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ABSTRACT 
 

Descriptive network analysis of Ontario swine movements during 2015 

 

Dylan John Melmer        Advisor: 

University of Guelph, 2017       Dr. Zvonimir Poljak 

 

 This thesis examined the role of animal movements and transportation vehicles regarding 

disease dissemination in the Ontario swine populations. In Chapter 2, results supported a 

constant theoretical outbreak population size across subsequent weeks. Furthermore, there was 

an indication of a higher connectivity during specific times of the year (finisher facilities), and 

support for the sampling of abattoirs for disease surveillance purposes.  

In Chapter 3, noticeable differences arose from adding trucks to the networks. Weekly 

theoretical outbreak populations and the number of trucks utilized increased over time in 2015. 

Furthermore, nursery and finisher facilities had a higher level of connectedness during the 

summer months (June to September). Lastly, abattoirs were found to still be an appropriate site 

for disease surveillance.  

Overall this research supports the need for a consistent understanding of the 

transportation system in the swine industry. Which adds to a better understanding of the potential 

for disease dissemination. 
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CHAPTER ONE 

Introduction, literature review, and thesis objectives 

 

1.1 Introduction 

Infectious diseases have been an important contributor to health, productivity and welfare 

of swine populations that are raised under current production practices. In a recent review of 

global literature, it was reported that almost 3 new species of infectious agents relevant to the 

swine industry were found per year in a period between 1985 and 2010 (Fournié et al., 2015), 

and similar issues have been observed in Canada (Anonymous, 2016, 2015a; Davies, 2012; 

Fournié et al., 2015; Murtaugh et al., 2010; Ayudhya et al., 2012; Ontario Ministry of 

Agriculture Food and Rural Affairs, 2014).   

Over the past decade, North American swine populations have experienced several 

significant infectious disease epidemics resulting in considerable mortality and morbidity. 

Porcine circovirus type 2 associated disease (PCVAD) was first described in 1996 in western 

Canada under name Postweaning Multisystemic Wasting Syndrome (PMWS) (Harding and 

Clark, 1997), and emerged as a devastating epidemic in mid 2000s (Poljak et al., 2010). It has 

been estimated that the epidemic of PCVAD in Canada cost the swine industry as a whole $560 

million between 2004 and 2009 (Anonymous, 2015b).  The dramatic effects of this disease 

contributed to the founding of the Canadian Swine Health Advisory Board as an organization 

that was responsible for the establishment of surveillance and management options for swine 

infections that are non-reportable at the federal level (Anonymous, 2015b).  

More recently, several novel coronaviruses have emerged in the United States and have 

subsequently spread to the parts of Canadian swine populations. These included porcine 
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epidemic diarrhea virus (PEDV) and Porcine delta coronavirus (PDCoV) (Anonymous, 2014; 

Carvajal et al., 2015; Pasick et al., 2014). Mechanisms established after the initial epidemic of 

PCVAD were utilized, and the outbreak of these two diseases, although devastating at the level 

of individual breeding farms, were contained with more success than in the other regions of the 

world which resulted in a relatively low number of infected herds between 2014 and 2016 

(Anonymous, 2015b).  

Porcine reproductive and respiratory syndrome virus (PRRSV) continues to be the most 

important health issue for the North American swine industry, resulting to an estimated $560 

million to $664 million annual loss in the USA (Holtkamp et al., 2013). In Canada alone, the cost 

of PRRS to the industry is estimated at $130 million per year however, this figure is subject to 

change depending on PRRS prevalence (Anonymous, 2012). One study reported that a farm-

level PRRS prevalence of 35% to 65%  would result in losses to Canadian swine producers that 

were estimated to be between $116 million and $219 million per year (Morin et al., n.d.). The 

latter illustrates the point that the regional impact of PRRS can differ and depends on prevalence 

estimates, which have been found to be regionally specific (Alexandersen et al., 2003; Arruda et 

al., 2015b; Zimmerman et al., 2012).  

More recently, Senecavirus A re-emerged in the Americas with a higher frequency than 

historical trends, and has spread to a number of herds in the USA and Brazil (Xu et al., 2017).  

Initially described in 2002 in the US, and 2007 in Canada as Idiopathic vesicular disease, this 

novel virus has now been seen in hogs originating from Canada as recently as 2015 

(Anonymous, 2015a; Xu et al., 2017). Although the virus itself is not considered as a reportable 

pathogen, its significance is that clinical signs of associated disease in swine cannot be easily 
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distinguished from clinical signs of Foot-and-mouth disease (FMD), which is a reportable 

disease with significant trade implications. 

Infectious diseases of swine could spread between different farms through pathways that 

are not always easy to determine. Animal movement however, represents a well-established 

potential route of disease spread due to: (i) regular transportation of swine between different 

holdings due to regular production practices (e.g., from sow herd to nursery, and nursery to 

finisher sites), such planned movements contribute to the spread of infectious diseases which 

cannot be easily prevented due to demographic characteristics of swine populations and the high 

rate of population turnover; (ii) unintended spread of infection due to movement of animals that 

are in the incubation period or are infected sub-clinically (i.e. not showing clinical signs); and 

(iii) spread of infection between farms due to contaminated vehicles or other fomites moving 

between farms. For this reason, thorough understanding of animal movement is an important 

aspect of disease preparedness for swine populations. Animal movement has been studied in 

Canada before using descriptive statistics as well as the network analysis . However, because of 

the recent emergence of swine diseases that have had significant impact on the productivity of 

individual farms, there has been a considerable emphasis placed on transportation practices and 

overall biosecurity. Therefore, studying movement patterns using recent data is warranted. 

1.2 Regulations related to animal movement 

There are multiple levels of regulations involved in animal shipments (Fèvre et al., 2006). 

These are made to ensure animal welfare and that the transmission of diseases between countries, 

or within countries does not occur. These regulations can either be motivated by the concerns of 

zoonotic transmission, animal welfare, economics, or a combination of all three (Fèvre et al., 

2006). Even with these regulations, animal movements can still result in the introduction and 
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spread of pathogens. One such example occurred in the United States in 2003, when people 

between 3 and 43 years of age became infected with monkey pox from imported West African 

rodents (Fèvre et al., 2006; Reed et al., 2004). With respect to swine diseases, the initial 

introduction of the classical swine fever (CSF) virus (CSFV) to the USA swine populations is 

suspected to be trade related, associated with movements of pigs from Europe (Edwards et al., 

2000). After the initial introduction, CSF was widespread by the 1860s, and caused serious 

economic impacts to the swine production within the USA and Canada (Edwards et al., 2000). 

However, partly due to substantial import regulations, Canada has been free of classical swine 

fever since 1963, followed by the USA thirteen years later (Edwards et al., 2000). Within the 

Netherlands, after a five-year absence of classical swine fever, an outbreak occurred in January 

of 1997.  Outbreak investigations established that the herds involved in the outbreak were 

infected through multiple different mechanisms. The most important mechanisms deemed to be: 

purchases of infected pigs, transportation trucks as fomites, and infected boar semen (Elbers et 

al., 1999; Paton and Greiser-Wilke, 2003). These examples highlight the importance of 

understanding animal movements in outbreak investigations and implementation of improved 

biosecurity measures in general. 

1.3 Data sources  

Pig movement and associated practices could be measured in several different ways, and 

sources of data for such studies are variable.  Typical sources of swine movement in any 

commercial swine industry is the national registry of animal movements, commercial databases, 

and surveys. In Canada, all three types are present, and some have been used for disease 

investigation or research purposes.  
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1.3.1 PigTrace as a national registry of swine movements 

In Canada, the national registry of swine movements is named PigTrace, and is designed 

to capture detailed information about all pig movements. In 2003, the Canadian Pork Council’s 

national hog ID and traceability committee began a pilot project for pig trace which concluded in 

2005. From this pilot project PigTrace was created and officially trademarked in 2009 

(Anonymous, n.d.). Data from the pilot phase of the PigTrace development have been 

successfully used in previous studies (Thakur et al., 2016). Currently, this system is not limited 

geographically, and has quality movement information for finisher pigs (Anonymous, n.d.). The 

utilization of national registries have been used in other countries for research purposes 

(Frössling et al., 2012; Noremark et al., 2011; Tousignant et al., 2015), and has given significant 

insight into disease transmission through animal movement.  

1.3.2 Commercial databases 

The second main source of movement data are databases maintained by individual 

production systems, or data management companies. Intended primarily for business purposes, 

these data sources can provide quality information about all stages of production in one or more 

swine production systems. However, such data do not represent a census of all movements in the 

source population, and could contain only a subset of herds in a specific geographic region. 

Previous studies have used commercial databases with success, providing insights into subsets of 

production animal movements and disease transmission (Büttner et al., 2013a; Dorjee et al., 

2013; Smith et al., 2013) 

1.3.3 Survey information 

 Survey data can be limited in both production and geographical scope; however, they can 

provide excellent supplementary information to the movement data. Survey data was used as the 



6 

 

basis for stochastic disease simulation (Christensen et al., 2008). The initial investigation of the 

survey results indicated that 50% of the 311 herds enrolled reported having additional species of 

animals on their swine farm.  This data was subsequently used within a simulation model, 

indicating that ~35%  of the simulations resulted in disease transmission from an index case to 5 

or more farms after a period of 42 days (Christensen et al., 2008). Other researchers have used 

survey information to conduct descriptive network analysis, and this allowed for correlation of 

disease status with shared transportation systems which may not be available in other databases 

(Arruda et al., 2015a). 

In general, animal movement has been reported as the main mechanism of disease 

transmission in livestock populations, including swine (Büttner et al., 2013a). Therefore, all 

types of data sources could provide different insight into potential for such transmission. The 

focus of this review will be to describe studies that used descriptive network analysis of animal 

movement. Majority of such studies either focused on estimating potential for disease 

transmission, or on describing actual disease transmission between different swine farms. 

1.4 Transportation and Animal Movement as contributors to disease spread in other 

animal populations 

Animal movement in other populations of animals could also pose risk for disease 

transmission (Fèvre et al., 2006).  For example, it is estimated that 4 million live birds are traded 

globally every year, together with 40,000 primates and 640,000 reptiles (Fèvre et al., 2006). The 

trade of live bats was hypothesized to be linked to the 2002 outbreak of severe acute respiratory 

syndrome (SARS) in southern China.  It is believed that close contact of bats and civets at wet 

markets played a role in the transmission between species and further spread (Fèvre et al., 2006; 

Li et al., 2005). 
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As mentioned earlier, the outbreak of monkey pox within human populations has been 

attributed to the importation of West African rodents. More specifically, prairie dogs used as pets 

spread this disease to humans after coming into contact with rodents originating from West 

Africa near Ghana (Fèvre et al., 2006; Reed et al., 2004). 

Some of the key documented examples of livestock diseases transmitted through animal 

movements are Bovine Tuberculosis in the United Kingdom (UK) and France, and Foot and 

Mouth Disease (FMD) in the UK (Dubé et al., 2009; Fèvre et al., 2006; Palisson et al., 2016). An 

in-depth analysis of Bovine Tuberculosis spoligotypes in France between 2005 and 2014 

conducted using descriptive network analysis revealed that cattle movements have a key role in 

Bovine TB transmission (Palisson et al., 2016).  

It has been estimated that FMD entered Northern England in late January or early 

February of 2001, but it was not identified and confirmed until the 20th of February on a swine 

farm. By this time the disease had spread to neighboring sheep and cattle farms from which, due 

to sales of sheep at markets, allowed for an estimated 30-79 farms to become infected.  

Ultimately, the virus was able to spread across borders to the Netherlands and France 

(Alexandersen et al., 2003; Fèvre et al., 2006; Kiss et al., 2006). The late stage identification of 

FMD in the UK illustrates how extreme an outbreak can become. 

1.5 Transportation and Animal Movement as contributors to disease spread in swine 

populations 

Disease outbreaks on farm can be attributed to various direct and indirect transmission 

routes, like animal movement, feed, and various other fomites or vectors (Büttner et al., 2013a; 

Carvajal et al., 2015; Dee et al., 2004; Poljak et al., 2010). For example, the Foot-and-Mouth 

Disease was reported to be transmitted directly though animal movements or indirectly though 
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trucks contaminated with mud and fecal material.  Another direct route of transmission unrelated 

to FMD suggested that, buying semen or animals from an infected herd increased the hazard of a 

herd becoming positive with Porcine Reproductive and Respiratory Syndrome (PRRS) 

(Mortensen et al., 2002). Additionally, there is evidence suggesting genotype-specific 

transmission of PRRSV along transportation routes. Specifically, a farm belonging to a swine 

transportation system that had at least one site being positive for a specific genotype might 

increase the probability of another farm breaking with this same genotype (Arruda et al., 2015a). 

Furthermore, it may be possible that animal transportation trucks, and not just the animals 

moved on them, could be the means of disease spread. In a recent PRRS disease transmission 

simulation, it was found that improperly cleaned trucks can provide a means of transmission 

(Dee et al., 2004). In Canada, it has been shown that there are significant gaps associated with 

the transportation practices of production animals (Anonymous, 2012), leading to further 

concerns about this possible transmission pathway. Additionally, 83% of PRRSV infections were 

caused by “lateral transmission”, infection caused by movement of the virus unrelated to 

replacement animals or semen (Torremorell et al., 2004).  

Porcine epidemic diarrhea virus (PEDV) was introduced to Canada via contaminated feed 

(Carvajal et al., 2015; Snider, 2015). After the initial outbreak, contaminated trucks were 

responsible for the continued spread of the virus (Misener, 2015).  This has also been confirmed 

in the US, where the spread of PEDV was in part attributed to contaminated transportation 

vehicles returning to negative farms (Lowe et al., 2014). This finding was established by 

sampling trailers before and after arrival at abattoirs (Lowe et al., 2014). Of significance was that 

a number of trailers became PEDV positive after arrival at the collection facility. These 
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examples both highlight the importance of transportation in terms of disease transmission 

between different swine establishments. 

