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a  b  s  t  r  a  c  t

Social  network  analysis  provides  a valuable  framework  for  understanding  the  dynamics
of  diseases  on  networks  as well  as a means  for  defining  effective  control  measures.  An
understanding  of the underlying  contact  pattern  for  a susceptible  population  is  advisable
before  embarking  on any  strategy  for  disease  control.  The  objective  of  this  study  was  to
characterise  the  network  of  Danish  cattle  movements  over  a 10-year  period  from 2000  to
2009 with a view  to understanding:  (1)  cohesiveness  of  the  network,  (2)  influential  holdings
and  (3)  structural  vulnerability  of the network.

Network  analyses  of  data  involving  all  cattle  movements  in  Denmark  registered  dur-
ing the  period  of interest  were performed.  A  total  of  50,494  premises  participated  in
4,204,895  individual  movements  during  the 10-year  period.  The  results  pointed  to a  pre-

dominantly  scale-free  structure  of the  network;  though  marked  by small-world  properties
in March–April  2001  as  well  as  in  24 other  months  during  the  period  October  2006  to
December  2009.  The  network  was  sparsely  connected  with  markets  being  the key influ-
ential  holdings.  Its  vulnerability  to removal  of markets  suggests  that  targeting  highly
connected  holdings  during  epidemics  should  be  the focus  of  control  efforts.
. Introduction

A crucial step in stemming the spread of contagious
athogens between animal holdings involves a combined
rocess of singling out and application of rigorous control

easures on potentially exposed and infected premises.
ovement of animals between holdings constitutes an

fficient route, by which many of these pathogens are
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disseminated. Consequently, having a system in place for
the identification and registration of both holdings and
animals is a key prerequisite for surveillance and con-
trol programmes for contagious diseases (Ammendrup and
Barcos, 2006). Availability of such detailed registry data on
individual animal displacements (as is found in national
livestock databases of European Union (EU) member states)
allows a thorough characterisation of their behaviour in

time, which may  reveal patterns that are relevant for
the spread and control of diseases in populations (Natale
et al., 2009). Such was the case in the United Kingdom
(UK) following the 2001 foot-and-mouth disease (FMD)
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epidemic where post hoc analyses showed that market
closure coupled with a movement ban on all livestock
were more effective containment strategies than a reac-
tive culling policy owing to the prevailing heterogeneous
contact structure in the population (Shirley and Rushton,
2005).

Social network analysis (SNA) is a methodology based
on the study of relationships amongst social entities and
on the patterns and implications of these relationships
(Wasserman and Faust, 1994). SNA has been applied
extensively in human epidemiology to improve under-
standing on diseases transmitted especially through sexual
contacts (Liljeros et al., 2003; Rothenberg, 2003; Doherty
et al., 2005). Within the veterinary domain, in the wake
of the 2001 FMD  epidemic in the UK, there has been a
growing body of research employing SNA tools for the
analysis of livestock movement data (Shirley and Rushton,
2005; Bigras-Poulin et al., 2006, 2007; Kao et al., 2006;
Kiss et al., 2006a; Natale et al., 2009; Bajardi et al., 2011;
Rautureau et al., 2011). Live cattle trade can be represented
as a network of nodes (animal holdings/premises) whose
interaction is mediated by arcs (animal movements). The
arcs of the network serve as paths for the diffusion of
diseases in the network (Dubé et al., 2009). For readability
purposes, a glossary of the network terms used in the
present study is provided in Table 1. For extensive reviews
of network terminology as applied to the veterinary field,
see Dubé et al. (2009) and Martinez-Lopez et al. (2009).

