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Abstract

The aims of the present study were to compare centrality and other measures of bovine movement networks
in the state of Mato Grosso, Brazil, in 2007, by examination of the positive and negative herds identified
in the brucellosis survey conducted in 2003. In addition, we aimed to examine the association between
herd size (measured by the number of females older than 24 months, denoted FEM24+) and animal
trade between herds. We found a statistical association between brucellosis occurrence and both the total
degree (number of traded animals) and out-degree (for the number of animals sold and the number of
neighboring herds). This finding suggests that positive herds in the 2003 survey were trading (particularly
selling) more frequently in 2007 than negative herds, thereby presumably increasing the risk of disease
spread. Statistical differences observed (p-values) in the network of movements for reproduction purposes
were more significant than those observed in other networks for average herd size; degrees of animals,
batches, and neighbors; outdegree of neighbors; and betweenness. We found positive associations (p <
0.001) between the following variables: number of traded animals and the FEM24+ herd size; FEM24+
herd size and FEM24+ herd size of neighbors within the network of cattle movement; FEM24+ herd
size of neighbors and number of traded animals; and weighted degree (animals) of neighbors and degree
(animals) of the herd of origin. A comparison of positive and negative herds stratified by herd size (<
10 FEM24+; 11-50 FEM24+; and > 50 FEM24+), within the network of movements for reproduction
purposes, revealed significant differences (p < 0.05) in the > 50 FEM24+ category only, for average herd
size, total degree (animals, batches, and neighbors), outdegree (animals, batches, and neighbors), and
outcloseness. Logistic regression analysis, in which average herd size and degree (animals) were both
factors, showed that a tenfold increase in herd size and the number of animals traded would lead to an
increased chance of a herd being positive by 41% (OR = 1.41 [1.01; 1.99]) and 39% (OR = 1.39 [1.05;
1.85]), respectively. We concluded that the presence of bovine brucellosis is associated with a larger herd
size, which is consistent with other reports. We also found an association between the increased trade of
bovines and the presence of bovine brucellosis. Furthermore, an association was noted between herd size
and animal trade, both of which could contribute to the spread of brucellosis.
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Resumo

O objetivo do presente estudo foi comparar medidas de centralidade e outras medidas da rede de transito
bovino no estado de Mato Grosso, Brasil, em 2007, pela analise de rebanhos positivos e negativos
identificados no levantamento de brucelose realizado em 2003. Além disso, examinamos a associagao
entre tamanho de rebanho (medido pelo numero de fémeas acima de 24 meses, denotado FEM24+) e o
comércio animal entre rebanhos. Foi observada uma associagdo estatistica entre brucelose e tanto o grau
total (numero de animais comercializados) quanto o grau de saida (para numero de animais vendidos
e numero de rebanhos vizinhos). Tal associa¢do sugere que rebanhos positivos no levantamento de
2003 comercializavam (em particular, vendiam) com mais frequéncia em 2007 que rebanhos negativos,
aumentando presumivelmente o risco de espalhamento da doenga. Diferengas estatisticas observadas
(valore de p) na rede de transito para reproducdo foram mais significativas do que aqueles observadas
em outras redes para tamanho médio de rebanho; grau de animais, lotes ¢ vizinhos; grau de saida de
vizinhos; e centralidade por intermedia¢ao (“betweenness”). Observamos associagdes. Encontramos
associagdes positivas (p < 0,001) entre as seguintes variaveis: nimero de animais comercializados e
FEM24+; FEM24+ e FEM24+ de vizinhos na rede de transito bovino; FEM24+ de vizinhos € numero
de animais comercializados; e grau ponderado (animais) de vizinhos e grau (animais) do rebanho de
origem. Uma comparagao entre rebanhos positivos e negativos estratificados por tamanho de rebanho ( <
10 FEM24 +; 11-50 FEM24+; e > 50 FEM24+), na rede de transito para reproducao, revelou diferencas
significativas (p <0,05) somente na categoria > 50 FEM24+, para tamanho médio de rebanho, grau total
(animais, lotes e vizinhos), grau de saida (animais, lotes e vizinhos), ¢ centralidade por proximidade
(“closeness”) de saida. Uma analise de regressdo logistica, em que tamanho médio de rebanho e grau
(animais) foram os fatores, mostrou que um aumento de 10 vezes no tamanho do rebanho e no nimero
de animais comercializados levaria a um aumento na chance de um rebanho ser positivo de 41% (OR
= 1,41 [1,01; 1,99]) e 39% (OR = 1,39 [1,05; 1,85]), respectivamente. Concluimos que a presenga
de brucelose bovina esta associada com tamanho de rebanho maior, o que ¢ consistente com outros
relatos. Encontramos uma associagao entre o aumento de comércio de bovinos e a presenca de brucelose
bovina. Além disso, foi observada uma associacdo entre o tamanho de rebanho e o comércio animal,
ambos dos quais poderiam contribuir para o espalhamento de brucelose.

