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Abstract

The description of the pattern of livestock movements between herds provides es-
sential information for both improving risk-based surveillance and to understand the
likely spread of infectious diseases. This study provides a description of the tem-
poral pattern of pig movements recorded in Italy on a 4-year period (2013-2016).
Data, provided by the National Livestock registry, were described by social network
analysis and the application of a walk-trap algorithm for community detection. Our
results show a highly populated community located in Northern Italy, which is the
focal point of the Italian industrial pig production and as a general pattern an overall
decline of medium and backyard farms and an increase in the number of large farms,
in agreement with the trend observed by other EU pig-producing countries. A sea-
sonal pattern of all the parameters evaluated, including the number of active nodes
in both the intensive and smaller production systems, emerged: that is characterized
by a higher number of movements in spring and autumn, linked with the breeding and
production cycle as pigs moved from the growing to the finishing phase and with pe-
riods of increased slaughtering at Christmas and Easter. The same pattern was found
when restricting the analysis to imported pig batches. Outbreaks occurring during
these periods would have a greater impact on the spread of infectious diseases;
therefore, targeted surveillance may be appropriate. Finally, potential super-spreader
nodes have been identified and represent 0.47% of the total number of pig holdings
(n=477). Those nodes are present during the whole study period with a similar rank-
ing in their potential of being super-spreaders. Most of them were in Northern Italy,
but super-spreaders with high mean out-degree centrality were also located in other
Regions. Seasonality, communities and super-spreaders should be considered when

planning surveillance activity and when applying disease control strategies.
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1 | INTRODUCTION

Social network analysis (SNA) is a technique initially developed in
sociology to investigate the links between local patterns of rela-
tionships. In an epidemiological setting, the description of a social
structure provides a flexible framework for investigating associa-
tions or interactions and, consequently, helps in addressing a broad
set of questions. An advantage of the analytical approach of SNA,
compared to other techniques, is the ability to handle bi-directional
relationships within groups such as contacts between individuals,
trade or animal movements (Dube et al., 2011; Martinez-Lopez
et al., 2009b). Following the increasing availability of livestock move-
ment data, SNA has been extensively applied in veterinary science to
assess infectious disease dynamics.

A network is a tool, used in many scientific fields, to visualize and
understand relationship/connections between ‘objects’ of interest.
Those objects belong to a variety of fields, going from people in so-
cial sciences to molecules in chemistry.

In veterinary science the unit of interest (node) is either the an-
imal or the holding in terms of farm or staging point or collecting
centre and the movements represent the relationship (tie), each
node and each tie can be associated to one or more attributes (e.g.
the farm code, the number of heads per farm), therefore SNA can
be a useful surveillance tool by helping to identify holdings central
in the flow of livestock production that can be targeted in order to
accelerate the detection of highly infectious diseases, or helping to
understand the spread of an infectious disease during the period be-
tween introduction and first detection of the infectious agent (Dube
et al., 2008; Martinez-Lopez et al., 2009b).

Movements of livestock such as cattle (Bigras-Poulin
et al., 2004; Brennan et al., 2008; Frossling et al., 2012; Noremark
et al., 2011; Rautureau et al., 2011; Vernon & Keeling, 2009;),
sheep (Kiss et al., 2006b; Volkova et al., 2010), poultry (Brioudes
& Gummow, 2017) and pigs (Bigras-Poulin et al., 2004; Brioudes &
Gummow, 2017; Buttner et al., 2013; Dorjee et al., 2013; Guinat
et al., 2016; Lentz et al,, 2011; Lindstrom et al., 2012; Noremark
et al, 2011; Ribbens et al.,, 2009; Salines et al., 2017; Thakur
et al., 2016) have already been described and modelled by SNA in
several countries, using either movements recorded in databases
or reported by farmers through questionnaires. In Italy, cattle
movements have been extensively analysed by SNA with a focus
on surveillance optimization (Bajardi et al., 2011, 2012; Natale
et al., 2009), whereas, to our knowledge, there is no systematic
characterization of pigs movements in Italy among the current lit-
erature, with the exception of a comparison among the spatial and
functional organization of the pig trade in 2011 in four European
Member States (EU MSs) (Relun et al., 2016). Italy is the seventh
largest pork meat producer among EU MSs (http://ec.europa.eu/
eurostat/web/products-eurostat-news/-/DDN-20170919-1). The
approximately 8.5 million pigs bred in Italy each year are enough
only to cover 63% of the national needs, therefore, to meet its

needs, Italy imports live pigs from other EU MSs. This constant

flow of live pigs exposes Italy to the risk of importing and spread-
ing infectious diseases.

