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ABSTRACT

The application of network analysis to cattle shipments broadens our understanding of shipment pat-
terns beyond pairwise interactions to the network as a whole. Such a quantitative description of cattle
shipments in the U.S. can identify trade communities, describe temporal shipment patterns, and inform
the design of disease surveillance and control strategies. Here, we analyze a longitudinal dataset of beef
and dairy cattle shipments from 2009 to 2011 in the United States to characterize communities within the
broader cattle shipment network, which are groups of counties that ship mostly to each other. Because
shipments occur over time, we aggregate the data at various temporal scales to examine the consistency
of network and community structure over time. Our results identified nine large (>50 counties) com-
munities based on shipments of beef cattle in 2009 aggregated into an annual network and nine large
communities based on shipments of dairy cattle. The size and connectance of the shipment network was
highly dynamic; monthly networks were smaller than yearly networks and revealed seasonal shipment
patterns consistent across years. Comparison of the shipment network over time showed largely consis-
tent shipping patterns, such that communities identified on annual networks of beef and diary shipments
from 2009 still represented 41-95% of shipments in monthly networks from 2009 and 41-66% of ship-
ments from networks in 2010 and 2011. The temporal aspects of cattle shipments suggest that future
applications of the U.S. cattle shipment network should consider seasonal shipment patterns. However,
the consistent within-community shipping patterns indicate that yearly communities could provide a
reasonable way to group regions for management.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

For a given network, shipment patterns can be better under-
stood by considering higher-order network phenomena such as

Network analysis provides a conceptual framework to inves- communities, which are defined as sets of nodes in the network

tigate patterns of animal movement. When networks are used
to describe livestock shipments, the production units of interest
are represented as nodes, and the shipment of animals between
them are represented as edges (Dubé et al., 2011). Network analy-
sis can then be used to describe features of the livestock industry
(Buhnerkempe et al., 2013), evaluate the animal welfare or eco-
nomic consequences of shipment practices (Hakanssonetal.,2016),
and study disease spread (Févre et al., 2006).
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versity, Corvallis, OR, USA.
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with high levels of connections among them and low levels of
connections to other nodes (Newman, 2010). While many live-
stock shipment networks have communities that also represent
geographicregions (Lentz et al.,2011; Grisi-Filho et al.,2013), com-
munities are properties of the shipment network (Buhnerkempe
etal., 2016). As aresult, these communities describe the underlying
structure of the industry based on how the commodity of inter-
est flows without imposing arbitrary geographic or administrative
boundaries. These communities are most useful if they consistently
describe shipping patterns and capture variability among seasons
or years (Green et al., 2011). However, most communities are iden-
tified on a static network, where the data are aggregated over a
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year or multiple years (Kao et al., 2006; Green et al., 2011; Lentz
etal., 2011; Grisi-Filho et al., 2013). In reality, these shipments can
be dynamic over time, and considering higher resolution tempo-
ral data may result in changes to the network structure (Noremark
etal,, 2011; Mweu et al,, 2013; Dutta et al., 2014).

A national scale, data-driven description of the U.S. livestock
shipment network has recently become possible based on move-
ment data from Interstate Certificates of Veterinary Inspection
(ICVI; Buhnerkempe et al., 2013). For non-slaughter shipments of
cattle across state lines, ICVIs certify that an accredited veterinarian
has inspected the animal’s health and that the testing requirements
of the destination state are met prior to shipment. Previous analy-
ses of livestock movement patterns in the U.S. have been based on
questionnaires (Batesetal.,2001; Marshall etal.,2009; McReynolds
et al., 2014) or expert opinion (Liu et al., 2012) and were smaller
in scale. Thus, although ICVIs were not designed for tracing cattle
movements, they are an improvement over previous descriptions of
livestock shipments because they are the most comprehensive and
consistently collected shipment data for the U.S. ICVIs also include
the origin and destination county for the shipment as well as tem-
poral information for the shipment (Portacci et al., 2013). This
allows shipment networks to be constructed, where each county
is a node in the network and the directional shipments of cattle
in the ICVI data are represented as edges between them, along
with temporal information to inform our understanding of tem-
poral variability in the network structure. A basic description of a
static, annually aggregated cattle shipment network based on ICVI
data from 2009 is presented by Buhnerkempe et al. (2013).