1.5.1 Swine Transportation systems and Farm/Truck Biosecurity measures 

The previous examples illustrate the need for good on farm biosecurity. However, this is a 

complex subject. This has been shown in research investigating biosecurity practices related to 

introduction of replacement animals into sow herds (Bottoms et al., 2012). Through multiple 

correspondence analyses, associations (or co-occurrence) between biosecurity practices were 

shown to be important. According to this work, three different types of herds with respect to 

biosecurity practices existed. They were: (i) closed herds, (ii) open herds with inferior 

biosecurity practices, and (iii) open herds with high biosecurity practices. An important finding 

of this paper was that some poor biosecurity practices could be compensated for by other 

approaches, in what was referred to as biosecurity strategy (Bottoms et al., 2012). 

 There could be several different transportation companies involved in regular swine 

movement, and in different phases of the production cycle. In predictive models, it has been 

found that sharing transportation trucks could increase epidemic size by 44% (Thakur et al., 

2015a). Likewise, in another study, swine farms that were a part of a transportation network 

which serviced unrelated PRRS positive farms had increased odds of having the same virus 

strain by 3-7 times, depending on the virus strain (Arruda et al., 2015a).  In multivariable logistic 

regression analysis the maximum odds ratio decreased to 2.8, but still demonstrated the potential 

risk of transmission through transportation network (Arruda et al., 2015a).  

To manage this risk, biosecurity and management practices have been suggested 

including washing, disinfecting and drying (Anonymous, 2012; Dee et al., 2005a; Dee et al., 

2004). Drying time has been improved recently with the use of a thermo-assisted drying and 
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decontamination systems (Dee et al., 2005b). In combination with disinfectants like peroxygens, 

washing, disinfecting, and drying has been shown to eliminate PRRSV on trucks (Cho and Dee, 

2006). It has been found that the proper selection of disinfectants, drying and the addition of 

alcohol under freezing conditions could further aid in efficacy of sanitation practices (Dee et al., 

2005a). However, in Ontario, it was recently estimated that the number of cleaning facilities 

needs to be increased by a third to allow for trucks to be washed once per delivery (Anonymous, 

2012). These biosecurity practices could help to reduce the risk of pathogen spread through 

swine movements and transportation. Nonetheless, the fact remains that, the movement of pigs 

within the swine industry is a complex system. Understanding the spread of diseases through 

animal movement or other lateral means such as transportation, has become a growing focus of 

research particularly using spatial and network analysis models (Arruda et al., 2016; Dorjee et 

al., 2013; Noremark et al., 2011; Thakur et al., 2016, 2015b). The availability of such data also 

allows for trace-back analysis which is essential during an outbreak investigation (Arruda et al., 

2016; Dorjee et al., 2013; Frössling et al., 2012; Noremark et al., 2011; Smith et al., 2013; 

Thakur et al., 2016). 

1.6 Network Analysis 

Network analysis, or social network analysis is a set of methods which investigate the 

connections between individual actors or nodes within a population (Martínez-López et al., 

2009). These nodes can be people, businesses, or in the case of the food animal production 

industry, farms or farm related facilities (Borgatti et al., 2009; Martínez-López et al., 2009). 

Networks are made up of nodes or actors with edges connecting them together within a certain 

time frame (Borgatti et al., 2009; Martínez-López et al., 2009). These networks can either be 

directional or unidirectional in nature; in other words, the edges could account for the direction 
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of a shipment between farms in the case of directional networks. Additionally, these networks 

can possibly have more than one node type, depending on how the connections occurred 

(Borgatti et al., 2009; Martínez-López et al., 2009).  For example, farms shipping animals to 

each other represents a one-mode network where the farms themselves are the single node type. 

Whereas having farms and trucks as two different types of nodes in a network could represent a 

bi-partite or two-mode network.  

Historically, network analysis has been used in sociology describing connections between 

people (Luke and Harris, 2007). Later, network analysis was incorporated into human medicine 

and public health. Frequently used examples are the networks constructed when analyzing the 

social connections associated with HIV transmission and other sexually transmitted infections 

(Friedman et al., 1997; Luke and Harris, 2007; Rothenberg, et al., 2000).  More recently it has 

been utilized in preventative veterinary medicine (Martínez-López et al., 2009), with a specific 

focus on understanding the movement of animals between lactations, such as farms (Bigras-

Poulin et al., 2007; Dubé et al., 2009; Frössling et al., 2012). 

In addition to animal movement, the movement of any object that has come into contact 

with an infected animal or farm can contribute to disease transmission (Dee et al., 2005a; Dee et 

al., 2004; Ferguson et al., 2001; Smith et al., 2013). Network analysis, has become a common 

methodology for analyzing both animal movement and the movement of fomites (trucks and 

farm equipment) that may contribute to disease transmission opportunities (Bigras-Poulin et al., 

2007; C Dubé et al., 2008; C. Dubé et al., 2008; Lebl et al., 2016; Sánchez-Matamoros et al., 

2013).  

Studies based on descriptive network analysis predominately vary with respect to at least 

three factors. First, demographic factors such as the source population, completeness of the 
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network, the resulting study population, and the overall study period. Second, the time intervals 

over which the networks were constructed; and third, the measures used to describe the network, 

to understand some aspects of animal movement, and to contribute to infection control policies. 

For instance, studies could have similar objectives, but differ in the descriptive measures utilized 

as well as the source population and species (Gates and Woolhouse, 2015; Guinat et al., 2016). 

For example, studies by Guinat et al (2016), and Gates and Woolhouse (2015), both used 

descriptive network analysis measures for an investigation into risk based surveillance.  Guinat et 

al (2016), focused on pig populations in Great Britain while Gates et al (2015), focused on cattle 

movements also in Great Britain.  Both used degree to count the number of contacts by a specific 

node type; however, Gates et al (2015) used a simulated endemic prevalence numbers, while the 

Guinat and colleagues (2016) used the largest strong component as an estimator of an potential 

epidemic size. Both papers investigated selective removal of nodes, based on specific node-level 

centrality measures, to determine the impact on animal movement on the spread on infection 

within production animal industries. However, one study used focused on degree values (Guinat 

et al., 2016) while the cattle study used betweenness and degree centrality measures (Gates and 

Woolhouse, 2015). Both found that selective removal of facilities could limit the theoretical 

outbreak sizes (Gates and Woolhouse, 2015; Guinat et al., 2016).  

Disease modeling simulations can also be created that incorporate network structure 

based on animal movements. Previous studies focused on PRRS transmission between facilities 

and have considered  swine transportation network as a contributor to the transmission process 

(Thakur et al., 2015a, 2015b). In one study, the importance of understanding real contact 

structures in the swine industry when investigating disease spread was emphasized (Thakur et 
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al., 2015b). In a related study, results suggested that simulated epidemic size can increase due to 

sharing of transportation vehicles between farms (Thakur et al., 2015a).  

1.6.1 Descriptive Measures  

The basic descriptive measures could be calculated on the level of individual nodes or the 

entire network. Node descriptors such as degree, betweenness, closeness, and eigenvector 

centrality provide unique node-level measures reflecting the position of nodes in a network. In 

addition to centrality, often used in literature are network measures such as density, clustering or 

transitivity, fragmentation and connectedness, and the number and size of components (strong 

and weak components) (Arruda et al., 2016; Ferguson et al., 2001; Noremark et al., 2011; Thakur 

et al., 2016) . Each group of measures provide unique perspectives on the network itself or the 

nodes within it.  

All types of network measures obtained from animal movement data can be used for risk 

based sampling (Frössling et al., 2012). In Europe, it was noted that compared to random 

sampling methodologies, using network measures for a particular study population gave more 

positive cases of bovine circovirus and bovine respiratory syncytial virus (Frössling et al., 2012). 

1.6.1.1 Node Centrality Measures 

  Centrality, or measure of centralization of a node indicate importance of a singular node 

in a network. Often used as indices, measures of node centrality can be used to indicate position 

and importance of individual nodes in a network (Smith et al., 2013). Nodes could be important 

due to different reasons, which is reflected in the manner these measures are calculated. The 

most basic measure of node-centrality is a degree. Degree is the measure of the number of edges 

between one node and subsequent other nodes in the network (Smith et al., 2013). In directed 

networks, this measure can be further divided into in-degree and out-degree, reflecting number 
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of unique nodes from which edges are received, or sent to, respectively.  From an 

epidemiological perspective, a high out-degree can be indication of high potential for further 

spread of pathogens from a node. In contrast, a high in-degree could be reflective of a high risk 

of a node receiving a pathogen (Borgatti et al., 2009; Dorjee et al., 2013; Smith et al., 2013). 

Betweenness is a measure of the number of shortest paths passing through a single node 

compared to all other paths. A particular reference node with high betweenness connects many 

other nodes to each other (Smith et al., 2013).  Closeness is a measure of how close is one 

individual node to any other node in the network. For the latter measure, if multiple paths are 

available, it is the shortest of these paths that is considered in the calculation of this measure 

(Freeman, 1979). Eigenvector centrality is a measure of the degree of the nodes, which takes into 

consideration how connected the node is to another node of interest (Dorjee et al., 2013).  

Using these concepts, a study was conducted using centrality measures for PRRS risk 

factor analysis (Arruda et al., 2016). Two-mode networks were created, then transformed into 

separate one mode networks for descriptive analysis and then grouped by farm type. Results 

indicated that when node-level centrality measures were used as risk factors, the identified risk 

factors for PRRS differed among different types of production (Arruda et al., 2016). The latter 

study represents an example of using centrality measures like betweenness, degree, and 

eigenvector centrality to determine associations between the position of nodes in the network and 

risk of a farm being positive for PRRS. For instance, within grower sites there are protective 

effects if these centrality measures are lowered (Arruda et al., 2016). 

1.6.2 Network Level Measures 

Network-level measures can provide more information about the entire network such as 

how many sub-regions or communities are in a network (components), the number of edges 
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within a network compared to what is possible (density), how many triads of nodes are within a 

network compared to what is possible (clustering), and how many other nodes can be reached 

within a network from one node accounting for pairs of nodes (connectedness). The opposite of 

connectedness, fragmentation, describes the number of nodes which cannot be reached from any 

other node (Arruda et al., 2016; Dorjee et al., 2013). 

1.6.3 Descriptive Network Analysis and Disease Surveillance and Modelling 

Descriptive measures can provide insight into the potential for disease transmission. 

Component size could be used as an estimator of a possible disease outbreak size (Dubé et al., 

2008; Kao et al., 2007). In an Ontario dairy cow network, and two different swine networks, one 

involving the FMD outbreak in the UK, giant weak or strong components were used as a 

possible estimator of an outbreak size based on different strong and weak connections. Weak 

connections are used to establish weak components, and are based on edges without 

directionality. Strong connections are used to define strong components, and accounts for the 

directionality of the edges. Strong connectivity requires a bidirectional connection between any 

two nodes (Dubé et al., 2008; Kao et al., 2007). It has been noted within some fragmented cattle 

networks that weak component measures can possibly overestimate the outbreak size, and 

therefore should be used in conjunction with other measures like degree and ingoing/outgoing 

contact chains (ICC/OCC) (Dubé et al., 2008).  

Using degree, closeness, and ICC/OCC measures, an investigation into a Northern 

Germany swine network identifies two groups of swine facilities with different disease 

transmission risks. Finishing and farrow-to-finishing farms were deemed to have a high risk of 

infection due to the high number of ingoing contacts (Büttner et al., 2013a). Additionally, 
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multiplier and farrowing farms where more likely to be at risk of transmitting a disease due to 

their higher number of outing contacts (Büttner et al., 2013a). 

Ingoing and outgoing contact chains (ICC, OCC), also known as infection chains, are 

measures that calculate the number of nodes associated in an ingoing fashion or outgoing 

fashion, respectively, from any one particular reference node (Thakur et al., 2016). In one 

modelling study, a variety of different measures were evaluated for their usefulness as estimators 

of outbreak size (Thakur et al., 2016). This included measures like degree, along with ICC and 

OCC measures for various farm facilities. The results indicated that OCC was the best estimator 

of epidemic size (Thakur et al., 2016). Descriptive measures can also be used to advise on the 

establishment of optimal disease surveillance protocols disease surveillance protocols (Gates and 

Woolhouse, 2015; Noremark et al., 2011). ICC could be a useful for risk based surveillance as it 

identifies potential for incoming infectious animals (Noremark et al., 2011).Additionally, a group 

of researchers conducted logistic regression to evaluate usefulness of network measures for risk-

based surveillance for Bovine Circovirus and Bovine Respiratory Syncytial virus. The findings 

of the latter study indicated that such measures could be useful for risk-based surveillance 

(Frössling et al., 2012). The data were gathered from a 2006 Sweden Board of Agriculture 

database, and the explanatory variables were the in-degree, ICC, herd size and herd density 

(Frössling et al., 2012).   

In terms of swine networks in Canada, swine movements are regularly recorded as stated 

earlier. An investigation into 251 swine farms between 2006 and 2007 identified that, nursery 

facilities had overall higher centrality measures when compared to finisher and sow facilities 

(Dorjee et al., 2013). This research suggested that degree, betweenness and eigenvector values, 

should be investigated when considering disease prevention measures (Dorjee et al., 2013). A 
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study mentioned earlier in this review, investigated selective removal of sites from a network 

with the objective to lower the size of the largest strong component (Guinat et al., 2016). It was 

found that selective removal of nodes from the network indeed lowered the size of the largest 

strong component, and consequently the theoretical epidemic size (Guinat et al., 2016). 