The study of the networks of livestock movements pro-
vides a means for understanding the dynamics of diseases
on the networks as well as a method for defining effective
control measures (Dubé et al., 2009). Amongst livestock
networks, the centrality of nodes has been used as an impor-
tant indicator of holdings that are influential in mediating
the flow of animals in the network. These highly connected
premises (hubs) have been considered to be at risk of
becoming infected and transmitting the infection to others
(Shirley and Rushton, 2005). This is a distinctive character-
istic of scale-free networks, in which only a few nodes in the
networks monopolise most of the contacts whereas most
nodes have few contacts (Albert et al., 1999; Barabási and
Albert, 1999). Individuals that are added to the network
have an inclination to preferentially attach to those that
already have a large number of contacts – a disassortative
mixing pattern. Therefore, disease control strategies that
target hubs in such networks will be more effective than
those applied on randomly selected nodes (May  and Llyod,
2001; Kiss et al., 2006a). Analyses of livestock networks
has revealed a coexistence of both scale-free and small-
world properties (Bigras-Poulin et al., 2007; Dubé et al.,
2011), an indication that these categories are not mutually
exclusive and should be collectively assessed in analyses
of livestock networks. Network cohesiveness refers to the
level of connectedness in the network, and determines how
fast and wide an infection can spread. Sparse networks
allow limited local transmission, although infection can
spread to the rest of the network in relatively few time steps

(Shirley and Rushton, 2005). Successful application of dis-
ease control strategies can be determined by an assessment
of the structural vulnerability of a network (Rautureau
et al., 2011). The vulnerability of a network is the response
 Medicine 110 (2013) 379– 387

observed when nodes are removed (Albert et al., 2000).
Scale-free networks are often highly susceptible to targeted
node removal, but tolerant to random deletion. Fragmen-
tation of the network following node removal may impact
the speed and extent of disease spread (Solé and Montoya,
2001).

Previous network studies have largely focussed on
estimating snapshot network properties based on static
networks (created by aggregating data over defined time
scales) without systematically evaluating the evolution of
these features over time (Bajardi et al., 2011). If indeed
these properties were truly dynamical, control measures
recommended for previous time points would be essen-
tially ineffective for subsequent snapshots of time owing
to the temporal evolution of the network. However, by
computing distributions of these properties based on suc-
cessive static networks, it is possible to assess the stability
of the network topology over time (Bajardi et al., 2011).

The objective of this study was to characterise the net-
work of Danish cattle movements over a 10-year period
from 2000 to 2009 with a view to understanding: (1) cohe-
siveness of the network, (2) influential holdings and (3)
structural vulnerability of the network. Since the goal of
this work is to understand the underlying contact pattern
of the Danish cattle herd population and its implication for
disease control, the analysis is not constrained to a spe-
cific disease. Rather, we  seek to ensure applicability of the
results to a range of pathogens spread primarily through
animal movements. This work thus forms the basis for
informing future decisions aimed at optimising methods
for controlling contagious pathogens, for instance, impos-
ing movement restrictions on infected herds in an effort to
contain the spread of Streptococcus agalactiae (S. agalactiae)
within the Danish cattle herd population.

2. Materials and methods

2.1. Data

As part of the EU, Denmark maintains an elaborate elec-
tronic cattle register (the Central Herd Register, Danish
Veterinary and Food Administration, Glostrup, Denmark),
which captures data on all daily cattle movements within
the country. This serves as a key traceability system, the
basis for which infective animal movements can be eas-
ily trailed. For the purpose of this study, data on all
cattle movements extending over the period of interest
(2000–2009 inclusive) were extracted from the register.
Each movement record detailed the unique identifier of
the animal involved, its movement date, the identity of
its source and destination premises, type of the premises
(i.e. beef, dairy, breeder, dealer, market, animal show,
communal pasture, abattoir and animal hospital) and the
premise-specific georeferences. In Denmark, by definition
a dairy farm is one that delivers milk to the factory. A non-
milk-producing dairy farm (non-dairy) is thereby, broadly
speaking, considered to be beef. Beef to beef movements

could represent movements of calves to feedlot. On the
one hand, beef to dairy movements could represent move-
ments of dairy calves (non-dairy) to dairy farms. On the
other hand, dairy to beef movements could correspond to
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Table  1
A  description of network terms as used in the present study.

