partners were
located in the same world regions for the 3 poultry net-
works - Americas and Europe for export (up to 107 part-
ners) and Africa, Asia and Europe for import (up to 36
partners); 4) for live poultry, biggest exporting countries
shared more poultry disease surveillance data, an
reported more disease presence than others, which d
not stop them from trading. Biggest importers reported
less poultry disease surveillance data and reported mor
disease presence than others; and 5) the main structura
and trend characteristics of the international trade net-
works were in general similar for the 3 networks. The
information derived from this work underlines the
importance of applying the preventive measures advo
cated by the OIE and will support countries to reduce
the risk of introduction of pathogens causing poultry
diseases.
2
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INTRODUCTION

Formal and informal live poultry movements have
been identi� ed as a signi� cant pathway for spread of
poultry diseases, at local and international leve
(Van Den Berg, 2009; Soares Magalh~aes et al., 2012;
Zhou et al., 2015; Kurscheid et al., 2017; Radin et al.,
2017). It has been estimated that 43% of the highly
pathogenic avian in� uenza (HPAI ) introductions in
Asia and 25% of those in Africa between 1996 and 200
were due to live poultry trade (Kilpatrick et al., 2006).
y

,

It has been suggested that, following the introduction of
HPAI into Africa in 2006 through migratory birds,
regional spread has occurred through live poultry trade
particularly between Nigeria and neighboring countries,
because of the lack of border control in West Africa
(Gauthier-Clerc et al., 2007; Cattoli et al., 2009;
Fasina et al., 2009). Similarly, in 2016, the Food and
Agriculture Organization ( FAO ) considered legal move
ments of live poultry to be an important pathway for the
spread of HPAI in the Middle East (Lockhart et al.,
2016). Network analysis techniques have been widel
used to investigate the risk of the spread of poultry dis-
eases through local poultry movements and more rarel
through international or global poultry movements
(Soares Magalh~aes et al., 2012; Fourni�e et al., 2013;
Molia et al., 2016; Radin et al., 2017).

The ongoing global spread of certain poultry diseases
such as HPAI in birds and humans indicates current
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surveillance and control measures are insuf� cient
(Awada et al., 2018). As international trade constitutes
one of the main potential spread pathways, a better
understanding of the trade behaviors of countries will
help to identify strengths as well as areas for improve
ment in the approach of national authorities to control-
ling transboundary poultry diseases globally. Toward
this end, the primary objective of the paper is to contrib-
ute to the understanding of the structure and dynamics
of the global formal live poultry trade network, and to
evaluate associations between trade behaviors and di
ease presence. To accomplish this, we use 13 yr of inte
national poultry trade data to determine: 1) the
quantities of poultry and hatching eggs traded and their
evolution between 2004 and 2016; 2) the structural char
acteristics of the international trade network and its sta-
bility over time, from 2004 to 2016; 3) the countries
acting as super exporters and super importers in the net
work, with description of their geographical characteris-
tics; and 4) the associations between behaviors o
countries for international trade and poultry disease
reporting and presence. Findings are discussed in th
context of transboundary spread of poultry diseases.
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MATERIALS AND METHODS

Materials

Databases used: United Nations Comtrade and
OIE WAHIS. United Nations (UN) Comtrade
(United Nations, 2018a) centralizes data on interna-
tional trade, provided by exporting and importing coun-
tries. Countries provide information for each year by
product, the direction of exchanges (exporting to
importing country), the price of the commodity traded
(standardized in US dollars) and the quantity of goods.
Annual data have been extracted for the period from
2004 to 2016, for the 193 UN Member State
(United Nations, 2018b), with a � nal update as of 2 May
2018. Among poultry subcategories, data for chicken
lighter than 185 g and ducks, geese, guinea fowls, tu
keys lighter than 185 g were grouped under the nam
“live poultry lighter than 185 g”; data for chickens of
185 g or more and ducks, geese, guinea fowls, turkeys
185 g or more were grouped under the name“live poultry
of 185 g or more”. These data were available for the
entire period of analysis. Data for chicken hatching egg
and hatching eggs of ducks, geese, guinea fowls, and tu
keys were only available for the 2012-2016 period. Thes
subcategories were grouped under the name“poultry
hatching eggs.” It should be noted that data for ostriches
and emus were only available for the 2012-2016 perio
and were not considered in this analysis, since the corre
sponding reported international trade exchanges wer
negligible (1% to 2% of the total number of trade
exchanges each year).

Disease reporting data were from the World Organisa
tion for Animal Health ( OIE ), whose mandate is to
ensure transparency in the global animal disease situa
tion. These data are submitted to the OIE World
Animal Health Information System (WAHIS ) by the
national authorities of 182 Member Countries that have
the legal obligation to report data concerning high
impact animal diseases listed by the OIE, and more than
20 additional countries and territories that provide
information on a voluntary basis. This annual list of dis-
eases contains 13 to 15 diseases of poultry for the perio
from 2004 to 2016 (World Organisation for Animal
Health, 2018a,c). The OIE monitoring system includes
data sent every 6 mo by each country and include
absence or presence, changes in the occurrence of
listed diseases, and information of epidemiological signi
icance to the international community.

Countries targeted in the analysis (2004-2016).
Of the 193 Member States of the UN, 109 (57%) pro
vided poultry trade data for all years from 2004 to 2016
and 84 (43%) had missing data for at least one yea
between 2004 and 2016 (Figure S1). However, most of
the poultry trade data for these 84 countries could be
obtained by cross-checking information provided by
their trading partners. The only exchanges for which no
information was available were those that occurred
between these 84 countries. Since countries within th
same world subregion have a high probability o
exchanging among themselves, blocks of countries ha
been set up for the analysis, as described below:

� Block 1: 9 countries in the Caribbean, Central America, and South
America (Antigua and Barbuda, Bahamas, Cuba, Dominica, Gre-
nada, Haiti, Honduras, Trinidad and Tobago and Venezuela)

� Block 2: 6 countries in Eastern Africa (Djibouti, Eritrea, Kenya,
Somalia, South Sudan and Zambia)

� Block 3: 9 countries in Melanesia, Micronesia, and Polynesia (Kiri
bati, Marshall Islands, Micronesia (Fed. States of), Nauru, Palau,
Papua New Guinea, Solomon Islands, Tuvalu and Vanuatu)

� Block 4: 8 countries in Middle Africa (Angola, Central African
Republic, Chad, Congo, Democratic Republic of the Congo, Equa
torial Guinea, Gabon and Sao Tome and Principe)

� Block 5: 3 countries in Northern Africa (Egypt, Libya, and Sudan)
� Block 6: 4 countries in Central Asia (Kyrgyzstan, Tajikistan, Turk-

menistan, and Uzbekistan)
� Block 7: 2 countries in Southern Europe (Montenegro and Serbia)
� Block 8: 12 countries in Western Africa (Burkina Faso, Ĉote

d’Ivoire, Gambia, Ghana, Guinea, Guinea-Bissau, Liberia, Mali,
Mauritania, Nigeria, Sierra Leone and Togo)

� Block 9: 7 countries in Western Asia (Iraq, Israel, Kuwait, Lebanon,
Qatar, Syria and Yemen)

� Block 10: 5 countries in Southern Asia (Afghanistan, Bangladesh
Bhutan, Iran and Nepal)

� Block 11: 3 countries in South-East Asia (Cambodia, Lao (PDR)
and Myanmar).