However, in terms of biological applicability, it may not be feasible to remove certain sites from 

a swine production system. Yet, in regard to risk based disease surveillance, identifying sites 

with high risk of transmission, and implementing proper infection control measures on them 

could be analogous to removing these sites from a network structure.   

1.7 Research Question and Goals  

This review of animal movement networks has identified the need to continue descriptive 

investigations into animal trade patterns. Within the swine industry, the movement of animals is 

complex, and recent investigations into these movement patterns have indicated gaps in 

knowledge (Anonymous, 2012). Studying swine movement patterns could also be  informative 

for disease mitigation practices and risk-based surveillance (Büttner et al., 2013a, 2013b; Guinat 

et al., 2016). The question that this research intends to answer is how descriptive analyses of 

swine movements can aid in understanding the potential for disease transmission within an 

Ontario swine production system? This broad objective will be accomplished by examining first 

farm level connections and second, transportation vehicles and their connections with farm 

facilities. Chapter two describes 2015 pig movement data obtained from a large Ontario swine 

production and data management company. The objective was to understand the potential for 

disease transmission through animal movement on a weekly and yearly basis at the level of the 

individual farm facility. Chapter three describes the contact structure of transportation vehicles 

and swine facilities in an Ontario swine production system and assesses their role in potential 
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disease transmission over different time periods. As there are multiple measures used within 

network analysis to assess disease transmission, we will focus on commonly used measures and 

interpret what they mean in terms of disease transmission across multiple time scales. 

Additionally, this will aid in the understanding of disease transmission potential as new and 

reemerging swine disease have become an increasing concern in Ontario, Canada and globally 

(Anonymous, 2015a; Ontario Ministry of Agriculture Food and Rural Affairs, 2014; 

Anonymous, 2016). Lastly, a final chapter (Chapter 4) will provide an overview of the two 

research chapters and reiterate important conclusions and potential future research directions 

derived from this thesis. 
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 CHAPTER TWO  

A descriptive analysis of swine movements in Ontario (Canada) as a contributor 

to disease spread 

Target Journal: Preventative Veterinary Medicine 

2.0 Abstract 

The movement of animals is a predominant area of interest when it comes to biosecurity 

efforts for any livestock population. Within the swine industry, efforts have been made to track 

animal movements to reduce the potential for disease spread between locations. The objectives 

of this research were to describe pig movements from 2015 production data obtained from a 

large Ontario swine production and data management company and understand the potential for 

disease transmission through animal movement on a weekly and yearly basis at the level of the 

individual farm facility. Swine shipments from January to December 2015 were recorded and 

represented 224 production facilities and a total of 5398 unique animal movements. 

Demographics along with descriptive network and node-level measures were analyzed and 

yearly and weekly networks were constructed. Node-level measures included: betweenness and 

in- and out-degree including subsequent weekly counts. Poisson regression was used to 

investigate weekly trend over the entire year on the weekly counts of nursery and finisher 

facilities with betweenness > 0, and with in-degree and out-degree (both >0) with week number 

as the independent variable. Network measures included:  maximum weak and strong 

components and ingoing and outgoing contact chains (ICC and OCC).  

The maximum yearly weak component (WCy) size and maximum weekly weak 

component size (WCw) was 224 facilities, and 83 facilities, respectively. The range of the WCw 
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varied between 2 and 83, while the maximum size for each WCw varied between 37 and 83 

nodes.  The maximum WCw did not change significantly (P>0.05) over time. The composition of 

WCw was also stable over time, with the highest proportion of sites being finisher herds 

(min=51%, max=78%). However, when number of sites in the WCw was adjusted with the 

number of facility types in the study population, abattoirs were consistently over-represented in 

the WCw. Based on the available data, the size of the maximum strong component (SC) consisted 

of two facilities both on a weekly, and on a yearly basis. The size of the maximum ICCy was 173 

nodes with one abattoir as the end point, and the maximum ICCw consisted of 53 nodes. The size 

of the maximum OCCy contained 79 nodes with one sow herd as a starting point, and the 

maximum OCCw was 6 nodes.  Regression models resulted in significant quadratic association 

between weekly count of finisher facilities with betweenness > 0 (P= 0.02) and 0 and in-degree 

and out-degree counts (P= 0.01) and week number.  Higher weekly counts of nursery and 

finisher facilities for betweenness >0 and in-degree and out-degree both >0 values occurred 

during summer months. 

All study facilities were connected when direction of animal movement was not taken 

into consideration in the yearly network. This is potentially representative of infections with long 

incubation periods, subclinical infections, or infections for which active control measures have 

not being taken. When the direction of animal movement was considered, such infection could 

still spread substantially and affect 35% of the study population (79/224).  

When the number of facilities linked through weak connections was considered as the 

only factor it could be concluded that the upper bound of the possible outbreak of an infectious 

disease does not change over time for the weekly networks. In the study population, finisher sites 

were proportionally more represented in WCw, which reflects current Ontario herd 
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demographics. However, abattoirs were over-represented when the number of facilities in the 

study population was taken into consideration. This, and the size of the maximum ICCw both 

confirm that these abattoirs could be, at least for some infectious diseases, suitable 

establishments for targeted sampling. 

Keywords: network analysis, weak component, animal movement, swine, Ontario, Canada 
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2.1 Introduction 

Improvements in health management strategies over the past few decades have resulted in 

the eradication of certain swine diseases, but did not eliminate the risk of emerging infections 

(Davies, 2012). In addition to changes in disease challenges now faced by swine populations, the 

movement of animals and animal by products between countries has also increased. This also 

increased the potential for disease transmission globally (Ayudhya et al., 2012; Davies, 2012; 

Wernike et al., 2013). Globally, three new species of infectious agents per year were reported to 

affect swine populations in a period between 1985 and 2010. (Fournié et al., 2015). For example, 

porcine circovirus associated disease (PCVAD) was first described in in western Canada in 1996 

(Harding and Clark, 1997). Typical outbreaks of PCVAD resulted in 5-50% mortality, and in 

some cases, 100% mortality was observed (Cheung et al., 2007). The same virus caused 

significant health problems in mid 2000s in some Canadian regions (Poljak et al., 2010).  

Porcine epidemic diarrhea virus (PEDV) emerged in 2013 in the United States (US) 

(Pasick et al., 2014),  and spread over a course of several months to approximately 27 states, and 

ultimately over 20 countries including Canada (Pasick et al., 2014; Carvajal et al., 2015). Porcine 

delta coronavirus (PDCoV) showed similar pattern (Anonymous, 2014). Various pathways of 

disease dissemination have been confirmed or suspected in different swine populations, with the 

transport of animals documented as an important contributor to transmission (Dee et al., 2004; 

Dubé et al., 2009; Pasick et al., 2014; Guinat et al., 2016). Animal movements have frequently 

been studied using network analysis (Bigras-Poulin et al., 2007; Dubéet al., 2008; Natale et al., 

2009; Thakur et al., 2016). Such studies vary with respect to the completeness of the network, 
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time periods over which the networks were constructed, and measures utilized to make 

recommendations 

In Canada, two recent studies utilized swine movement data to investigate network 

structure of swine populations (Dorjee et al., 2013; Thakur et al., 2016). In a study based on 

swine movements in four Canadian provinces, Thakur et al (2016) reported that swine farms 

showed high indirect connectivity via shared trucks. The authors of the latter study also argued 

that there is a high potential for disease transmission in their study population due to its small-

scale, and scale-free network topology (Dorjee et al., 2013).  Despite useful information, the 

studies were conducted on data collected more than ten years ago. Significant disease events and 

evolving nature of swine production systems could both have influenced the movement patterns 

over time.  The primary objective of this study was to describe contact structure based on swine 

movements between individual farms and other production facilities located in Ontario, and 

obtained from a large swine production and data management company. By addressing this 

objective, the potential for disease transmission through animal movement on a weekly and 

yearly level should be better understood. 

2.2 Materials & Methods 

2.2.1 Study Population 

 The data used for this study were obtained from an Ontario swine production and data 

management company, and included all animal movements between the study facilities. The 

study period was between January 1st and December 31st, 2015. The data consisted of swine 

production related facilities (nodes) located in southwestern Ontario, with some movements to 

locations in other provinces and exports to Mexico and the United States.   



34 

 

The raw data consisted of 5398 distinct movements between the nodes, with 16 

descriptive variables defining edge (i.e. movement) attributes. Nodes within the data set were 

categorized by facility type: sow herd, nursery herd, finisher facility, and abattoir site, and 

whether the node was a destination or a source that was external to the company’s database. As a 

note, when abattoirs are referred to on an individual basis, the unique facility will get an arbitrary 

designation from A1-A10. 

The data also contained records of pig movements to, or from, business entities that 

potentially represented more than one location. A unique identifier (UI) was assigned to nodes 

that represented these business-related entities and were categorized as: Company Internal (CI), 

Company External (CE), and Company Export (CEX). However, details about specific 

geographic locations were not part of the dataset. The UI for each group of facilities is an 

arbitrary term used to describe the type of facilities grouped underneath it.  

Company Internal described nodes that represent destination for movements of animals 

from unique facilities within the production system to external destinations. CEX was used to 

describe identical type of destination for animal movement as CI, except that the destination was 

outside of Canada. Therefore, animals described within these movements were exported. CE was 

used to describe nodes (one or more locations) that served as source of animals for facilities 

within production system. Similarly, CI and CEX, the edge attributes were available but node 

characteristics, apart from ownership identifiers, were not known.   

2.2.2 Data Management  

Data management and analysis was conducted with R version 3.3.2 (R Core Team, 

2015). Packages doBy (Højsgaard and Halekoh, 2016),lubridate (Grolemund and Wickham, 

2011), were used for data aggregation and date organization.  
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One-mode networks were constructed from the movement data among all nodes using 

functionality available in the package igraph (Csardi and Nepusz, 2006), and were initially 

analyzed as a directed yearly network. Following this, weekly networks were constructed and 

selected network and node characteristics were examined descriptively and analytically over 

time. 

2.2.3 Descriptive Network Analysis 

2.2.3.1 Yearly Network 

A directed one-mode network was generated for 2015 inclusively.  Heatmaps were 

constructed to visualize the number of animal movements throughout the entire year between 

facility types.  The accompanying dendrograms were constructed using hierarchical cluster 

analysis based on Euclidean distances between outgoing or ingoing number of movements and 

the Unweighted Pair Group with Arithmetic Mean (UPGMA) Methods.  

Network level measures of interest included the size of the strong and weak components, 

density, diameter of the network, and the largest ingoing contact chain (ICCy) and outgoing 

contact chain (OCCy). The density measure was calculated based on a directed network. Contact 

chains are used to establish the temporal sequence of direct and indirect connections (i.e., animal 

movements) that have occurred prior to the facility of interest (ingoing), or after (outgoing) 

(Noremark et al., 2011), and were determined using functionality available in the package 

EpiContactTrace (Noemark and Widgren, 2014). Node centrality measures of interest were: in & 

out degree, betweenness, in and out closeness, and in- and out-strength. Strength was calculated 

on the basis of total number of pigs transported between locations.  



36 

 

2.2.3.2 Weekly Network 

 Weekly network level measures considered were strong and weak components, order, 

density and diameter, and largest in (ICCw) and out-going contact chain, (OCCw). Proportions of 

facility types within the weekly weak components were calculated.  

  Additionally, node centrality measures calculated were: in- and out-degree, betweenness, 

in- and out-closeness, and its in- and out-strength. Following the calculation of weekly node- and 

network-level measures; selected measures were further aggregated to a weekly level to evaluate 

any trends over time. Specifically, the size of the largest weak and strong components, 

demographic characteristics of the nodes involved in the largest weak components, number of 

nursery and finisher sites with the betweenness >0, and number of finisher and nursery sites 

where both in-degree and out-degree were >0 in a given week were determined.  

2.2.3.3 Statistical analysis 

Different types of regression were used to assess development of several measures 

indicative of network structure over time. Specifically, linear regression was used to explore 

development of maximum weekly weak component and total number of animals shipped over a 

period of one year. Week 53 data was dropped from all analysis a priori, with the rationale that it 

was an incomplete week.  

Nursery and finisher sites were considered separately for their location within the swine 

production chain, and the number of nodes with betweenness values >0 and number of nodes 

with in- and out-degree > 0 in a given week were evaluated using Poisson regression. In all 

analyses, linear and quadratic effect of week number were used as explanatory variables. All 

statistical analyses were conducted through stats version 3.3.2 (R Core Team, 2015). Model fit, 

normality and homoscedasticity were tested where applicable. 
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2.3 Results 

2.3.1 Study Population 

The network (total nodes = 224) consisted of 33 sow herds (~15%), 46 nursery facilities 

(~21%), 119 finisher facilities (~53%), and 10 abattoir sites (~4%). Two nodes were classified as 

CI, ten nodes as CE and four nodes as CEX which cumulatively accounted for ~7% of the 

facilities. The total number of animals shipped or received by facility type is displayed in Table 

2.1.  

2.3.2 Yearly Network: network measures  

The yearly network order was 224 and graph density was 0.02. The network diameter 

was also 224 nodes. Similarly, only one weak component was detected in the yearly network and 

it consisted of all 224 nodes. When direction of edges was considered, there were only two 

strong components identified in the yearly network and both of the components consisted of two 

nodes. The first strong component consisted of two nursery facilities, and the second strong 

component consisted of one nursery and one finisher facility.   