Palavras-chave: Brucelose bovina. Rede complexa. Tamanho de rebanho. Transito animal. Mato Grosso.

Introduction

The association between herd size and the
presence of bovine brucellosis has been reported in
previous studies (MATOPE et al., 2010; SALMAN;
MEYER, 1984). In particular, herd size has been
identified as a risk factor for bovine brucellosis
in epidemiological surveys conducted in some
Brazilian states (CHATE et al., 2009; DIAS et
al., 2009b; KLEIN-GUNNEWIEK et al., 2009;
NEGREIROS et al., 2009; OGATA et al., 2009;
SILVA et al., 2009) and in the nationwide analysis
of Brazil (MOTA et al., 2016).

Some features of large herds, such as a higher
frequency of animal replacement, could influence
the transmission dynamics of bovine brucellosis.
Thus, cattle herd size and animal trade are potentially
associated factors that might interact and thereby
affect the dynamics of bovine brucellosis.

To analyze the network of animal movements
among farm premises, we applied methods of social
network analysis. These methods have been long
established in the fields of sociology, psychology,
anthropology, and biology (MARTINEZ-LOPEZ
et al., 2009); however, their application in the
field of veterinary medicine has been relatively
recent. The first of such studies were conducted by
Bigras-Poulin et al. (2006), Christley et al. (2003),
Corner et al. (2003), and Webb and Sauter-Louis
(2002). The network analysis currently applied
to veterinary epidemiology goes beyond a simple
description of the pattern of animal movements
and is applied: to the mathematical modelling of
the spread of disease within a network (BAJARDI
et al., 2012); to provide support for risk analysis
and risk-based sampling based on the detection of
livestock production zones (GRISI-FILHO et al.,
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2013; LENTZ et al., 2011); and to the surveillance
and control of infectious diseases (AMAKU et al.,
2015; SCHARRER et al., 2015).

In animal movement networks, farm premises
are considered the nodes and animal movements are
the edges connecting these nodes. The networks of
animal movements, particularly cattle movements,
have specific characteristics: they are directed,
dynamic, and have a high degree of heterogeneity
(BIGRAS-POULIN et al., 2006). In addition, the
degree distribution of some of these networks
follows a power law (BIGRAS-POULIN etal., 2006;
NEGREIROS, 2010). Therefore, in the analysis of
networks of animal movements, one must be careful
to consider these characteristics.

The aims of the present study were twofold: first,
to compare positive and negative herds identified in
the brucellosis survey conducted in 2003, regarding
the centrality measures in the network of bovine
movements in the state of Mato Grosso, Brazil,
in 2007; and second, to examine the association
between herd size (particularly females older than
24 months, denoted FEM24+) and animal trade.

Materials and Methods
Database

The state of Mato Grosso (MT) had the largest
cattle herd (25.7 million cattle) in Brazil in 2007
(IBGE, 2015). Since the herd size of a given premises
could vary during the year, we calculated the mean
between the herd size on December 31, 2006 and
on December 31, 2007, to estimate the average herd
size of the farm premises of Mato Grosso.

To calculate the network centrality measures,
we used the cattle movement network of the state
of Mato Grosso in 2007. Both databases (herd size
and cattle movement network) were provided by
the local veterinary agency (Instituto de Defesa
Agropecuaria do Estado de Mato Grosso, INDEA-
MT).

The herd status (positive or negative for
brucellosis) was obtained from the database of the
2003 bovine brucellosis survey of the National
Program for Control and Eradication of Animal
Brucellosis and Tuberculosis (Programa Nacional
de Controle ¢ Erradicagdo da Brucelose e da
Tuberculose Animal — PNCEBT).

