S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Preventive Veterinary Medicine 102 (2011) 196-205

Contents lists available at ScienceDirect

Preventive Veterinary Medicine

journal homepage: www.elsevier.com/locate/prevetmed

Risk-based surveillance for avian influenza control along poultry
market chains in South China: The value of social network analysis

Vincent Martin®*, Xiaoyan Zhou?, Edith Marshall€¢, Beibei Jia?, Guo Fusheng?,
Mary Ann FrancoDixonP, Nicoline DeHaan4, Dirk U. Pfeiffer€, Ricardo J. Soares Magalhaesf,
Marius Gilbert#:h

2 Food and Agriculture Organization of the United Nations (FAO), Beijing, PR China

b Department of Primary Industries and Fisheries, Brisbane, Australia

¢ School for Global Animal Health, Washington State University, Davis, CA, USA

d Animal Production and Health Division, FAO, Rome, Italy

¢ Veterinary Epidemiology & Public Health Group, Department of Veterinary Clinical Sciences, The Royal Veterinary College, University of London, United
Kingdom

f School of Population Health, University of Queensland, Australia

& Biological Control and Spatial Ecology, Université Libre de Bruxelles, av FD Roosevelt 50, B-1050 Brussels, Belgium

' Fonds National de la Recherche Scientifique, rue d’Egmont 5, B-1000 Brussels, Belgium

ARTICLE INFO ABSTRACT

KeyWOdei Over the past two decades, the poultry sector in China went through a phase of tremen-
Avian influenza dous growth as well as rapid intensification and concentration. Highly pathogenic avian
HPAI H5N1

influenza virus (HPAIV) subtype H5N1 was first detected in 1996 in Guangdong province,
South China and started spreading throughout Asia in early 2004. Since then, control of the
disease in China has relied heavily on wide-scale preventive vaccination combined with
movement control, quarantine and stamping out. This strategy has been successful in dras-
tically reducing the number of outbreaks during the past 5 years. However, HPAIV H5N1 is
still circulating and is regularly isolated in traditional live bird markets (LBMs) where viral
infection can persist, which represent a public health hazard for people visiting them. The
use of social network analysis in combination with epidemiological surveillance in South
China has identified areas where the success of current strategies for HPAI control in the
poultry production sector may benefit from better knowledge of poultry trading patterns
and the LBM network configuration as well as their capacity for maintaining HPAIV H5N1
infection. We produced a set of LBM network maps and estimated the associated risk of
HPAIV H5N1 within LBMs and along poultry market chains, providing new insights into
how live poultry trade and infection are intertwined. More specifically, our study provides
evidence that several biosecurity factors such as daily cage cleaning, daily cage disinfection
or manure processing contribute to a reduction in HPAIV H5N1 presence in LBMs. Of signif-
icant importance is that the results of our study also show the association between social
network indicators and the presence of HPAIV H5N1 in specific network configurations
such as the one represented by the counties of origin of the birds traded in LBMs. This new
information could be used to develop more targeted and effective control interventions.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

China’s poultry sector plays an important role in the
national economy for commercial and livelihoods rea-
sons. It has experienced vigorous growth in the past two
decades. While traditional husbandry systems including
backyard operations still represent a significant part of
the overall poultry output and still play a key role in
people’s livelihood, China has experienced a rapid concen-
tration of primary poultry production since the mid-1980s,
especially in the eastern provinces where large scale com-
mercial production is becoming increasingly important and
the trend for the future is expected to be one of moderni-
sation with increasing emphasis on food safety regulation
(Bingsheng and Han, 2008).