Abattoirs had the largest yearly ICCs with a maximum ICC of 173 nodes associated with 

A5 as the terminal node. Sow herds had the largest OCCys, and one sow herd had the maximum 

OCCy of 79 nodes. The latter sow site indirectly shipped to all abattoirs recorded in this study 

population. The demographics of the largest OCC and ICC are displayed in Table 2.2. Therefore, 

the largest ICC represented 77.7% of the study population, and the largest OCC represented 

35.7% of the study population (Table 2.2). 
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2.3.3 Yearly Network: number of distinct animal movements  

The number of individual shipments between different types of facilities over the entire 

year is displayed in Figure 2.1. The highest number of unique shipments occurred from finisher 

facilities to abattoir sites (n=3208), followed by movements from sow to nursery facilities 

(n=998), and from nursery to finisher facilities (n=751). Abattoirs also received shipments from 

nursery facilities, although with lower frequency (n=109), and sow facilities received 18, 28, and 

63 shipments of pigs from other sow herds, nursery sites, and finisher sites, respectively.  

Recorded movements from external companies mostly occurred to finisher sites (n=52), while 

exports outside Canada (Mexico and United States) occurred from finisher (n=14) and nursery 

facilities (n=12). Abattoirs, designated herein as A1-A10, were used at various frequencies 

throughout the year. In total A1 was used 406 times, A2=82, A3=116, A4=110, A5=2225, 

A6=39, A7=332, A8=9, A9=14, and A10 was used only once.     

Abattoirs, and CEX did not send shipments of pigs to any facility type (Figure 2.1); thus, 

in terms of shipments sent they are more closely related based on the lack of shipments sent. 

Contrary to this, CI, CEx, and CE received shipments at a lesser extent from other facilities and 

are therefore more closely related in terms of the frequency of shipments received (Figure 2.1, 

top dendrogram).   

2.3.4 Yearly Network: node centrality 

Mean degree and betweenness values for the yearly directed network are presented in 

Table 2.3. Abattoirs had the highest average in-degree (mean=48.7, SD=41.0), while the highest 

average out-degree was detected in nursery facilities (mean=11.0, SD= 4.1).  In- and out-degree 

distribution is presented in Figure 2.2. Sow, and nursery facilities had a relatively low in-degree 
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associated with higher out-degree values. Betweenness for finisher and nursery facilities are 

presented in Table 2.3.    

Strength in and out are summarized in Table 2.4. On a yearly basis, nursery facilities had 

the highest mean (11,925; SD= 3956) and max (24,389; SD= 3956) strength values. The lowest 

strength-in and highest strength-out measures occurred with sow facilities with a mean=97.18 

(SD=153.63) and mean=15,802 (SD= 21,097), respectively.  

Closeness-in and -out values are summarized in Table 2.5. To summarize, sow herds had 

the highest maximum closeness-out value, with highest mean value shared across company 

export, company external, finisher, nursery, and sow facilities. Abattoirs had the highest mean 

and maximum closeness-in values.  

2.3.5 Weekly Network: network measures 

Mean density of the weekly networks was 0.002 (SD= 0.0003), and ranged from 0.0003 

to 0.0021. The order of the networks was 224, and weekly network diameter ranged across all 53 

weeks between one and four nodes.  

The linear regression model using the total animals received per week as the dependent 

variable, demonstrated that across the entire year there was a weekly increase of the number of 

pigs transported (β=91.8, P=0.001) (Table 2.1).  The normality assumption of residuals was 

satisfied (Shapiro-Wilks, P=0.71), along with homoscedasticity (Breusch-Pagan test, P=0.14). 

The weekly maximum ICCw ranged from 4 to 53 nodes and had an average of 30.2 nodes 

(SD= 6.21). The largest ICCw was associated with a single abattoir site (A5). The maximum 

weekly OCCw ranged between 1 and 6 nodes with an average of 4.2 nodes (SD=0.9). The 

maximum OCCw was identified with several origin nodes across several weeks.  
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Weekly strong components had a max of 2 nodes at week 26. This occurred due to a 

bidirectional movement of animals occurring between 2 nodes in that specific week. The 

minimum weekly weak component size was 2 and a maximum was 83 nodes. When only 

considering the largest weak weekly components, weak components ranged from 37 nodes in 

weeks 20 and 52, to a maximum of 83 nodes in week 43, with mean maximum weak component 

size of 54.2 (SD= 9.5) (Figure 2.3). Further, when examined with linear regression, the size of 

the maximum weak component did not significantly change over time.  

Table 2.6 displays the proportion of each facility type in the maximum weak weekly 

component (MWCW) when summarized over the entire year. For example, finisher sites on 

average contributed to 62.0% of all nodes in the MWCW; over the entire year this was as low as 

51.0% and as high as 78.0% (Table 2.6). Overall weekly weak component composition overtime 

can be seen in Figure 2.4. However, when considering relative percent occurrence within a 

maximum weak component as a proportion of the total number of each facility type within the 

network (Table 2.7, Figure 2.5), abattoirs occurred more frequently than any other facility type. 

On average, 53.0% of the total abattoirs in the network were part of weekly maximum weak 

components, a proportion which could vary between a maximum of 80.0% and a minimum of 

40.0% (Table 2.7). 

2.3.6 Weekly Network: node centrality 

 Weekly strength values are displayed in Table 2.3. Abattoirs had the highest strength in 

values followed by nursery sites. Sow facilities had the lowest strength-in values (mean=8.77, 

SD= 87.07), and the largest strength-out value (mean=310.89, SD=495.47) on a weekly basis.   
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 Only finisher, nursery and sow sites had a betweenness value larger than zero. Of those, 

nursery sites had the highest average betweenness, followed by finisher and sow sites (Table 

2.8), although finisher sites had the highest calculated maximum betweenness in a specific week.  

Descriptive statistics based on weekly number of direct connections, in- and out-degree, 

are summarized in Table 2.9. Abattoirs had a maximum in-degree of 38 direct connections, in a 

given week. Individual abattoir weekly in-degree can be seen in Table 2.10.  The largest 

maximum in-degree of 38 was in A5. Finisher and nursery sites had the next highest maximum 

in- and out-degree values (Table 2.9). Number of finisher and nursery sites with both in- and out-

degree values >0 in each week appeared to change over time with higher values observed in mid-

year (Figures 2.6 and 2.7).  

Subsequent analysis of the number of finisher and nursery facilities with a high in- and 

out-degree measurements in the same week indicated a quadratic association with week number. 

Finisher facilities demonstrated a significant quadratic relationship for subsequent weeks (P= 

0.01) (Table 2.11) and resulted in a model that fit the data well (deviance chi-square GOF P= 

0.9).  Similar patterns were observed for nursery facilities, however, no statistical quadratic 

relationship was not identified with week number (Table 2.11).   

Statistically significant trends for the number of finisher facilities with betweenness 

measures >0 over time were identified in the Poisson regression model (deviance chi-square 

GOF P=0.9). Finisher facilities had a significant quadratic relationship with time, i.e. week (P= 

0.021) (Table 2.11). However, nursery facilities did not result in significant quadratic 

relationship with time of year consistent with in- and out degree count values (Table 2.11).  
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2.4 Discussion 

2.4.1 Network Measures 

Output from network analyses utilizing network descriptive measures have been 

previously reported as disease transmission estimators (Dubé et al., 2008; Noremark et al., 2011; 

Büttner et al., 2013a; Arruda et al., 2016). However, the time scale used to construct a network 

should be related to disease epidemiology and relevant infection control options. For instance, 

weekly networks may be more useful for examining diseases with a short incubation period and 

with apparent clinical signs which could lead to quick identification of disease. In contrast, 

results based on the yearly networks could be more relevant for infectious agents that do not 

show obvious clinical signs and have a very long incubation period (Kao et al., 2007). Thus, 

investigation of both time periods is justifiable, particularly from the perspective of infectious 

agents causing production-limiting disease. Such diseases do not necessary initiate regulatory 

response, yet they represent a bulk of health challenges in swine populations in North America. 

Being able to enhance our understanding of the potential spread of these types of diseases is 

necessary, along with the nationally reportable diseases with obvious trade implications. 

Component size has been used as a potential estimator of the upper bound of an epidemic 

depending on an appropriate time scale and structure of the network (Kao et al., 2007; Dubé et 

al., 2008; Guinat et al., 2016). Within our yearly network and when considering weak 

connections, all 224 facilities were included in the weak component.  As an estimation of an 

epidemic’s upper bound, in theory it could be plausible for an infectious disease to be transmitted 

to all 224 nodes in this network. However, the use of this statistics as an outbreak estimator is 

limited because direction of movements is not taken into consideration. Therfore, yearly 
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epidemic size estimated in the MWCy most likely is is an over estimation due to the fact that 

directionality is ignored within weak component measurements.  

 On a weekly level, there was considerable variability in the size of the maximum weak 

component, but the weekly trend in the size over the period of one year could not be detected. 

This finding is expected when considering that raising swine is a long-term process, and the 

source population did not experience major contraction or expansion during the defined study 

period. Thus, the number of sites that are connected through weak links should not vary either. 

Proportion of facility types included in the MWCw was stable over time, with the finisher 

facilities consistently forming majority of sites, which on average slightly exceeded their 

presence in the study network. This finding is important because active surveillance of finisher 

sites for production limiting diseases in the source population is often infrequent due to the high 

number of finisher facilities in the source population and the lack of resources available.  

Previous papers have used the maximum strong component to estimate epidemic size 

(Guinat et al., 2016). When considering only strong connections, the maximum yearly and 

weekly strong component consisted of only two nodes in this study. The Ontario swine industry 

mostly practices a one-way flow of animals, where the requirements for strong component are 

difficult to satisfy. Consequently, their use as estimators of outbreak size in this population are of 

limited value.   

When number of sites in the MWCw was compared to the number of each facility type 

within the network, abattoirs became the predominant facility type. This supports the use of 

abattoirs for targeted surveillance, at least for diseases that could be efficiently monitored 

through serological assays. Abattoirs have been considered as surveillance sites for a number of 

production limiting diseases before (Anonymous, 2012, 2015; Cameron et al., 2014). An 
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investigation into the practicality of sampling abattoirs for disease surveillance demonstrated 

that, targeted surveillance should be continued and that abattoir personnel provide an effective 

means harvesting sample tissues for diagnostic purposes (O’Sullivan, 2011).  Limitations were 

acknowledged that there was a potential for selection bias due to the focused methodology on 

tonsil tissue (O’Sullivan, 2011). Further within this study, the role of abattoirs is likely 

underestimated because complete information about movement between nodes in this production 

system were included, but only a partial information about abattoirs that receive pigs from other 

similar production systems. It is likely that other production systems use these same abattoirs, 

thus the study results are likely underestimating the potential role of abattoirs in the entire source 

population. 

As an alternative to both WC and SC, ICC and OCC were used in this study as estimate 

of the potential size of an outbreak. These measures considered the directionality of animal 

movement within a discrete time interval. Dubé et al, (2008), noted the OCC provided a better 

estimation of an outbreak chain than component size. As such, it has been frequently used in the 

studies of animal movement. The largest ICC for the yearly network had a total of 173 different 

nodes involved and consisted of ~78% of the study population, and terminated in one of the 

abattoirs, further supporting the role of abattoirs in targeted sampling as the majority of the 

facilities within this network terminate their shipment chain in one abattoir. The maximum 

yearly OCC consisted of 79 nodes, or 36% of the study population with a single sow location as 

its origin. Further, this sow herd was connected to ~44% of the finisher facilities indirectly and 

~33% of the nursery facilities directly over the course of the entire year. 

In addition to investigations of groupings such as network components and contact 

chains, a possible approach to planning infectious disease control is the identification of central 
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nodes in the network. It is possible to propose theoretical biosecurity intervention actions 

corresponding to node removals within a network across various time scales of interest, with the 

objective to limit the outbreak size. Selective removal of central nodes has already been 

investigated, and has been shown to result in a more fragmented network directly affecting 

outbreak probability and its size (Büttner et al., 2013b; Lebl et al., 2016). Fragmented networks 

naturally create transmission barriers as the potential transmission pathways (e.g., animal 

movement) are interrupted. This also aids in outbreak investigations as the network of 

movements has already been isolated from the rest of the system.  

2.4.2 Node Centrality 

In- and out-degree have been used in various production animal networks as indicators of 

potential for direct disease transmission (Natale et al., 2011; Sánchez-Matamoros et al., 2013; 

Guinat et al., 2016; Lebl et al., 2016). It has also been suggested that alongside OCC size, degree 

and betweenness can be used to pinpoint high risk facilities (Büttner et al., 2013b). 

In this study, on a yearly level, nursery facilities had the highest average and maximum 

out-degree value, yet this pattern changes to sow facilities when considering a weekly time 

period. This is likely a consequence of the duration of time that groups of animals spend in each 

facility type. The majority of sow herds in the source population have weekly batch farrowing 

system, which results in weekly movement of animals to one or more nursery sites. Once 

received in the nursery, animals remain for a number of weeks, and in the case of the All-In All-

Out (AIAO) flow do not receive or ship to any other facilities. Because of the typical 

requirements of AIAO in the finisher stage and longer duration of stay, nursery herds will ship 

into larger number of finishers, but with lower frequency, which is inversely related to the 

duration of stay in the finisher stage.  
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Nursery facilities also had the highest betweenness values across weekly and yearly time 

scales. This finding is consistent with results of other studies from Canada and the US (Dorjee et 

al., 2013; Lee et al., 2017; Valdes-Donoso et al., 2017) . However, it is inconsistent with a study 

conducted in Germany, which suggested that farrowing and multiplier facilities had the highest 

betweenness values (Büttner et al., 2013b). This discrepancy may be due to differences in 

production systems, resulting in network structure, or incomplete data in the current study, which 

did not necessarily include genetic herds with sufficient details. Facilities with larger 

betweenness values with a larger betweenness value may be associated with high animal flow as 

these locations will be used more frequently in animal movement and thereby could be suitable 

nodes where to focus disease control interventions (Dorjee et al., 2013). Specifically, the number 

of finisher facilities with weekly betweenness>0 and with both in-degree>0 and out-degree >0 in 

the warmer period of the year suggest potential for higher degree of animal contacts between 

different age groups. The number of facilities with in- and out-degree>0 in a given week was 

evaluated because it was of interest to explore whether the number of facilities that receive and 

ship animals within the same week changes over the calendar year. A similar result, although not 

statistically significant was observed for nursery facilities. A possible explanation to this pattern 

is that producers perhaps have different perception of risk of disease transmission during warmer 

months when cleaning, disinfection and drying between batches is easier than in colder months. 