The 16 remaining countries that did not provide com-
plete information were surrounded by countries that
reported information and were therefore considered indi
vidually in the analysis. The analysis of the formal trade
data thus covers 125 countries and 11 blocks of coun
tries, which constitutes 136 units. For each country and
block of countries, a geographical region was assigne
according to the UN standard classi� cation
(United Nations, 2018c).

Estimate of missing data (2004-2016). Annual
poultry quantities traded were available in poultry
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GLOBAL LIVE POULTRY TRADE AND DISEASES 3
heads for all subcategories, except for hatching eggs, f
which quantities were expressed in kilograms (kg). Fo
most annual trade exchanges in each subcategory,
types of data, namely the monetary value and the quan
tity of animals or products traded, were available. How-
ever, for 16% of the exchanges across all subcategori
only the monetary value was indicated. For all subcate-
gories, the estimate of missing quantity data was per
formed by a Bayesian generalized linear model using th
“rstanarm” package in the R software 3.5.1 (Gelman and
Hill, 2007; R Core Team, 2015; Stan Development
Team, 2016), and the following formula with a
''Gamma'' distribution family: Price per animal » Trade
Flow + Export region + Import region + Year

With:

� Price per animal expressed in US dollars
� Trade � ow having 2 possible values: export or import
� Export region being the geographical region of the exporting country

or block
� Import region being the geographical region of the importing country

or block
� Year being a value from 2004 to 2016.

All explanatory variables were treated as qualitative
variables. The full model was tested for each subcate
gory (4-variable explanatory model), then variables
were removed progressively, comparing the values of th
Akaike information criterion ( AIC ) (preferred simplest
model if lower AIC value, with at least 2 points of differ-
ence). The� nal model was selected for each subcatego
according to the AIC criterion. This � nal model was
used to estimate the missing data for poultry quantities.
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Methods

Bearing in mind that the primary objective of the
paper was to contribute to the understanding of the
global trade network in the context of transboundary
spread of poultry diseases, and recognizing that the ris
of disease spread associated with poultry differs depen
ing on their age, analyses were performed separately f
3 networks: 1) the network of live poultry lighter than
185 g; 2) the network of live poultry of 185 g or more;
and 3) the network of poultry hatching eggs
(Boyle et al., 2000; Ellis et al., 2005; McQuiston et al.,
2005; Shankar, 2008). Network 1 is for chicken aged
from 1 d to approximatively 3 wk, ducks and turkeys
aged from 1 d to approximatively 1 wk, and guinea fowls
aged from 1 d to approximatively 2 wk (Aggrey, 2002;
Nahashon et al., 2006; Osei-Amponsah et al., 2014;
Chang et al., 2016; Sogut et al., 2016). Network 2 is for
poultry older than that age. Networks 1 and 2 were
described for the entire period of analysis (2004 to 2016
and network 3 was described for the period from 2012 t
2016, due to data unavailability before these years.

Poultry quantities traded and their evolution.
To identify the poultry subcategories representing the
highest number of trade exchanges and highest quant
ties traded, the following methodology was designed
First, a “directed link” was de� ned as the existence o
one or several trade exchanges between a given expo
ing country and an importing country during a given
year. The number of directed links in the world, the
annual poultry quantities traded, and the average poul-
try quantities traded by directed link were computed
and plotted by subcategory using bar charts.

Characteristics of the international trade net-
work over time, general description of the inter-
national trade network . The 3 annual international
formal trade poultry networks were� rst described using
network indicators, including number of directed links,
distributions of out-degrees, in-degrees, total degree
and network density. De� nitions of selected network
indicators are provided in Table S1. The distributions of
out-degrees and in-degrees were also plotted for th
most recent year (2016). Then, to describe the level o
variation of the networks on an annual basis, we calcu
lated the loyalty de� ned as the fraction of common
directed links between each pair of years (Valdano et al.,
2015). This loyalty was plotted using strip charts.
Finally , groups of countries/blocks that share more rela-
tionships, i.e. communities, were identi� ed within the
overall cumulated global trade networks.

Identi � cation of countries/blocks acting as
super exporters and super importers. For each of
the 3 networks, the annual distributions of in-degrees
and out-degrees of countries/blocks were computed. Fo
each network and year, countries/blocks were then cate
gorized into 3 groups. Based on the 2 indicators men
tioned above, countries/blocks in the category with
highest values for all years considered in the analys
were identi� ed and their geographical characteristics
were described. Countries/blocks in the category with
highest values for in-degrees were considered as sup
importers, while those in the category with highest val-
ues for out-degrees were considered as super exporters

Poultry disease reporting and presence in
potential super exporters and super importers.
During the period of analysis, all countries/blocks were
required to send information to the OIE each year, for
13 to 15 OIE-listed poultry diseases among the following
list: avian chlamydiosis, avian infectious laryngotrachei-
tis, avian infectious bronchitis, avian mycoplasmosis
(M. synoviae), avian tuberculosis, duck virus enteritis,
duck virus hepatitis, fowl cholera, fowl pox, fowl
typhoid, HPAI, infectious bursal disease (Gumboro),
low pathogenic avian in� uenza, Marek's disease, myco
plasmosis (M. gallisepticum), Newcastle disease, Pullo
rum disease, and turkey rhinotracheitis.

We � rst computed for each country/block and year
the percentage of poultry OIE-listed diseases with infor
mation provided. We tested if there were signi� cant dif-
ferences between the median percentages of OIE-liste
poultry diseases with information provided, between the
countries/blocks of the 3 categories (low, medium and
high) of out-degrees (indicator for the number of part-
ners for export). We then computed for each country/
block and year the percentage of poultry OIE-listed dis-
eases reported present, among those with information
We tested if there were signi� cant differences in the
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median percentages between the countries/blocks of th
3 categories (low, medium, and high) of out-degree
(indicator for the number of partners for export). We
� nally tested if there were signi� cant differences in the
median percentages between the countries/blocks of th
3 categories (low, medium, and high) of in-degrees (ind
cator for the number of partners for import).