Although the epidemiological situation of highly
pathogenic avian influenza (HPAI) H5N1 in China has
remarkably improved over the past 5years with no out-
break reported in 2010, the risks for animal and human
exposure may still persist in some limited segments of the
poultry production and marketing industry. While every
link in the poultry market chains interacts with the follow-
ing link in the same chain, the entire poultry production
and distribution system has to be examined to under-
stand the patterns of disease exposure and risk. Along
these market chains, live bird markets (LBMs) represent a
particularly high-risk element of the industry value chain
because poultry and people from different locations have
the opportunity to come into contact in one place before
dispersing. In South East Asia, these markets are particu-
larly important and are deeply rooted in cultural practices,
traditions and consumer preferences for live poultry. In
China, HPAIV H5N1 has regularly been detected in LBMs
through the national surveillance program for the detec-
tion of HPAIV H5N1 circulation (Martin et al., 2011) and
sporadic urban human cases have continued to occur in
2009 and 2010. Although the mechanism of human expo-
sure and infection has often not been clearly identified,
LBMs have regularly been incriminated as a possible source
of human infection. This view is further supported by a
case-control study conducted in Hong Kong where expo-
sure to live poultry at LBMs in the week before illness was
associated with a 4-fold increased risk in infection (Mounts
etal., 1999; Van Kerkhove et al., 2010). A case-control anal-
ysis conducted in mainland China also showed that human
urban cases were significantly more likely to have visited
a LBM compared with rural cases (Zhou et al., 2009).

In the current epidemiological context where the clin-
ical expression of the disease is becoming an exception,
the Chinese National Veterinary Authorities face new chal-
lenges with the silent circulation and likely persistence
of influenza viruses, including HPAIV H5N1, in traditional
LBMs or specific ecosystems where free ranging duck
rearing systems are dominant (Gilbert et al., 2006, 2008;
Pfeiffer et al., 2007; Martin et al., 2011; Shortridge, 1995).
To address this challenge and design targeted risk-based
surveillance and control interventions, better knowledge
of HPAIV H5NT1 risk factors is required as well as inno-
vative ways of thinking for better integrating poultry
production and marketing systems into risk assessments.
Methods initially developed in the social sciences can be

applied to epidemiology to assist identifying persistence
of infection or points of concentration along poultry mar-
ket chains. Among these techniques, value chain analysis
and social network analysis are playing an increasing role
in describing infectious disease transmission patterns and
guiding control policies elaborated by health authorities
(Kobayashi, 2007; Yi-Da et al., 2007; Zheng et al., 2008;
Kitsak et al., 2010). Value chain analysis, originally devel-
oped in economics and managerial science, provides an
analytical framework that allows characterization of an
entire poultry industry as well as inter-linkages among
various actors in the industry (Kaplinsky, 2004; Reardon,
2006; Humphrey and Napier, 2005). As an additional tool,
social network analysis (SNA) techniques provide a net-
work based-approach and offer new insights on disease
transmission dynamics, making it possible to develop more
effective strategies for disease control (Klovdahl, 1985).
Although the use of SNA for contact tracing dates back
to the 1930s, it only received major attention after the
emergence of AIDS (Yi-Da et al., 2007) before being fur-
ther applied successfully to other infectious diseases. More
recently, it was used to explain the patterns of the severe
acute respiratory syndrome (SARS) transmission taking
into account transmission modes in clustered populations
(Chen, 2007; Fearnley, 2009) that epidemiological models
based on the mean field assumption (equal probability of
transmission between all hosts) failed to explain. A pub-
lic health implication of this finding is that a traditional
disease control approach based on random immunization
may not be effective (Zheng et al., 2008). In veterinary epi-
demiology, the application of SNA techniques is much more
recent. It was used to examine infection risk for bovine
tuberculosis in wild possums in an experimental setting
(Corner et al., 2003) and to investigate the spread of foot-
and-mouth disease during the 2001 epidemic in the United
Kingdom (Ortiz-Pelaez et al., 2006).

In this study, a comprehensive LBM survey was imple-
mented in March and April 2009 in South China in Hunan
and Yunnan provinces and Guangxi autonomous region,
combining virus surveillance and social network analy-
sis. Placing LBMs at the center of our analysis, our study
aimed at investigating associations between poultry trade
network characteristics in southern China and HPAI H5N1
infection status represented by the occurrence of poultry
outbreaks, human cases or HPAIV H5N1 isolated in LBMs.