In this study, we use three years of ICVI data from 2009 to
2011 to consider two alternative hypotheses for the spatial and
temporal patterns of cattle shipments in the U.S. First, network
structure may vary in time and communities identified on a static
network from one year will be unable to describe shipment patterns
in future months or years. This hypothesis describes an indus-
try where shipment patterns are dominated by the influence of
grass and feed availability, such that shipment timing and locations
(as represented by network communities) respond to the price of
feed and cattle. Second, network structure may be time invari-
ant if movement patterns are dominated by the influence of fixed
infrastructure. In the U.S., the feedlot-slaughter system is a partic-
ularly concentrated, spatially fixed, infrastructure that may buffer
drought or economic drivers of livestock shipments. To evaluate
these hypotheses, we describe the underlying structure of trade
communities and build network models of data aggregated at daily,
weekly, monthly, and yearly time scales to examine features of the
networks that remain stable or change through time.

2. Methods
2.1. Data collection

To explore temporal variability in the U.S. cattle shipment net-
work, we compiled ICVI data from 2009, 2010, and 2011. The 2009
ICVI data consist of a 10% systematic sample of cattle ICVI records
for shipments leaving a state (Buhnerkempe et al., 2013). ICVI
records are maintained and stored by the state veterinarian’s office
in both the state where the shipment originated and the state of
destination. We requested origin ICVIs to avoid duplicated records.
This dataset included all states in the U.S. with the exception of
New Jersey (no response), Alaska (zero origin ICVIs), and Hawaii
(zero origin ICVIs), resulting in 19,817, non-slaughter shipment
records from 2433 counties in 47 states from 2009. Because our
analyses address questions about the timing and consistency of
interstate shipping patterns, we further excluded 713 additional
shipments if the ICVIs were issued in 2009 but not sent until 2010

or if a shipment was both sent and received by the same state. For
this study, we further compiled a 10% systematic sample of cattle
export ICVIrecords using similar methods to 2009 from the follow-
ing states in 2010 and 2011: California (CA), lowa (IA), Minnesota
(MN), New York (NY), North Carolina (NC), Tennessee (TN), Texas
(TX), and Wisconsin (WI). These eight states were chosen to com-
pare U.S. cattle shipment networks among years based on multiple
criteria. The primary criterion for inclusion of a state in the 2010
and 2011 sampling was that states were identified as influential
to the flow of cattle in 2009 based on high values for a number
of network statistics such as out-degree, in-degree, and between-
ness (Buhnerkempe et al., 2013). Secondary criteria stipulated that
the state generated large potential outbreaks in a disease spread
model (Buhnerkempe et al., 2014), allowed representation from
both diverse geographic locations and locations traditionally rep-
resenting a beef or dairy focus, and met additional expert opinion
provided by USDA regarding the relevance of the states chosen to
the U.S. beef and dairy industries. This subset of states includes 35%
of operations and 36% of U.S. cattle based on summaries from the
USDA National Agricultural Statistics Service (NASS; USDA, 2012).

We constructed networks by aggregating the ICVI data to the
county level, such that each county represents a node in the net-
work and each edge defines the directional shipments between
nodes. Edges in the network are either unweighted or weighted
by the number of shipments moving between the counties. Pre-
vious analyses have compared data aggregated at additional scales
(state-level, and 50 and 500 km grid sizes). The 50 and 500 km grids
generate 2350 and 46 equally sized nodes, which is roughly similar
to the number of counties (3108) and states (48) in the contiguous
U.S,, respectively. This work suggests that a county level aggrega-
tion is the most appropriate scale because it captures heterogeneity
in shipments better than coarser scales and is an administrative
unit (Buhnerkempe et al., 2013). By analyzing the temporal pat-
terns of cattle shipments, we extend the analyses in Buhnerkempe
et al. (2013), where the ICVI data were aggregated across an entire
year in 2009. Because the patterns of live animal transport in the
beef and dairy industry are different (Bates et al., 2001), we con-
structed separate networks for beef and dairy shipments. However,
production type was only specified in the ICVI's for 64% of ship-
ments in 2009, 54% in 2010, and 48% in 2011. To estimate whether
the remaining shipments contained beef or dairy cattle, we used a
classification tree analysis to calculate the probability of unknown
shipments being either beef or dairy and assigned them accord-
ing to the higher probability (detailed methods and evaluation in
Buhnerkempe et al., 2013).