Statistical analysis . All analyses were done in R
(R Core Team, 2015). The correlation between the num-
ber of poultry heads traded from 2004 to 2016 and time
was measured by the Spearman’s rank correlation test.
For the 3 networks, analysis of directed links, distribu-
tions of out-degrees, in-degrees, total degrees and ne
work density was done using the packages igraph an
keyplayer in R (Csardi and Nepusz, 2006; An and
Liu, 2016). The theoretical distribution best � tting the
observed distributions of out-degrees and in-degrees f
2016 was tested using the“� tdistrplus ” package (Delig-
nette-Muller and Dutang, 2015). For the stability analy-
sis, unweighted matrixes were� rst created for each year.
The Jaccard index was then calculated for each pair o
matrixes, for each of the 3 networks. The Jaccard index
allows understanding the similarities between sample
sets and is de� ned as the size of the intersection divided
by the size of the union of the sample sets. The networ
stability analysis was done using the packages igrap
and BiRewire in R (Csardi and Nepusz, 2006;
Gobbi et al., 2017). The correlation between the fraction
of common directed links and time difference was mea
sured by the Spearman’s rank correlation test. For iden-
ti � cation of communities within the international trade
networks, the � rst step consisted in transforming the 3
directed networks to undirected networks, using the
“collapse” mode. One undirected link was created fo
each pair of countries/blocks which were connected with
at least one directed link. Within each undirected net-
work, communities were then identi� ed using the greedy
optimization of modularity ( Clauset et al., 2004). This is
a bottom-up hierarchical approach that tries to optimize
in a greedy manner a quality function called modularity,
which is the fraction of the links that fall within the
given communities minus the expected fraction if links
were distributed at random (Li and Schuurmans, 2011).
Initially, every country/block belongs to a separate com-
munity, and communities are merged iteratively such
that each merge yields the largest increase in the curren
value of modularity. Results were plotted and described
using the package igraph (Csardi and Nepusz, 2006) in
R. The dependency between communities containin
more than one country and world regions including
Africa, Americas, Asia and Europe was tested using a
Pearson's chi-squared test on R. Oceania could not b
considered in the testing, due to the low number of coun
tries/blocks in this world region. For the identi � cation of
super importers and exporters, the in and out-degre
analysis was done using the package igraph in
(Csardi and Nepusz, 2006). For each network and year,
countries/blocks were then categorized into 3 groups
using the Jenks natural breaks classi� cation method in
R, with the package BAMMtools (Jenks, 1967;
Rabosky et al., 2014). Finally, to test these hypotheses
on poultry disease reporting and presence in potentia
super exporters and super importers, we used the Fried
man test (Hollander and Wolfe, 1973), which is a non-
parametric test adapted to repeated measurements (in
our analysis, yearly measurements). When difference
were signi� cant, pairwise comparisons were then per
formed using the Wilcoxon test (Hollander and
Wolfe, 1973).
RESULTS

Poultry Quantities Traded and Their
Evolution Between 2004 and 2016

Number of directed links and their evolution.
The number of directed trade links for the subcatego
ries for which data were available for the entire
period of analysis (2004-2016) is shown i
Figure S2a. The total number was close to 1700 in
2004 and 2005, and it then dropped in 2006 to 1374
which is the minimum value observed for the period
The drop was observed for all subcategories (from
-12% for “chickens lighter than 185 g” to -26% for
“ducks, geese, guinea fowls and turkeys lighter tha
185 g”). In the subsequent years, this number slowly
and regularly increased up to values close to 1800 i
2015 and in 2016. These values were above the lev
of exchange observed in 2004 and 2005, before t
drop. Concerning all subcategories of live poultry and
hatching eggs (Figure S2b), the total number of
directed links was stable from 2012 to 2014 (value
close to 2800) and then increased to values close
3000 in 2015 and 2016.

Quantities traded and their evolution. For live
poultry ( Figure 1A), the total number of heads traded by
year increased by 2.6-fold (from 735 million in 2004 to 1
billion 956 million in 2016). This increase with years was
signi� cant, as measured by the Spearman’s rank correla-
tion test (rho = 0.98; P-value< 2.2e-16). For the subcate-
gory “chickens lighter than 185 g”, sudden increases of the
quantity of heads traded are observed for the yr 2007
2014 and a sudden decrease is observed for the year 20
For live poultry, the annual average quantity by directed
link (inset of Figure 1A) suddenly increased between
2005 and 2006, with less variation the following years
For hatching eggs (Figure 1B), the total weight of eggs
traded by year ranged between 227 thousand tons (in
2012) and 362 thousand tons (in 2015). The weight o
hatching eggs traded had an increasing trend from 201
to 2015 and a sudden decrease was observed for the ye
2016. For the 2 subcategories of hatching eggs (inset
Figure 1B), the annual average weight/directed link had
an increasing trend from 2012 to 2015 and a sudde
decrease was observed for the year 2016.

Subcategories most traded. Consistently over the
period of analysis, chickens lighter than 185 g and
chicken hatching eggs were the subcategories with high
est numbers of commercial directed links. The subcate
gory “chickens lighter than 185 g” represented the
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Figure 1. Number of annual quantities traded by poultry subcategory. (A) For live poultry for the period from 2004 to 2016; the average quan-
tity of poultry heads traded by directed link is shown in the inset. (B) For poultry hatching eggs for the period from 2012 to 2016; the average weight
of poultry hatching eggs traded by directed link is shown in the inset.

GLOBAL LIVE POULTRY TRADE AND DISEASES 5
highest percentage of directed links (45% to 50% of th
total each year for live poultry in Figure S2a and 27% to
28% of the total each year for all poultry subcategories
in Figure S2b). When considering all poultry
(Figure S2b), the second subcategory was“chicken
hatching eggs” (22% to 25% of the total each year), while
other subcategories (“chickens of 185 g or more”; “ducks,
geese, guinea fowls and turkeys of 185 g or more”; “ducks,
geese, guinea fowls and turkeys lighter than 185 g” and
“hatching eggs of ducks, geese, guinea fowls and tu
keys”) accounted for 9% to 18% of the total each year. In
addition, consistently across all years,“chickens lighter
than 185 g” represented the highest percentage of head
traded and the highest number of heads by directed link
(47% to 61% of the total each year inFigure 1A and
annual average of 1.63 million heads/directed link in the
inset of Figure 1A). Similarly, “chicken hatching eggs”
represented the highest percentage of weight traded an
the highest weight by directed link (78% to 84% of poul-
try hatching eggs traded each year inFigure 1B and
annual average of 352 tons/directed link in the inset of
Figure 1B).
t

y
r
Characteristics of the International Trade

Network and Its Stability Over Time

General description of the international formal
trade network. The number of nodes was consisten
across the period of analysis, as the 136 countries/block
described in 2.1. were considered each year. Almost a
countries/blocks were included in the trade network.
Only 2 countries (Liechtenstein and Monaco) were nei
ther connected to the network of hatching eggs nor to
the network of live poultry lighter than 185 g. Five coun-
tries (Democratic People's Republic of Korea, Iceland
Liechtenstein, Monaco, and San Marino) were not con
nected to the network of live poultry of 185 g or more.