Figure 1. Livestock movement network of positive (red nodes), negative (green nodes), and unknown status premises

(white nodes) in the state of Mato Grosso in 2007.
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In an epidemiological survey carried out in the
state of Mato Grosso in 2003, 1,115 herds were
sampled and a prevalence on herd level of 41.2% of
bovine brucellosis was estimated (NEGREIROS et
al., 2009). Of these 1,115 herds, 641 (262 positive
and 379 negative) were in the animal movement
network of MT. We gathered information about the
trade of cattle among these herds in 2007 (Figure 1).

Network centrality measures

We calculated the following network measures
(NEWMAN, 2010): degree (total, incoming and
outgoing);
coefficient; PageRank; and ingoing and outgoing
contact chain (NOGREMARK; WIDGREN, 2014).
A more detailed description of these network

betweenness; closeness; clustering

measures is presented in the Appendix. Each of
these measures is used to shed light on a different
aspect of the network analysis. In summary, the
aforementioned centrality measures could be

described from a practical point of view as follows:

1. The degree is the simplest centrality measure
and indicates how connected a given premises
is within the network. It can be calculated in
three different forms: the degree of neighbors
indicates the number of trade neighbors
(within the network of animal movements,
not necessarily a spatially close neighbor) of a
given farm premises; the degree of animals and
batches indicate how many animals or batches
of animals, respectively, that the reference
farm premises moved within the network. The
degree may be calculated considering only
animals or batches purchased (indegree) or sold
(outdegree).

2. The betweenness of a given premises indicates
its importance as a ‘“bridge” between two
other premises, or two distinct groups of
premises. Premises with high betweenness have
considerable influence on the flow control of an
animal movement network, and their removal for
instance, through quarantine during an outbreak,

can lead to fragmentation of the network, thereby
making other premises less reachable.

3. The closeness of premises indicates how close
other premises are to a given premises, in terms
of network distance.

4. The clustering coefficient of premises evaluates
the fraction of pairs of neighboring farm
premises (of the reference premises) that are
also neighbors of each other in terms of trade.

5. The PageRank indicates the importance of the
premises with regard to the number and origin
of animals bought. The PageRank calculation
takes into account the indegree of a given
premises and the indegree of its neighbors.

6. The ingoing and outgoing contact chain (ICC
and OCC, respectively) refer to the number of
premises in direct and indirect contact with a
given farm premises, considering movements
that have the reference premises as either a
target or a source node, respectively, and taking
into account the temporal coherence. The
contact chain indicates possible routes for the
movement of an animal within the network or
even for the potential spread of an infection.

These network measures were calculated for
positive and negative herds using the R software (R
CORETEAM, 2015) and igraph package (CSARDI;
NEPUSZ, 2006), considering the following
networks: all bovine movements (“whole network™);
movements for fattening purposes only (“fattening
only”); movements for reproduction purposes only
(“reproduction only”); and a final network in which
the movements to slaughterhouses were disregarded
(“without abattoirs”). To investigate the influence of
herd size further, analysis was carried out for the
network of movements for reproduction purposes,
with stratification by herd size, using the same
categories as those of the brucellosis survey in the
State of Mato Grosso (NEGREIROS et al., 2009),
specifically: < 10 females older than 24 months
(FEM24+); 11-50 FEM24+; and > 50 FEM24+ in
the herd.
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Comparisons between the network measures
of positive and negative herds were performed
using the nonparametric Mann-Whitney test with a
significance level of a = 0.05.

Analysis of the association between cattle movement
network and herd size

The following comparisons, regarding herd size
and the number of traded animals, both in 2007,
were carried out between:

1. the number of FEM24+ and the number of
animals traded by each herd,

2. the number of FEM24+ of a given herd and the
mean FEM24+ of its neighbors, weighted by
the number of traded (sold and bought) animals
(degree);

3. the number of animals traded by a herd and
the mean FEM24+ of its neighboring herds,
weighted by the number of traded animals; and

4. the number of animals traded by a herd and
the average degree (animals) of neighbors,
weighted by the number of traded animals.

We chose the age interval FEM24+ because this
interval was also used in the bovine brucellosis
surveys conducted in Brazil (CHATE et al., 2009;
DIAS et al., 2009b; KLEIN-GUNNEWIEK et al.,
2009; NEGREIROS et al., 2009; OGATA et al.,
2009; SILVA et al., 2009).