2. Materials and methods
2.1. Data

A cross-sectional survey was carried out from March
to April 2009 in 30 live bird markets (LBMs) - here-
after referred to as market nodes - in Hunan, Yunnan
and Guangxi. Ten LMBs were selected per province.
These provinces - which had historical records of dis-
ease presence — were selected as representing the existing
traditional poultry production and marketing systems,
including the traditional LBMs marketing system typical
of Southern China. The markets were selected based on
characteristics such as size, trade and hygiene practices
which best represent the market network characteristics at
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the provincial level and the co-existence in each province
of wholesale, retail and mixed LBMs. A questionnaire was
submitted to market authorities to collect information
regarding biosecurity measures applied within the mar-
kets. A list of questions including 56 hygiene and 97
trade-related indicators was used to interview the market
manager in order to profile each market. This information
was then linked to each market node and used in the sta-
tistical analysis to identify risk factors related to market
hygiene practices contributing to HPAIV H5N1 presence.
Within each market, live poultry traders (LPTs) or vendors
were interviewed to capture their incoming and outgoing
trading activities. An average of 7 LPTs (ranging from 2
in small markets to 12 in wholesale markets) randomly
selected within each of the 30 LBM visited were inter-
viewed and questioned about the origin of the birds, their
destination, as well as the volume being traded. The poul-
try network data collection process followed an ego-centric
approach whereby we studied the trading activities of
each individual LPT. The ego-centric approach studies the
networks of relations surrounding individuals rather than
focusing on the complete network linking all individuals
(Chung et al., 2005). It contrasts with the socio-centric
approach where a whole group is studied in order to quan-
tify relationships within subgroups of people. In total, the
survey elicited information from 179 LPTs from these 30
markets concerning (1) their poultry trade activities out-
side and inside the province and (2) their relationship with
other intermediaries and poultry flocks. The questionnaire
included questions regarding the location of the source
flocks, market or trader with whom they had trading rela-
tionships and from whom they had collected their poultry.
The county of origin of the birds traded in these market
nodes is hereafter referred to as source nodes.

Data on HPAIV H5N1 presence in markets, poultry
outbreaks and human cases at county level, hereafter
referred to as HPAI H5N1 infection status were col-
lected and used as dependent variables in this study.
Poultry HPAI H5N1 outbreak data from 2004 to 2009
were compiled from the Official Veterinary bulletin
published on the website of the Chinese Ministry of
Agriculture (MoA; http://www.agri.gov.cn/). Data on HPAI
H5N1 human cases were obtained from the China Min-
istry of Health website (http://www.moh.gov.cn/) as well
as the WHO Website during the period 2005-2009
(http://www.who.int/csr/don/en/) and geocoded accord-
ing to the known geographical source of infection. To
monitor the presence of HPAIV H5N1 in LBMs, cloacal
and tracheal swab samples were collected in March and
April 2009 at each market node from domestic poultry by
the provincial Center for Disease Control (CDC) Laboratory
Staff, the same day LPT were interviewed, and tested by
polymerase chain reaction (PCR) for the matrix A influenza
gene and H5 subtype in provincial CDCs. All the samples
that tested positive to avian influenza were sent to the
Harbin National Veterinary Research Institute for further
confirmation, subtyping and virus isolation. Samples found
positive for HPAIV H5N1 were recorded in a database for
each market node and later combined with the network
parameters obtained through SNA analysis. In addition,
the Ministry of Agriculture in China routinely conducts a

monthly, provincial LBM surveillance program consisting
of sampling domestic poultry for the detection of HPAIV
H5N1. The surveillance protocol for the national surveil-
lance program as well as the laboratory testing method
were considered to be sufficiently similar to the methods
used in this cross-sectional survey to be able to combine
these data with our LBM surveillance virological results
without introducing an unacceptable bias.

The administrative level “county” was the epidemiolog-
ical unit for determining infection disease status for source
nodes. Therefore, for each source node and study market
nodes (90 counties; median size 1921 km?, interquartile
range 1585 km?), the county centroid and its infection sta-
tus was extracted using a geographical information system
software (GIS; ArcView 9.2° ESRI).

2.2. Analysis

The association between LBM biosecurity attributes and
each source node infection status outcome variable (i.e.
HPAI H5N1 poultry outbreaks or human case in the same
county and HPAIV H5N1 presence in the LBM) was exam-
ined. The risk factors included “market type” (“wholesale”
vs. “retail” markets), “segregation”, “disposal of dead poul-
try in trash”, “disposal of poultry blood in trash”, “disposal
of feathers in trash”, “disposal of feed in trash”, “manure
processing”, “market disinfection” and “market cleaning”.
The effect of clustering due to the presence of several LBMs
in the same province was assessed by including ‘province’
as a random effect in the models.