Term Definition Reference

Arc Directed link between 2 premises in a network Wasserman and Faust (1994)
Assortativity Correlation between the degrees of linked premises Newman (2003)
Average path length Shortest path between 2 premises averaged over all pairs of premises in the

network
Watts and Strogatz (1998)

Betweenness The frequency a premise is in the shortest path between pairs of network
premises

Freeman (1978)

Centrality Importance of premises in the network Wasserman and Faust (1994)
Closeness The inverse of farness – sum of shortest distances to all other premises in the

network
Wasserman and Faust (1994)

Clustering coefficient Proportion of a premise’s neighbours who  are also neighbours of one another Watts and Strogatz (1998)
Component Maximally connected sub-region of a network in which all premises are either

directly or indirectly linked
Robinson et al. (2007)

Degree The number of links a premise has to other premises. For directed networks,
the  in- degree is the number of incoming links whereas the out-degree is the
number of outgoing links

Wasserman and Faust (1994)

Density Sum of the number of all links divided by the number of possible links in the
network

Wasserman and Faust (1994)

Disassortative Mixing pattern in which low degree premises tend to attach to high degree
premises

Newman (2002)

Infection chain Number of premises that are reachable directly, in a single step, or indirectly,
through other premises

Dubé et al. (2008)

Giant strong component (GSC) Largest component in a directed network in which all premises are mutually
accessible following the direction of links in the network

Kao et al. (2006)

Giant weak component (GWC) Largest component in an undirected network in which all premises are linked
without considering the direction of the links

Kao et al. (2006)

Node Smallest unit of concern in network analysis Wasserman and Faust (1994)
Random Network characterised by lack of heterogeneity in the number of contacts and

a  lack of clustering
Newman et al. (2002)

Scale-free Network in which the out-and in-degree distributions fit a power law Barabási and Bonabeau (2003)
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Small-world Network characterised by high clus
Topology Arrangement of nodes and arcs in a

ranslocations of dairy bull calves to beef farms. A breeder
arm is an insemination station and by way of example,
eef to breeder movements could represent the transport
f beef bulls to the station for semen collection and back.
arkets are centres where animals are received destined

or either slaughter i.e. slaughter market or for sale to other
arms such as beef. Notably, movements to abattoirs were
xcluded from the analyses as they represent end points in
he movement chain and as such have negligible role in the
nward transmission of infection.

.2. Descriptive analysis

Standard descriptive statistics (proportions, medians
nd graphs) for the individual animal movements and type
f premises were computed using Stata software (Stata
ersion 11.2, Stata Corporation, College Station TX, USA).
uclidean distances of movement between the source
nd destination premises were estimated based on the
remises’ geo-coordinates.

.3. Network analysis

The cattle trade system was represented as a network
omprising a set of nodes (premises) and arcs formed by
ndividual cattle displacements between premises. Consid-

ring that the direction of movement was known, the
esulting network was directed. Static networks were cre-
ted based on individual cattle movements between source
nd destination premises in each month resulting in 120
d short path length Watts and Strogatz (1998)
k Watts and Strogatz (1998)

networks. Although daily networks could be considered
choice alternatives for capturing the intrinsic dynamical
nature of the system (Bajardi et al., 2011), the rationale
for selecting a monthly timescale was  based on two  argu-
ments: (1) the need to strike a balance between having
sufficient number of nodes at any given time window and
the number of networks to be analysed and (2) the fact that
it was considered a reasonable duration, during which an
infection could spread silently. Besides, Keeling and Eames
(2005) contend that using larger time windows may  not be
problematic if changes in connections amongst nodes are
slow relative to the timescale of the pathogen under con-
sideration. In such cases, the network structure remains
relatively invariant during the epidemic process.

The cohesiveness of the networks was  evaluated by
computing the parameters: density, clustering coefficient
and average path length and plotting their distributions
against time. Trends in the cohesion measures were tested
using the Mann–Kendall test – a non-parametric test that
evaluates the null hypothesis of no trend in time series
data.

Centrality measures, namely: betweenness, closeness
and degree were also estimated. In order to identify influen-
tial holdings in the networks, the median centrality values
for each premise type were calculated in each month, after
which overall medians for the entire duration of study were

obtained. Premise types with the highest of these values
were deemed the most central.

To determine whether the networks were scale-free,
fits to power law behaviour of in- and out-degree
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Table  2
The number of cattle movements in Denmark by type of source and destination premises during the period 2000–2009.