Based on the available data and the desire of exploring the na-
ture and the extent of contacts between pig holdings, in this work
we aim at providing a preliminary description of the temporal pat-
tern of pig movements recorded in Italy using data from a 4-year
period (2013-2016), and identifying the areas or sectors at higher
risk for the introduction and spread of infectious diseases transmit-
ted by direct contact (e.g. African swine fever, classical swine fever,

foot and mouth disease).

2 | MATERIAL AND METHODS
2.1 | Source data

Recording movement data are mandatory in Italy. Movement data
are collected by the Italian National Livestock Registry (https://
www.vetinfo.sanita.it), covering the total of all pig movements.
The Italian National Livestock registry provided batch-level data
regarding every movement related to pig trade recorded from 1
January 2013 to 31 December 2016 on a daily basis. Each move-
ment record reported the code of the holding of origin, the des-
tination, the date of movement, and the number of pigs moved
(batch). In addition, for each holding the Italian National Livestock
registry provided the following attributes: type of holding (1. farm:
farrowing/finishing/backyard, 2. staging point, i.e. to be slaugh-
tered/ to be bred, 3. market, 4. assembly centre, 5. genetic centre,
i.e. genetic centre/quarantine centre/semen collection centre; 6.
slaughterhouse), type of production (1. farm: farrowing/finishing/
backyard), number of animals in the holdings on the day of the
movement, geographical coordinates of the holding, municipality,
province and region. For pigs coming imported into the country,
the code of the holding of origin was replaced with the code of the
Country of origin.

Additionally farms where classified in three classes (large, me-
dium, small) on the basis of both the type of production and the
number of pigs in the holding (large: farrowing = 100 heads or finish-
ing = 400 heads, medium: farrowing < 100 heads or finishing < 400
heads, small: backyards, i.e. <4 heads).

2.2 | Data analysis

To identify whether seasonality was present, each year of the study
period was divided in quarters, each representative of a season
(winter: January, February, March; spring: April, May, June; summer:
July, August, September; autumn: October, November, December),
obtaining 16 time windows.

In this work, using the igraph R package, we built a directed net-
work using holdings as nodes and pig movements as ties. After a

preliminary description of the attributes of nodes and ties over the
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whole study period, basic network statistics as the average path
length, the diameter, the shortest path and the degree distribution
were obtained for each time window.

The temporal pattern of pig movements over the study period
was then graphically described, obtaining for each i of the 16 time
windows the following parameters: (a) the number of nodes (K)), (b)
the number of ties (L,), (c) the density (D,)

L.
=——¢[0,1 1
Km4f[ ] .

D;

that is, the proportion of observed ties over the maximum pos-

sible number of ties as shown in Equation 1, (d) the number of pigs
moved and (e) the number of imported pigs.

For each parameter, smoothing with annual moving averages
was employed to explore if any long-term variation (trend) oc-
curred. Moreover, to identify cyclical or irregular variations in pig
movements specific and typical seasonal index were evaluated. The
specific seasonal index highlights differences between the recorded
frequency in a particular quarter and the expected value for that
quarter, and it is obtained by subtracting the difference between the
parameter value of a particular month and a 4-quarter smoothing
average centred on that quarter. A typical seasonal index, calculated
as the average of the specific seasonal indexes in different years, al-
lows the identification of the seasonality of the phenomenon under
study (Cowden, 1942).

Network communities (i.e. groups of highly connected nodes
with few ties to other nodes) were then identified. Identifying and
describing those communities are important in both forecasting
the spread of diseases and in the resource allocation in surveillance
(Relun et al., 2016).

Communities were identified using the walk-trap algorithm
proposed by Pons and Latapy (2005), implemented in the igraph R
package.