To draw these comparisons and display the
data graphically using boxplots, we partitioned the
values of FEM24+ size and the degree of animals
in deciles (i.e., we divided the data distribution into
10 quantiles). The statistical comparisons among
deciles were carried out using the nonparametric
Kruskal-Wallis statistical test with a significance
level of o = 0.05.

Results and Discussion

The number of farm premises, edges (equivalent
to bovine movements), batches of animals, and
animals moved are presented in Table 1, for the
networks analyzed; the networks with movements
to slaughterhouses only (“slaughter only”); and
networks with movements for other purposes
(“other purposes™), such as exhibition, markets,
sports, and work.

Table 1. Number of nodes (farm premises), edges (animal movements connecting the nodes), batches of animals, and
number of animals moved for the various networks analyzed.

Network # of nodes Edges Batches Animals moved

Whole network 88,451  100% 202,235 100% 536,213 100% 15,965,825 100%
Slaughter only 22,241 25% 35,027 17% 254,669 47% 5,031,387 32%
Without abattoirs 86,343 98% 167,208 83% 281,544 53% 10,934,438 68%
Fattening only 64,968 73% 105,212 52% 178,664 33% 6,944,103 43%
Reproduction only 49,635 56% 61,199 30% 90,609 17% 3,623,514 23%
Other purposes 3,641 4% 5,989 3% 12,271 2% 366,821 2%

Tables 2 and 3 show the results of the fattening purposes; movements for reproduction

comparisons between positive and negative herds
for different network measures and the average
number of bovines, considering the following
networks: all bovine movements; movements for

purposes; and the network excluding movements to
slaughterhouses. Statistically significant differences
(p <0.05) between positive and negative herds were
observed for the following variables:
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Table 2. Estimates of medians and interquartile ranges (IQR) for several parameters of the various networks analyzed.
The p-values are derived from the Mann-Whitney tests comparing negative (N) and positive (P) herds. Significant
differences (p < 0.05) are highlighted in bold.

Whole network Without abattoirs Fattening only Reproduction only
Parameter Status  Median Median Median Median

(IQR) p-value (IQR) p-value (IQR) p-value (IQR) p-value
wemgetertsze N2 OO gy I CON gy BTG T
N F S N B P S O TR e
k> (animals) I: Zgg 8;?; 0.001 2451 8(1)2 <0.001 4212 ((19462)) 0.010 ;2 ((5422)) <0.001
oty N B0 e 0D gy 85000 D
e N 0D s O g 0@ g 1O g
ket (batches) I: i Eg; 0.015 i 8; 0.002 i Ei; 0.020 i gi 0.004
k (batches) T: : ((183)) 0.063 i S; 0.017 g Eg 0.085 ; gi 0.006
k" (neighbors) I;I (1) g; 0.628 i g; 0.637 g 8; 0.810 i 8; 0.131
k' (neighbors) I; ; Ei; 0.033 ; g; 0.007 ; gi 0.061 i 83 0.004
k (neighbors) I: g g; 0.139 § Ejg 0.063 5 g; 0.212 ; 8; 0.008

k, degree; k", indegree; k', outdegree.
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Table 3. Estimates of medians and interquartile ranges (IQR) for several parameters of the various networks analyzed.
The p-values are derived from the Mann-Whitney tests comparing negative (N) and positive (P) herds. Significant

differences (p < 0.05) are highlighted in bold.

Whole network Without abattoirs Fattening only Reproduction only
Parameter Status . . . .
Median (IQR) p-value Median (IQR) p-value Median (IQR) p-value Median (IQR) p-value
N 0 (5720) 0 (9530) 0 3) 0 (1)
bet 0.308 0.102 0.393 0.006
CIVECHIESS p 0 (21000) 0 (22800) 0 (@29 0 (33)
1 . N le-10 (3e-14) 0.759 le-10 (2e-10) 0772 2e-10 (le-14) 0.921 4e-10 (3e-14) 0.206
closeness in . . . .
P le-10 (2e-10) le-10 (2e-10) 2e-10 (7e-15) 4e-10 (3e-14)
N 2e-10  (Se-11) 2e-10  (5e-11) 3e-10 (4e-11) 4e-10 (6e-11)
closeness out 0.992 0.980 0.461 0.192
P 2e-10  (Se-11) 2e-10 (5e-11) 3e-10 (4e-11) 4e-10 (6e-11)
N 0 (0.012 0 0.012 0 0 0 0
clustering in ( ) 0.656 ( ) 0.656 © 0.288 © 0.187
P 0 (0.014) 0 (0.014) 0 0) 0 (0)
lusteri t N 0 (0.08) 0.134 0 (0.007) 0.053 0 © 0.050 0 © 0.948
clustering ou . . . .
& P 0 (0.10) 0 (0.048) 0 (0) 0 (0)
N 5e-06 (4e-06) 4e-06 (4e-06) 6e-06 (5e-06) 9e-06 (8e-06)
PageRank 0.572 0.670 0.960 0.332
P 5e-06 (4e-06) 4e-06 (4e-06) 6e-06 (5e-06) 9e-06 (9e-06)
N 0 4 1 4 0 2 1 2
1CC ) 0.688 4 0.699 @ 0.946 @ 0.202
P 1 4) 1 5) 0 2) 1 2)
N 10 72 8 65 4 16 1 4
OoCC (72) 0.156 (€5 0.096 (16) 0.322 @ 0.058
P 17 (82) 13 (75) 5 (20) 2 5)