Type of source premise Type of destination premise (%)

Beef Dairy Breeder Dealer Market Animal show Communal
pasture

Animal
hospital

Total (%)

Beef 490,469
(50.6)

324,221
(33.4)

2671
(0.3)

26,744
(2.8)

72,762
(7.5)

30,047
(3.1)

23,345
(2.4)

35
(0)

970,294
(23.0)

Dairy  1,741,145
(61.4)

851,495
(30.0)

2613
(0.1)

45,523
(1.6)

76,334
(2.7)

70,472
(2.5)

48,901
(1.7)

347
(0)

2,836,830
(67.5)

Breeder  2433
(21.2)

38
(0.3)

8795
(76.7)

0
(0)

0
(0)

202
(1.8)

0
(0)

0
(0)

11,468
(0.3)

Dealer  35,579
(38.4)

19,580
(21.2)

3
(0)

1691
(1.8)

35,579
(38.4)

69
(0.1)

83
(0.1)

0
(0)

92,584
(2.2)

Market  101,997
(55.5)

55,698
(30.3)

0
(0)

26,094
(14.2)

6
(0)

0
(0)

0
(0)

0
(0)

183,795 (4.4)

Animal  show 14,403
(36.7)

24,729
(63.0)

17
(0)

10
(0)

37
(0.1)

32
(0.1)

0
(0)

0
(0)

39,228
(0.9)

Communal  pasture 23,094
(32.7)

47,497
(67.2)

0
(0)

79
(0.1)

0
(0)

0
(0)

5
(0)

0
(0)

70,675
(1.7)

Animal  hospital 2
(9.5)

18
(85.7)

0
(0)

0
(0)

0
(0)

0
(0)

0
(0)

1
(4.8)

21  (0)

184
(4.4
Total  (%) 2,409,122
(57.3)

1,323,276
(31.5)

14,099
(0.3)

100,141
(2.4)

distributions were computed. Mathematically, a quantity
k obeys a power law if it is drawn from a probability dis-
tribution of the kind: p(k)∼k−˛, where  ̨ is a constant
parameter of the distribution referred to as the exponent.
This parameter characteristically lies in the range 2 <  ̨ < 3
(Clauset et al., 2009). The degree distributions were visu-
alised on log–log plots with a straight line on such plots
being suggestive of a power law distribution (Barabási,
2003). We also assessed whether the networks displayed
small-world properties. This was achieved by generating
random networks with similar numbers of nodes and arcs
as the observed networks using the Erdös–Rényi model
(Erdös and Rényi, 1960). The networks were considered
small-world if they met  the criteria laid out by Dubé
et al. (2011): the clustering coefficients in the observed
networks should be at least 20 times greater than in
the random networks, and that the average path lengths
for the two networks should be relatively similar or
shorter in the observed networks. Network assortativity
was also estimated. The assortativity coefficient is a use-
ful indicator of the susceptibility of networks to either
random or targeted node removal procedures (Newman,
2002).

Network component sizes: giant strong and weak compo-
nent sizes (GSC and GWC, respectively) were also computed
and the distributions of their sizes plotted against time.
Notably, the monthly sizes of GSCs and GWCs were
expressed as proportions of the total number of premise
types in the given month to ensure temporal compar-
isons. As with the cohesion measures, we tested for
trends in the distributions of GSC and GWC. In order to
assess the vulnerability of the networks, the most central
premises in the global networks were removed. Sub-
sequently, the sizes of the GSCs were recalculated and

their distributions shown over time. Network analyses
were carried out using the Igraph package (Csardi and
Nepusz, 2006) for R software (R Development Core Team,
2012).
,718
)

100,822
(2.4)

72,334 (1.7) 383 (0) 4,204,895

3. Results

3.1. Description of the data

A total of 50,494 premises were registered in the
database over the 10-year span. Beef accounted for the
largest proportion of the premises (75.5%, n = 38,126) fol-
lowed by dairy at 23.4% (n = 11,808). In total, 3,013,452
cattle were involved in 4,204,895 individual movements.
Of the number of cattle, 75.9% (n = 2,287,339) were moved
once during the period. For movements involving batches
of animals (a batch movement defined as movement of a
group of animals between 2 premises on the same day),
690,346 batches were transported (representing 16.4% of
total movements). A majority of the movements occurred
between beef and dairy premises. Moreover, beef premises
were the highest recipients of the movements (57.3%,
n = 2,409,122), while dairy premises represented the high-
est donors (67.5%, n = 2,836,830) (Table 2). There was a
steady increase in the number of movements during the
10-year period with the lowest and highest displacements
taking place in March 2001 (month 15) and May  2008
(month 113) respectively (Fig. 1). No movements took
place to and from markets in March–June and August
2001 (months 15–18 and 20, respectively). The median dis-
tance over which cattle were moved was  15.3 km (range:
0–444.5 km).

