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Summary

Highly pathogenic avian influenza H5N1 has resulted in large losses to the Indopesiiay
sector. Evidence suggests that live bird mark@iBMs) play an important role in the
epidemiology. of, the disease. Knowledge of thequency and typef contact between the
various poultry market players should allamimal health authorities tdevelop a better
understanding, of factors influencingirus transmission betweeindonesian villages.A
questionpairdased crossectioral survey was conducted in I/BMs on the neighbouring

Indonesian islands of Bali and Lombtk investigatehe movementpatterns of poultry to and

from marketsUsing social nevork analygs a network of contacts was created for each island

from atotals0f*413 live poultry traders and 134 customémsglividual nodes with high degree
andbr betweennessere identified in each netwarkhe Lombok network was more dense and
conneted than the Bali network indicating thdisease transmisgiovould be more efficient in
the Lombok 'networkOur findings indicate that whilst live poultry are typically transportedrov
relatively short distances of approximat&km, it is not uncommon for traders and customers
to travel in excessf 100km to buy or sell poultry, which may facilitate the spreadlistase
over a large geographical ardais study highlights the different roles markets play in poultry
movemeént networks and their potential for disease dissemination. The id&atific highly
influential market nodesallows authorities to target HPAs$urveillanceactivities tolocations
where disease is more likely to be presuaiich is crucial in lowesource sénhgs.
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Introduction

The emergenece,of highly pathogenic avian influenza (HPAI) subtype H5N1 in Isidam&003
resulted inargedosses tthe poultry sector and the highest number of Hs&ldted human
deaths to dat@ra single country (Perez et al., 200R¢spitean overall @cline inthe incidence
of HPAI H5N2=im poultry and humans recent yeardndonesia experieed asharpincreasen
the number of reportedPAI H5N1 outbreaks in poultriyn 2016 During the first four months
of 2016 alone, 148 case®rereported in poultry compared to 123 casez015 (FAO, 2016).
Therise innewly.emergent AlVén the Asian region sucisH5N6, HSN8 and H7N9 pose an
additional threat tboth poultry and human health (Hall et al., 20d&ob and Viroj, 2015A0,
2014 Wiwanitkit, 2013).

Indonesians, in common with most nationalities in South East Asia prefer to srifistea

poultry, which are largely traded through live bird markets (LBMescaus¢hey arecheaper

and the customer can be assuredpbattry meat iSresh and free of diseagleatrick et al.,
2014).The mixing of different avian species from various sources means that LBMs provide an
ideal environment for virus exchange (Morris et al., 2088ailable evidence suggests that

LBMs play a crucial role in thepidemiologyof avian influenza viruseg\(Vs) in countries
wherelive birds.are sold to customgifsournié et al., 20%,2ndriani et al., 2010Ge et al., 2009).

A recent study modelled the risk of HPAI HSN1 transmission through poultry movement

Bali concludedhat there is a high risk of a LBM being infected despite a low level of disease at
the villagelevel (Roche et al., 2014 helimited resources available in Indonesia for market
infrastructure and managemaefiten results in loosely controlled and regulated markets
(Suryadarma et al., 200%Wjth limited or no biosecurityThismayfacilitatethe circulation and
dissemination o@wvian influenza virusethrough the movement of poultry, poultry products and

fomites.

Knowledge of the type and magnitude of contaetsveerthe various poultrynarket players
allowsanimal health authoritie® develop a better understanding of factors influencing virus
transmissionTo-date informationis limited onthe types and frequencies of contacts that exist

between live bird markets and poultragdersin Bali and Lombokand how these contaatsght
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influence or act as pathogen transmission rodtas. information ould be useful indentifying
villagesand marketshat are at a greater risk i@ceiving andlispersing infectious material

throughout a network

In order to establish a network of contacts, informatinrthemovement of poultry between
markets and villageis required This can be achieveay carrying out a survey to document the
source and destination village of birds traded in a market, and then analysinguthelatexd

data using_social netwodnalysegSNA). Social network analyses are concerned with
‘relationshipsthat exist between pairs of individuals in a given study population as opposed to
characteristics'of the individuals themselysrgatti et al., 2009)This perspective recognises
thatthe wayrsimswhich individuals are connected in a population are important determinants of

infection spreadLuke and Harris, 2007).

Although SNA was initially used in the social sciend@orgatti et al., 2009)f has gained
popularityinsveterinary epidemiologicaksearchin recent years, networkalysis has been

used to investigate associations between poultry trade networks and tradeepmadciambodia
(Van Kerkhove et al., 2009) poultry trade networks and HPAI H5N1 outbreaks in Vietham
(Soares Magalhdaes et al., 2Da0d ChingMatrtin et al., 2011) and in the identification of high
risk playerssirthe backyard poultry industry in Thailand (Poolkhet et al., 2013). Social network
analysis is.also a useful tool to identify markets that pose a greater threat in terms of disease

transmission potential as demonstrated by Fowtéd.(Fournie et al., 2013).