We then described the highly populated clusters using the fol-
lowing 3 indices:

e the proportion of small farms that are part of the community

*
nm.

ng;

o the proportion of medium farms that are part of the community
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e the proportion of large farms of the community
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e the proportion of large farms of the community over the total el-

ements of the community

Where n; is the total number of small farms at time i, n; is the
total number of medium farms at time i, n,; is the total number of
large farms at time i. Whereas nxm, n*mv,. and n,,;are, respectively, the
number of small farms, the number of medium farms and the number
of large farms at time i in the highly populated communities; finally,
ne; is the total number of farms in the highly populated communities
at time i.

Then, we obtained the in-degree centrality, that is the number
of in-going ties of each node j in time i, as well as the out-degree
centrality, that is the number of out-going ties of each nodejin timeii.

Centrality is a measure of the ‘importance’ of nodes in a net-
work, in terms of extension of their relationship with other nodes.
Therefore, when dealing with infectious diseases, in-degree central-
ity can be considered a measure of the potential of a node of im-
porting a disease, and the out-degree centrality can be considered a
measure of the potential of a node in spreading a disease, allowing us
to indicate nodes with the highest out-degree centrality as potential
super-spreaders. Finally, we obtained the betweenness, a measure
of the importance of a holding in connecting other holdings through
being a part of their shortest path.

3 | RESULTS

Our study involved a total of 91,475 holdings. As shown in Table 1,
most of the holdings are farms (73% small, 20% medium and 5%
large).

Large farms are mostly located in Northern Italy (Pianura
Padana), whereas medium and small farms are scattered over the
whole country (data not shown). Overall, 1,853,081 movements
were recorded during the study period. The highest number of ani-
mals was moved from farm to slaughterhouse (55%) and from farm
to farm (43%). Approximately 2% of the pigs moved are imported
from another EU MSs, mainly from Denmark (45% of total move-
ments from other EU MSs) and the Netherlands (15%). Table 2 shows
a description of the batch size of ingoing and outgoing movements,
by the type of holding. Import movements from other countries, in
general, have the largest outgoing batch size, whereas movements
from finishing farms have the largest ingoing batch size.

84% of imported pigs was introduced into large finishing farms
located in Northern Italy (Figure 1).

The number of introduced pigs, mean batch size and inter-
quartile range of the batch size by Country of origin and type of
holding of destination is reported in table A.3, in Supplementary
Material. The basic network statistics (average path length, shortest

path, diameter) for each time window are reported in table A.4, in
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TABLE 1 Description of the holdings

Type of Frequency (Number . .
h f hol
Type of holding production Size of holdings) Percent entered in the sFudy, by t.ype of holding,
type of production and size (large:
Farm Backyard Small farm 67,112 73.37% farrowing > 100 heads or finishing > 400
Farm Farrowing Medium farm 9,388 10.26% heads, medium: farrowing < 100 heads or
Farm Finishing Medium farm 8,831 9.65% finishing <400 heads, small: backyards,
’ i.e. <4 heads)
Farm Finishing Large farm 2,998 3.28%
Farm Farrowing Large farm 1,491 1.63%
Slaughterhouse 1,289 1.41%
Farm Uncategorized 130 0.14%
Market 101 0.11%
Staging point To be bred 50 0.05%
Staging point To be 35 0.04%
slaughtered
Genetic centre Genetic centre 14 0.02%
Genetic centre Semen collection centre 11 0.01%
Genetic centre Quarantine 10 0.01%
centre
Assembly centre 8 0.01%
Staging point Uncategorized 7 0.01%
Total 91,475

Supplementary Material. All those statistics are constant during the
whole study period with values ranging between 2 and 5 for the av-
erage path length, between 5 and 6 for the shortest path length and
between 8 and 14 for the diameter.