3.2. Characteristics of the networks

The median numbers of nodes and arcs for the monthly
networks were 7031 and 6764 respectively (Table 3). The
networks were sparsely connected as indicated by the con-
sistently low, but fluctuant distributions of values of the

cohesion parameters (Fig. 2a–c). Regardless of the time
window, the path lengths were short with any linked pair
of premises being on average separated by a sequence of 4
arcs/steps, which corresponds to 3 intermediary nodes. A
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Table 3
Descriptive parameters for the monthly networks of Danish cattle move-
ments during the period 2000–2009.

Parameter Median Range

Nodes 7031 5284–10640
Arcs 6764 4225–10680
Densitya 0.01 0.01–0.02
Clustering coefficienta 0.27 0.13–1.25
Average path length 4.28 1.39–8.76
Assortativity coefficient −0.08 −0.14–−0.04
Power law exponents
˛ (in-degree) 2.18 2.10–2.25
˛ (out-degree) 2.03 1.97–2.15
Component sizesa

GSC 0.38 0.01–2.52
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ig. 1. Plot of the number of monthly cattle movements in Denmark dur-
ng  the period 2000–2009.

harp rise in the clustering coefficient coupled with a steep
ecline in the average path length was observed in March to
pril 2001 (Fig. 2b and c) (months 15 and 16, respectively).

n these months, the clustering coefficients for the observed

etworks were infinity and 31 times greater than those for
he corresponding random networks (for March and April
espectively), whereas the average path lengths were 2.6
nd 2.8 times longer (for the same months) in the random
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a Expressed as percentages.

networks compared to the observed networks; observa-
tions consistent with small-world properties (Table 4).
Additionally, pockets of small-world characteristics were
detected in 24 other networks spanning October 2006 to
December 2009. Both density and clustering coefficient
measures showed increasing trends (P < 0.001) whereas no
trend was observed for the average path length (P = 0.89).
Values of the cohesion measures are summarised in Table 3.
The networks were disassortative as given by the nega-
tive assortativity coefficients (Table 3); nodes had a higher
tendency to connect to nodes with dissimilar degrees com-

pared to those with similar degrees. The distribution of the
assortativity measure was highly fluctuant (Fig. 2d). The
in- and out-degree distributions approximated power law
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Fig. 3. Plots of the distributions of (a) giant weak component (GWC) and
monthly networks of Danish cattle movements during the period 2000–2

behaviour as depicted by the linear shape on the log–log
plot (Fig. 2e). The median values of the exponents were 2.18
and 2.03 for the in- and out-degree respectively (Table 3).
The distributions of these exponents were generally sta-
ble over time (Fig. 2f). Within the global networks, the
most influential holdings were markets having the highest
betweenness, closeness and degree scores (Table 5).

The frequency distribution of the GSC and GWC  sizes is
shown in Fig. 3. As was the case with the cohesion param-
eters, their patterns were highly fluctuant and marked by
a distinguishable decline in March–April 2001 (months 15
and 16, respectively). Approximately 0.38% and 10.76% of
nodes were included in the GSCs and GWCs respectively
(Table 3). An increasing trend for the distribution of GWC
was detected (P < 0.001), but no trend was noticeable for
the GSC distribution (P = 0.67). Following the removal of
markets from the global networks, disappearance of the
GSCs was noted (Fig. 3b).