With this background, thaim of this study was tase social network analysisitovestigate the
movement patterns of poultry to and from live bird markets in Bali and Lonalnokto describe
the topology-and network of contacts betwediages This will allow for abetter understarmag

of the petentialfor transmission of diseasising from movement of birds between villages and
markets Information gathered from studies of this type can be used to ideigifly connected
nodeg(i.e. villages and marketsyvithin each network. Based on the biologically plausible
assumption that highly connected nodes are more likely to either receive or distribation,
these loeations cahen bepreferentially targeted faurveillance or enhanced biosecurity
measuregMarting 2006 Christley, 2005).
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126 Materialsand methods

127 A detailed description of the methods used in this study are provided by Kurscheid et al. (2015).
128 The following sections contain a brief overview of the study methods and additionis deta
129 published elsewhere.

130

131 Study location.and respondents

132 A crosssectional study dfve poultry traders(vendors and collectorand customer@hose

133 purchasingspoeultryyvascarried out between 2008 and 2009 at hiB#&ls in Bali (representing

134 approximately.86 of the estimated 109 LBMand eight il.ombok (22% of the 36 known

135 LBMs). Marketswere selected based on the followdntgria: size of the market; approximate
136 volume of poultry traded per day; medium to high flow of road traffic (expected to hakgea |
137 customer base) surrounding tinarket;operating frequencypoultry farm density in the

138 surrounding-argandwhether tiere had been any locally confirmed reports (i.e. confirmed by
139 theRegional,Office of Livestock and Animal Heglibf HPAI HSN1 outbreaks in poultry in the
140 previous 12 months.

141

142 Traders were defined as either a ‘vendor’ (i.e. resilara ‘collector’ poultry wholesales)

143 depending on their role in the market. Vendors primarily sold live poultry directly toncess

144  at the marketuwhereas collectors collected live poultry frorseatiors of the poultry industry

145 and transported them to the markets either on the same day or ayfelat@r and selling to both
146 LBM vendors and customers (Kurscheid et al. 20CEstomers were defined as individuals

147 purchasing live poultry (i.e. not slaughtered or dressed birds) from vendors or celtattbe

148 day of interview,for a variety of purposes (e.g. special cultural or religious ggentimption

149 at home orrestaurant and restockirgfudyparticipants wereomprised of individualthat

150 were engagdin one of the three aforementioned roles at the market on the day of interview and
151 selectedising‘convenience sampling. The numbers of respondents interviewed at each of the
152 surveyed markets, along with estimates of each group of respondents frequenting tteeanarke
153 adaily basis, arghown in Tables S3 and S4 of the Supplementary Informatidhe Iremainder
154  of this paper the.term ‘respondeigtused to refer to individuals interviewed for this study.

155

156 Data collection

157 A semistructured quémnnaire was developddr each of the three categories of respondents
158 English and translated into Bahasa Indoné3igestionnaires were administered by feeéace

159 interviews. Poultry traders were asked to provide details of: (1) the origin obleirtts sold,

160 including the type of source (e.g. backyard farm, commercial faarketor trade}; (2) the
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type and number of birds sold on the previous trading day brought to the market for sé3¢; and
other markets where birds weseld. Customers wemesked to provide details of: (e
destination of birds purchased on the day of intervieéyvpther markets where birds were

purchasedand (3) the number of birds purchased on the day of interview.

Data management and analysis

Data fromithe interviewwere entered into a relational database (Microsoft Office Access.2003)
The database _contained three groups of tables: (1) ptraltigrs (2) poultry customers, and (3)
village locations. Contacts were defined by the direction of poultry movement,ieliband or
outbound, @and'the village of origin or destinatidhe interview responses from the database
were exportedsta socialnetwork analysipackage (UCINET v6.137 Analytic Technologies

Inc., Harvard; Massachusetts, USA).

The names of each ofdlvillages cited by the respondents were cross-matched with digital maps
of village and-town locations in Bali and Lombok (Anonymous 2Qisthgthe Geographic
Information:SystenQuantum GISQuantum GIS Development Team 2016) and Google Earth
(Google Earth'vs.1, Google Inc., Mountain View, US4 obtain the longitude and latitude
coordinates‘of'the village centroid. In the event that coordinates for a villagequdyidhe
respondeniverenot available, those of the nearest village were .usagnthat villages of the

same namerare found in multiple districts throughout each island, the coordindupticate

villages closest to the market where interviews took place were used bastshoawer

feedback, on the assumption that respondents tiles@ to the markets where the interviews

were taking place.

Descriptiveranalysesf the data consisted of summary statistics of surveyed participants
stratified-by direction of movement (to or from a market) and location (sour@stmnation of
poultry). Straightline (Euclidean) tstances travelled by respondents transporting live birds to
and from market§in kilometres)were calculated usintpelatitude and longitudef villages and

markes using theiélds package in RNychka et al., 2015).