The statistical analysis was carried out in two phases
using the market nodes as the unit of analysis. First,
all LBM biosecurity attributes were screened for associa-
tion with market node infection status using univariable
logistic regression based on P<0.20 when applying the
likelihood-ratio test (Stata 9.2. Stata® Corporation 2005).
All continuous-scale variables were transformed to their
natural logarithm when the variables were not normally
distributed. Second, all factors significant in the screen-
ing phase were considered for inclusion through a manual
backward stepwise variable selection process using multi-
variable logistic regression. The criterion for removal of risk
factors was based on the likelihood ratio statistic P>0.05.
The presence of confounding variables in the final model
was assessed by stepwise removal of variables which at
some stage were not significant (P>0.05), and noting the
impact on the coefficients of the remaining variables in
the model. If one of the coefficients of the other variables
changed by more than 25% the eliminated variable was
assumed to be a confounder and forced into the model
(Dohoo et al., 2003). Model assumptions and goodness of fit
were assessed following the methods described in Hosmer
and Lemeshow (2000).

The data generated by LPTs’ interviews were analysed
using SNA techniques. The aim was to understand the direct
and indirect connections between markets in the region as
well as to quantify the network density, connectivity and
geographical catchment area represented by this network.
This information was also analysed taking into account the
HPAI H5N1 infection status of the market nodes or their
source nodes. SNA was used to describe the connectivity
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pattern within the dataset consisting of records of paired
trading events. Each pair represented the link between a
particular LBM (or market nodes) and the source county
(or source nodes) in which the flock of the purchased poul-
try was located. Two symmetric 2-mode networks - valued
and binary (Network 1) — were built linking market nodes
and source nodes so that two source nodes are linked via
a LBM if the LPT (in that LBM) reported buying poultry
from flocks in both counties during the study period. In
the case of the valued network, it also included the num-
ber of links a source node establishes with a given market
node. The 2-mode market-source network was converted
into two separate 1-mode binary symmetric networks: one
1-mode binary symmetric network of source nodes linked
via a common LBM (Network 2; source-source network)
and a 1-mode binary symmetric network of market nodes
linked via a common county (Network 3; market-market
network).

To test the association between network parameters
and the HPATH5N1 infection status of source nodes, several
statistical network metrics were estimated and compared.
The degree represents the absolute number of unique links
of a given node to another one. The k-core represents the
maximal group of nodes, all of whom are connected to a
number (k) of other nodes. These two network indicators
are important for describing the levels of connectivity and
centrality that exist between the different elements of a
network and play a key role while identifying the most
influential spreaders within a network (Kitsak et al., 2010).
The means of the degree distribution as well as the k-core
values between infected and non-infected counties were
compared using the t-test with a permutation-based sig-
nificance test involving 10,000 random permutations. In
addition, the association between the density of links in
Networks 2 and 3 and infection status of source nodes was
tested by applying a randomization test of autocorrela-
tion for a symmetric adjacency matrix using two classes
and 10,000 random permutations. The test of autocorrela-
tion for Networks 2 and 3 compared the observed number
of links between two groups of nodes and the expected
number obtained through random permutations of the
network. The use of randomization tests of autocorrela-
tion within symmetric adjacency matrices allows statistical
significance testing of associations between dyadic binary
variables such as represented by the links within the net-
work and the disease status attributes of the source nodes.
The three types of links based on the different variables of
HPAI H5N1 infection status are: Type 1 — between infected
source nodes, Type 2 - between infected and non-infected
source nodes, and Type 3 - between non-infected source
nodes. All social network analyses were performed using
UCINET 6.135 (®Analytic Technologies, Inc., 1999).

3. Results
3.1. LBM biosecurity and HPAI H5N1 infection status
A total of 7050 cloacal and tracheal swabs, 2415 envi-

ronmental and 610 water samples were collected from 30
market nodes for the detection of HPAIV H5N1.

The results — presented as odds ratios — of the uni-
and multivariable analyses of LBM attributes associated
with HPAI H5N1 poultry outbreaks during 2004-2009
and with HPAIV H5NT1 isolated in LBMs are presented in
Tables 1 and 2, respectively. None of the tested biologically
plausible first-order interactions resulted in improvement
of model fit. A total of 3 market biosecurity factors were
considered (P<0.20) for multivariable analysis for associ-
ation with HPAIV H5N1 market infection and with poultry
outbreaks during the period 2004-2009. None of the net-
work parameters was significantly associated with the
HPAI H5N1 infection status (P> 0.20). The only exception
was for the number of links whereby our results suggest
that markets located in counties with a previous history
of H5N1 poultry outbreaks have significantly fewer links
compared to markets located in counties with no history
of H5N1 poultry outbreaks.