4. Discussion

Analysis of the longitudinal data has revealed that the
network of Danish cattle movements was predominantly
scale-free. However, it was punctuated by small-world
properties in March–April 2001 as well as in 24 other
months in the period October 2006 to December 2009. In

particular, the appearance of these properties in March to
April 2001 coincided with the occurrence of the 2001 FMD
epidemic in the UK whose impact extended into much of
the European livestock industry. In Denmark, as in other
nt strong component (GSC) (before and after removal of markets) in the
oothing averages are indicated by continuous dark grey lines.

parts of Europe, the imposition of movement restrictions
during the epidemic led to reorganisation of the network
permitting the formation of local clusters with possibili-
ties of long-distance connections. A high level of clustering
coupled with short path lengths, as is found in small-
world networks, allows most infection to spread locally
although spread to topologically distant clusters within the
network is also probable (Watts and Strogatz, 1998). An
explanation for the presence of these properties during the
period October 2006 to December 2009 is yet to be estab-
lished. The coexistence of both scale-free and small-world
properties in the network of Danish cattle movements is
consistent with previous observations of livestock move-
ment networks (Bigras-Poulin et al., 2006, 2007; Natale
et al., 2009).

The clustering coefficient and average path length val-
ues reported in this study fall within the range of observed
values for other scale-free livestock networks: 0.4%; 4.97
(Rautureau et al., 2011) and 0.4%; 7.82 (Natale et al.,
2009) for clustering coefficient and average path length
respectively. The small values of these parameters, which
illustrate a sparsely connected network, suggest that an
epidemic is likely to spread minimally locally, but rapidly
through the network (Keeling and Eames, 2005). How-
ever, with the increasing trend in density and clustering
coefficient, a reflection of increasing connectedness in

the network, future infection spread is likely to be more
localised. Markets were shown to be the most influential
holdings in the global networks. Analysis of an Italian cat-
tle network (Natale et al., 2009; Bajardi et al., 2011) showed
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Table  4
Comparisons between observed and random networks for the months of March and April 2001.

Month Nodes (arcs) Observed Random

Clustering coeffa,b Av. path lengthc Clustering coeff. Av. path length

March 5586 (4225) 0.93 1.39 0 3.55
April  6175 (4757) 1.25 1.42 0.04 3.97

a Clustering coefficient.
b Expressed as a percentage.
c Average path length.

Table 5
Premise-specific median centrality values for the monthly networks of Danish cattle movements during the period 2000–2009.

Premise Betweenness score Closeness score Degree score
Median (range) Median (range) Median (range)

Beef 0 (0–0) 2.3 × 10−8(9.2 × 10−9 to 6.4 × 10−8) 1.0 (1.0–1.0)
Dairy  0 (0–0) 4.5 × 10−8(2.0 × 10−8 to 7.6 × 10−8) 1.0 (1.0–1.0)
Breeder 2.0 (0–30936.6) 3.5 × 10−8(1.4 × 10−8 to 7.6 × 10−8) 3.5 (1.0–18.0)
Dealer 1391.5 (0–5138.0) 4.5 × 10−8(2.0 × 10−8 to 7.6 × 10−8) 4.0 (2.0–6.0)
Market 278581.4 (0–1592960.0) 4.5 × 10−8(2.0 × 10−8 to 7.6 × 10−8) 335.5 (1.0–532.0)
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hat markets dominated the global networks, while within
ritish and French networks, dealers and markets were
he key players (Christley et al., 2005; Rautureau et al.,
011). The presence of these highly connected premises

n a largely sparsely connected network is a distinguishing
ark of scale-free networks (Scholz, 2010). Rautureau et al.

2011) demonstrated that clustering coefficients within
SCs seemed inversely related to node degrees with a

oughly linear relationship on a log–log scale. On the con-
rary, low degree nodes were highly involved in dense
ub-networks. Because these hubs have been considered
o exhibit super-spreader behaviour, their presence in
cale-free networks renders the networks prone to spread
nd persistence of infections (Keeling and Eames, 2005).
hus, in such networks infectious agents possessing low
ransmissibility are capable of invading and causing large
pidemics (Barabási, 2009). The linear trend in animal
ovements together with the increasing trend in the dis-

ribution of GWC  (Figs. 1 and 3a, respectively) suggest a
eightened risk of spread of contagious pathogens within
he Danish cattle herd population; a hypothesis recently
onfirmed with respect to spread of S. agalactiae (Mweu
t al., 2012).