The number of nodes active season by season shows a seasonal
pattern, with a decreasing trend across the whole study period.
The typical and the specific seasonal indexes show an increase in
the number of active nodes in spring (Figures 2, 3 and Figure A5
in Supplementary Material (a)). The number of ties also, shows a
seasonal pattern, but without trend across the study period. The
typical and the specific seasonal indexes show an increase in the
number of ties in winter and autumn (Figures 2, 3 and Figure A5
in Supplementary Material (b)). The density, that is the number of
ties over the maximum possible ties, shows a seasonal pattern, with
an increasing trend. The typical and the specific seasonal indexes
show an increase in density in winter and autumn (Figures 2, 3 and
Figure A5 in Supplementary Material (c)). Finally, the number of pigs
moved shows 2 peaks during the autumn of 2014 and the spring of
2016, with an increasing trend in the number of pigs moved. The
typical and the specific seasonal indexes show an increase in num-
ber of the pigs moved in spring and winter (Figures 2, 3 and Figure
A5 in Supplementary Material (d)). The number of imported pigs
also shows seasonality and an abrupt increasing trend (Figure A6 in
Supplementary Material).

The analysis for the identification of communities, showed the
existence of one highly populated community (about 3,000 nodes),
2 to 6 less populated clusters (300-500 nodes) and several smaller
communities. The total number of communities identified ranges
between nearly 1,200 and 1,800 (mean 1,449, standard devia-
tion 159.48), depending on the time period (Figures a.10-a.13,

in Supplementary Material). The highly populated community
shows the same location over the whole study time period, mainly
in Northern Italy, in correspondence with the area of the Pianura
Padana.

The less populated communities also are generally located
in well-defined areas (Piemonte, Veneto, Trentino Alto Adige,
Campania, Umbria) during the whole study period, whereas small
communities are scattered across the whole country (Figure 4,
Figures a.10-a.13 in Supplementary Material). A clear seasonality of
the number of active nodes emerges when analysing the number of
active nodes belonging to the communities.

A statistically significant decreasing trend in the number of ac-
tive nodes is evident only when considering nodes represented by
small farms (Figure 5a-c). The number of total active nodes in the
highly populated community, shown in Figure 5 (d), shows an abrupt
decreasing trend over the study period.

The proportion of active nodes represented by either small or
medium or large farms belonging to the highly populated commu-
nity, over the total number of active nodes representing the respec-
tive size of farms, shows an abrupt statistically significant decreasing
trend in nodes representing medium farms and a decreasing trend
in nodes representing large farms (Figure 6a-c). A clear statistically
significant increasing trend was found analysing the proportion of
nodes representing large farms in the highly populated community
over the total number of nodes in the highly populated community
(Figure 6d).

The location of nodes with high in-degree and nodes with
high out-degree (i.e. potential super-spreaders) is constant during
the whole study period and, as shown in Figure 7, most of them

are located in Pianura Padana. Conversely, the in-degree and the
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TABLE 2 Batch size of ingoing and
outgoing movements by type of holding.
Countries are identified by their ISO

3166-1 Alpha2 codes Type of holding

Assembly centre
Farm:backyard
Farm:farrowing
Farm:finishing
Farms:unspecified
Genetic centre
Market
Slaughterhouse
Staging point
Foreign country (all)
AL

AT

BE

CA

CH

Ccz

DE

DK

ER

ES

FR

HR

HU

IE

LU

MT

NL

PL

Sl

SK

SM

UK

Uy

out-degree show a seasonal pattern superimposable to the pattern
seen in the network description (Figure 8). Between the in-degree
and out-degree of nodes, there is a correlation ranging from -0.004
to -0.029, depending on the study period. This indicates of the pres-
ence of disassortativeness in the connections. Highly central nodes
in term of their outgoing movement do not tend to be connected to
highly central nodes in terms of ingoing movements. This property
is important for disease spread since nodes, which are likely to get
a disease from ingoing movements, do not have also high chance of
further transmitting the disease.

Finally, the betweenness values for the nodes with higher degree

mean values are relatively high (data not shown), meaning that those

P CWILEY-Z

Outgoing movement Ingoing movement

Interquartile Interquartile

Median range Median range
30 55 14 32
2 2 2 0
64 20 107
10 128 246 505
2 1 3 10
10 30 4 5
2 3 11 13
- - 9 69
4 18 30 60
344 494 95 168
117 0 - -
2 449 10 17
56 109 173 160
- - 15 8
- - 12 0
- - 150 1,013
108 790 181 320
68 0 630 357
7 6 - -
182 90 190 170
- - 150 130
- - 160 50
178 94 180 45
- - 28 35
- - 185 10
- - 80 55
83 0 521 645
- - 160 152
2 8 9
200 0 750 50
7 11 - -
- - 175 191
90 0 - -

nodes are in the shortest path between two other nodes, and conse-
quently, if infected, they can spread the disease.