Alternatively, disease outbreak combined with the economics associated with animal movements 

between nursery and finisher facilities could have jointly resulted in such a pattern. Regardless of 

possible reasons, such finding to our knowledge, has not been reported before and warrants 

further investigations to determine its repeatability over multiple years and explore possible 

reasons. 
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This study was subject to several noteworthy limitations. A main limitation of this paper 

is the limited nature of the study network. The data that were studied represented only a fraction 

of premises in the source population, and contacts beyond the study network were largely 

missed. When the impact of such selection bias was recognized, it was described in the 

appropriate sections. Furthermore, this limitation also had impact on possible misclassification of 

some nodes. In particular, CE, CI, CEX could have represented more than one node, but such 

information was not known to the authors. It is possible that some of the latter nodes, or even 

nodes that were classified as abattoirs actually represented animal traders or assembly points. 

Animal traders are important types of nodes whose characteristics and roles in current production 

systems needs to be better described. Possible identification and characterization of such nodes 

could only be possible if data from a larger network at the animal establishment level from the 

source population were available.  

2.5 Conclusion 

In conclusion, across the entire year it seems to be the case that there is a degree of high 

indirect connectivity within this swine population. Additionally, the MWCw displayed a 

relatively constant size across the 2015 year suggesting that the upper bound of a theoretical 

outbreak due to spread through weak links is expected to be relatively constant throughout the 

year. The proportional contribution of facility types was also relatively constant over time; 

however, sites classified as abattoirs were over-represented when their frequency in the study 

population was accounted for. Similarly, the ICCw and ICCy both terminated in abattoirs and 

included substantial proportion of the study population for the two time periods that were 

studied. For some diseases and conditions, this suggests abattoirs as suitable sampling sites for 

disease monitoring. The OCCY and OCCW involved 35% and ~3% (2.6%) of study population, 
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suggesting upper reach of infections through animal movement in a year and a week, 

respectively, in this specific system. Counts of finisher sites with high betweenness and with in- 

and out-degree>0 increased in the mid-year, which suggests that degree of animal contacts could 

be higher in warmer period of the year, and warrants further studies. Furthermore, in 

combination with weekly betweenness counts this suggest more finisher facilities to have high 

animal flow rates during the same time span, giving a higher chance for disease transmission or 

endemic circulation for this swine system. 

.  
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2.8 Tables and Figures 

 

Table 2.1: The total number of animals received by or sent from a specific type of facility in 2015 based on data for individual animal 

movements obtained from an Ontario swine production and data management facility 

Received, Facility 

Type(a) 

Mean Maximum Minimum Standard Deviation 

Abattoir 141.8 2805.0 1.0 110.2 

CEX* 379.4 1400.0 50.0 308.2 

CE* 126.0 1385.0 2.0 295.8 

CI* 39.1 499.0 1.0 127.5 

Finisher 646.9 2200.0 4.0 394.7 

Nursery 509.6 1472.0 3.0 355.5 

Sow 171.2 1214.0 4.0 346.8 

From, Facility 

Type(b) 

Mean Maximum Minimum Standard Deviation 

CE 585.6 1325.0 100.0 166.3 

Finisher 144.7 2805.0 1.0 113.7 

Nursery 548.9 1739.0 3.0 436.2 

Sow 538.8 2200.0 29.0 356.8 

 

 

 

*CE=Company External, CEX= Company Export, CI=Company Internal 
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Table 2.2: Facility types observed in the largest yearly outgoing contact chain (OCC) and ingoing contact chain (ICC) in a study of 

swine movements during 2015 among 224 swine establishments based on data obtained from an Ontario swine production and data 

management company 

Facility Type OCC 

Count 

ICC 

Count 

Relative Percent 

Occurrence OCC 

Relative Percent 

Occurrence ICC 

Total In Source 

Population 

Abattoir 10 1 (end) 100.0% end 10 

CE* 0 3 0.0% 30.0% 10 

CEX*  1 0 25.0% 0.0% 4 

CI* 1 0 50.0% 0.0% 2 

Finisher 52 108 43.7% 90.8% 119 

Nursery 15 44 32.6% 95.7% 46 

Sow 1 (start) 18 start 54.5% 33 

Total 80 174 35.7% 77.7% 224 

 

 

*CE=Company External, CEX= Company Export, CI=Company Internal 
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Table 2.3: Descriptive statistics of node centrality measures obtained from the 2015 yearly network of swine movements among 224 

swine establishments, on the basis of data obtained from an Ontario swine production and data management company**. 

Facility 

Type 

Mean In 

Degree 

Mean Out 

Degree 

Mean 

Betweenness 

Maximum In 

Degree 

Maximum Out 

Degree 

Maximum 

Betweenness 

Minimum In 

Degree 

In 

Degree 

Sd 

Out 

Degree 

Sd 

Betweenness 

Sd 

Abattoir 48.7 0.0 0.0 110.0 0.0 0.0 1.0 41.0 0.0 0.0 

CE* 2.3 0.0 0.0 3.0 0.0 0.0 1.0 1.0 0.0 0.0 

CEX*  0.6 1.5 0.0 2.0 10.0 0.0 0.0 0.7 3.1 0.0 

CI* 7.0 0.0 0.0 13.0 0.0 0.0 1.0 8.5 0.0 0. 

Finisher 4.1 4.3 5.3 10.0 10.0 25.3 0.0 2.3 2.2 5.8 

Nursery 2.7 11.0 19.7 6.0 18.0 74.4 1.0 1.4 4.1 15.4 

Sow 0.7 3.5 0.1 3.0 16.0 2.0 0.0 0.9 5.0 0.4 

 

*CE=Company External, CEX= Company Export, CI=Company Internal 

**Minimum betweenness and Out Degree were 0 for all facility types, not displayed 
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Table 2.4: Descriptive statistics of node strength measures obtained from the 2015 yearly and weekly networks of swine movements 

among 224 swine establishments, on the basis of data obtained from an Ontario swine production and data management company. 

 

 

 

 

Yearly Facility Type Strength In 

Mean 

Strength Out 

Mean 

Strength In 

Maximum 

Strength Out 

Maximum 

Strength In 

Minimum 

Strength Out 

Minimum 

Strength In 

Sd 

Strength Out 

Sd  
Abattoir 7865.0 0.0 20168.0 0.0 179.0 0.0 8428.7 0.0  
Company 

Export  

2132.0 0.0 4239.0 0.0 1000.0 0.0 1826.4 0.0 

 
Company 

External 

307.6 3448.8 1385.0 25951.0 0.0 0.0 490.4 8503.1 

 
Company 

Internal 

293.5 0.0 499.0 0.0 88.0 0.0 290.6 0.0 

 
Finisher 4595.5 4172.6 12202.0 11864.0 0.0 0.0 2349.5 2269.1  
Nursery 11925.3 11321.4 24389.0 21267.0 2427.0 2542.0 3538.9 3339.3  
Sow 97.2 15802.2 454.0 72177.0 0.0 0.0 153.6 21096.6 

Weekly 
         

 
Facility Type Strength In 

Mean 

Strength Out 

Mean 

Strength In 

Maximum 

Strength Out 

Maximum 

Strength In 

Minimum 

Strength Out 

Minimum 

Strength In 

Sd 

Strength Out 

Sd  
Abattoir 584.2 0.0 8773.0 0.0 0.0 0.0 1315.6 0.0  
Company 

Export  

37.5 0.0 1400.0 0.0 0.0 0.0 194.6 0.0 

 
Company 

External 

5.2 58.6 1385.0 1985.0 0.0 0.0 65.51 201.5 

 
Company 

Internal 

5.5 0.0 499.0 0.0 0.0 0.0 48.54 0.0 

 
Finisher 83.8 75.9 2454.0 2805.0 0.0 0.0 328.5 177.3  
Nursery 217.2 205.7 2899.0 2498.0 0.0 0.0 453.2 465.4  
Sow 8.8 310.9 1214.0 2807.0 0.0 0.0 87.1 495.5 
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Table 2.5: Descriptive statistics of node closeness obtained from the 2015 yearly network of swine movements among 224 swine 

establishments, on the basis of data obtained from an Ontario swine production and data management company. 

Facility Type Closeness 

In Mean 

Closeness 

Out Mean 

Closeness In 

Maximum 

Closeness 

Out 

Maximum 

Closeness 

In 

Minimum 

Closeness 

Out 

Minimum 

Abattoir 0.010 0.004 0.021 0.004 0.005 0.004 

CE* 0.005 0.004 0.005 0.004 0.005 0.004 

CEX* 0.004 0.005 0.005 0.005 0.004 0.004 

CI* 0.005 0.004 0.006 0.004 0.005 0.004 

Finisher 0.005 0.005 0.005 0.005 0.004 0.004 

Nursery 0.005 0.005 0.005 0.005 0.004 0.004 

Sow 0.005 0.005 0.005 0.008 0.004 0.004 

 

*CE=Company External, CEX= Company Export, CI=Company Internal 
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Table 2.6: Demographic composition of the maximum weak component calculated from the 2015 weekly networks of animal 

movements among 224 Ontario swine establishments and expressed as descriptive statistics of the proportion of sites in the maximum 

weak component. 

Facility Type Mean Maximum Minimum Standard Deviation 

Finisher 0.62 0.78 0.51 0.07 

Nursery 0.16 0.23 0.04 0.04 

Abattoir 0.10 0.16 0.06 0.02 

Sow 0.10 0.17 0.00 0.04 

CE* 0.01 0.04 0.00 0.01 

CEX* 0.00 0.02 0.00 0.01 

CI* 0.00 0.02 0.00 0.00 

 

*CE=Company External, CEX= Company Export, CI=Company Internal 
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Table 2.7: Demographic composition of the maximum weak component calculated from the 2015 weekly networks of animal 

movements among 224 Ontario swine establishments and expressed as descriptive statistics of the proportion of sites in the study 

population. 

Facility Type Mean Maximum Minimum Standard Deviation 

Finisher 0.28 0.35 0.21 0.04 

Nursery 0.20 0.41 0.04 0.08 

Abattoir 0.53 0.80 0.40 0.08 

Sow 0.17 0.39 0.00 0.08 

CE* 0.08 0.20 0.00 0.07 

CI* 0.10 0.50 0.00 0.20 

CEX* 0.01 0.50 0.00 0.08 

 

*CE=Company External, CEX= Company Export, CI=Company Internal 
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Table 2.8: Descriptive statistics of node betweenness obtained from the 2015 weekly network of swine movements among 224 swine 

establishments, on the basis of data obtained from an Ontario swine production and data management company. 

Facility Type Mean Maximum Minimum Standard 

Deviation 

Abattoir 0.00 0.00 0.00 0.00 

CE* 0.00 0.00 0.00 0.00 

CEX* 0.00 0.00 0.00 0.00 

CI* 0.00 0.00 0.00 0.00 

Finisher 0.12 19.00 0.00 0.80 

Nursery 0.26 15.00 0.00 1.03 

Sow 0.01 1.00 0.00 0.10 
;  

*CE=Company External, CEX= Company Export, CI=Company Internal 
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Table 2.9 Descriptive statistics of in-degree and out-degree obtained from the 2015 weekly network of swine movements among 224 

swine establishments, on the basis of data obtained from an Ontario swine production and data management company. 

Facility 

Type 

Mean 

In 

Degree 

Maximum 

In Degree 

Minimum 

In 

Degree 

Standard 

Deviation 

In 

Degree 

Mean 

Out 

Degree 

Maximum 

Out 

Degree 

Minimum 

Out 

Degree 

Standard 

Deviation 

Out 

Degree 

Abattoir 4.62 38.00 0.00 8.29 0.00 0.00 0.00 0.00 

CE* 0.08 2.00 0.00 0.35 0.00 0.00 0.00 0.00 

CEX* 0.03 2.00 0.00 0.19 0.09 2.00 0.00 0.30 

CI* 0.14 2.00 0.00 0.38 0.00 0.00 0.00 0.00 

Finisher 0.12 4.00 0.00 0.41 0.39 5.00 0.00 0.74 

Nursery 0.33 3.00 0.00 0.60 0.35 4.00 0.00 0.69 

Sow 0.06 2.00 0.00 0.24 0.46 3.00 0.00 0.70 

 

 

 

*CE=Company External, CEX= Company Export, CI=Company Internal 
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Table 2.10:  Descriptive statistics of in-degree values in ten abattoirs obtained from the 2015 weekly network of swine movements 

among 224 swine establishments, on the basis of data obtained from an Ontario swine production and data management company. 

Facility 

Type* 

Mean Maximum Minimum Standard 

Deviation 

A1 6.40 10.00 0.00 1.95 

A2 1.45 3.00 0.00 1.31 

A3 1.85 7.00 0.00 1.93 

A4 1.94 4.00 0.00 1.12 

A5 27.57 38.00 5.00 5.33 

A6 0.53 4.00 0.00 1.20 

A7 6.19 14.00 0.00 3.16 

A8 0.11 3.00 0.00 0.51 

A9 0.13 4.00 0.00 0.62 

A10 0.02 1.00 0.00 0.14 

 

 

*A1-10 indicate unique abattoirs within the study network 
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Table 2.11: Poisson regression for weekly count of finisher and nursery herds with betweenness>0 and in/out degree >0 in a given 

week, based on 2015 swine movement data obtained from an Ontario swine production and data management company. 