The degree distributions in the present study were
inear on a log–log scale with the median power law expo-
ents lying within the acceptable range for power law
istributions (range: 2–3) (Clauset et al., 2009). This finding
oncurs with previous observations in Denmark where the
n- and out-degree exponent values of 2 and 1.46 respec-
ively, were obtained (Bigras-Poulin et al., 2007). Similar
alues have been reported from analyses of British 2.1
Christley et al., 2005), Italian 2.26 (Natale et al., 2009)
nd French 2.58 (Rautureau et al., 2011) cattle networks.
he power law degree distributions noted here suggest

eterogeneity in the number of contacts in the networks
ith hubs enjoying a disproportionately large share. This
eterogeneity was partly attributable to the disassortative
ixing pattern seen in the networks where low degree
4.2 × 10−8(1.6 × 10−8 to 7.6 × 10−8) 25.0 (1.0 – 156.0)
2.8 × 10−8(1.4 × 10−8 to 7.6 × 10−8) 2.0 (1.0–7.5)
3.9 × 10−8(1.8 × 10−8 to 6.0 × 10−8) 9.5 (3.0–34.0)

nodes had a tendency to preferentially attach to others
with already a large number of contacts. The heteroge-
neous contact pattern explains why scale-free networks
are especially resilient to disease control measures that
mimic  random node removal since a randomly selected
node is likely to be weakly connected and its deletion would
have little impact on the structural integrity of the network
(Albert et al., 2000).

In this study, following the removal of markets from the
networks, disappearance of GSCs was  noted. This finding
illustrates the vulnerability of the Danish cattle network
to targeted application of control measures and further
underscores the importance of focussing control efforts
on highly connected premises, which could potentially
eliminate a possible epidemic. This observation corrobo-
rates findings from past studies on livestock networks (Kao
et al., 2006; Kiss et al., 2006b; Rautureau et al., 2011).
In particular, Rautureau et al. (2011) investigated target-
ing procedures based on holding type and node centrality
measures and showed that the latter was  a more effective
strategy in prompting GSC disappearance. Indisputably,
regardless of the timescale, shutting down markets ought
to be considered a significant step in containing the spread
of an epidemic within the Danish cattle herd population.

Availability of longitudinal data has afforded a unique
opportunity to evaluate whether the Danish cattle move-
ment network has evolved over the 10-year span based on
the estimation of snapshot network properties. Except for
the pockets of small-world properties, the topology of the
network was predominantly scale-free with markets serv-
ing as hubs. This result may  come as a relief to policymakers
in the sense that control measures deemed efficacious in
past timescales may still prove successful in containing epi-
demics on the network in subsequent periods. However, it

is vital that formulation of control strategies for an epi-
demic be based on information available at premise-level
(where a consistent pattern was evident) but not at indi-
vidual holding (node) level where centralities were highly
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variable across the study period. This view supports that
of Bajardi et al. (2011), who demonstrated the coexistence
of stationary statistical distributions with dynamical node-
level properties for the network of Italian cattle movements
in 2007 and accordingly, cautioned against making infer-
ences for subsequent time points based on node-level
information from previous time steps.

For comparability purposes, we also assessed the effect
of using longer aggregation time scales (i.e. quarterly,
semiannual and annual windows) on the topology of the
network. Overall, although the networks were increas-
ingly larger with increasing size of the time windows,
a gradual masking of detail was evident in the network
properties distributions with clearer trends in connec-
tivity and notable widening departure of the networks
from scale-free behaviour. However, irrespective of the
time scale, markets dominated the networks and their
removal was invariably followed by disappearance of GSCs.
Indeed, a careful choice of the time window is necessary
to reduce the likelihood of spurious inferences. The size
of the window is not only determined by the dynamics of
the pathogen under investigation but also by the level at
which the analysis is intended. When the unit of concern is
the individual animal (within-herd analysis), owing to the
close proximity amongst herd mates, a shorter time scale
may  be the optimal choice. However, longer time scales
may  suffice in the case of a herd-level analysis in situations
where between-herd movements are fairly infrequent.