The largest network sizes (number of directed com
mercial links between 2 countries) were for the network
of live poultry lighter than 185 g (range between 762
and 914 from 2004 to 2016) and for the network o
hatching eggs (range between 763 and 901 from 2012
2016). The size of the network of live poultry of 185 g o
more was smaller (range between 287 and 469 from 20
to 2016) (Table S2). For both live poultry networks, the
number of links between countries/blocks was high in
2004 and 2005 (around 900 for live poultry lighter than
185 g and around 415 for live poultry of 185 g or more
and then suddenly dropped in 2006 to 762 and 30
respectively (Figure S3). The same pattern was observed
for the density of the network of live poultry lighter than
185 g. The number of directed links then progressivel
increased in the next years up to values around 880 fo
live poultry lighter than 185 g and around 470 for live
poultry of 185 g or more in 2016 (Figure S3). For the
network of hatching eggs, the number of directed links
consistency increased from 796 in 2012 to 901 in 2016.
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6 AWADA ET AL.
For all networks and all years during the period of
analysis, the median value for in-degrees remained abo
the median value for out-degree, which shows that, glob
ally, countries/blocks had more diverse partners for
import than for export. The difference in the maximum
values between out-degrees and in-degrees is a
remarkable. Each year, the difference was of 50 to 6
degrees for live poultry lighter than 185, of 13 to 24
degrees for live poultry of 185 g or more, and of 30 to 8
degrees for hatching eggs. It shows that consistentl
over the period of analysis, some speci� c countries/
blocks had very high numbers of different partners for
export and that the maximum values for the number of
different partners for import never reached the same
level (Figure S3). This difference is very clear on Figure
S4, which shows the distributions of out-degrees and in
degrees plotted for 2016 (the plot for 2016 was provide
as an example, considering the 3 networks 1) the ne
work of live poultry lighter than 185 g; 2) the network of
live poultry of 185 g or more; and 3) the network of poul-
try hatching eggs).

The sudden increase in the maximum out-degre
value for the network of hatching eggs, between 201
(56) and 2015 (106) is also remarkable (Figure S3). The
Netherlands had around 50 partners for export in 2012
and 2013 and suddenly increased its number of expo
partners to 106 in 2015 and 107 in 2016. In relation with
out-degree distribution for 2016 (Figure S4a), results
show that most of the countries/blocks in the networks
exported to very few other countries and this is consis
tent with the medians presented in Table S2 (2 out-
going trade relations for the network of live poultry ligh-
ter than 185 g and network of poultry hatching eggs; 1
out-going trade relation for the network of live poultry
of 185 g or more). However, the maximum number o
partners registered for export is very high (78 for live
poultry lighter than 185 g, 47 for live poultry of 185 g or
more and 107 for poultry hatching eggs). The data
approximated negative binomial distributions (for live
poultry lighter than 185 g mu= 6.44 and vari-
ance = 121,64, for live poultry of 185 g or more mu=
3.45 and variance = 33.96 and for poultry hatching eggs
mu= 6.62 and variance = 135.61). In relation with in-
degree for 2016 (Figure S4b), results show that the dis-
tribution of countries/blocks is less variable. The
medians presented in Table S2 are higher than for out
degree and the maximum number of partners for import
is 27 for the 2 live poultry networks and 36 for hatching
eggs. The data approximated negative binomial distri-
butions (for live poultry lighter than 185 g mu= 6.44
and variance = 22.09, for live poultry of 185 g or more
mu= 3.45 and variance = 15.76 and for poultry hatching
eggs mu= 6.62 and variance = 30.83).

Nodes loyalty. Results for the Jaccard index calcu-
lated for each pair of matrices are shown in Table S3
The percentage of common directed links contained in
networks of 2 consecutive years ranged between 48
and 49% for hatching eggs, 47% and 58% for poultr
lighter than 185 g and between 28% and 43% for live
poultry of 185 g or more. The percentage of connection
that persisted between the 2 most extreme years wa
43% for poultry hatching eggs (between 2012 and 2016
38% for poultry lighter than 185 g (between 2004 and
2016) and 25% for live poultry of 185 g or more (between
2004 and 2016).Figure 2 shows the fraction of common
directed links per year time difference. This fraction
clearly decreased with increase of time difference. Fo
hatching eggs, the median value decreased from 49% f
a year of difference to 43% for 4 yr of difference. Thi
decrease with time was barely signi� cant as measured
by the Spearman’s rank correlation test (rho = -0.95; P-
value = 0.05). For poultry lighter than 185 g, the median
value decreased from 54.5% for a year of difference
38% for 12 yr of difference. This decrease with time wa
signi� cant as measured by the Spearman’s rank correla-
tion test (rho = -1; P-value = 1.288e-13). For live poul-
try of 185 g or more, the median value decreased from
40% for a year of difference to 25% for 12 yr of difference
This decrease with time was signi� cant as measured by
the Spearman’s rank correlation test (rho = -0.99; P-
value = 9.971e-10). It is interesting to note that for poul-
try lighter than 185 g and poultry of 185 g or more, there
were few preserved links between 2004 and the oth
years as well as between 2005 and the other years.

Communities within the international trade
network. The number of communities identi� ed was of
7 within the network of live poultry lighter than 185 g (5
communities with several countries/blocks and 2 coun
tries not connected to the network as described in 3.2.)
9 within the network of live poultry of 185 g or more (4
communities with several countries/blocks and 5 coun
tries not connected to the network as described in 3.2)
and 6 within the network of poultry hatching eggs (4
communities with several countries/blocks and 2 coun
tries not connected to the network as described in 3.2.
(Figure 3 and Table S4). The number of trade relations
was the highest (1,605) in the cumulated network of live
poultry lighter than 185 g from 2004 to 2016. Among
them, 861 (54%) were across communities and th
remaining relations were within communities. Then, the
cumulated network of poultry hatching eggs from 2012
to 2016 comprised 1,140 trade relations and amon
them, 542 (47%) were across communities and th
remaining relations were within communities. Finally,
the cumulated network of live poultry of 185 g or more
from 2004 to 2016 comprises 1,072 trade relations an
among them, 449 (42%) were across communities an
the remaining relations were within communities.

The clustering in communities for the 3 networks is
relatively consistent with the regional clustering
(Table S4). The dependency between the clustering into
the communities and the world regions was con� rmed
by the Pearson’s chi-squared test for the network of live
poultry lighter than 185 g (X-squared = 152.05, df = 9,
P-value < 2.2e-16), for the network of live poultry of
185 g or more (X-squared = 170.76, df = 9,P-value <
2.2e-16) as well as for the network of poultry hatching
eggs (X-squared = 201.86, df = 9,P-value < 2.2e-16).
Also, the dependency between the clustering into the
communities of the networks 2 by 2 was con� rmed by
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Figure 2. Fraction of common directed links per year time difference (stripcharts)� medians are shown in red� (A) Considering live poultry
lighter than 185 g from 2004 to 2016; (B) Live poultry of 185 g or more from 2004 to 2016; and (C) Poultry hatching eggs from 2012 to 2016.