ICC, ingoing contact chain; OCC, outgoing contact chain.

. inthe whole network: average number of animals
in the farm; total degree (for the number of
animals moved); and outdegree (for animals,
batches of animals, and neighboring premises).

. in the network disregarding movements to
slaughterhouses (“without abattoirs™): average
number of animals on the farm; total degree (for
animals and batches of animals moved); and
outdegree (for animals, batches of animals, and
neighboring herds).

. in the network for fattening purposes (“fattening
only”): outdegree (for animals and batches of
animals moved).

. in the network for reproduction purposes
(“reproduction only”’): mean number of animals
on the farm; total degree (for animals, batches of
animals, and neighboring herds); outdegree (for
animals, batches of animals, and neighboring
herds); and betweenness.

Regarding the association between herd size
and the number of traded animals in 2007, and
considering the data partitioned in deciles of the
independent variable, we observed the following:

1. the median number of traded animals increased
as the FEM24+ herd size increased (Figure 2).
A similar pattern was observed in the analysis
of the number of animals bought or sold as a
function of FEM24+ herd size (graphs not
shown).

2. the median weighted FEM24+ herd size of the
herd neighbors increased as the FEM24+ herd
size increased (Figure 3).

3. the median weighted FEM24+ herd size of the
herd neighbors increased as the number of
animals traded increased (Figure 4).

4. the median number of animals traded by
neighbors increased as the number of animals
traded by a herd increased (Figure 5).
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In each of these four comparisons, we found
statistically significant differences (p < 0.001)
among the data grouped in deciles of either FEM24+
herd size or the number of traded animals.

Table 4 shows the results of comparisons between
positive and negative herds in the network with
movements for reproduction purposes only among
three herd sizes (< 10 FEM24+, 11-50 FEM24+, and
> 50 FEM24+). Statistically significant differences
(p <0.05) between positive and negative herds were
observed only in the herd size category of > 50
FEM24+ for the following variables: average herd
size; total degree (for animals, batches of animals,
and neighboring herds); outdegree (for animals,
batches of animals, and neighboring herds); and
outcloseness.

In order to determine whether herd size and the
number of animals moved would be correlated or

whether both would contribute to the presence of
bovine brucellosis in a herd, we carried out logistic
regression analysis considering the herd status
(positive or negative) for bovine brucellosis as the
outcome variable and base 10 logarithm of both
average herd size and total degree (for animals
moved) as the predictor variables. The results of the
network for reproduction purposes are presented in
Table 5. Both the logarithm of herd size and that of
outdegree were associated with brucellosis status. A
tenfold increase in herd size is predicted to lead to
an increased chance of a positive status by 41% (OR
= 1.41 [1.01; 1.99]); and a tenfold increase in the
number of animals traded (purchased and sold) is
predicted to lead to an increased chance of a positive
herd status by 39% (OR = 1.39 [1.05; 1.85]).

From all batches sold for reproduction purposes
that originated from herds included in the brucellosis
survey, 36.6% were from positive herds.