4 | DISCUSSION

With our study, we described specific seasonal patterns of pig move-
ments in Italy, we highlighted the Pianura Padana (Northern Italy) as
the area at highest risk for the introduction and the spread of pig
infectious diseases, and finally we identified nodes throughout the
country as potential locations for super-spreaders. The data we have

made available will be useful to the study of the spread of swine
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FIGURE 1 Destination of pigs imported from other EU
Countries to Italy during the whole study period (2013-2016),
by type of holding of destination. Long = longitude, lat = latitude

diseases and to the subsequent implementation of risk-based sur-
veillance plans.

Aiming at being as general as possible, we did not apply any sim-
ulation technique for any specific disease, so we are aware that for
each single pathogen our study should be improved by simulation,
for example implementing susceptible-infectious-recoverd (SIR)
compartmental models, taking into account its specificity in terms
of disease spread and animal movements, as suggested by Bajardi
et al. (2012) in cattle.

Our study was based on official data regarding all pig move-
ments in Italy between 1 January 2013 and 31 December 2016
provided by the National Livestock database, an institution of the
Italian Ministry of Health, able to ensure that that reporting bias
is minimized. A previous description of pig movements in Italy was
provided by Relun et al. (2016), comparing the spatial and func-
tional organization of the pig trade in 2011 in 4 EU MSs. In this
work, the walk-trap algorithm was able to identify an intensive
production system in northern Italy, as well as small scale pig pro-
duction systems in central and southern Italy. Applying the same
method to a longer series of data, we were able to better charac-
terize both the intensive production system, represented by the
large farms and the smaller production cycle, represented by the
medium and small farms.

The network we built shows a scale-free structure, similar to
what is reported in literature for the bigger pig producers in Europe
(Rautureau et al., 2011; Relun et al., 2016). Theoretical studies have
shown that the scale-free (SF) structure can influence the spread
and the extent of a disease (Kiss et al., 2006a; Pastor-Satorras &

Vespignani, 2001), their highly skewed degree distribution results in

a basic reproduction number that can be very high, even when the
transmission probability is low.

Risk-based surveillance plans also need to consider the season-
ality in pig movements to be most effective. Seasonality was found
in the number of active nodes over time in both the intensive and in
the smaller production system: this result is in contrast with other
EU MSs, where seasonality was not found or found only in the small
producing sector (Porphyre et al., 2014; Salines et al., 2017).

The overall number of holdings is decreasing overtime, due to
the decline in the number of small farms, in agreement with the
general trend observed by another EU pig-producing MS (Guinat
et al., 2016; Marquer and Teresa Rabade, 2014).

Connections among farms show an opposite increasingly trend:
pig farms are becoming increasingly large and connected a well-
known tendency of the Italian pig industry.

Data were analysed using SNA techniques previously applied to
model pattern of disease transmission among livestock in several
countries. A potential limitation of our study is that the presented
analysis can be referred to diseases that spread through direct con-
tact (e.g. Classical Swine Fever) as there are gaps in the data that do
not allow to apply the same techniques to transmission via fomites or
transmission via vehicles or people movements. To our knowledge,
most studies in literature are focused on giving a static time frame
of pig movements, and only a few explored the temporal pattern
of pig movements (Guinat et al., 2016; Lentz et al., 2016; Martinez-
Lopez et al., 2009a; Noremark et al., 2011; Porphyre et al., 2014).
The primary focus of our study, however, was to describe how pig
movements vary over time. As we wanted to evaluate seasonality,
if present, a data aggregation on a 3-month time window was con-
sidered appropriate. A clear seasonal pattern of all the parameters
evaluated emerged, revealing a higher number of movements of pig
batches in spring and autumn, linked with the breeding and produc-
tion cycle as pigs moved from the growing to the finishing phase and
with periods of increased slaughtering, particularly before Christmas
and Easter. This seasonal pattern has also been described in another
EU MS (Guinat et al., 2016; Martinez-Lopez et al., 2009a; Noremark
et al., 2011; Porphyre et al., 2014). The same seasonal pattern has
been found when restricting the analysis to the movements of im-
ported pig batches. Outbreaks occurring during the periods of in-
creased movement of pig batches would have a greater impact in
the spread of an infectious disease; therefore, an additional effort
in surveillance during those periods may be appropriate. Also, the
increasing trend in the number of pigs imported from other coun-
tries highlights an increasing risk of importing pig infectious diseases
exotic to Italy and therefore the need for an enhanced surveillance.