The presence ofia recorded movement event betleeations (i.emarkets antbr villages), and
the type of respondeftrader vs. customesllowed us to construct a network of contacts. Using
this approach, markets and villages formed the npaetces)of the network and theresence

of astated movement of live poultry from one node to another formed kiearyJrder the
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assumption that transactiobstween markets and villages werea specific direction (i.e. from

market to village, or village to markegll neéworks were treated as directed

Contact networks were constructed for movemggiating to the saler purchase of live

poultry. Each network was described in terms of: (1) the number of nodes and directd@)links;
the network size, diameter and density; and (3) the number of reachable pairsscmbtee
proportion of pairs that were reachableeTbllowing parameters were calculated for each node
of the network and summarised for the entire network, using frequency histograms and
descriptive statisticsn- and outdegree, inand outdegree centralisation, betweennasd
geodesic distanedn addition to absolute measures of node centrality (e.g. in-degredegree
and betweenness) normalised centrality measures were calculated as the absolute score divided
by the maximum score for the given measure, expressed as a proportion. Noonalikatied
node centrality measures for the two networks (Bali, Lombok) to be compataork

diagrams were constructed for the two netwoltkgrmation regarding the key metrics of social
network analysis can be found in tieiewof Dube et al.(Dubé et al., 2009 Additional metric

definitionsarepravided in the footnotes of Table 1.

The association'between normaliseéind outdegree indices and normalised total degree and

normalised:betweenness wasantified using Spearman’s rho.

Ethics statement

The studyprotocol was reviewed and approved by the Murdoch University Human Research
Ethics Committee, Perth, Western Australia (Permit number 2008/162). Further details are
provided byKurscheid et al(2015).

Results

Respondents

A total of 413(Bali n= 195, Lombokn = 218)tradersand 134(Bali n = 52, Lombokn = 82)
customergarticipated in this studf thesesource and destination information was elicited
from 95%:ef respondents from Baln(= 184 traders and = 50 customersand 90%from
Lombok (= 196 traders and= 74 customers)lhe remaining 43 respondents<13 and 30
from Bali and Lombok, respectively) either did not previtformation aboutvhere birds were
transported to and from, or the GPS locations of village names pravatedchot available. The

survey efusal rate was zero.
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Network size

The two networks created for the movements of live poultry to and from live bird maeets
comprised of 9 markets and 1@lagesin Bali (Fig. 1) and 8 markets and 134 villages in
Lombok(Fig. 2). Although the number of nodes (i.e. netwside)wassimilar for the two

networks (139 for Bali and 142 for Lombok), Lombok recorded more than twice the number of
links compared to the Bali network (880 vs 373, Table 1).

Fig. 1Bali network projected onto geographical map of Béllages andsurveyed markets

represented’'by*blue and red nodes, respectively.

Fig. 2 Lombok network projected onto map of Lombdllages andsurveyed markets

represented by blue and red nodes, respégtive

Centrality

Degree

Inspection/of plotef the cumulative distribution of degree among nodes showed tsgblyed
degredistributiors for both networks with power law function parameters of 2.04 and 2.14 for
Bali and Lembokrespectively(see Figures$s3 and S4 in the Supplementary Informatidrije
number of.incoming movements varied more widely than outgoing, indicated by theihigher
vs. outdegree centralisation valugs both networks (&blel). However nodes with aull in-
degreg(i.e.willages that did not receive poultry from any other village) outnumbered those with
a null out-degreé.e. those villages that did not distribute poultry to other markets or villages)
for both the Baliif = 82 vs. 26) and Lombok networks< 82 vs. 25). Hence, the majority of
nodes withinreach network had at least one out-going and no incoming poultry movements and

only afew-had-a:large number of incoming movements compaithdoutgoing movements.

The maximum number of incoming movements recofded single node was 2.4 times greater
for Lombok than for Balirf = 125 vs. 52). The Lombok network also showgegater @ariation in
incoming'movements compared to the Bali network, as indicated by the haghealised

values for the meaf®.04 vs. 0.02respectively) andange of indegree score® — 089vs. 0 —
0.38). Normalised outlegree centralisation values &hd range of outtegreescoresshowed a
similar pattern (@blel). Although the numbers of incoming and outgoing movement events
were grater among markets in Lombok, the proportions of movements to and from unique
contacts were higher in BdBupplementary InformatigQnAnother difference between the two
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networks in terms of degree was tf@tLombok, non-surveyed villages had higggree scores
as well as the surveyed markets. In Bali, on the other hand, only the surveyed markéegh ha
degree score3he rumber of movements recorded for non-surveyed nodes in the Bali network
were relatively small in comparison with inbound movements ranging between one anutifour a

outbound between one and ten.