2.2. Community detection

To identify communities within the U.S. cattle shipment net-
work, we aggregated the 2009, 10% ICVI data into an annual
network at the county scale and identified groups of highly con-
nected counties by applying a community detection algorithm to
both the unweighted network and the network weighted by the
number of cattle shipments. We do not consider communities
based on data from 2010 or 2011 because data from only eight
states were collected for those years. Communities are formed by
maximizing the modularity, Q, where

1 kikj
Q = ﬁzu |:Ai,j — ﬁ ) (Ci, C]) .

In this equation, A; ; is the weight of the edge between i and j. For
the unweighted networks used in this analysis, A; j is 1 if an edge
exists, k; = XA ; is the sum of the edges attached to i, and ¢; is the

community to whichiis assigned. The delta functionis 1 if¢; =¢; and
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. 1 .
0 otherwise m = jﬁli,jA,-,j. Modularity ranges between —1 and 1.

Higher values occur when the density of edges within communities
is larger than the density of edges between communities.

We applied the community detection algorithm described in
Blondel et al. (2008) that detects communities in two stages, which
are repeated iteratively until a maximum modularity is obtained.
In the first stage, each node is assigned to its own community.
The algorithm sequentially evaluates the reassignment of each
node to its neighboring communities and places the node in the
community with the largest gain in modularity. This process is
repeated for all nodes and until no reassignments improve the mod-
ularity. In the second stage, a new network is constructed with
nodes representing the communities identified in the first stage
and edges representing the between-community links. The first
stage of the algorithm is applied to this new, community-level net-
work, and community memberships of all nodes are updated. The
two-stage process is then repeated through several iterations until
no increases in modularity are achieved. Many alternative algo-
rithms exist to determine communities on networks (Newman,
2010). We use the algorithm described in Blondel et al. (2008)
because it performs well on large networks compared to other
algorithms (Lancichinetti and Fortunato, 2009). One criticism of
modularity maximization algorithms is the possibility of multiple
distinct solutions with high modularity scores if a clear global max-
imum does not exist (Good et al., 2010). To address this, we visually
assessed the communities identified in each stage of the algorithm
to ensure our final set of communities was robust to small changes
in modularity (i.e. communities were visually similar over the later
iterations of the algorithm and did not oscillate between different
community structures across different iterations). We also visu-
ally compared the regions identified by the community detection
algorithm with census regions defined in the USDA 2012 Census of
Agriculture.

We tested for spatial clustering of the communities with join
count statistics (Fortin and Drake, 2005) in the spdep package
(Bivand and Piras, 2015) in R statistical software version 3.1.2 (R
Development Core Team, 2014). Join count statistics test for posi-
tive or negative spatial associations of categorical data against the
null hypothesis of spatial randomness. We tested for non-random
association patterns for each large community (>50 counties) and
used a Bonferroni correction to account for multiple comparisons.
For the Bonferroni correction, we adjusted the individual con-
fidence level upward from at least 95% confidence to at least
100(1-0.05/k)% confidence, where kis set equal to 9 for the number
of communities with greater than 50 counties that were identified
in the beef and in the dairy networks. Thus, significant clustering
occurs when p-values are less than p=0.0055.