Figure 2. Boxplots of degree (number of animals bought or sold) for each decile category of herd size. Herd size is
defined as the number of females of reproductive age (FEM24+).
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Figure 3. Boxplots of herd size of neighbors (weighted by trade intensity, i.e., the number of animals bought or sold
to each neighbor) for each decile category of herd size. Herd size is defined as the number of females of reproductive

age (FEM24+).
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Figure 4. Boxplots of herd size of neighbors (weighted average by trade intensity, i.e., the number of animals bought
or sold to each neighbor) for each decile category by degree (the number of animals bought or sold).
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Figure 5. Boxplots of degree of neighbors (number of animals traded by a neighbor, weighted average by trade
intensity, i.e., the number of animals bought or sold to each neighbor) for each decile category by degree (the number
of animals bought or sold by premises).
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Table 4. Estimates of medians and interquartile ranges (IQR) for several parameters of the network with movements
for reproduction purposes only among three herd sizes. The p-values are derived from the Mann-Whitney tests
comparing negative (N) and positive (P) herds. Significant differences (p < 0.05) are highlighted in bold. The numbers
of positive and negative herds are indicated below the respective herd size categories.

<10 females 11-50 females > 51 females
Parameter Status N=17,P=12 N=217,P=135 N=178,P=30
Median (IQR)  p-value Median (IQR) p-value Median (IQR) p-value
. N 7 “ 29.5 (18.8) 172 (230)

average herd size 0.361 0.266 <0.001
P 8 (1.75) 27 (19.6) 282 (530)
N 0 (14) 0 ®) 8 (61)

kin (animals) 0.865 0.473 0.29
P 1.5 (7.25) 0 (8.75) 15 (106)
N 19 (25) 10 (19.8) 30 (100)

kout (animals) 0.639 0.502 0.001
P 16.5 (52) 14 31) 60 (202)
N 21 (15) 15.5 (27.8) 55 (163)

k (animals) 0.626 0.367 0.002
P 18 (50.8) 19.5 (30) 112 (336)
N 0 @) 0 @) 1 2)

kin (batches) 0.749 0.586 0.248
P 0.5 ) 0 (1) 1 3)
N 1 @) 1 0) 1 3)

kout (batches) 0.365 0.293 0.022
P 1 (0.25) 1 (1) 2 3)
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continuation
N 1 0 1 1 2 4
k (batches) © 0.574 ) 0.533 “ 0.015
P 1 (1.25) 1 (1.75) 3 (6)
o N 0 (1) 0 (1) 1 (1)
kin (neighbors) 0.621 0.498 0.336
P 0.5 @) 0 (1) 1 ?2)
. N 1 (1) 1 (0) 1 @)
kout (neighbors) 0.427 0.406 0.011
P 1 0) 1 (1) 1 ?2)
. N 1 0) 1 (1) 2 @)
k (neighbors) 0.639 0.444 0.031
P 1 (0.25) 1 (1) 2 3)
N 0 (0) 0 (0) 0 (58)
betweenness 0.335 0.324 0.510
P 0 0) 0 (49.5) 0 (4800)
) N  4.le-10 (8.2e-15) 4.1e-10 (3.3¢e—14) 4.1e-10  (9.8¢—14)
closeness in 0.338 0.179 0.885
P 4.1e—10 (1.5e—13) 4.1e—10 (8.7e—11) 4.1e-10  (9.4e—14)
N  4.le-10 (8.2e-15) 4.1e—10 (5.5¢-14) 4.1e-10  (1.1e-13)
closeness out 0.637 0.589 0.024
P 4.1e—10 (4.4e-13) 4.1e—10 (3.1e—14) 4.1e-10  (8.3e—11)
o N 0.025 (0.025) 0 (0.0179) 0 0)
clustering in 0.617 0.775 0.394
P 0 0) 0 (0) 0 0)
) N 0 (0) 0.000572  (0.0449) 0 0)
clustering out - 0.117 0.422
P 0 0) 0 0) 0 0)
N 8.9¢e—06 (3.8e—06) 8.9¢—06 (3.0e—06) 1.1e-05  (9.2¢-06)
PageRank 0.942 0.544 0.613
P 9.0e—06 (2.1e—06) 8.9¢-06 (4.5e—06) 1.2e—05  (1.0e—05)
N 0 1 0 1 1 3
ICC 0 0.621 o 0.556 @ 0.374
P 0.5 (D 0 (1) 1 3)
N 1 3 1 3 2 6
occC 3) 0.389 ®) © 0.095
P 1.5 (13) 1 (3.75) 2 (6)

ICC, ingoing contact chain; OCC, outgoing contact chain.