Normalised values for irand outdegree were plotted agairesich othefor the twonetworks

(Fig. 3) to determinef villages and markets that had a high number of incoming poultry
movementevents also had a high number of outgoing poultry movement &letsggoreach
networkindicated that correlatiorwas presenflo evaluate this further{and outdegree

indices for allnodewere analysed using the Spearmahistest The resuhant R-values showed
that a statistically significant correlation between normalisetkegree and oudegree was
present for Lombok (R = 0.31, p<0.001) but notBati (R =-0.10,p = 0.24). However a
statistically significanpositivecorrelationwasidentified between in- and out-degree among the
surveyed market nodés the Bali networkR =0.69, p = 0.040) but not among the surveyed
market nodessinsthe Lombok netwdik =0.65, P >0.05).

Table 1 Summary statistics for the Bali and Lombok networks

Parameter @ Bali network L ombok network
Network size
Number of nodes 139 142
Number of directed links 373 880
Size 19182 20022
Diameter 6 8
M easur es of centr ality
Mean indegrees(range) 2.68 (0- 52) 6.20 (0- 125)
Mean outdegree (range) 2.68 (0- 33) 6.20 (0- 61)
Normalised meanridegree (range) 0.02 (0- 0.38) 0.04 (0- 0.89)
Normalised.mean.ottegree (range) 0.02 (0- 0.24) 0.04 (0- 0.43)
In-degree centralisation 0.36 0.84
Out-degree centralisation 0.22 0.39
Mean betweenness (range) 25.46 (0651) 111.50 (0 3259)
Normalised meambetweenness (range) 0.00 (G0.03) 0.01 (0- 0.17)
Betweenness centralisation 0.03 0.16
M easur es of cohesion
Density (directed) 0.02 0.04
Mean geodesic distance (mode) 3.79(4) 2.69 (3)
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Number of reachable pairs 2292 8035
Proportion of reachable pairs 10.9% 40.0%
Clustering coefficient 0.16 0.40
Distancebased cohesiofor compactness) 0.04 0.16
Distanceweighted fragmentatioh 0.96 0.84

2See Duk et:al (2009)for definitions of network parameters

®Calculated on.undirected networks.

°Compactness is the normalized sum ofréietprocal of all the distancéise. based on the lengths of patfid)is

has a value of 1 when the network is a clique (everyone is at)jarel zero when the network is entirely made up
of isolates

4 Distanceweighted fagmentation is 1 minus compaess and describéise breadth othenetwork (Borgatti,

2006)

Fig. 3Scatterplot ohormalised outlegreeas a function of normalised in-degree for the Bali and

Lombok networks.

Betweenness

Althoughthenormalised mean betweenness sctweboth networks were similar (0.00 vs. 0.01,
for Bali and Lombok, respectively) bothe maximum betweenness value and betweenness
centralisationndices for the Lombok network were five times greaten fioa the Bali network
(Tablel). Scatterplots of normalised betweennass function ofotal degreeKig. 4 showeda
positivegcorrelatiobetween the twaneasureor both networks. This was further demonstrated
using the Spearman’s Rho test, producing R-values of 0.54 (p <0.001) and 0.73 (p #0.001
Bali and Lombok, respectively. #tatistically significanassociation between degree and
betweenness for markets wdsntified in the Lombok network (R = 0.87, p = 0.004) but not in
theBali netwerk’ (R = 0.48, p >0.05).

Fig. 4 Scatterplot ohormalised betweenness a function of normalisedtal degree for the Bali

and Lombok networks.

Networ k cohesien and topological features

The density (i.e. the proportion of potentahtactsn a network thatvereactually presentfor
both networksvaslow (2% for Bali and 4% for Lombok) which is not surprisingcausehe
data were collected from a subset of LBMs in each islahidough the cohesiofi.e.
compactnessycore for the Lombok network was four times leigthanthe Bali network (0.9
vs. 0.16), both values werelativelylow. Both networks had similarelatively high
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fragmentatiorscoreq0.84 and 0.96 for Lombok and Bali, respectively). The total number of
reachable pairs of nodes within the Lombok network was 8035 representing 40% of all possible
pairs, which was 3.5 times as many as in the Bali network (2292, 11%). Furthermore, the
average number of nodes that could reach other nodes was 56.8 in in the Lombok network
comparedvith 15.4 in the Bali network. The proportion of nodes that had zero reachability (i.e.
had no outgoing poultry movements and therefore could not reach any other node) was similar
for Bali (19%,n = 26) and Lombok (18% = 25).

Geodesic distances between pairs of reachable nodes varied more widely in tieénRak

(Fig. 5) resulting,in a larger mean geodesic distance of 3.79 compared to 2.69 for the Lombok
network.Modewalues for geodesic distance indidateat most nodes within the Lombok
networkcouldbe reached within three ‘jumps’ compared to four in the Bali network. The
clustering coefficient for the Bali network was relatively srmealinpared with the Lombok

network (0.16 vs. 0.40). A random (directed) networkiofilar sizeto the Bali network

produced asmearegdesic distancef 4.8 and a clustering coefficient of 0.02. The mean
geodesic distance antlistering coefficienfor a random (directed) network of similazsto the
Lombok networkvas3.0 and 0.04, respectively.