Only two factors (manure disposal and cage disinfec-
tion) were retained in a multivariable model and tested for
association with HPAIV H5N1 in markets and none for the
presence of poultry outbreaks in the county where these
markets were located (Tables 1 and 2, respectively). For
HPAIV H5N1 in markets — as measured by the isolation of
HPAIV H5N1, and controlling for the confounding effect of
disposal of dead birds in the trash - our results suggested
that markets which utilize manure processing services are
at reduced risk of being found positive for HPAIV H5N1
(Table 1). Although marginally significant, markets which
implemented daily cage disinfection were also at lower risk
of detecting HPAIV H5N1.

3.2. Poultry trade networks and HPAI H5N1 infection
status

3.2.1. 2 mode market-source network (Network 1)

The 2-mode network represents the links between mar-
ket nodes i.e. surveyed LBMs (n=30) and source nodes
(n=222) (Fig. 1).

Among these 222 source nodes, only 60% of the source
locations reported in the questionnaires by the LPTs could
be linked to Chinese county names. The remaining 40%
could not be included in the analysis since they only
referred to the provincial or prefecture capital city as the
origin of birds, preventing the identification of the exact
location of origin within the county.

There were three types of source nodes: poultry farms
(n=82), LBMs (n=163) and poultry traders (n=7).

This first network was composed of 4 components: a
giant weak component containing 160 nodes, a second
component containing 82 nodes and two small compo-
nents with five nodes (Fig. 2). A giant weak component
is defined as a component containing the majority of the
nodes of the network while the links established between
nodes have an equal or “weak” strength due to the absence
of direction between them.

The average degree for the studied LBM nodes was 10
(SD 8.7, range 1-37) and the average degree of the source
nodes 1.4 (SD 1, range 1-9). A total of 17 market nodes had
a k-core of 2; 5 market nodes had a k-core of 1, 4 had a
k-core of 3 and 4 a k-core of 4 (Fig. 3). A total of 14 (47%)
and 5 (17%) market nodes were located in counties with a
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Table 1

Live Bird Market biosecurity attributes in southern China in 2009 tested for association with market node infection (defined as Highly Pathogenic Avian
Infection H5N1 viruses isolated in LBMs) using univariable and multivariable analysis.

OR SE z P>|z| 95% ClI
A. Univariable analysis
Network parameters
Length of catchment area (Log) 1.15 0.22 0.73 0.464 0.79 1.68
Number of links 1.02 0.02 1.09 0.275 0.98 1.07
Biosecurity indicators
Dead in trash 2.92 242 1.29 0.197" 0.57 14.82
Blood in trash 217 1.74 0.96 0.335 0.45 10.44
Feather in trash 3.12 2.50 1.42 0.156" 0.65 15.03
Feed in trash 0.88 0.70 -0.17 0.868 0.18 4.21
Manure disposal 0.07 0.07 -2.7 0.007 0.01 0.48
Cage disinfection 0.25 0.24 -1.46 0.144" 0.04 1.59
Cage cleaning 0.31 0.25 -1.45 0.148" 0.06 1.51
B. Multivariable analysis
Manure disposal 0.05 0.05 -3.14 0.002" 0.007 0.32
Cage disinfection 0.11 0.13 -1.94 0.053" 0.013 1.02

" Statistically significant.

previous history of HPAI H5N1 poultry outbreaks and
human cases, respectively. In addition, 11 (36.7%) of the
market nodes had positive market surveillance results for
HPAIVH5N1. Atotal of 33 (15%), 13 (6%) and 79 (37%) source
nodes were located in counties with a previous history of
poultry outbreaks, human cases or HPAIV H5N1 positive in
LBMs, respectively.

3.2.2. 1 mode source-source network (Network 2)

This network is represented by source nodes connected
via a LPT. It was found to be as equally fragmented as Net-
work 1, consisting of 4 components (Fig. 4).