In our model, the destination of imported pigs was in line with pig
density; therefore, pig density, a parameter that is widely available
and easy to use as an input in risk assessment models, was proven to
be a suitable proxy for where the pigs enter the countries.

We were able to detect a highly populated community located in
northern Italy, an area known to be the centre of the Italian industrial
pig production. This area (Pianura Padana) also receives most of the

pigs imported to Italy.



CRESCIO ET AL.

(b)

,\
&

28000 — Beta: -187.8 130000 —
n
Q26000 < 0.001 0
© P @ 120000
8 =]
—
5 24000 i o
~~~~~~ —_ -
N B IS REETI S 5 110000
@ 22004 [ \ /  \""-f-—=\ o
2 S
e S 100000
S 20000 — pd
Z
18000 90000 —
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
- N (3] < - o ™ < I N ™ < - o ™ < I N ™ < - o (3] < — N ™ < - o (3] <
jou jou jox jo O O O O o O O O jox jox jo o jou jou jou jox O O O O O o O (= jox o jo o
o™ (57} o o < < < < n wn wn wn O o O © 0 0 o™ (57} < < < < n wn wn wn © © © ©
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o
N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N N
Quarter of year Quarter of year
(d)

N
a
|

N
o
|

[N
o
|

o
|

Number of heads (millions)
7

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
o N MY o4 N MY d N ®m Y d4 N oM D= A VI TS SR e A A s T~ SRR e A S T L TS SR e A R o R 4
o o o o T T T T T o v o o o o o T o o U T U T T T o o T T o o o
m o ® ® & & & 8 0 0O 0 .» O © © © ® o o o 3§ & & & O O O 0 © © © ©
d4 d 94 94 9 94 Jd4 Jd d 9 oJ4 Jd4 d4 Ad 4J o g4 d4 94 494 94 94 oF oF o9 oJ4 o9 oS4 oS oS4 oS4 o
© O O © © 9 © O 9O © 9O 9 © 9O O 9 © © 9 9 9 9 9O 9 © O 9O © 9O 9O 9O 9
N & & & § § § & & & § § § & O« N § § § § § § § & &8 & & & &« |«

Quarter of year Quarter of year

FIGURE 2 Descriptive statistics of temporal pattern of pigs movements in the period 2013-2106: (a) Raw count (solid line), annual
moving averages (dashed line) and linear trend (dotted line) of the number of nodes; (b) Raw count (solid line), annual moving averages
(dashed line) and linear trend (dotted line) of the number of ties; (c) Raw quantification (solid line), annual moving averages (dashed line) and
linear trend (dotted line) of density, (d) Raw count (solid line), annual moving averages (dashed line) and linear trend (dotted line) of number of

pigs (expressed in millions)
FIGURE 3 Seasonal typical index of Number of nodes Number of ties
pigs movements in the period 2013-2106:
(a) number of nodes; (b) number of ties; (c)
density and (d) number of pigs (expressed
in millions)

4
1

2
!

|
L — N —
[Tolum|
1
. 8
1
(b)

@)

-2
1

-4
L

Seasonal typical index (*1000)
0
1

Density Number of heads(millions)

x

()

‘gx—l N

N H

o

5o, W - S -

® ‘T‘

5 R}

%H |

o |

wn
- > - z - > - .
2 < £ = 2 < £ £
= p=} = p=}
= 2 = 2: = N 5 2:

) n

© ()

Season



CRESCIO ET AL.

47.5 47.5-
45.0 45.0-
42.5- 42.5

37.5- 37.5-
35.0- 35.0-
10 15 10
long
Beta: -184.4
16000 —
g p<0.001
1S
8 14000 —
©
£ 12000 -
(%]
—
o
— 10000 —
(O]
E
S 8000
b4
6000 |
T T T T T T T T T T T T T T T T
— N ls2) < — N ls2) < — N ls2) < — N ™ <
o o o o o o o o o o o o o o j=2 jog
(3] o (9] o < < < < wn wn n n 0 [t=] 0 =]
- - - — - - - — - - - - - - - -
o o o o o o o o o o o o o o o o
N N N N N N N N N N N N N N N N
Quarter of year
(@)
3200
» Beta: —-1.7
£
8 3100 pP= 0.184
(0]
(o))
=}
< 3000
-
o
“
2
€ 2900
=}
b4
2800
T T T T T T T T T T T T T T T T
- N [s2] < - N (s2] < - N ™ < - N ™ <
o j=3 o o o o o o (=2 o (=2 o jo o o o
o o o o < < < < wn n wn n © o © o
- - — - — - - - - - - - - - - -
o o o o o o o o o o o o o o o o
N N N N N N N N N N N N N N N N

Quarter of year

(©)

FIGURE 4 Community description.
(a) Location of the nodes that belong
to the highly populated community.
(b) Location of the nodes belonging to
the 2-6 top populated communities in
the second spring in the study (second
quarter of 2014). Long = longitude,