Fig. 5 Frequency histograai geodesic distancésr theBali and Lomboknetworks.

M ovement distances

Respondents in Bali transported poultry osteghtly shorter distancegnedian = 5.3 km, IQR:
2.3-12 km) than Lombok (median 8.6 km, IQR: 4.6-16 km). Howekerrangeof distances was
similar for thetwo islands(0-111km and 0-12Xm, respectively, with the greatest distance in
Lombok oceurring between two villages as opposed to between a market and village in Bali.
Comparisensof.distances travellegrespondent categorishowedittle differences between
vendors (median = 718n, IQR: 4.2-15km) and collectors (median = 9.8 km, IQR: 5.5-16 km).
Tradersjn generaltransported birds ovgreaterdistancesompared to customers (median =
4.4km, IQR:1.8-10 knh. The arerage movement distanaaflseach respondertiype differed
significanty in Lombok (2,77 = 7.90, p<.001) but not in Bali §&z70= 1.08, p>0.05)Post-hoc
analysisof average distances travelled by respondents in Lombok idersifiedicant
differences between vendors and custor(jers 0.003) anaollectors and customers §9.001)

but not between vendors and collectors (p >0.05).
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Village-to-market(median 7.7 km, IQR: 3.2-13 km) and markat+illage movemendistances
(median 7.7 km, IQR: 4.6-14 km) in Lombulere almost identicdloweverthe maximum
distance travelleth Lombokwas greater for market-village movements (106m vs. 66 km).

In contrast, maximum distances travelled in either direction in Bali were the same (112 km),
whilst village-to-market dstancesrfiedian = 5.3 km, IQR: 2.6-12 km) were slighgieaterthan
marketto-village movement distansdmedian = 3.5 km, IQR: 0.0-3.9 km). Box and whisker
plots of marketto-village and villageo-marketmovemendistances for each of the surveyed
markes and for the three different respondent types are provided in the Supplementary
Information.(Figures S5 to S12).

Off-island mevements were recorded for both Bali and Lombok. One movement event was
recorded between a small islafidlisa Penida) off the soudast coast of Balindthe surveyed
marketGaliran. In Lombok, a single collector reported transporting birds betwewabhdloand

Sumbawa islands but did not involve direct movements to or from any of the surveyetbmarke

Discussion

Live bird marketdacilitate the movement of poultry through extensive networks that can span
large geographical areéSoares Magalhaes et al., 2DIDherefore, understanding trade patterns
and animalimovements within live poultry marketing indastprovidesessential knowledge
concerningsthe likelihood afisease transmission by conta@drrently, this informationremains
limited in Bali and Lombok and many other parts of IndonéRi.aim of this study was to
investigate:the movement of live birasand from selected live bird marketghich represented
the main types.of markets found in Bali and Lombok, in order to identify the type and magnitude
of contacts that existetween live bird marketppultry tradersand poultry customers. From the
datacollected-insthicrosssectionaktudy, two networks of contaotgereconstructedrom

which deseriptive: analyses wearried out, enablintheidentification ofimportant
characteristicpertaining tanetwork topology and key nodesthin each networKKiss et al.,
2006).

Findingss#from this study showed that whilst most respondents traedpords to and from
markets over distances approximately 10 kmtherewerealsotraders and customengo
traveled much largedistancegin excess of 100 km) to buy or sell poultry. A study of poultry
trade networks in Cambodia found thatldlemen (i.e. collectors) travelled further in pursuit of
collecting and trading poultry thaetailers (i.e. vendors), who rarely sold poultry outside of
their home village (Van Kerkhove et al., 2009). This study fahatitraders typically travield
This article is protected by copyright. All rights reserved
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greater distances than custom@ise reasons why some traders and customers travalige
distances to buy or sell poultry waret ascertaineth this study It isreasonable to assume that
traders may travéhrge distancet source poultry from specific locations (whether it be a farm,
market or other tradersy sell poultry where they know the demanéxpected to baigher.
Explanations fothe largedistances travelled by some customeifsowever unclear. It could be
speculated that customers purchase poultry from a market clite@rtbome for a family

celebration or religious ceremony that may be taking place in a distant locatien faxtors

that may. influence this behaviour are the availability or price of specific bird types. In traditional
Hindu culture(of Bali), different types of chickens and ducks (i.e. specific colours or physical

characteristics)are often required for different ceremdMestika, 200Y.