A potential bias inherent in the estimates of network
properties obtained in this study stems from an inability of
the estimation algorithm to account for arc weights. Analy-
sis of weighted networks is complex and, although several
methods for their analyses have been proposed, they are
still at their infancy and often incompatible with large
networks (Barrat et al., 2004; Opsahl et al., 2010). In a bid
to circumvent this challenge, Kao et al. (2006) created an
“epidemiological network” based on truly infectious links
where the probability of transmission across a link (pij)
joining nodes i and j was weighted by the characteristics
of i and j. Although this approach may  seem promising,
an obvious drawback to its use arises from the fact that
for most contagious pathogens p is often quite small and
thus, for some periods stochastically, zero infectious links
might occur impeding further analysis. Furthermore, for
the analysis of data extending over several years, tempo-
ral comparisons may  be illogical given that the networks
generated would be dependent on the transmission prob-
ability, which itself may  be time-dependent.

Markets, dealers and communal pastures represent
holdings where animals are held transiently before being
shipped to other premises. It is therefore expected that the
number of movements to and from these premises should
be reciprocal. In these data, the incoming movements
exceeded the outgoing movements for these premises; a
discrepancy that could be attributable to animals being sent
to slaughter.

The GSCs and GWCs have previously been used not

only to evaluate the structural vulnerability of networks
(Rautureau et al., 2011) but also to estimate potential epi-
demic sizes (Kao et al., 2006; Kiss et al., 2006b). However,
their usefulness in providing reliable estimates of epidemic
 Medicine 110 (2013) 379– 387

sizes has recently been brought to question due to their fail-
ure to account for the time sequence or direction of animal
movements between holdings (Dubé et al., 2008, 2011). A
rather more robust method – infection chain analysis – is
being advocated as a suitable alternative for achieving this
goal (Dubé et al., 2011; Nöremark et al., 2011).

Although this study strictly relates to cattle movements,
a possibly worthwhile undertaking would have been to
perform a joint cattle-swine network analysis with the
goal of establishing whether the resulting networks dif-
fer and thereby exhibit distinct implications for disease
control. Logistically speaking, this was  infeasible in the cur-
rent study given the length of the analysis period under
consideration. Nonetheless, the results of an analysis of
the Danish swine movement network over an eight-month
period (September 30 2002 to May  22 2003) by Bigras-
Poulin et al. (2007) revealed the network as scale-free and
possessing a small-world property. This finding is consis-
tent with observations made in our study.

By limiting the analysis to movement data, we were
unable to capture other non-movement-related trans-
mission pathways such as air-borne spread, which are
characteristic of many contagious pathogens. With this
in mind, imposing movement restrictions such as market
closure during epidemics should only be considered as a
preliminary strategy, which if supplemented with other
measures e.g. cleaning and disinfection of premises in the
case of FMD  could lead to the containment of an epidemic.
Shirley and Rushton (2005) noted that most of the infec-
tious events associated with the 2001 UK FMD  epidemic
occurred subsequent to the movement ban mainly related
to local spread. Interestingly though, they also reported
that the number of cases arising from each infectious
premise following the ban was  low compared to the period
preceeding the ban; an indication of the effectiveness of
targeted control measures.

This work has provided a useful insight into the contact
pattern of the Danish cattle herd population that deviates
from the random-mixing assumption in classical epidemi-
ological modelling. Failure to account for the population
heterogeneity in simulation modelling could potentially
result in a misestimation of the effectiveness of control
measures (Webb and Sauter-Louis, 2002).

5. Conclusion

Network analysis of Danish cattle movements during
the period 2000–2009 has revealed the primarily scale-
free nature of the network, which was  however interrupted
by small-world properties in March–April 2001 as well
as in 24 other months during the period October 2006 to
December 2009. The network was  sparsely connected with
markets being the key influential holdings. Vulnerability
of the network to measures that target hubs underlines the
importance of focussing control efforts on highly connected
premises such as closure of markets during epidemics. The
findings from this study suggest that understanding the

contact structure of a susceptible population is advisable
before embarking on any strategy for disease control. As
the influence of individual holdings is subject to temporal
fluctuations, definition of control strategies should instead
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e based at the premise level. Outcomes of this work can
e implemented in future simulation models of the spread
nd control of contagious pathogens such as S. agalactiae in
he population of Danish cattle herds.
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