Table 5. Results of the logistic regression analysis considering the herd status (positive or negative) for bovine
brucellosis in the State of Mato Grosso as the outcome variable, and the base 10 logarithm of both average herd size
and total degree (for animals moved) as predictor variables. The analysis considered the network for reproduction

purposes.
Variable Odds ratio CI (95%) p
log10 (herd size) 1.41 [1.01; 1.99] 0.045
log10 (degree) 1.39 [1.05; 1.85] 0.020

Within the network of bovine movements in
2007, we found a statistical association between
the presence of brucellosis (in the 2003 survey) and
both total degree (animals) and outdegree (for the
number of animals and batches of animals sold, and
the number of neighboring herds that buy animals
from the herd of origin). Whatever the origin of

such associations, the potential implications of this
finding are important for the spread of brucellosis
among herds, because it reveals that positive herds
in the 2003 survey were trading (and particularly
selling) more extensively in 2007 than the negative
herds. This presumably increased the risk of disease
spread within the state, assuming those herds
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remained positive (or infected). It is noteworthy
that in the nationwide analysis for herd-level risk
factors of bovine brucellosis in Brazil (MOTA et al.,
2016), the risk of infection was higher for farms that
purchase replacement stock from cattle traders.

The statistical differences observed in the
network of movements for reproduction purposes
were more significant than those observed in the
other networks for the following parameters:
average herd size, degree of animals, degree
of batches, degree of neighbors, outdegree of
neighbors, and betweenness. The purchase of
animals for reproduction purposes was identified as
arisk factor for bovine brucellosis in three Brazilian
states (DIAS et al., 2009a; GONCALVES et al.,
2009; KLEIN-GUNNEWIEK et al., 2009). These
findings also reinforce the need for diagnostic
testing before permitting animal movements for
reproduction purposes. Interestingly, any difference
observed in betweenness was only significant
between positive and negative herds within the
network for reproduction purposes, suggesting that
there are positive herds occupying central positions
along the path of movements between other herds.

A comparison between positive and negative
herds, stratified by herd size, within the network
of movements for reproduction purposes, revealed
statistically significant differences (p < 0.05) in
herd size, degree, and outdegree in the category
> 50 FEM24+ only. Logistic regression analysis
considering both average herd size and degree of
animals as factors showed that a tenfold increase
both in herd size and the number of animals traded
would lead to the increased chance of a positive
herd status by 41% (OR = 1.41 [1.01; 1.99]) and
39% (OR = 1.39 [1.05; 1.85]), respectively. Thus,
both herd size and animal trade might contribute to
the spread of brucellosis.

A statistically significant difference between
positive and negative herds was noted in the total
degree of batches in the network without abattoirs
and the network for reproduction purposes (p

= 0.017 and p = 0.006, respectively). However,
such differences were not observed in the network
for fattening purposes. These findings suggest
the primary influence of animal movements for
reproduction purposes. The same line of reasoning
applies to the difference in the total degree of animals
moved between positive and negative herds.

Conclusions

Analysis of the association between herd size
and the number of traded animals revealed that: the
number of traded animals and the FEM24+ herd
size are positively associated; the FEM24+ herd
size is positively associated with the FEM24+ herd
size of its neighbors within the network of cattle
movement; the FEM24+ herd size of the neighbors
is positively associated with the number of traded
animals; and the weighted degree (animals) of the
neighbors is positively associated with the degree
(animals) of the herd.

Herd
for brucellosis in the state of Mato Grosso
(NEGREIROS et al., 2009). In the present study,
we observed that larger herds traded animals
more intensively than smaller herds (p < 0.001).
In summary, the presence of bovine brucellosis is
generally associated with larger herds. In addition,
we found a presumable association between more
intense trade of bovines and the presence of bovine
brucellosis. Furthermore, herd size and animal trade
are associated factors that might contribute to the
spread of brucellosis.

size was 1identified as a risk factor

On one hand, the dynamics of animal trade itself
could primarily influence the spread of an infectious
disease (such as brucellosis) among animals. On
the other hand, as Amaku and Grisi-Filho (2015)
discussed, we cannot rule out the possibility that
an animal disease could affect the dynamics of the
animal trade network.
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Appendix — Description of parameters used
in the network analysis

Degree

The degree, represented by £, is one of the main
centrality measures of a network that can be easily
calculated. The traditional definition of the degree
is the number of edges connected to a particular
node (CALDARELLI, 2007). In a directed graph,
each node has two degrees: an in-degree (k) and an
out-degree (£°*) that represent the number of edges
arriving at the node and leaving it, respectively.