The identification ohodes with the most central positions in the netvatidws resourcet be
specifically targetetbwards those noddsr diseaseontrol programswhich isparticularly
important in lowresource settingd/an Kerkhove et al., 2009).dgree centralisation indices
provide a measure of the number of incoming and outgoing movements for each node. High
valuesrepresent:nodes withrger numbers of ties artdese ar¢hereforemorelikely to havea
greaterinfluencein the networkMay and Lloyd, 2001)in-degreecan be thought of as a
measure ofreceptivity or ‘popularity’ whilst outdegree measuresxpansiveness
(Wasserman, 199. In terms of disease transmission, nodes with high in-degoges are more
likely to beeeme infected due to the higher number of potentially infected birdmgritex

node. High indegree nodes may also be important ‘disease spreaders’ if sodyaate high out-
degree scareiss et al., 2006). Therefore, it is important to identify nodes which have both

high in-and outdegree as thesmve thepotentialto act assuperspreaders(Shen, 2004).

Both networksgpresentedh this studyhadgreater values fan- versus outdegree centralisation

and had-more-nedes with no incoming movements compared to outgoing movéneents.
importantto'notéhatthese two findings ammost likelytheresult of the disproportionate

number of traders (vendors and collectors) interviewed in this,stodyparedvith customers
andthereforea greater proportion of nodes represent sources of poultry (i.e. outgoing or village-
to-market'movements) rather than destinations (incoming or mirkgtage movements).

Similarly, surveyed market nodes were expected to have higher degree (particularly in-degree)
than nonsurveyedhodes due to the egocentric data collection approach employed in this study

that focused on markets.
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416 Comparison of the two networidentifiedgreater in and outdegree centralisation indicés

417 the Lombok networlkcompared tahe Bali network This finding is consistent with the highly

418 mobile nature of Lombok’s poultry tradersho often source small numbers of birds from

419 several locations compared to Bali where traders generally source larger volumes from smaller
420 numbers ofocations(Kurscheid et al, unpublished data). This findindicateshathigh degree

421 nodes in the Lombok network play are likely to play a more dominanirrtdéems of disease

422 transmissiorcompared to those in the Bali network. High degree nodes in both networks would
423 make ideal candidatdsr diseae control program@Albert et al., 200Q)such as increased

424  surveillance (in terms of sampling and bird health checks), enhanced biosecurity m@agures
425 bird zoningrandwdaily cleaning of markets and cages) and education cantpargmease

426 poultry tradersknowledge and awarenesstiPAl and good biosecurity practices.

427

428 The importance of higldegreenodes within a networkn terms of disease disseminatia

429 easily understoollecauseglogically, individuals with dargenumber of contacts have the

430 potential tospread infection to a largaumber of individuals (Bansal et al., 2007). However, the
431 extent of transmission through the entire network depends on the connectivity of the group to
432  which the individual belongs (Stark et al., 2Q@)hanced connectivity (cohesidagilitates

433 diseasalisseminatiorthroughout a networwhereas fragmentation impedegAtbert et al.,

434 2000).Despite the fact that details lofe poultry movements were elicited from similar

435 proportionssof respondenti®m each island and similarnumber of nodewere presentvithin

436 each network, the Lombok netwarkntained 2.4 times as madyected linkscompared to the

437 Bali networkdemonstrating that tHeombok networks moreconnected than thgali network.

438 Evidence for.this was also provided by a number of other observed fauthras larger

439 cohesion score,/smaller values for fragmentationsaedagegeodesic distancand a

440 substantiallyslarger number and proportion of reachable pairs within the nefvinereforeijt

441 appearssdthatirusstransmission would be more efficient in the Lombok netwank. Smaller

442 diameter‘of'the'Bali network indicates tlietver steps are required for the possibility of a

443 disease to reach any other node in the network compared to Lombok.

444

445 Betweennesmidices reflect the influence an individual node has within a netwark.

446 centrality measure represents the frequency with which a node falls between the shortest path of
447 other nodes and therefore indicates the amount of flow within the network thatr@ledrby a

448 particular node (Newman, 2003jigh betweenness means that a particular node acts as a bridge
449 connecting otherwise unconnected nodes or groups (Wasserman, Ti8943 important in

450 terms of disease control because such npdmsde the bridge over which infection might travel
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from one section of a network to another (Dubé et al., 200@)act that thenormalised
betweenness centralisation index of Lombok was more than five times the valueroé8iadi

thata node in the Lombok network falls in the shortest path between two other nodes, on
average, five times more frequently than a node in the Bali netWwaiko indicates thdiridge
nodesn thenetwork play agreater rolen controlling the flow ofpoultry through the Lombok
network compared to Bali. Furthermore, the Lombok network was the only one of the two that
was found to have a node with hitgital degree and betweenngssgure 4) This node
(Narmadamarket)plays a key role in the network due to the large number of movements to and
from the market ands role as a bdge in the network. Furthermore, 40% of the 177 movements
recorded far'theynode were to and from unique contacts, mehainghasa greater potential to
disseminaterinfean throughout the networthan any other node within the Lombok network.
Despitethis, the removal of this node (i.e. by closing down the market temporarily in the event
of an outbreak) would have little impact on the integrity of the network dithigh

connectivity. By way of contrast, removal of the node withldingest betweenness scamehe