GLOBAL LIVE POULTRY TRADE AND DISEASES 7
the Pearson’s chi-squared test: X-squared = 188.07
df = 9, P-value< 2.2e-16 for hatching eggs and live poul
try of 185 g; X-squared = 175.4, df = 9, P-value < 2.2e-
16 for hatching eggs and live poultry lighter than 185 g;
and X-squared = 119.71, df = 9, P-value < 2.2e-16 for
live poultry of 185 g or more and live poultry lighter
than 185 g.
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Identi � cation of Super Exporters and Super
Importers

Group categorization using the Jenks natural
breaks classi � cation method. The categorization
was� rst done based on out-degrees, an indicator for th
number of export partners (Table S2). For the network
of live poultry lighter than 185 g, and according to the
year, the lowest category included exporters with 0 to 14
partners, the medium category 8 to 42 partners, and the
highest category 22 to 84 partners. For the network o
live poultry of 185 g or more, the lowest category
included exporters with 0 to 8 partners, the medium cat-
egory 4 to 23 partners, and the highest category 13 to 4
partners. For the network of poultry hatching eggs, the
lowest category included exporters with 0 to 15 partners
the medium category 10 to 59 partners, and the highes
category 31 to 107 partners. For example, on Figure
S4a, vertical lines show the Jenks natural breaks used t
group exporters in the three 2016 trade networks. In
general, 81% of countries/blocks remained in the sam
category (lowest, medium or highest) over the period o
analysis in the network of live poultry lighter than
185 g, 66% in the network of live poultry of 185 g or
more and 86% in the network of poultry hatching eggs
which shows high stability of countries/blocks export
level during the period of analysis.

Second, the categorization was done based on i
degrees, an indicator for the number of import partners
(Table S2). For the network of live poultry lighter than
185 g and according to the year, the lowest categor
included importers with 0 to 6 partners, the medium cat-
egory 4 to 13 partners, and the highest category 9 to 2
partners. For the network of live poultry of 185 g or
more, the lowest category included importers with 0 to 4
partners, the medium category 2 to 14 partners, and the
highest category 6 to 28 partners. For the network of
poultry hatching eggs, the lowest category included
importers with 0 to 7 partners, the medium category 4
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Figure 3. Communities identi� ed in the cumulated global poultry trade network � each color corresponds to a community - (A) seven commu-
nities in the trade network of live poultry lighter than 185 g (2004-2016),community LP1: orange dots, community LP2: light blue dots, community
LP3: dark green dots, community LP4: yellow dots, community LP5: purple dots, community LP6: gray dots, community LP7: brown dots -(B) Nine
communities in the network of live poultry of 185 g or more (2004-2016),community HP1: orange dots, community HP2: light blue dots, community
HP3: dark green dots, community HP4: yellow dots, community HP5: purple dots, community HP6: gray dots, community HP7: brown dots, commu-
nity HP8: light purple dots, community HP9: beige dots -(C) Six communities in the network poultry hatching eggs (2012-2016),community HE1:
orange dots, community HE2: light blue dots, community HE3: dark green dots, community HE4: yellow dots, community HE5: purple dots, commu-
nity HE6: brown dots - (D) Spatial distribution of countries according to their communities in the trade network of live poultry lighter than 185 g
(2004-2016), using same colors; (E) Spatial distribution of countries according to their communities in the trade network of live poultry of 185 g or
more (2004-2016); (F) Spatial distribution of countries according to their communities in the trade network of poultry hatching eggs (2012-2016),
using same colors. The countries/blocks composing the communities are further described in Table 2. Only communities with several countries/
blocks are shown on maps (D), (E), and (F).

8 AWADA ET AL.
to 16 partners, and the highest category 12 to 36 part
ners. For example, on Figure S4b, vertical lines show th
Jenks natural breaks used to group importers in the
three 2016 trade networks. In general, only 27% of coun
tries/blocks remained in the same category (lowest
medium or highest) over the period of analysis in the
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Figure 4. Poultry OIE-listed diseases with information provided, and poultry OIE-listed diseases reported present, according to category of
export and import. Violin plots show the distributions of annual median values and the red dot shows the median value across all years (2004-2016
pour live poultry and 2012-2016 for poultry hatching eggs).

GLOBAL LIVE POULTRY TRADE AND DISEASES 9
network of live poultry lighter than 185 g and 21% in the
network of live poultry of 185 g or more. This shows lit-
tle stability of countries/blocks import level during the
period of analysis for these 2 networks. In the network o
poultry hatching eggs, about half of the countries/blocks
(51%) remained in the same category between 2012 an
2016, which shows some stability for this category only.

Geographical characteristics of super export-
ers and super importers. Based on out-degrees and
in-degrees consistently over the period of analysis, an
for all poultry categories, The Netherlands was in the
highest category each year, which makes it supe
exporter and super importer for the whole period of anal-
ysis, for all trade networks (Table 1). Based on out-
degrees,Table 1A shows that consistently over the
period of analysis, several other countries in Europe an
one country in the Americas were in the highest category
each year, which make them super exporters for th
whole period of analysis. In Europe, France was a supe
exporter for live poultry (both lighter than 185 g and of



Table 1. Distribution of countries/blocks across the period of analysis, by Region� (A) by out-degree category and (B)
by in-degree category. All results are detailed separately for the 3 networks: live poultry lighter than 185 g from 2004 to
2016, live poultry of 185 g or more from 2004 to 2016 and poultry hatching eggs from 2012 to 2016.

10 AWADA ET AL.
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GLOBAL LIVE POULTRY TRADE AND DISEASES 11
185 g or more), and Germany and United Kingdom were
super exporters for live poultry lighter than 185 g. In the
Americas, United States of America was a supe
exporter for live poultry lighter than 185 g as well as
poultry hatching eggs. In addition, concerning export, 6
other European countries (Belgium, Czech Republic
Denmark, Hungary, Italy and Spain), one other Ameri-
can country (Canada), one Asian country (Brunei Dar-
ussalam), and 3 African countries (Senegal, Sout
Africa and Tanzania) were in the highest category cer-
tain years but not all.