The symmetric binary 1-mode source-source network
included 222 nodes. The average degree was 21.2 (SD 12.9,
range 2-75) so that a source node was connected to more
than 21 others via common LPTs. The giant weak com-
ponent included 140 nodes, a second large component
included 74 nodes while two small size components con-
tained 4 nodes each (Fig. 4).

Applying significance tests to the county attribute data,
we found a significant difference in the mean degree and k-
core of the nodes of Network 2 between the ones located in
counties which had HPAIV H5N1 positive in LBMs (Table 3),
with the mean degree and k-core of nodes located in
infected counties being higher than that of nodes located

Table 2

in non-infected counties. The mean degree and k-core in
counties which had experienced human cases were also
higher, but this difference was not found to be statistically
significant.

The test of autocorrelation for Network 2 also showed
that the observed number of links between infected coun-
ties was significantly higher than expected for all infection
status variables (Table 4). Conversely, the proportion of
links between infected and non-infected counties (Type 2)
was significantly lower than expected for all infection sta-
tus variables (P<0.002) while the number of Type 3 links
(between non-infected counties) was significantly differ-
ent and higher for the same variables.

3.2.3. 1 mode market-market network (Network 3)
The symmetric binary 1-mode LBM-LBM network

included 30 nodes. The average degree was 5.9 (SD 3.3,
range 0-13) so that a market node was connected to more
than five others via common LPTs. The giant weak compo-
nent contained 20 nodes, a second component contained 8
nodes while there were two other components of one node
each (Fig. 5).

Applying significance tests to the county attribute data,
there was no significant difference in the mean degree or
k-core of the nodes of Network 3 between the ones located
in counties which had HPAI H5N1 poultry outbreaks

Live Bird Market biosecurity attributes in southern China in 2009 tested for association with the presence of Highly Pathogenic Avian Infection H5N1

outbreaks in the same location (county) as the LBM using univariable analysis.

OR SE z P>|z| 95% CI

A. Univariable analysis

Network parameters
Length of catchment area (Log) 0.83 0.131 -1.17 0.244 0.609 1.134
Number of links 0.99 0.005 -1.35 0.176 0.981 1.003

Biosecurity indicators
Dead in trash 3 3.40 0.97 0.333 0.325 27.703
Blood in trash 4 2.32 239 0.017° 1.281 12.482
Feather in trash 1.5 1.84 0.33 0.742 0.134 16.727
Feed in trash 1.66 0.37 23 0.021° 1.079 2.575
Manure disposal 0.33 0.17 -2.17 0.03 0.123 0.897
Cage disinfection 0.15 0.22 -1.32 0.187 0.009 2.460
Cage cleaning 0.31 0.49 -0.74 0.46 0.014 6.846

" Statistically significant.
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Fig. 1. Representation of the 2 mode “market-source node” network within the three provinces of southern China. The 2 mode network illustrates the
links between market nodes represented by surveyed Live Bird Markets (n=30) and source nodes (n=222) from which poultry originate.

Fig. 2. Representation of Network 1 (2 mode market-source) network and the relative geographical position of its 4 components in southern China,
composed of a giant weak component (red squares) and secondary components (blue circles, black down-triangles and grey up-triangles). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Representation of the 2 mode “market-source node” network of poultry movement in southern China according to the k-core value. The k-core is a
network parameter that measures the centrality of a node within a network. Some Live Bird Markets have a higher k-core than others, especially in Hunan
and Guangxi provinces, where some LBMs displayed a maximum k-core value of 4 and could play a greater role in HPAIV maintenance.

Fig. 4. Representation of Network 2 (1 mode source-source) network and the relative geographical position of its 4 components in southern China,
composed of a giant weak component (red squares) and secondary components (blue circles, black down-triangles and grey up-triangles).
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Table 3

Difference in mean degree and k-core of nodes located in Network 2 according to their Highly Pathogenic Avian Infection H5N1 infection status (represented
by the presence or absence of HPAI H5N1 poultry outbreaks or human cases in the same county or the presence of market infection), southern China 2009.