Bali network(Galiranmarket)would cause thenain component of the network fragment into

two sub-groups=Removal of one orcidentally,both nodes wit the highest degree would still
allow the integrity of the network to remain intathereforejn the event of a reported outbreak
in Bali, closurevof thenarketwith the largest betweenness scarild more likely limit the

ability of the,virus to diffuse throughout the network compareddsure ofother markets.
Although targeting the node whose removal partially collapses the network woufitibatg

in an outbreak responseenarioall preventative, surveillance or control programs should also
include the two other highly connected nodes due to their influence and ability to detsemi
disease throughout the network (Shen, 2004¢ absence dfigh degree and betweenness

nodes in the Bali network suggests that the roles of nodes within this network argisfintt.

In summaryytheshigher degree and betweenness displayed by the Lombok neficatksa
networks-characterised blgubs and‘bridges whereas the Bali network is dominatadreby

hubs alone:

Investigating the topological properties of a network allows us to identify whtbiin@etwork

has random, small world or regular lattice propertizshé et al., 2009Epidemic simulations

on theoretical networks have shown how the outcome of anrejgide terms of size, speed and
pattern of diffusion may vary according to the topology of the network (Kiss et al;, 2006
Rushton et al., 2005Whilst many real world networks typically display small world properties,
which are characterised by short geodesic distances and high clustering coefficientscctonpare
random networks of similar si{@elesford et al., 2011), neither of the netwarkthis study

This article is protected by copyright. All rights reserved



486 showedhese characteristicelowever, both networks displayadht-skewed degree

487 distributions meaning that the majority of nodes have low degree whilst a smallmaiabe
488 known as ‘hubs’, have high degree (Dezso and Barabasi, 208@orks with rightskewed

489 degree distributions are important epidemiologically in terms of disseonnaftidisease and for
490 surveillance and control progragrargely because they tend to behave in a predictable manner
491 (Barabéasi and Bonabeau, 2003). Such netwaridargelyresistant to random control measures
492 because the vast majority of nodes have arfgw links and their ‘removal’ has little impact on
493 the network (Albert et al., 2000). Therefore, there is a high probability thatexelgades will
494 have a low degreeausing only slight effects on the rest of the netwankl hencegantolerate
495 random failareSy(or removal)of many nodes before théyagment(Barabasi and Bonabeau,
496 2003). Networksvith right-skewed degree distributioasehighly susceptible to targeted

497 diseaseontrol programbecausehey rely on relatively few, highly connected hubs to maintain
498 connectivity (Albert et al., 2000The presence of thebghly connected or ‘bridging’ nodes
499 also makeghe networks important for the propagation of epidemics as they can trdissage
500 to many othernoedes (Barabasi and Bonabeau, 2003). Obviously the more ‘cohesive’ or
501 ‘connected“asnetwork is, the larger the potential for epidemic spirgadventions to disrupt
502 spread are‘differenRandom networks are moderately susceptibtartgeted efforts orattacls’
503 and here islittle"difference between random failures and targeted sita@dndom networks
504 (Barabasiand Bonabeau, 2003gnce, targeted control strategiesusing on hubs within the
505 networkcansbe very effectivéDezso and Barabasin@?2).

506

507 The availability ofresourceso investigate outbreaks and to control and prevent further

508 outbreaks is.often limited ilessdeveloped and developing countries, such as Indonesia. By
509 utilising knowledge of network characteristics, resourcesrarestigational efforts can be

510 targeted toward=markets and villages in central and influential positions within the néttaark
511 Kerkhove-etal;2009).

512

513 Currently, there'are no formal documentation requirements in place to tracknemigeof

514 poultry traders marketing birds through live bird marketsidoresia Therefore, in the evenof
515 an outbreak authorities have limited information to direct them to other key markktsllages,
516 which may need:to be notified or included as part of control activities. Howeilerknowledge
517 derived from a poultry movement network analysis similar to that described siutlis

518 markets connected to these villages can be closed and poultry farms and coltdstantyen
519 these areas can be notified and dealt with accordingly. Knowledge of potentiallyskigh ri
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marketsand villageswill also allow authorities to target these for biosecurity improvements and

campaigns to raisewareness on good biosecurity practices.

