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Abstract : Epidemiological studies have shown the association between transportation of live animals and the potential
transmission of infectious disease between premises. This finding was also observed in the 2014-2015 foot-and-mouth
disease (FMD) outbreak in Korea. Furthermore, slaughterhouses played a key role in the global spread of the FMD
virus during the epidemic. In this context, in-depth knowledge of the structure of direct and indirect contact between
slaughterhouses is paramount for understanding the dynamics of FMD transmission. But the social network structure
of vehicle movements to slaughterhouses in Korea remains unclear. Hence, the aim of this study was to configure
a social network topology of vehicle movements between slaughterhouses for a better understanding of how they are
potentially connected, and to explore whether FMD outbreaks can be explained by the network properties constructed
in the study. We created five monthly directed networks based on the frequency and chronology of on- and off-
slaughterhouse vehicle movements. For the monthly network, a node represented a slaughterhouse, and an edge (or
link) denoted vehicle movement between two slaughterhouses. Movement data were retrieved from the national Korean
Animal Health Integrated System (KAHIS) database, which tracks the routes of individual vehicle movements using
a global positioning system (GPS). Electronic registration of livestock movements has been a mandatory requirement
since 2013 to ensure traceability of such movements. For each of the five studied networks, the network structures
were characterized by small-world properties, with a short mean distance, a high clustering coefficient, and a short
diameter. In addition, a strongly connected component was observed in each of the created networks, and this giant
component included 94.4% to 100% of all network nodes. The characteristic hub-and-spoke type of structure was
not identified. Such a structural vulnerability in the network suggests that once an infectious disease (such as FMD)
is introduced in a random slaughterhouse within the cohesive component, it can spread to every other slaughterhouse
in the component. From an epidemiological perspective, for disease management, empirically derived small-world
networks could inform decision-makers on the higher potential for a large FMD epidemic within the livestock industry,
and could provide insights into the rapid-transmission dynamics of the disease across long distances, despite a standstill
of animal movements during the epidemic, given a single incursion of infection in any slaughterhouse in the country.

Key words : social network, small-world, livestock movement, slaughterhouse.
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Fig 1. Plot of the number of monthly livestock movements to
abattoir in Korea during the five-month period January 2014-
February 2015.
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Fig 2. An example concentric map of livestock movements to
abattoir in the September 2014 network. KA =Kangwon,
KY = gyounggi, KB =Kyoungbuk, CN = Chungnam, JB=
Jeonbuk, JN =Jeonnam, CB = Chungbuk, KN = Kyoungnam,
KJ = Kwangju, IC = Incheon, US = Ulsan, DG = Daegu, DJ =
Daejeon, JJ = Jeju.
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Table 1. Properties for the monthly networks of Korean livestock movement to abattoir during the period September 2014 to

February 2015

Network
Properties
September 2014 October 2014 November 2014 January 2015 February 2015

Number of nodes 69 70 70 72 71
Number of links 2,324 2,293 2,202 2,221 2,139
Average degree 33.1 32.0 30.7 30.2 29.5
Density 0.488 0.465 0.446 0.426 0.421
Number of weak components 1 2 2 1 4
Number of strong components 2 3 3 2 5
Inclusiveness 1.0 0.986 0.986 0.639 0.958
Mean distance (SD) 1.52 (0.52) 1.53 (0.53) 1.55 (0.53) 1.64 (0.61) 1.56 (0.55)
Clustering coefficient 0.777 0.773 0.770 0.639 0.762
Diameter 3 4 3 4 3
Number of isolated nodes 0 0 0 0 0

Mean distance, average shortest path length, SD, standard deviation
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Table 2. The results of the calculated centrality parameters for each monthly network

Network
Parameter September 2014 October 2014 November 2014 January 2015 February 2015
In Out In Out In Out In Out In Out

Degree centrality

Minimum 0.000 0.059 0.000 0.000 0.000 0.000 0.000 0.014 0.000 0.000
Mean 0.487 0.488 0.465 0.465 0.446 0.446 0.426 0.426 0.421 0.421
Median 0.500 0.485 0.478 0.471 0.457 0.456 0.429 0.429 0.443 0.443
Mode 0.529 0.456 0.464 0.652 0.507 0.391 0.535 0.521 0.514 0.443
Maximum 0.882 0.868 0.884 0.869 0.826 0.811 0.817 0.803 0.786 0.771

Closeness centrality
Minimum 0.000 0.437 0.000 0.000 0.000 0.000 0.000 0.369 0.000 0.000
Mean 0.661 0.660 0.636 0.636 0.629 0.628 0.618 0.616 0.589 0.589
Median 0.667 0.654 0.644 0.638 0.638 0.632 0.617 0.616 0.617 0.610
Mode 0.680 0.641 0.644 0.699 0.721 0.597 0.669 0.644 0.641 0.669
Maximum 0.895 0.880 0.893 0.879 0.848 0.834 0.845 0.822 0.812 0.798

Betweenness centrality

Minimum 0.001 0.000 0.000 0.000 0.000
Mean 0.004 0.005 0.005 0.006 0.005
Median 0.004 0.004 0.004 0.004 0.004
Mode NA NA NA 0.000 0.000
Maximum 0.008 0.012 0.013 0.036 0.013

NA, not available

Table 3. Power-law fitting for exponent (o) for the calculated centrality parameters

Network
September 2014 October 2014 November 2014 January 2015 February 2015

Parameter

Degree centrality

In-degree 9.83 (0.63) 7.65 (0.33) 11.36 (0.20) 7.02 (0.09) 8.58 (0.17)
Out-degree 10.04 (0.67) 7.45 (0.45) 4.65 (0.00) 6.51 (0.00) 8.51 (0.28)
Betweenness centrality 3.69 (0.04) 4.14 (0.06) 3.82 (0.11) 3.03 (0.54) 413 (0.17)

The frequency distribution of the centrality parameter (k) was fitted for power-law, p(k) = Ck™, where C is constant, and o is exponent.
Parenthesis denotes for p-value for goodness-of-fit by Komorogrov-Smirnov test. For all networks, the frequency distributions of the
closeness centrality were not characterized by power-law distributions

(@) (b)

Log-Log Plot Log-Log Plot

Value Vabie

Fig 3. The cumulative distribution of the degree values for (a) October 2014 and (b) January 2015 network (log-log scale).
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Table 4. Results of cohesion analysis for each monthly network

Network
Component September 2014 October 2014 November 2014 January 2015 February 2015
Size % Density Size % Density Size % Density Size % Density Size % Density

Weak component (WC)

WCI 68 958 0469 69 986 0488 69 98.6 0469 72 100 0434 68 958 0.469

wC2 1 14 ud 1 14 ud 1 14  ud 1 14 ud

WC3 1 14 ud 1 14 ud

WC4 1 14 ud 1 14 ud
Strong component (SC)

SC1 67 958 0475 68 97.1 0492 68 97.1 0473 71 98.6 0438 67 944 0475

SC2 1 1.4 ud 1 1.4  ud 1 1.4 ud 1 1.4 ud 1 1.4 ud

SC3 1 14 ud 1 14 ud 1 14 ud 1 14 ud

SC4 1 14 ud 1 14  ud

SC5 1 14 ud 1 14 ud
ud, undefined
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