Based on in-degrees,Table 1B. shows that consis-
tently over the period of analysis, several countries in
Africa, Asia and Europe were in the highest category
each year, which make them super importers for the
whole period of analysis. Block 9 composed of 7 countrie
in Western Asia was a super importer for all poultry net-
works. In Africa, block 8 composed of 12 countries in
Western Africa was a super importer for live poultry
lighter than 185 g as well as poultry hatching eggs, and
block 5 composed of 3 countries in Northern Africa was
a super importer for live poultry lighter than 185 g. In
Asia, block 10 composed of 5 countries in Southern Asi
was a super importer for live poultry lighter than 185 g.
In Europe, Germany and Hungary were super importers
for live poultry lighter than 185 g as well as poultry
hatching eggs. Romania was a super importer for live
poultry lighter than 185 g, while Denmark, France,
Italy, Poland, Russia, and United Kingdom were super
importers for poultry hatching eggs. In addition, con-
cerning import, 8 other African countries/blocks, 7
American countries/blocks, 18 other Asian countries/
blocks, and 16 other European countries/blocks were in
the highest category certain years but not all.
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Poultry Disease Reporting and Presence in
Potential Super Exporters and Super
Importers

Percentage of OIE-listed poultry diseases with
information provided, according to number of
partners for export. Results are presented in
Figure 4A. The percentage of OIE-listed poultry diseases
with information provided by countries increased with
the number of their commercial partners for export, and
these medians were signi� cantly different for live poultry
lighter than 185 g (Friedmanx2

2 = 9.54, P-value = 0.008)
and live poultry of 185 g or more (Friedmanx2

2= 10.889,
P-value = 0.00432). Concerning the network of live
poultry lighter than 185 g between 2004 and 2016, the
pairwise comparison test showed that the values of th
lowest category (countries /blocks that exported to the
smallest number of partners) were signi� cantly different
(P-value = 0.01368) and lower than the values of the
highest category (countries/blocks that exported to the
higher number of partners). Concerning the network of
live poultry of 185 g or more between 2004 and 2016, th
pairwise comparison test showed that the value of the
lowest category and the value of the medium categor
were signi� cantly different (P-value = 0.0206 and
0.008969 respectively) and lower than the value of th
highest category. No signi� cant differences were shown
in the network of poultry hatching eggs.

Percentage of OIE-listed poultry diseases
reported present, according to number of part-
ners for export. Results are presented inFigure 4B.
The percentage of OIE-listed poultry diseases reporte
present by countries increased with the number of their
commercial partners for export and these medians wer
signi� cantly different for live poultry lighter than 185 g
(Friedman x2

2 = 26, P-value = 2.26e-06) and live poultry
of 185 g or more (Friedman x2

2= 23.804, P-
value = 6.777e-06). Concerning the network of live poul
try lighter than 185 g between 2004 and 2016, and the
pairwise comparison test showed that the values of th
lowest category and the values of the medium categor
were signi� cantly different (P-value = 0.001651 andP-
value =0.0002441 respectively) and lower than the val
ues of the highest category. It also showed that the val
ues of the lowest category were signi� cantly different
(P-value = 0.001656) and lower than the values of the
medium category. Concerning the network of live poul-
try of 185 g or more between 2004 and 2016, the pairwis
comparison test showed that the values of the lowes
category and the values of the medium category wer
signi� cantly different (P-value = 0.001656 for both
tests) and lower than the values of the highest category
It also showed that the values of the lowest category
were signi� cantly different (P-value = 0.003252) and
lower than the values of the medium category. No signif
icant difference was shown in the network of hatching
eggs.

Percentage of OIE-listed poultry diseases with
information provided, according to number of
partners for import. Results are presented in
Figure 4C. The percentage of OIE-listed poultry disease
with information provided by countries decreased with
the number of their commercial partners for import, and
these medians were signi� cantly different for live poultry
lighter than 185 g (Friedman x2

2= 7.6818, P-
value = 0.02147) and live poultry of 185 g or more
(Friedman x2

2= 16.311, P-value = 0.0002871). Concern-
ing the network of live poultry lighter than 185 g
between 2004 and 2016, the pairwise comparison te
showed that the values of the lowest category and the
values of the medium category were signi� cantly differ-
ent (P-value = 0.0328 and P-value = 0.01253, respec
tively) and higher than the values of the highest
category. Concerning the network of live poultry of
185 g or more between 2004 and 2016, the pairwise com
parison test showed that the value of the lowest category
and the value of the medium category were signi� cantly
different (P-value = 0.001555 and 0.004991 respectively
and higher than the value of the highest category. No
signi� cant difference was shown in the network of hatch
ing eggs.

Percentage of OIE-listed poultry diseases pres-
ent, according to number of partners for import .
Results are presented inFigure 4D. The percentage of
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12 AWADA ET AL.
OIE-listed poultry diseases reported present by coun
tries increased with the number of their commercia
partners for import, and these medians were signi� -
cantly different for live poultry lighter than 185 g (Fried-
man x2

2= 26, P-value = 2.26e-06) and live poultry of
185 g or more (Friedman x2

2= 17.077, P-
value = 0.0001958). Concerning the network of live
poultry lighter than 185 g between 2004 and 2016, the
pairwise comparison test showed that the value of the
lowest category and the value of the medium categor
were signi� cantly different (P-value = 0.001656 andP-
value =0.0002441 respectively) and lower than the value
of the highest category. It also showed that the value o
the lowest category was signi� cantly different (P-
value = 0.0002441) and lower than the value of the
medium category. Concerning the network of live poul-
try of 185 g or more between 2004 and 2016, the pairwis
comparison test showed that the value of the lowest cat
egory and the value of the medium category were signi� -
cantly different (P-value = 0.001656 and P-
value = 0.002441 respectively) and lower than the value
of the highest category. It also showed that the value o
the lowest category was signi� cantly different (P-
value = 0.006104) and lower than the value of the
medium category. No signi� cant difference was shown in
the network of hatching eggs.
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DISCUSSION

The main results of this study are: 1) the number of
annual trade relationships and quantities traded
between countries are substantial, and tend to increas
(average increase of 800,000 poultry heads and 21,0
tons of hatching eggs each year equivalent to an increas
by 2-fold in 17 yr); 2) the stability of the global network
was low as only a quarter to half of trade relationships
were maintained between 2 consecutive years in eac
poultry network, and the subnetworks favorable to the
spread of poultry diseases within the international trade
network were in general consistent with regional cluster
ing, trade exchanges being equally distributed betwee
subnetworks (intercontinental) and within subnetworks
(intracontinental); 3) countries with the highest number
of partners were located in the same world regions fo
the 3 poultry networks, namely Americas and Europe
for export (up to 107 partners) and in Africa, Asia, and
Europe for import (up to 36 partners); 4) for live poul-
try, biggest exporter countries shared more poultry dis-
ease surveillance data to the OIE, and reported mor
disease presence than others, which did not stop them
from trading. Biggest importers reported less poultry
disease surveillance data to the OIE and reported mor
disease presence than others; and 5) the main characte
istics of the international trade networks were in genera
similar for hatching eggs, live poultry of less than 185 g
and live poultry of 185 g and more, in terms of structure
and trend. The information derived from this work
shows that the risk of poultry disease spread through
trade is both at global and regional levels.
The data used in this study are mainly based on of� -
cial reporting to the UN Comtrade and 43% of the coun-
tries considered in the analysis had missing data for a
least one year between 2004 and 2016. In addition, se
eral countries only provided information on monetary
values of trade exchanges but not on quantities. The
gaps of information were partially solved using“mirror
data” from trade partner countries, grouping nonreport-
ing countries from the same subregion into blocks (with
the assumption that neighboring countries within the
same world subregion are more likely to trade togethe
compared with distant countries) and estimate of miss-
ing quantities. These methods are consistent with meth
ods described by the United Nations Conference o
Trade and Development (Muryawan, 2012) and with
the method later developed in the context of the UN
Comtrade upgrade plan in 2019. In both cases, est
mated values are derived from mirror statistics (data
reported by trading partners) or from the value/quan-
tity or value/weight ratio of the properly reported data
(United Nations, 2019). It should be kept in mind that
these corrections allow to analyze global trends but may
not be accurate when looking at speci� c countries. In
addition, data reported from national authorities have
limitations due to the variability among countries in
national customs institution and other national systems,
which, in general, may lead to underreporting. However
the global quantities discussed in this analysis are consi
tent with previous estimates, which reinforce the con� -
dence in our results (Food and Agriculture Organization
of the United Nations, 2011).