Meandegree (no.of nodes)

Two-tailed t-test probability of
the difference of the mean

Mean k-core (no. of nodes) Two-tailed t-test probability of

difference of the mean k-core

degree
Presence Absence Presence Absence
Poultry outbreaks 20.47 (36) 21.3(186) —0.834 (P=0.73) 17.66 (36) 18.8(186) -1.139 (P=0.53)
Market infection 24.11(87) 19.27 (135)  4.84" (P=0.0053) 22.32(87) 16.24 (135) 6.085" (P=0.0001)
Human cases 25.2 (15) 20.87 (207)  4.32(P=0.22) 21.07 (15) 18.44 (207) 2.62 (P=0.34)

" Statistically significant.
Table 4

Ratio between observed and expected Type 1, 2 and 3 links within Network 2 and significance test for their association with HPAI H5N1 infection status
(represented by HPAI H5N1 poultry outbreaks or human cases in the same county or the presence of market infection).

Ratio for Type 1 links and two-tailed
test probability

Ratio for Type 2 links and two-tailed
test probability

Ratio for Type 3 links and two-tailed
test probability

1-1 0-1 0-0
Infected-infected Non infected-infected Non infected-non infected
Poultry outbreaks 2.81 (P=0.002) 0.57 (P=0.002) 1.1 (P=0.002)

Market infection 1.23 (P=0.002)

Human cases 1.25 (P=0.042)

0.56 (P=0.002)

0.39 (P=0.042)

1.48 (P=0.002)

1.09 (P=0.042)

Fig. 5. Representation of Network 3 (1 mode market-market) network
and the relative geographical position of its 4 components in southern
China, composed of a giant weak component (red squares) and secondary
components (blue circles and grey up-triangles).

during 2004-2009 and between the ones located in coun-
ties which had HPAIV H5N1 positive results in LBMs or
human cases in the same county. Likewise, the test of auto-
correlation for Network 3 showed that none of the three
types of links (type 1, 2 and 3) were significantly different
regarding the three variables.

4. Discussion

In both animal and human populations, the nature of
contact between individuals contributes to the incursion
and spread of contagious diseases (Meyers et al., 2005;

Kiss et al., 2006; Ortiz-Pelaez et al., 2006). In the case of
avianinfluenza, the movement of live birds is a well-known
risk factor for the dissemination of the virus to poultry
flocks (Kung et al., 2007; Soares Magalhaes et al., 2010).
Indeed, once HPAI virus infects poultry, potential risks of
exposure and infection both to other poultry and to peo-
ple are passed on through a chain of economic activities
including the purchase and sale of birds and other prod-
ucts and the raising of poultry. Along these chains, LBMs
have long been considered important links that lead to per-
sistence and reintroduction of infection. They facilitate the
congregation of large populations of animals that originate
from a diversity of sources in a fairly large geographi-
cal area—in relatively small spaces (Senne et al., 2003;
Webster, 2004; Senne, 2007). These markets also serve as
a possible mechanism by which infection is maintained for
prolonged periods of time, posing additional risk for dis-
ease spread and human exposure (Panigrahy et al., 2002;
Bulagaetal., 2003; Liuetal.,2003; Choi et al., 2005; Nguyen
et al,, 2005; Wang et al., 2006).

The findings of our study contribute to a better under-
standing of poultry trading dynamics in southern China
and partially uncover the role played by LBM networks
in the presence and possible persistence of HPAIV H5N1,
thus offering new prospects for disease control strategy
development along market chains. It further supports other
studies conducted in Vietnam and Cambodia which have
demonstrated the importance of evaluating live poultry
movement and trading practices to develop appropri-
ate and targeted surveillance recommendations for active
HPAI/H5NT1 surveillance program (Soares Magalhaes et al.,
2010; Van Kerkhove et al., 2009).