Variable Facility 

Type 

Variable Coefficient Standard 

error 

p 

 Finisher Intercept 1.127   

Betweenness Count  Week 0.045 0.018 0.013  
 Week^2 -0.001 0.0003 0.021 

 Nursery Intercept 0.882    
 Week 0.044 0.02 0.024  
 Week^2 -0.001 0.0003 0.065 

 Finisher Intercept 1.119   

In-Out Degree 

Count 

 Week 0.046 0.02 0.01 

 
 Week^2 -0.001 0.0003 0.01 

 Nursery Intercept 0.921    
 Week 0.042 0.019 0.029 

 
 Week^2 -0.001 0.0003 0.079 
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Figure 2.1: Heatmap of the number of distinct movements between different types of facilities for the 2015 year. Right row* names 

shipping to bottom column names, Fin= Finisher, Sow= Sow Barn/Facility, Nurs= Nursey, CE= Company External, CI= Company 

Internal, CExP= Company Export. 

 

* Dendrograms displayed on both axes depict relatedness of each facility type on the basis of ingoing (top) or outgoing (left) number of movements.) 
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Figure 2.2: Scatterplots of annual out-degree versus in-degree stratified by facility type in a study of swine movements on the basis of 

2015 data obtained from an Ontario swine production and data management company. 
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Figure 2.3: Development of the size of the maximum weak component over 52 weeks of the 2015 year, on the basis of data obtained 

from an Ontario swine production and data management company. 
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Figure 2.4: Area map of the demographics in maximum weak component calculated from the 2015 weekly networks of animal 

movements among 224 Ontario swine establishments and expressed as proportion of sites in the maximum weak component in a given 

week. 

 

 

 

 



70 

 

 

Figure 2.5: Area map displaying demographic composition of the maximum weak component calculated from the 2015 weekly 

networks of animal movements among 224 Ontario swine establishments and expressed as cumulative proportion of sites in the study 

population in a given week 
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Figure 2.6: Observed weekly count of finisher sites that had value of in/out degree>0 in a given week (blue line) of year 2015, and the 

expected line based on the Poisson regression (p<0.05). 
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Figure 2.7: Observed weekly count of nursery sites that had value of in/out degree>0 in a given week (blue line) of year 2015. 
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CHAPTER THREE  

Investigation of transportation practices in an Ontario swine system using 

descriptive network analysis 

Target Journal: Transboundary and Emerging Diseases 

3.0 Abstract 

Understanding the characteristics of the transportation practices in swine populations is a 

growing field of research in the area of biosecurity and disease transmission. The objectives of 

this research were to describe the contact structure of transportation vehicles and swine facilities 

in a sample of an Ontario swine production system, and to assess their role in potential disease 

transmission over different time periods. The data were obtained from a large swine production 

and data management company located in Ontario (Canada). Study period was between January 

1st 2015 and December 31st 2015. Then, two-mode networks were constructed for 1,3, and 7-

day time periods over the entire year, and analyzed to extract node centrality, weak component 

size, and ingoing and outgoing contact chains. Trend in the size of the maximum weak 

component over time was analyzed using linear regression, and the time trend in number of 

different types of facilities with betweenness >0 and in/out degree>0 was analyzed using Poisson 

regression. Daily two-mode networks were converted into daily one-mode networks with farms 

and other swine establishments as a mode of interest. The maximum weak weekly component 

(MWCW) ranged from 3 to 123 nodes in size, and significantly increased in a linear fashion 

during the year (P<0.001). The composition of MWCW was stable over time, with trucks 

accounting for an average of 24.4% of the MWCW, but only 10.6% of the trucks in the source 

population were present in the MWCW, on average. The number of trucks utilized throughout 



74 

 

the year also displayed a positive linear relationship with week (P<0.001), along with a 

significant linear relationship with the number of trucks that had a high betweenness and in-/out-

degree value (P<0.01). Collectively, the latter results suggest that part of the network was 

changing over time, together with the way that transportation vehicles have been used. The 

reasons for that are unclear and warrants further investigations. In such investigation, disease 

status of individual farms, and sanitation of individual vehicles would be very useful to improve 

our understanding of transportation practices. Nursery and finisher facilities with high 

betweenness and in-out-degree values displayed a significant quadratic relationship with time 

(P<0.05), suggesting higher number of contacts during the summer months. In future studies, it 

would be of interest to explore whether intensity of biosecurity practices vary between seasons. 

Keywords: network analysis, trucks, animal movement, swine, Canada, Ontario 
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3.1 Introduction 

Knowledge about movement of animals is essential for understanding the disease spread. 

In swine populations, this movement is particularly frequent in areas where strict age segregation 

and external sources of replacement animals are common practices. Transportation vehicles 

involved in animal movement can also provide a means for this spread to occur between farm 

locations (Dee et al., 2004; Bottoms et al., 2012). As an example, a study published in 2014 

found that during the 2013 Porcine Epidemic Diarrhea (PED) outbreak in the United States the 

transportation vehicles may have been an important fomite in the spread of the PED virus (Lowe 

et al., 2014). In previous work, it has also been found that sharing transport trucks could increase 

the number of infected farms during a simulated epidemic by 44%, in comparison to simulated 

epidemics that did not consider transportation vehicles (Krishna K. Thakur et al., 2015). For such 

reasons, transportation practices are often being considered as important aspect of overall 

biosecurity on swine establishments. One aspect of transportation biosecurity is focused on 

proper cleaning and disinfection practices of individual vehicles, so that the risk of 

contamination is reduced (Dee et al., 2005). While it would be ideal to have all transportation 

vehicles adequately sanitized before each new load, such practice can be constrained due to 

substantial cost or lack of time. Directly related to the biosecurity of individual vehicles is the 

actual usage of transportation vehicles in the study population, which includes planning of trips 

between different premises and premises types. This aspect of biosecurity is less studied in the 

current literature.  Thus, the objectives of this study are to describe the contact structure of 

transportation vehicles and swine facilities in a sample of an Ontario swine production system 

and assesses their role in potential disease transmission over different time periods 
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3.2 Materials & Methods 

3.2.1 Study Population 

 Detailed description of the data utilized in this study has been reported elsewhere 

(Chapter 2). In brief, daily data about animal movement have been obtained from a swine 

production and data management company located in Ontario (Canada), and included the time 

period between January 1st 2015 and December 31st 2015.  The dataset contained unique 

identification of several types of swine establishments, and additionally license plates of 

transportation vehicles involved in animal movement among establishments. Thus, the nodes 

(actors/facilities) considered in this study were stratified into: sow herds, nurseries, finisher 

facilities, and abattoir sites, with an addition of truck. The data also contained records of pig 

movements from or to business entities that could potentially represent more than one location 

under the same unique identifier, but details about specific locations were not part of the dataset. 

Such nodes were classified into three distinct groups for the purposes of this analysis: Company 

Internal (CI, movement to other business entities within Canada), Company External (CE, 

movement from other business entities within Canada), and Company Export (CEX movement to 

other business entities outside Canada). The process of creating these categories was described 

elsewhere (Chapter 2). This resulted in the network that consisted of 375 unique facilities, in 

which truck license plates were added to the swine production related sites. 

3.2.2 Data Management  

Data management and analysis was carried out with R x64, version 3.3. (R Core Team, 

2015). Packages doBy  (Højsgaard and Halekoh, 2016), and lubridate (Grolemund and 

Wickham, 2011), were used for data aggregation and date organization. In the construction of the 

new truck data set from the original data, some observations were dropped due to lack of 
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information on truck license plates or transportation companies used. Specifically, the missing 

data involved movements involving 3 sow herds, and a single facility that was classified as CE. 

The total number of observations removed from the modified data set was 137 movements or 

~4% of the observations before the data set was converted into the dataset utilized for analysis. 

Two-mode daily, three-day, weekly, and yearly directed networks were then constructed 

from movement data using functionality available in the package igraph (Csardi and Nepusz, 

2006), wherein swine facilities represented the first mode and transportation vehicles represented 

the second mode. Following this, node characteristics were examined descriptively and 

analytically over time.  

3.2.3 Descriptive Network Analysis 

3.2.3.1 Daily and Three-Day Two-Mode Networks 

 Directed two-mode daily and 3 day-networks were generated and evaluated for the entire 

year. For both time scales, the node centrality measures of interest were: in & out degree, 

betweenness, and the number of movements (daily). The number of daily movements is a 

measure of number of shipments occurring per facility type. However, the number of observed 

movements for trucks was halved, as a truck is only used once per shipment between the two 

swine establishments. This single movement was recorded twice in the dataset (i.e., truck first 

served as a recipient and then as a source of movement for a single shipment between the two 

swine establishments). For the current analysis, it was also of interest to examine which types of 

premises individual trucks typically connect on a daily basis. Thus, such pairs of facilities were 

determined and their demographics was summarized. For both time scales the network-level 

measures of interest were the sizes of maximum weak component (WC) and maximum strong 

component (SC) in a given time interval. Finally, a one-mode daily networks of contacts among 
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swine establishments were constructed from the two-mode daily networks, with the idea to better 

understand contact between establishments that occur through transportation vehicles involved in 

animal movement.   

3.2.3.2 Weekly Networks 

  Weekly network level measures of interest were strong and weak component size and 

largest in & out going contact chain (ICCw, OCCw). Additionally, node-centrality measures were: 

in & out degree, and betweenness.  Following the calculation of weekly node- and network-level 

measures; selected measures were further aggregated to a weekly level to describe any trends 

over time. Specifically, the size of the largest weak component, demographic characteristics of 

the nodes involved in the largest weak components, number of trucks, nursery and finisher sites 

with the betweenness >0, and number of trucks, finisher and nursery sites where both in-degree 

and out-degree were >0 in each week.  

Development of the size of the weekly maximum weak component size over time was 

analyzed using linear regression. For nursery, finisher and truck facility types separately, the 

number of nodes with betweenness values >0 over time, and number of nodes with in- and out-

degree > 0 over time was evaluated using Poisson regression using the week number as an 

explanatory variable. In all analyses, linear and quadratic effect of week numbers were used as 

explanatory variables. Week 53 data was dropped from all analysis a priori, with the rationale 

that it was an incomplete week. All statistical analysis was conducted through stats version 3.3.2 

(R Core Team, 2015) and model fit, normality and homoscedasticity were tested where 

applicable. 
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3.3 Results 

3.3.1 Study Population 

The facility demographics for the two-mode network (n=375) using license plates as one 

of the modes consisted of 155 (~41%) trucks or unique license plates belonging to 13 

transportation companies, 30 sow herds (~8%), 46 nursery facilities (~12%), 119 finisher 

facilities (~32%), and 10 abattoir sites (~3%). Additionally, 2 nodes were classified as CI, 9 

nodes as CE and 4 nodes as CEX which all together accounted for ~4% of the facilities.  

3.3.2 Daily and Three-Day Two Mode Networks  

3.3.2.1 Node Centrality Measures and Movements 

Frequency of daily movements by facility type is displayed as descriptive statistics (Table 

3.1). Abattoirs had the highest mean and maximum number of daily movements, followed by 

trucks (Table 3.1). Descriptive statistics of a degree (d), in-degree (di), and out-degree (do) 

calculated on a daily, and 3-day basis is displayed in Table 3.2.  On a daily basis, abattoirs had 

the highest average in-degree (Table 3.2). However, trucks had the largest maximum in-degree 

(di=12). Furthermore, trucks had the highest average out degree (Table 3.2), while one finisher 

facility had the largest maximum out degree on a daily basis (do=6).  

Similar patterns have been observed for the 3-day networks (Table 3.2). In addition, the 

total maximum degree values for the three-day interval truck networks is displayed in Figure 3.1. 

Note that trucks had a comparable maximum total degree value as abattoirs in this network 

across the entire year (Figure 3.1).  

 Average betweenness values for the daily and three-day interval networks are displayed 

in Table 3.2 as well. Excluding the weekly networks, where nursery facilities had the highest 
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average betweenness, trucks had the highest betweenness values, followed by nursery facilities, 

and then by finisher sites on a daily and three-day level (Table 3.2). 

3.3.2.2 Network Measures 

Maximum daily weak components (MWCD) ranged from 3 nodes to 46 nodes. The 

demographics of the maximum daily weak component are displayed in Tables 3.3 and 3.4 as a 

proportional percent occurrence, and as a percent occurrence based on the total number of nodes 

of each facility type in the study population, respectively. Daily strong components (SCD) ranged 

from a minimum of 2 nodes across multiple days, to a maximum of 3 nodes in days 170 and 180.  

Three-day maximum weak components (MWCTD) ranged from 6 to 92 nodes in size, 

while the three-day strong component (SCTD) ranged from ranged from 2 to 3 nodes in size. The 

maximum WCTD for each three-day interval, and the demographics of the maximum WCTD can 

be seen in Tables 3.3 and 3.4.  

3.3.3 Weekly Networks:  

3.3.3.1 Node Centrality 

 Weekly in and out degree values for the truck network can be seen in Table 3.2. On a 

weekly basis, trucks had the highest average out degree values, and the second highest average in 

degree values (Table 3.2.). Additionally, betweenness values for trucks were the second largest 

in magnitude next to nursery facilities (Table 3.2). 