The poultry commodities are grouped into categories
that are based on United Nations Harmonized Commod
ity Description and Coding Systems and are not risk
based (United Nations, 2017). Bearing in mind that the
primary objective of the paper was to contribute to the
understanding of the global trade network in the context
of transboundary spread of poultry diseases, and recog
nizing that the risk of disease spread associated wit
poultry differ depending on their age, analyses were pe
formed separately for 3 networks. However, this network
categorization does not allow to isolate day-old chicks
that weight about 40 g, and is known to have lower risk
of disease transmission than other live poultry
(Jiang and Yang, 2007; Food and Agriculture Organiza-
tion of the United Nations, 2020). To complete this anal-
ysis, it would be interesting for relevant international
organization such as UN Comtrade to collect custom
data on import and export on more speci� c groups of
animals, based on risk categories. Despite this limita
tion, the 3 categories considered in the analysis allowe
to obtain signi� cant results, meaningful to understand
global trends. Moreover, the main characteristics of the
3 international trade networks were in general similar,
in terms of structure and trend. The temporal trends for
poultry traded and trade relationships were similar, the
structure in terms of importing and exporting countries/
blocks and their geographical regions were similar an
the clustering of the 3 networks into communities was
similar. Also, for live poultry networks, similar results
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were obtained concerning poultry disease reporting an
presence in potential super exporters and super import
ers. The main differences between networks were relate
to the size of the networks (the network of live poultry
of 185 g or more being smaller than the other ones) an
the stability of the networks (the network of live poultry
of 185 g or more being more instable than other
throughout years). Another difference was concerning
poultry disease reporting and presence in potential supe
exporters and super importers: the network of hatching
eggs has shown no signi� cant association conversely to
the others, potentially due to the fact that data were
only available for 5 yr for hatching eggs, vs. 13 yr for live
poultry networks.

The poultry disease data used in this study are base
on mandatory reporting to the OIE. Disease data
reported from national authorities have limitations due
to the variability among countries in animal disease sur-
veillance systems and transparency, which, in genera
can lead to underreporting which varies between coun
tries. However, it should be kept in mind that this data
was used to analyze global trends and not looking at spe
ci� c countries. Also, among the list of OIE-listed disease
considered in the analysis, few are speci� c to chickens or
ducks, and few others are speci� c to certain age catego-
ries of poultry. However, most diseases considered ca
affect several poultry species and poultry ages in th
different networks considered in the analysis
(World Organisation for Animal Health, 2019c). For
example, HPAI, Newcastle disease, and avian mycopla
mosis should be considered likely to be spread thoug
trade in hatching eggs, although most poultry disease
are more likely to be spread through live birds. For dis-
ease to be spread by poultry hatching eggs, the pathoge
must be able to spread through vertical transmission or
penetrate the eggshell and contaminate its content
after the egg has been laid. (Swayne and Thomas, 2008;
Cobb, 2011). Therefore, despite these limitations, the
data considered in the analysis allowed to obtain signi� -
cant results, meaningful to understand global trends.

Another methodological limitation concerns the iden-
ti � cation of communities within the global trade net-
works, using the greedy optimization of modularity.
This method was selected because it is well adapted t
big networks (Clauset et al., 2004). Results obtained
using this approach were compared with the one
obtained using other methods - community detection
based on edge betweenness and community detecti
based on propagating labels - and the number of commu
nities and grouping of countries slightly differed
(Newman and Girvan, 2004; Raghavan et al., 2007).
Results using the greedy optimization of modularity
method were however considered to make sense as co
munities were relatively consistent with the regional
clustering, as expected.

The number of annual directed links and quantities
traded between countries were substantial and increas
ing during the whole period of analysis. The trend
observed during the period of analysis would lead to an
increase by 2-fold of quantities traded in 17 yr, which is
-

substantial, and can be a source of concern in relatio
with the risk of diseases spread if not followed by a simi
lar increase in countries sanitary surveillance capacities
Small variations were observed. The number of directe
links dropped between 2004/2005 and 2006 for live pou
try networks, and then increased regularly in subsequen
years to reach in 2016 the same level than in 2004, whi
the quantities traded substantially increased from 2004
to 2016 (+166% of live poultry traded) with no major
drop observed. This drop between 2004/2005 and 200
also had an impact on nodes loyalty results in the live
poultry networks. The lowest percentage of common
directed links contained in networks of live poultry of 2
consecutive years was observed between 2005 and 20
(which shows that the relations in the networks were
reorganized that year) and a density drop was observe
in the networks of live poultry. This drop might be par-
tially explained by the global HPAI crisis (Nicita, 2008).
It is interesting to note that despite the 2006 drop in the
number of commercial relationships between countries
the quantities traded continued to increase that year,
with a marked increase of the quantities traded by rela-
tion. This might suggest discrepancies in trust with trad-
ing partners in this context of global sanitary crisis.
Indeed, the trade network can impact the spread o
avian diseases, but diseases can also impact this ne
work. As previously described by several authors, san
tary constraints, particularly those related to avian
in� uenza, have signi� cantly in� uenced commercial net-
works over the last 15 yr (Nicita, 2008; Van Horne and
Achterbosch, 2008; Chmielewski and Swayne, 2011).
The main difference between the 3 networks in terms o
structure was about the size and the number of total
degrees distribution. The number of directed links was
lower for poultry of 185 g or more compared with other
networks, but the quantity of animals traded by directed
link was higher. This shows that countries have les
partners for trade in that network compared with
others.

As mentioned above, the stability of the global poul-
try trade network was relatively low as only half of trade
relationships were maintained between 2 consecutiv
years in the networks of hatching eggs and live poultry
of less than 185 g. The stability was lower in the network
of live poultry of 185 g or more, with only a quarter of
trade relationships maintained between 2 consecutiv
years. This is below expectations, as it could have bee
assumed that countries tend to build trust with partners
over time. This variability in trade relationships might
be explained by economic and political factors as well a
sanitary factors such as trade bans resulting from diseas
events (Davis, 2015). It may also be partly resulting
from data unavailability in the database analyzed. This
variability is an interesting result in the context of inter-
national efforts to control transboundary poultry dis-
eases, as the resulting increase in number of differe
partners might increase the probability of exposure to
diseases and therefore the risks of disease spread.