Combining descriptive and network analyses, our study
provides evidence that several biosecurity factors such
as daily cage cleaning, daily cage disinfection or manure
processing contribute to a reduction in HPAIV H5N1 pres-
ence in LBMs. Addressing these factors through market
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biosecurity upgrading and restructuring could have a sig-
nificant impact on reducing the level of infection in these
markets and possibly interrupting the cycle of infec-
tion persistence. Of equal importance, we also confirmed
through SNA analysis the role of trade and more specifi-
cally the key role played by the source or origin of poultry
(Network 2: source-source) in supporting HPAIV H5N1
presence in LBMs and possibly its persistence within cer-
tain network configurations. Our findings indeed support
this hypothesis, as demonstrated by the higher number of
links between counties or source nodes having the same
status (infected-infected; free—free) while the number of
links between free and infected counties was significantly
lower than expected. This association was consistently
found in Network 2 for the three categories of infection sta-
tus, namely the presence of poultry outbreaks or human
cases in the same county, and HPAIV H5N1 presence in
source nodes. This represents knowledge of utmost impor-
tance, showing that source nodes connected to LBMs via
the same live poultry traders or vendors can act as a net-
work of infection persistence or conversely remain free of
infection. We also found that markets where HPAIV H5N1
was isolated were associated with higher degree and k-core
in Network 2. This finding corroborates the importance
of network connectivity and centrality when dealing with
infectious disease patterns and further supports the recent
results obtained by Kitsak et al. (2010) showing that being
located at the core of a network (represented by the k-
core index) is key for spreading information or diseases.
In this case, once the core of a network has been identi-
fied, targeted control actions such as increased vaccination
of birds traded within this network, behaviour change of
LPTs or LBM restructuring can be envisaged and enforced.
It is also noteworthy that our study could not establish any
correlation between long distance trade, the intensity of
this trade or network parameters and LBM infection sta-
tus in networks 1 or 3. This could be the result of potential
bias in LBM selection and the inaccuracy of the answers
provided by some LPTs in this study, which was the first of
its kind in southern China. As an example, 40% of the net-
work data which aimed at tracing back the origin of birds
traded by LPTs could not be geocoded and linked to the
county of origin due to inaccurate answers with respect
to the geographical source of birds. This represented a
limitation in our capacity to capture the entire LBM net-
work characteristics in the three provinces and produce
additional inferences regarding network parameters and
infection status. In addition, while the LBMs included in
the study were a fair representation of the LBM network
in each province, their accessibility by CDC provincial staff
and willingness to cooperate in the surveillance exercise
was also a potential limiting factor, discarding LBM located
in remote areas or far from the provincial capital city but
of possible interest in terms of HPAIV H5N1 surveillance.
This study further confirms that that current disease
control and prevention interventions would benefit from
increased knowledge about poultry trading patterns devel-
oped on a market-based formal data recording system
(Soares Magalhaes et al., 2010). This would allow the cap-
ture all possible poultry network configurations for a wider
geographical area where poultry production is important,

whether for the presence of the traditional free-ranging
duck system considered at high risk of virus persistence
or the more industrialized husbandry system where the
intensity of trade and its geographical extent could con-
tribute to virus dissemination or persistence. Additionally,
as opposed to the cross-sectional approach adopted for our
study, a longitudinal approach for studying LBM networks
would certainly improve the quality of the results obtained
by capturing the dynamic nature of these networks, which
are sensitive to seasonal effects. Furthermore, based on
the combination of identified biosecurity risk factors and
network parameters (for example, LBMs having a high k-
core), LBMs could be categorised into risk classes in order to
guide prioritization of market-level restructuring with the
final aim of disrupting the network-based virus circulation
cycle.

5. Conclusion

China’s commitment to HPAI H5N1 control, supported
by efficient implementation in the field, has been success-
ful in limiting the number of outbreaks and controlling
their spread: no further domestic poultry outbreaks were
reported in 2010. As the epidemiological situation evolves
and the number of reported outbreak decreases, so will
national and provincial plans to answer the new challenges
of reducing the level of viral circulation in high-risk tradi-
tional ecosystems or specific segments of poultry market
chains such as LBMs.

An evolving strategy needs to incorporate new knowl-
edge offered by the combination of epidemiological
surveys and socio-economic techniques applied to infec-
tious disease epidemiology. Our results show the relevance
of this approach and provide a framework for analyzing the
risk of HPAI H5N1 along poultry market chains in Southern
China. More specifically, while providing new insights into
the role of LBMs in China and HPAIVH5N1 presence, we also
demonstrate that network parameters identified through
SNA - such as the k-core or degree - are highly relevant for
better understanding of this risk. Even more importantly,
it also offers new perspectives for developing more effec-
tive policies that would allow a major leap forward in the
control of HPAIV H5N1 and assist in defining geographi-
cal areas or poultry production systems free of disease or
infection. Ultimately, such methodology could be applied
to other diseases of livestock of significant public health or
economic importance.
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