lat = latitude
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FIGURE 5 Description of active nodes in communities:(a) total number of nodes representing small farms, (b) total number of
nodes representing medium farms, (c) total number of nodes representing large farms and (d) total number of active nodes in the highly
populated community. Solid line: raw data, dashed line: annual moving averages, dotted line: linear trend

This result confirms the potential role of Pianura Padana in the
spread of infectious diseases in pigs. The elements of the highly pop-
ulated community are not only large farms (55% of the farms in the
community), but also medium and small size farm. Assuming that farms

of different size have different biosecurity levels, those connections

between holdings with different biosecurity levels will deserve par-
ticular consideration when evaluating the potential spread of an infec-
tious disease. The walk-trap algorithm, that allowed us to identify the
communities, is typically used for static networks. We applied it to a

series of static time windows; therefore, the communities they detect
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FIGURE 6 Community description. (a) proportion of active nodes representing small farms in the highly populated community over the
total number of active nodes representing small farms, (b) proportion of active nodes representing medium farms in the highly populated
cluster over the total number of active nodes representing medium farms, (c) proportion of active nodes representing large farms in the

highly populated community over the total number of active nodes representing large farms and (d) proportion of active nodes representing
large farms in the highly populated community over the total number of active nodes in the highly populated community. Solid line: raw data,

dashed line: annual moving averages, dotted line: linear trend

FIGURE 7 Potential super-spreaders,
that is nodes with high out-degree
centrality (a) and high in-degree centrality
(b). Bullets are proportional to the mean
degree centrality. Long = longitude,

lat = latitude

SNA allowed us to identify some nodes as potential su-
per-spreaders. Those nodes are constantly present during the
whole study period with a similar ranking in their potential of being
super-spreaders. The recurring seasonal pattern of the network

in each time window are the accurate reflection of the real commu-
nities only in that time window. However, since the spatial pattern of
those communities was constant over time, it seems reasonable that

the detected communities overlap each time.
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is displayed also by in-degee and out-degree, whereas the spatial
distribution of the nodes with high in-degree and out-degree is
constant during the time. The relatively high betweenness values
of super-spreaders allow us to suppose that they have a potential
role in the spreading on the infection, being on the shortest path
connecting two nodes. Moreover, our network show disassorta-
tiveness, suggesting that there are central farms (hubs) that are
the most likely to spread a disease and that could be targeted by
control measures.

Most of super-spreaders are located in Northern Italy, but, nota-
bly, super-spreaders with high mean in and out-degree centrality are
located also in Sardegna, Lazio, Puglia and Campania.

In conclusion when planning surveillance activities and when ap-
plying disease control strategies to the pig trade in Italy the follow-
ing elements should be considered: the seasonality of the network,
the presence of communities located mostly in Pianura Padana and
the presence of super-spreaders located not only in northern Italy,
but also in other regions.
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