In this analysis, subnetworks favorable to the spread
of poultry diseases within the international trade
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14 AWADA ET AL.
networks were identi� ed. These subnetworks (or com
munities) were consistent with regional clustering in all
networks and the communities were similar in the 3
poultry networks analyzed. Our results also show that
exchanges were equally distributed between intraconti
nental (within subnetworks) and intercontinental
(between subnetworks) trade. This suggests that the
pathways for disease spread through trade are substan
tial within regions, but also between world regions, at a
global scale. When looking at international trade data in
general (not only poultry data), intraregional trade is
dominant in Asia and Europe and represents more than
15% of the exports in Africa and the Americas, which
shows the existence of strong intraregional trade com
munities (United Nations, 2018d). This is consistent
with what has been observed in this analysis.

This paper also poses the questions of identifyin
countries most at risk for poultry disease spread and
introduction via poultry trade, in case of insuf� cient
implementation of preventive and control measures
First, we demonstrated that, similarly for the 3 networks
analyzed, super exporters were mainly located in Europ
and Northern America, while super importers were
mainly located in Africa, Asia, and Europe. Several
Western European countries were at the same tim
super exporter and super importers. We showed that fo
export, most countries tended to remain with compara-
ble numbers of partners across years, while this was le
stable for import.

For live poultry networks, we also demonstrated that
the super exporters sent more information on OIE-listed
poultry diseases to the OIE than other countries, consis
tently over years. This was expected, given that trans-
parency is a key requirement for export, as mos
countries’ Veterinary Authorities of importing countries
require the presentation of an international veterinary
certi� cate attesting that recommended surveillance and
control measures are implemented in their partner
exporting countries. This is as recommended by the OIE
and shows the importance of transparency for trade. We
demonstrated that the super exporters have more OIE
listed poultry diseases reported present than other coun
tries, consistently over years. This was against our initia
hypothesis, as we expected that countries free from dis
eases would be more likely to export live poultry and
poultry hatching eggs. It shows that disease presence
not a barrier for export, when proper disease control is
implemented and documented, as recommended by th
OIE. The Agreement on the Application of Sanitary and
Phytosanitary Measures (SPS Agreement) seeks t
strike a balance between the right of World Trade Orga-
nization (WTO) Members to protect health on the one
hand, and to avoid unnecessary barriers to trade on the
other hand. This agreement highlights science-base
principles, such as risk assessment, regionalization, an
equivalence. Appropriate preventive and control meas
ures are described in the OIE standards on risk analysis
disease prevention and control, trade measures, import
export procedures and veterinary certi� cation
(World Organisation for Animal Health, 2019a,b).
These standards apply to countries free from disease
and to affected countries, so that they can mitigate the
risk of disease spread and safely import and export liv
animals and animal products. In addition, several coun-
tries that have the highest numbers of partners for
export also have the highest numbers of partners fo
import - especially in Europe � and, we demonstrated
that the super importers have more OIE-listed poultry
diseases reported present than other countries consi
tently over years. This was as initially expected, as
diversity in the number of partners for import can
increase the risk of exposure. Lastly, we showe
although a high number of poultry diseases are circulat
ing in super importers, these countries sent less informa
tion on OIE-listed poultry diseases to the OIE than
other countries, potentially due to lack of resources o
transparency. Several super importers are in developin
world regions and their reporting systems may not be a
extensive and regulated as other countries in other part
of the world. All these associations were signi� cant for
live poultry networks. For the hatching eggs network,
only the association between disease presence a
exporting categories was signi� cant. However, it is likely
that the association for other hypotheses could not be
demonstrated, due to the lack of data for years 2004 to
2011, which reduced the sample size. It is also possib
that hatching egg trade is less associated with diseas
presence than live poultry.

Import and export levels are highly correlated with
poultry density, which is known to be a factor increasing
the probability of disease presence (Pavade et al., 2011).
Indeed, biggest traders of live poultry are also the high
est producers of live poultry. Other factors potentially
correlated with trade levels such as implementation o
surveillance and control measures or detection and diag
nosis capacities impact the probability of disease pres
ence. Therefore, when interpreting results, thes
correlations should be kept in mind, and a follow-up
analysis with a complete model would be interesting to
assess the role of each factor, since they may have syn
gic effects on disease spread.

Considering these� ndings, especially the increasing
quantities of poultry traded over years, all countries
must be vigilant to the risk of introduction of pathogens
causing poultry diseases, and apply the necessary pr
ventive measures in response to permanent changes
the structure of the global network, such as the measure
advocated by the competent international organization,
namely the OIE (World Organisation for Animal
Health, 2018b). The OIE standards, recognized by the
WTO under the SPS Agreement for animal health and
zoonoses-related matters, contribute effectively to globa
regulatory approaches to safeguard public good whil
limiting unnecessary impediments. In addition, existing
tools aiming at monitoring trade and disease evolutions
at global level in nearly real-time or real-time, such as
the UN Comtrade and the OIE WAHIS disease early
warning and monitoring components, constitute impor-
tant decision tools for countries to identify situations at
risk for disease spread (United Nations, 2018a;
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World Organisation for Animal Health, 2018a). Inter-
connection of such databases could be very useful f
controlling international spread of animal diseases. This
analysis provides an interesting insight of the recen
global situation to identify strengths as well as areas for
improvement in the approach of national authorities to
controlling transboundary poultry diseases globally and
this approach could be applied to any animal diseas
likely to be spread by international trade of animals and
animal products.

To complete this analysis, it would be interesting
to analyze whether informaltrade represents a signif-
icant pathway for spread of poultry diseases at inter-
national level. To do so, viral analysis has been use
in several parts of the world to determine the source
of introduction ( Van Den Berg, 2009). Although
data on informal trade are very dif� cult to obtain,
several examples in history in different world regions
tend to prove its importance, such as the 2016 HPAI
event in Lebanon, in connection with the massive
in� ux of refugees, several HPAI events in Asia an
Africa in 2006, in 2003/2004 with in particular the
� ghting cocks, that had probably introduced the
disease into Malaysia (Sims et al., 2005; Kilpatrick
et al. al., 2006; Gauthier-Clerc et al., 2007;
Lockhart et al., 2016). Most of these examples sug
gest that the importance of informal trade for disease
spread would be relevant between neighboring coun
tries, but there is not enough data to assess its impor
tance over longer distances. Finally, to build over
this analysis, it would be interesting to overlap the
international trade network with the evidence of
international spread of poultry diseases over the
same period (2004� 2016), so that the role of interna-
tional poultry trade in transboundary historical
introductions of the diseases can be further assessed
d
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