Complete enumeration of contacts is normally required to create an entire n@avaskl et al.,
2007), however, given the large number of LBMs operating in Bali and Lombok it was not
feasible to'conduct a census of all known markets as part of this shuidytunatelythis is

likely to have resulted in selectitaias and the effects this biason the validity ofnetwork

statistical measures are difficult to quan{ipckhart et al., 201,Borgattiet al., 2006

Costenbader and Valente, 2003)slikely that inclusion of a greater proportion of contacts
would alterthe"eonnectedness of each network generated. The addition of new nodes may also
alter the centrality andonsequentlyhe roleghatindividual nodes played within each network.
However, it would be reasonable to assume that the type and level of bias woulddre simi
across both of the analysed networks (Lockhart et al., 2010). Themgprepriate inferences

can be drawn fram this study by focussing on how the parameters for each network vary in
relative, ratherthan absolute terms. Previous studies have shown that there is Ittiecgiffe

the robustness.oef centrality measures in the event of incomplete data duer taedbe
measurement error and missing data or deliberate sampling on nodes or edges,taad that i
reasonable to eompute centrality indices when aware of thess (@orgatti et al., 2006
Costenbader.and Valente, 2008arsden, 1993)Furthermore, market selem criteria
specifically-aimed to ensure that key markets covering a broad range of districts in each island
were includedtherebyincreasing the potential scope of contacts, in an effort to capture as much
of the complete live poultry movememétworks as possibie Bali and Lombok. Another

important point.to note is that for the current study the number of movements to andhinden a
(i.e. degree) was derived from survey respondents that provided details of sabdes@Enation

of birds. Givensthat a relatively small proportion of respondents digrogtde this information

and thatin-seme cases GPS locations of village names were not axaidere therefore not
included'in the'analysei,is likely thatthe calculated degree scores for each mastiggitly
under-representithe true number of movement events occurring to and from eaddiesiet-
degreejn particular would likely be underepresented given the limited number of customers
interviewed for this study compared to traders. This was due to the focus of the $tiatly, w
primarily investigatedhe practices and behaviours of live poultry traders working in poultry

markets.

The marketing systems in Bali and Lombok rely heavily on the sale of live poultry through
markets and each step of the marketing chain involves a number of different plegets. P
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entering the markets, poultry may have changed ownemshproustimes and if we associate
each exchange with a movement event, this amounts to a largpenaf movement events on
any given market day. Furthermore, findings from other studies (Soares Magalalae204t)

Van Kerkhove et al., 200Mdicatethatfestivals religious celebrations and other special events
can result in a substaal increase in the magnitudelwfd volume and trading frequency
occurring with a network. With suchrigenumbersof birds and movememventsoccurring on a
daily basis through the highly complex networks identified in this study, it is not diffacult
envision the challenges faced logal authorities in HPAI related activitieBherefore,

identifying highly influential nodes within eametwork allows authorities to target HPAI

related activities,to where they have better chance of success

Throughout this study we refer to movements of ‘live’ poultry. It is important to point out that
not all bird movements occurring from markets are of live birds, as custoragrsave the birds
slaughtered prior to leaving the market. Although we did not spaityf ask customers whether
they intended-toerhave the birds slaughtered prior to leaving, we made the amsuhgttihe
majority of:birdsspurchased by customers leave the market alive. This assumptimesed®n
several findings from the surveyt)(only five of the 17 markets surveyed offered slaughtering
services in the'markéall five of these markets were Lombok); @) only two of 134 customers
interviewedreported purchasing slaughtered poultry during their visit to the market; amwd$8)

(64%) custemerslaughtetheir own birdqeither at théhome or at a slaughter house).

Using the same study design and method for sampling vendors, collector and customers on Bali
and Lombok,we identified marked differences in the characteristicetivenks generated for

each island. Further, we identified specific markets on each island tlealikedy to be highly
influential inthesspread of disease (and therefore markets that should bedtéogsteveillance

or enhaneed-hiosecurity measuré&xpsssectional vendocollectorcustomer studies, similar to

the study“described in this paper, are required to identify LBMs with similar properties in other

areas of Indonesia.
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Figure S1. Names and locations of each of the n = 9 surveyed markets in Bali.

Figure S2Names and locations of eachthe n = 8 surveyed markets in Lombok.

Table 9. Movements occurring to and from each of the nine surveyed markets in Bali.
Table S2. Movements occurring to and from each of the sightyed markets ihombok.

Table S8 Total'number of respondents interviewed at each surveyed market miBaé a
estimated number of each group of respondents frequenting each market on a typical day.
Table S4Total'number of respondents interviewed at each surveyed market in Lombok and the
estimated number of each group of respondents frequenting each market on a typical day.
Figure S3."Cumulative degréestributions for the Balhetwork.

Figure S4 Cumulative degree distributions for thembok network.

Figure S5. Box and whisker plot of marketvillage distances travelled in Lombok

Figure S6 Box and whisker plot of villages-marketdistances travidd in Lombok.

Figure S7 Box and whisker plot of markeo-village distances travelled Bali.

Figure S8 Bexsand whisker plot of village-marketdistances travelled iBali.

Figure S9..Bex-and whisker plot of marketvillage distances travelled byeh respondent type
in Lombok.

Figure S10Box and whisker plot of village-market distances travelled by each respondent
type in Lombok.

Figure S11. Box and whisker plot of marketvillage distances travelled by each respondent

type in Bali.
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726  Figure S2. Box and whisker plot of village-market distances travelled by each respondent
727 type in Bali.
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