 The number of trucks, finisher, and nursery facilities with betweenness values > 0 and 

both, in and out degree values >0 in a given week were tested for association over time.  Number 

of trucks with high betweenness and in/out-degree showed a significant linear relationship with 

time (deviance chi-square GOF P= 0.9) (Table 3.5). In addition, the number of finisher and 
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nursery facilities showed a significant quadratic relationship with week for the number of 

facilities with a betweenness>0, along with the number of facilities with an in/out degree value 

>0 (deviance chi-square GOF P= 0.9) (Table 3.5).  

3.3.3.2 Network Measures and Contacts/Movements 

Weekly strong components (SCw) had a max of seven nodes at week 39, and two nodes 

across multiple different weeks. The maximum weak component (MWCw) on a weekly basis for 

the truck network ranged from 3 nodes in multiple weeks, to 123 nodes in week 43. The average 

size of the MWCw across the entire year was 100.9 or ~101 nodes (sd= 12.2). The size of the 

MWCw also had a significant linear relationship with week, (β= 0.34, P<0.001). The normality 

assumption of residuals was satisfied (Shapiro-Wilks, P=0.27), along with homoscedasticity 

(Breusch-Pagan test, P=0. 79). Concurrently, a linear regression of total weekly truck counts was 

also conducted. There was a significant increase in the number of trucks being used across the 

2015 year on a weekly basis, (β= 0.19, P<0.001). The normality assumption of residuals was not 

satisfied (Shapiro-Wilks, P=0.0.02), yet homoscedasticity was satisfied (Breusch-Pagan test, 

P=0.10). Both regressions did not display significant quadratic relationship with week. 

Furthermore, regressions for all other facility types showed no significant relationship with time.  

The demographics of the MWCw can be seen in Figures 3.2 and 3.3. Figure 3.2 displays 

the proportional representation of each facility type within the maximum weekly weak 

component over the entire year of 2015.  Therefore, this proportion should always sum to one. 

Figure 3.3 displays the cumulative proportion of each facility type within the maximum weekly 

component, when expressed as proportion of each facility type in the study population. 

Therefore, this cumulative proportion could exceed one.  
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Unique weekly truck connections were also investigated across subsequent weeks. Figure 

3.4 displays the number of trucks that had contact with specific combination of facility types 

within a given week. Notably, more trucks were involved in finisher-abattoir, and nursery-

finisher type of movement than any other contact type. However, trucks in this network could 

occasionally be involved in a potentially riskier practice such as contact involving finisher and 

sow facilities, and an abattoir and sow facility within a given week.  

The demographics of the maximum weekly ICC and maximum weekly OCC (MICCw, 

MOCCw) is displayed in Table 3.6. The MOCCw demographics were calculated on a pooled 

number basis, taking into consideration the three largest weekly MOCC during the year. The 

number of nodes pooled together summed to 32 different facilities, 8 nursery facilities, 5 sow 

facilities, 11 different trucks, 3 abattoirs, and 5 finisher facilities. Three of the sow facilities were 

the different origin points for the OCCw that had the largest contact chain length. Each MOCCw 

was 29 nodes long in week 27, while the MICCw was 75 nodes long and occurred within week 

43. The end point for the MICCw is a single abattoir site. Note that these facilities do overlap 

across the three largest OCC’s. 

3.3.4 Daily One-Mode Networks: components and demographics 

 Daily one-mode network edges were based on undirected weak connections, therefore 

only weak components were investigated. The one-mode WCD ranged from two nodes in size to 

30 nodes in size. The maximum WCD for each day also ranged from two nodes to 30 nodes in 

size. The demographics of which can be seen in Figures 3.5 and 3.6., along with Table 3.3 and 

3.4 Figure 3.5 displays a percent occurrence of each facility type on a daily basis across the 2015 

year. Figure 3.6 displays the same information however as a proportion occurrence based on the 
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total number of each facility type in the study population. WCD for the one-mode network did 

not display any significant linear or quadratic relationship with day of the year. 

3.4 Discussion 

 Previous studies have noted that transportation vehicles can contribute to transmission of 

pathogens in swine populations (Poumian, 1995; Dee et al., 2004; Dee et al., 2005). Arruda et al, 

(2016) noted that belonging to the same transportation system can increase the risk of disease 

transmission of specific genotypes of Porcine Reproductive and Respiratory Syndrome Virus 

(PRRSV).  This finding along with cleaning, washing and disinfecting that is in some situations 

insufficient (Anonymous, 2012), emphasizes the need for understanding the role of 

transportation vehicles in swine movement and disease transmission. This is important aspect of 

biosecurity, relevance of which is becoming increasingly recognized.  

3.4.1 Weekly Two-Mode Networks: weak component  

The incorporation of trucks has changed the magnitude of the weekly weak components 

within the same source population (Chapter 2).  The WCw was on average larger in size, which 

was expected since transportation vehicles have been directly incorporated in the analysis. 

However, the magnitude of the weekly weak component also increased in size significantly over 

time, for an estimated 0.4 nodes per week.  The component size has been theorized to be an 

estimation of outbreak populations in a recent literature (Kao et al., 2007; Dubé et al., 2008; 

Guinat et al., 2016); therefore, direct interpretation of this result is that there is a potential for 

outbreak size to increase over time in this study population. The number of trucks with 

betweenness>0 or with in/out-degree>0 had also increased linearly with time. These two results 

are in concordance because they suggest that the way that transportation vehicles are being 

utilized in the study population is changing (i.e. the number of intensely used vehicles on a 
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weekly basis is increasing), resulting in larger weak components. However, the number of trucks 

in the entire network has been increasing over time as well. If these larger number of vehicles 

was utilized equally across the network, we would expect decrease in the size of the maximum 

weak component, via less shared connections between facilities and the trucks utilized for the 

shipments. The reason for such results could not be easily elucidated from the data available. It is 

possible that the utilization of transportation vehicles changed in the network as a response to 

one or more of the following issues: (i) disease outbreak, (ii) marketing conditions, (iii) change 

in biosecurity protocols (e.g, availability or affordability of truck washing stations), or (iv) 

increased use of vehicles on part-time basis. In 2015, there were still some outbreaks of PED in 

Canada with herd-level prevalence at the end of 2015 being estimated at 2.25% (Ajayi, 2017) . 

Such conditions could influence the usage in the entire or in the part of the network, which could 

result in the structural changes in the entire network. Unfortunately, the truck and farm-level 

disease status was unknown to the authors and further investigations could not be conducted to 

explore this finding. Similarly, to the previous work (Chapter 2), when the relative percent 

occurrence is investigated abattoirs remain the type of facility with the highest representation. 

This supports sampling of abattoirs for monitoring at least some diseases since they occur at the 

highest relative percentage in theoretical outbreak populations. 

3.4.2 Weekly Two-Mode Networks: ICC and OCC  

ICC and OCC size have been used previously to assess possible ingoing or outing spread 

of pathogens from a particular facility (Noremark et al., 2011; Frössling et al., 2012). Based on 

the demographics present within the MICCw may be useful for sampling methodology. This is 

due to the fact that there is a potential for up to 29% finisher facilities and 17% of the trucks in 

the network to be involved in a chain of disease spread based on disease detection within an 
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abattoir facility. Therefore, sampling at the abattoir may represent ~30% of the finisher facility 

population and ~20% of the truck within this network. 

Within the three pooled MOCCws’, 17% of the total number of nursery and sow facilities 

could be involved in the spread of a disease based on a possible detection of a disease within 3 

different sow facilities. Outgoing infection chains has been noted as being a good estimate for 

the spread of an outbreak situation (K. K. Thakur et al., 2016). Further, 30% of the abattoirs in 

the network were involved in the MOCCws’ which mirrors results from Chapter 2. This further 

supports the notion for continued sampling of abattoirs for disease monitoring programs. 

3.4.3 One-Mode Daily Network: weak component 

The daily weak components within the one-mode network show facilities that are related 

via the shared usage of trucks, of which a maximum of ~8% (30/375), would be indirectly 

connected on a daily basis. Indirect routes of transmission via the transportation system was 

reported with the PEDv outbreak in Canada via feed (Pasick et al., 2014), and the classical swine 

fever outbreak in the Netherlands (Elbers et al., 1999). Knowing this information along with the 

knowledge that there are complications in terms of truck sanitation means that this is an area for 

further study in the swine industry (Dee, Deen, Burns et al., 2004; Anonymous, 2012).  

In Canada, there are guidelines for animal transportation, specifically to biosecurity, but 

no laws mandating truck sanitation practices (Anonymous, 2017). It may be prudent for 

improvement efforts to be enacted, perhaps in terms of education efforts for transportation 

biosecurity. 
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3.4.4 Two-Mode Network: node centrality  

 Degree, betweenness and movements were investigated on a daily level, while degree and 

betweenness were invested further on a three-day and weekly level. Expectedly, trucks, nurseries 

and finisher facilities had the highest betweenness values on average with trucks superseding the 

other facilities. The high betweenness value for nursery facilities was reported in other papers 

from Canada and the US (Dorjee et al., 2013; Lee et al., 2017; Valdes-Donoso et al., 2017) . 

Although, this finding is not concordant to other studies from Germany, which identified 

farrowing and multiplying facilities with highest betweenness. (Büttner et al., 2013). One study 

conducted in France classified their nursery facilities as growing facilities, but defined it as the 

stage after breeding production (Rautureau et al., 2012) and also reported a high betweenness 

value. Overall, this may indicate that the nursery stage of production has higher animal flow 

rates or a higher turnover of animals. As noted before, trucks were found to have an even higher 

betweenness than nurseries in this source population, supporting the concern with trucks being 

an area for potential disease transmission (Arruda et al., 2015; K. K. Thakur et al., 2016). These 

results should however, be considered together with the way that trailers and trucks themselves 

are being washed and disinfected. The fact that transportation vehicles are being in frequent 

contact with swine facilities is expected; the type of sanitation will primarily determine their 

potential for transmission of infection. 

3.4.5 Weekly Networks: in/out degree and betweenness counts regression  

Betweenness values were further investigated alongside degree status in the form of 

weekly facility counts. The high betweenness counts and high in/out degree facility counts 

displayed similar results to the previous chapter, in that, finisher facilities displayed a significant 

quadratic relationship with week for both count variables. Additionally, which differs from 



87 

 

previous results (Chapter 2), nursery facilities now displayed a significant quadratic relationship 

with week for both count variables. This means that there are more nursery and finisher facilities 

with a high number of ingoing and outgoing contacts and more facilities with a higher animal 

flow going through their facilities between May and September (weeks 20 and 40).  

 The results reported herein have some limitations, which are consequence of the nature of 

data and the way they were collected. During certain times of the year, for example statutory 

holidays, there were no recorded movements of swine within this study population. Therefore, 

the daily two-mode network summary measures were limited due to the lack of observations 

across these daily networks. The main complication from this may result in some daily network 

measures being over estimated for some facility types than others. However, this was considered 

when assertions were made based on the daily two-mode descriptive network measures. For 

example, nursery, and finisher facilities, along with trucks have a set intermediary role in the 

network. Therefore, betweenness values should be higher when compared to other facility types 

in the networks, and these results were seen across all time scales (Table 3.2).  

An additional limitation is through the conversion of the two-mode network as some of 

the facilities were lost due to lack of information. This was due to the lack of unique identifiers 

for the truck or truck company utilized by the farm facility itself. The two important types of data 

that would be critical for a study like this are infection status of individual farms with respect to 

important endemic diseases (e.g, Porcine Epidemic Diarrhea and Porcine Reproductive and 

Respiratory Syndrome) over a given period of interest, and the actual date and quality of 

sanitation practice. Future efforts should be made to collect such information as it would greatly 

enhance our understanding how individual vehicles are used, and the entire system functions. 
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Despite such limitation, this study offers a unique perspective on the development of several 

network indices of interest for infection control in swine populations.  