For an undirected graph, the degree k. of a node
i, is calculated by summing either the row i or the
column 7 of the adjacency matrix 4 (n, n), where n
is the number of nodes in the network, and can be
defined as follows (CALDARELLI, 2007):

n
k; = Z a
=l

For a directed graph, the in-degree (k™) and out-
degree (k°) are calculated by summing the column
i and the row i, respectively, and can be defined as
follows (CALDARELLI, 2007):

n
kin _ Za
i Ji
Jj=1
n
kout _ Za
i ij
J=1

The total degree of a directed graph is the sum of
the in-degree and out-degree (COSTA et al., 2007).

To analyze the degree on a cattle movement
network, the node can be represented by specific
premises (slaughterhouse, farm, etc.) and edges can
be defined in three ways, resulting in three distinct
classifications of degree:

a. Degree weighted by animals moved: the number
of cattle purchased (s”) and sold (s*) by the
premises;

b. Degree weighted by batches moved: the number
of batches purchased (s™) and sold (s°*) by the
premises;

c. Degree weighted by number of neighbors:
the number of premises with which a given
premises trades (k™ and k).

The weighted degree is also referred to as
strength by some authors (COSTA et al., 2007),
hence the notation s.

Betweenness

The betweenness of a node is given by the total
geodesic distance (i.¢., the shortest distances between
nodes on the network) between pairs of other nodes,
including the reference node (FREEMAN, 1977).

Mathematically, we define a variable n, for
node i, which is equal to 1 when the geodesic
between nodes s and ¢ goes through 7; and is equal
to 0, when it does not. Therefore, the betweenness
is derived by the following equation (NEWMAN,
2010):

_ i
Bi - Znst
st

Closeness

The closeness measures how close a given node
is to other network nodes. According to Freeman
(1979), the simplest way to calculate this measure
of centrality is to define it mathematically as
the inverse of the sum of the geodesic distances
between the reference node and the rest of the
network. Closeness has been proposed to assume
higher values for those nodes that have the shortest
geodesic between other network nodes.
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It is derived as follows:

1
C=——
Z d@'f

i#j

where C, is the measure of closeness of node i and
dij is the geodesic distance between nodes i and j.
If there are no geodesics between nodes i and j,
the total number of network nodes (n) could be
used instead of the geodesic value (d) (CSARDI;
NEPUSZ, 2006).

Clustering Coefficient

For undirected networks, the definition of the
clustering coefficient (CC) refers to the number of
triangles in the network (COHEN; HAVLIN, 2010),
i.e., it is the measure of how frequently the nodes of
a network are united in groups of three. According
to Caldarelli (2007), the formula to calculate the
clustering coefficient is as follows:

1
Z Ay a

cC=—
k (k. —1)/2 4

The CC value is high when two nodes that share
a common neighbor have a high probability of being
connected to each other (COHEN; HAVLIN, 2010).

It is possible to define an incoming and
an outgoing clustering coefficient as follows
(CALDARELLI, 2007):

A 1
im =+Zaijaki E—
k" (k" —=1)/2% 2

ajk +akj

and

1 a, +a,.
CCioul — Z ai‘aki u
kiout(kiout _1)/2 = y 2

PageRank

PageRank is an analysis algorithm of connections
in networks used by the Internet search engine
Google (BRIN; PAGE, 1998). This algorithm
assigns a value of the relative importance of each
network node (PageRank value), considering the
number of edges that a node receives (indegree)
and the number of edges that its neighbors receive.
In addition, it is propagated through the network,
based on the premise that nodes receive important
links from important nodes. PageRank is derived by
(NEWMAN, 2010):

X,
X, =ay a k"j” +p
j

J

where and are positive constants. In an animal
movement network, the PageRank indicates the
importance of the premises with regard to the
number of animals bought (Figure 6).

Figure 6. Scheme of PageRank calculation for a simple
network of four nodes. The nodes A, B, and C receive the
same number of incoming links (i.e., one incoming link);
however, node C has a higher PageRank than A and B,
because the link that C receives comes from an important
node (node D) that raises its PageRank.

PageRank

Low m—_____MGl<]]

(&)«

®
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