3.5 Conclusion 

In conclusion, the results of this study suggest that the size of the MWCW was between 3 

and 123 nodes in size. Trucks accounted for an average of 24.4% of the MWCW, but only 10.6% 

of the trucks in the source population were present. Trucks were also the types of facilities with 

the highest average betweenness values in daily and three-day networks. All these results support 

the considerable role that transportation vehicles could have in current swine production. When 

trucks were added to the network weekly weak component size increased over time, possibly 

driven by the different usage of trucks. For this specific network, it was also noted that the size 

of the MWCW, number of trucks in general, and number of trucks with high betweenness all 

increased linearly with time. This suggests that that the way trucks have been used in the entire 

or in the part of the network have changed with time. Unique movements via trucks have been 

isolated in the past as a as main contributors to disease outbreaks (Elbers et al., 1999; Pasick et 

al., 2014), and the fact that this link was possibly identified via network analysis permits more 

investigation into understanding animal and truck movement, and their ability to determine 

disease transmission risk.  In addition, the results of the study confirmed the higher level of 

contact by finisher and nursey facilities between June and September, a finding that needs to be 

explored in similar target populations.  
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3.7 Tables and Figures 

 

Table 3.1: Descriptive statistics of the number of daily movements during 2015 in an Ontario swine production system, stratified by 

the type of facility 

Facility type Mean SD Max Min  Total number 

 of facilities 

Abattoir 3.8 3.2 17.0 1.0 10 

Company Export  1.3 0.5 2.0 1.0 4 

Company External 1.1 0.3 2.0 1.0 9 

Company Internal 1.0 0.0 1.0 1.0 2 

Finisher 1.2 0.5 6.0 1.0 119 

Nursery 1.2 0.5 5.0 1.0 46 

Sow 1.2 0.4 3.0 1.0 30 

Truck 1.6 0.9 12.0 1.0 155 
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Table 3.2: Descriptive statistics of the node-level centrality measures calculated from daily, 3-day and weekly networks during 2015 

in an Ontario swine production system, stratified by the type of facility 

Time Frame Facility Mean  

Betweenness 

Mean  

In Degree 

Mean  

Out Degree 

Sd 

Betweenness 

Sd  

In degree 

Sd  

Out Degree 

Daily* Abattoir 0.0 2.4 0.0 0.0 1.6 0.0 

 Company Export  0.0 1.1 0.0 0.0 0.3 0.0 

 Company External 0.0 0.3 0.8 0.0 0.4 0.5 

 Company Internal 0.0 1.0 0.0 0.0 0.0 0.0 

 Finisher 0.1 0.2 0.9 1.0 0.4 0.6 

 Nursery 0.3 0.5 0.6 1.4 0.5 0.6 

 Sow 0.0 0.1 0.9 0.2 0.3 0.3 

 Truck 2.1 1.5 1.1 2.1 0.8 0.4 

Three-day 
     

   
Abattoir 0.0 1.5 0.0 0.0 2.7 0.0  
Company Export 0.0 0.0 0.0 0.0 0.2 0.0  
Company External 0.0 0.0 0.0 0.0 0.1 0.2  
Company Internal 0.0 0.0 0.0 0.0 0.1 0.0  
Finisher 0.2 0.0 0.2 2.3 0.2 0.6  
Nursery 0.5 0.1 0.1 4.0 0.4 0.4  
Sow 0.0 0.0 0.2 0.2 0.1 0.4  
Truck 0.7 0.3 0.2 4.7 0.8 0.5 

Week 
     

   
Abattoir 0.0 5.4 0.0 0.0 5.1 0.0  
Company Export 0.0 1.2 0.0 0.0 0.4 0.0  
Company External 0.0 0.2 0.8 0.0 0.4 0.5  
Company Internal 0.0 1.0 0.0 0.0 0.0 0.0  
Finisher 1.5 0.3 1.6 10.1 0.6 1.2 

 
Nursery 4.4 0.7 0.8 22.3 0.7 0.8  
Sow 0.0 0.1 1.1 0.6 0.3 0.5  
Truck 4.2 2.7 1.8 24.5 2.0 1.4 

 

*Daily node level measures are not standardized across facility types.  
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Table 3.3: Proportional representation of each facility type in the maximum weak component obtained from daily and 3-day 2-mode 

networks over the entire 2015, expressed as descriptive statistics of the proportion of each facility type in the maximum weak 

component. 

 Daily networks Three-day networks 

Facility type mean min  max  sd mean min  max  sd 

Finisher 0.41 0.00 0.64 0.18 0.40 0.00 0.64 0.16 

Truck 0.31 0.00 0.60 0.13 0.29 0.00 0.45 0.11 

Abattoir 0.11 0.00 0.33 0.06 0.07 0.00 0.29 0.04 

Nursery 0.03 0.00 0.50 0.08 0.07 0.00 0.33 0.07 

Sow 0.02 0.00 0.50 0.07 0.05 0.00 0.50 0.07 

Company External 0.00 0.00 0.08 0.01 0.00 0.00 0.03 0.01 

Company Internal 0.00 0.00 0.04 0.00 0.00 0.00 0.03 0.00 

Company Export  0.00 0.00 0.03 0.00 0.00 0.00 0.06 0.01 
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Table 3.4: Proportional representation of each facility type in the maximum weak component obtained from daily and 3-day 2-mode 

networks over the entire 2015, expressed as a descriptive statistic of the proportion of each facility type in the study population. 

 Daily networks Three-day networks 

Facility type mean min  max  SD mean min  max  SD 

Finisher 0.05 0.00 0.16 0.03 0.16 0.00 0.28 0.07 

Truck 0.03 0.00 0.10 0.02 0.10 0.01 0.20 0.04 

Abattoir 0.16 0.00 0.50 0.11 0.35 0.00 0.70 0.15 

Nursery 0.01 0.00 0.17 0.02 0.11 0.00 0.37 0.11 

Sow 0.01 0.00 0.13 0.03 0.12 0.00 0.43 0.13 

Company External 0.01 0.00 0.11 0.03 0.03 0.00 0.22 0.06 

Company Internal 0.00 0.00 0.25 0.01 0.01 0.00 0.50 0.06 

Company Export  0.00 0.00 0.25 0.01 0.00 0.00 0.25 0.03 
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Table 3.5: Results of Poisson regression using weekly count of three different types of facilities with betweenness or in/out degree 

exceeding 0 as an outcome, and different functional forms of time as explanatory variables.  

 

Variable Facility 

Type 

Variable Coefficient Standard 

error 

p 

 Finisher Intercept 1.0377   

Betweenness Count  Week 0.0400 0.0185 0.02  
 Week^2 -0.001 0.0003 0.04 

 Nursery Intercept 0.3757    
 Week 0.0600 0.0232 0.02  
 Week^2 -0.001 0.0004 <0.01 

 Truck Intercerpt 3.312   

In-Out Degree 

Count 

 Week 0.0059 0.0016 <0.01 

 Finisher Intercept 1.058    
 Week 0.0500 0.0182 0.01  
 Week^2 -0.0007 0.0003 0.02 

 Nursery Intercept 0.3412    
 Week 0.0700 0.0209 <0.01 

 
 Week^2 -0.0010 0.0004 0.01 

 Truck Intercerpt 3.311   

  Week 0.0060 0.0016 <0.01 
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Table 3.6: Composition of the maximum ingoing contact chain (ICC) and outgoing contact chain (OCC*) based on the weekly 

network and expressed as the proportion of facility types in the study population.  

Facility 
ICC OCC 

Number of facilities in 

the study population 

Abattoir 
0.10(End) 0.30 10 

Finisher 
0.29 0.04 119 

Nursery 
0.17 0.17 46 

Sow 
0.20 0.17(Start) 30 

Truck 
0.17 0.07 155 

 

* OCC is a combined relative percent occurrence of facilities occurring within the 3 largest OCC in week 39. 
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Figure 3.1: The maximum total degree values for each facility type based on the two-mode networks constructed on a 3-day basis 

across the 2015 year. 
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Figure 3.2: Proportional representation of each facility type within weekly maximum weak components for the year of 2015, 

calculated on the basis of two-mode network. 
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Figure 3.3: Cumulative occurrence of specific facility types in maximum weekly weak components over the entire year of 2015, when 

expressed as a proportion of each facility type in the study population. 
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Figure 3.4: The total number of trucks that had contact with a specific combination of facility types within a given week. 
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Figure 3.5: Daily one-mode network percent occurrence of facility types within the daily maximum weak component. 
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Figure 3.6: Daily one-mode network relative percent occurrence of facility types within the daily maximum weak component, 

calculated based on the total number of each facility type within the source population 
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CHAPTER FOUR  

Summary discussion and future directions 

 

 This thesis investigated animal movements and contacts between farms and other types of 

establishments and transportation vehicles, on the basis of 2015 data from an Ontario swine 

production and data management company. Although similar work has been conducted in 

Canada before, this research was necessary because of recent emergence of several new diseases. 

For example, incursion of porcine epidemic diarrhea (PED) to Canada in 2014 increased level of 

biosecurity practices in all segments of the swine industry, particularly on farms and in the 

transportation sector. Different usage of trucks and higher level of biosecurity on farms could 

have consequently impacted the way swine networks are established. The novelty of this 

research is not only about the use of post PED outbreak data, but the ways of summarizing 

information obtained from a number of networks that were constructed over various time 

intervals. For example, looking at the composition of the maximum weak component as a 

proportion of facility types in the maximum weak component has not been, to our knowledge, 

conducted in the current literature. In this way, we were able to determine that composition of a 

possible outbreak population in the case that a disease was transmitted through such 

mechanisms, and is relatively stable over time. This was confirmed regardless of whether we 

considered connections between farms through animal movement only (Chapter 2), or through 

direct or indirect contacts through one or more transportation vehicles (Chapter 3). When 

examining data in such way, finisher facilities were most represented in the possible outbreak 

populations. This however, was not too surprising because finisher sites are the type of swine 



109 

 

establishments that are most frequent in the source population because of orientation of swine 

industry towards age segregation on different types of facilities and all-in/all-out animal flow. 

Furthermore, by expressing the composition of the maximum weak component as a proportion of 

sites in the study population, we were able to determine that abattoirs are overrepresented in the 

maximum weak component. We concluded that such finding supports the role of abattoirs as 

suitable establishments for risk-based surveillance, under certain conditions. This way of looking 

into potential composition of outbreaks should be explored for other estimators of outbreak size, 

such as outgoing contact chain (OCC). We have presented results on the demographics of the 

outgoing contact chains, both weekly and yearly level. The challenge with this measure was the 

fact that more than one OCC in a given time interval could be present. Therefore, appropriate 

representation of the demographics in a given week should first be established, before the 

demographics is displayed for the entire year. The size of the OCC has been considered as the 

most suitable indicator of possible outbreaks, given a specific natural history of the disease under 

consideration. For example, the size of the maximum OCC in any week of the year was six sites. 

This suggest that a disease with a short incubation period, and obvious clinical signs could easily 

spread to a total of six facilities through animal movement. Although this does not appear as a 

large number, six infected swine sites could potentially represent many infectious animals in a 

very short period of time. This represents large potential for further spread of infection. An 

example of such disease is PED. From this perspective, the fact that the Ontario 2914 PED 

managed to be brought under control relatively quickly represent a big achievement of veterinary 

services in Ontario and Canada, and producers who diligently applied biosecurity 

recommendations. This relatively short OCC on a weekly basis is in sharp contrast to the OCC 

calculated on a yearly level. The length of such OCC was 79 nodes, which represents ~35% of 
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the study population. The yearly network was considered as a more suitable for the type of 

infectious agents which cause subclinical infection or with very subtle clinical signs, or where no 

active control measures are attempted, or where the disease has a very long incubation period. 

An example of such pathogen is salmonella, which does not always cause clinical signs. Pure 

infection or colonization with Salmonella, without obvious clinical signs will rarely be 

considered as a reason to initiate effective control measures under current management 

conditions. Similarly, exploration of existence of specific antibiotic resistance genes is rarely 

conducted, in part because of complex diagnostic methods. Such resistance genes could therefore 

spread undetected to a significant proportion of production facilities undetected.  

Another novel way of looking into data was examination of how the number of nursery, 

and finisher farms with high betweenness and in/out degree (Chapters 2 and 3), and 

transportation vehicles with high betweenness and in/out degree (Chapter 3) change over a 

period of one year. The betweenness of >0 should indicate that a specific node has been used as 

an intermediary node in a given time period, which in this study was one week. Betweenness is a 

measure that is frequently used in the network analysis, but we wanted to communicate to the 

end users of this research a metric that would be more convenient to understand. For this reason, 

we determined for each facility type whether they had both, in-degree and out-degree that was 

higher than zero in a given week. This should then indicate that a facility type both sent and 

received animals in the same week. Both measures should indicate that there was a potential to 

have contact between older and younger animals in a given week, either directly or indirectly 

through the barn environment of a facility with such positive measure. Because of fixed capacity 

to house animals under certain environmental conditions, and because of fixed number of 

facilities in the study population, we expected that the number of nursery and finisher facilities 
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with high betweenness or in/out-degree will remain unchanged throughout the year. However, 

our results suggest that the number of such facilities increased during summer months, regardless 

of how we investigated the data (Chapters 2 and 3). The exact reasons for such patterns are 

difficult to explore in this study. It is possible that infection control measures implemented in 

individual farms, such as washing, disinfection, and drying are considered to take less time for 

effective implementation. This would then lead to less “downtime” between different production 

batches in all in-all out system of nursery and finisher flow. Alternatively, or additionally, it is 

possible that the growth rate might be slightly slower during certain time periods. Because of 

requirements to deliver animals of optimal weight to abattoirs, it is possible that the average time 

of growth for one batch is longer, which can only be compensated by shorter time intervals 

between batches. This could increase betweenness and in/out degree statistic in a given week. 

Nonetheless, before any firm conclusions are made, the repeatability of such pattern needs to be 

explored over multiple years, and ideally in different networks, or the entire Canadian network of 

swine farms.  

The addition of transportation vehicles to the network did not change most of the 

qualitative conclusions in comparison to networks based on animal movements only. However, 

there were several areas where the conclusion about network structure substantially changed 

after transportation vehicles were added as nodes to the network. The most intriguing set of are 

the findings that the weekly maximum weak component increased linearly with time, along with 

the number of trucks with a betweenness > 0, and that the number of trucks used in the network 

also increased. Again, the reasons for such patterns are difficult to determine without additional 

information. Based on these results we conclude that the way the trucks were used changed 

progressively over time. An obvious conclusion would be that the potential outbreak size is 
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increasing over time, but we are not aware whether this was compensated by more stringent 

biosecurity practices such as sanitation and disinfection of trucks. We also do not know whether 

these patterns were initiated by some outbreaks in the production system. The maximum weak 

component is only one component of this production system, we did not consider whether the 

rest of the production system was more or less connected over time. Under field conditions, it 

would not be impossible to imagine a scenario where herd owners are trying to manage pig flow, 

schedule delivery of pigs, and transportation practices according to a certain farm disease status. 

If this occurred, it would be possible that parts of the network with a desirable health status are 

more connected – resulting in a larger weak component – whereas other parts of the network are 

more fragmented. Research that would consider similar aspects of network development is 

necessary, but having information about disease status of individual farms, and intensity and 

timing of sanitation practices for individual vehicles is a necessary requirement for such 

research. In conclusion, regardless of some obvious limitations of the current data such as 

incomplete network, we believe that the current research brings novel insight into recent data and 

proposes some new ways of measuring potential impact. We also identified priorities for further 

research, which we hope will be conducted in future investigations.  

 

 