2.3. Network models

We compared networks based on different temporal aggre-
gations of the 2009 ICVI data to determine the consequences of
different timescales or units on network structure. To compare
a range of timescales, the data were aggregated into one yearly
network; 13, 28-day (roughly monthly) networks; 52 weekly net-
works; and 365 daily networks (Table 1). We refer to the 28-day
networks as monthly networks throughout the text. We chose to
investigate these particular timescales as they are natural units of
general interest. For each network, we calculated five node-level
network measures and five measures of network structure (Dubé
et al., 2011). The node-level network measures were:

(1) in-degree—number of unique counties that sent at least one
shipment to the county in question,

Table 1

Network and node-level properties for different temporal aggregations of the beef
cattle movement network created with the 2009 ICVIs. Mean values are displayed
for daily, weekly and monthly networks. Total values reflect the sum of incom-
ing and outgoing values (e.g. total shipments is the total of incoming and outgoing
shipments).

daily weekly monthly yearly
number (no.) of nodes 72.0 376.3 890.0 2283
no. of edges 431 297.6 1115.1 10934
diameter 1.8 4.5 14.0 14
GSCC 1.0 1.5 16.0 1247
GWCC 6.8 137 711.9 2255
mean out-degree 0.6 0.8 1.2 4.8
maximum (max.) out-degree 3.9 9.4 20.1 100
mean in-degree 0.6 0.8 1.2 4.8
max. in-degree 2.4 9.6 28.3 154
mean no. total shipments 0.6 0.8 14 7.0
max. no. total shipments 4.0 10.0 27.4 262
mean no. total cows 45.0 60.7 103.0 524
max. no. total cows 629.5 1610.8 3626.2 29172

(2) out-degree—number of unique counties that received at least
one shipment from the county in question,

(3) weighted in-degree—number of shipments received by the
county in question,

(4) weighted out-degree—number of shipments sent from the
county in question,

(5) betweenness—the number of shortest paths between any two
counties that go through the county in question.

The five measures of network structure included:

(1) Number of nodes—the number of observed counties in the
network. We use the number of nodes as a measurement of
network size

(2) Number of edges—the number of unique origin and destination
pairs that were involved in at least one cattle shipment,

(3) Diameter— the maximum number of steps in the set of shortest
paths between all county pairs,

(4) Giant strongly connected component (GSCC)—the largest set
of counties that have bi-directional shipments between any
counties in the set, and

(5) Giant weakly connected component (GWCC)—the largest set
of counties that are accessible to each other regardless of the
direction of the edges between them.

We calculated the mean and maximum value of each node-level
network measure and each measure of network structure for each
temporal aggregation. We calculated network measures using the
igraph package (Csardi and Nepusz, 2006) for R statistical software
version 3.1.2 (R Development Core Team, 2014).

2.4. Temporal patterns in network size, network degree, and
community structure

We explored temporal patterns in network size and in
node-level network metrics such as in-degree, out-degree, and
betweenness by identifying monthly networks from the 2009 ICVI
data with small or large measures. Then, we tested for statistically
significant monthly variation in each measure based on monthly
networks created as described above with data from the subset
of eight states available in all three years. We tested for statisti-
cal differences in network size among months using a Friedman’s
test with year as a repeated measure. We also tested for statisti-
cal differences in node-level metrics using a Friedman'’s test but
with county as the unit of repeated measure because out-degree,
in-degree, and betweenness are all calculated at the county level.
The Friedman'’s test is a repeated measures nonparametric test that
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compares the ranks of observations to test for significant differ-
ences among groups (Conover, 1999). We also tested for monthly
variation in network size and node-level metrics in each state indi-
vidually, using the Bonferroni correction for multiple comparisons.
For the Bonferroni correction, we have adjusted the individual
confidence level upward to at least 100(1-0.05/k)% confidence.
Because 8 states were compared (k=8), significant differences
among months occur when p-values are less than p=0.00625. Sta-
tistical analyses associated with annual variation in network size
and node-level metrics are described in Appendix C.

To examine how consistent communities were through time, we
evaluated how well the communities identified on the annual net-
work from 2009 described monthly shipment patterns from 2009.
For each month and each community, we calculated the proportion
of within community shipments, calculated as the number of ship-
ments that were both sent and received by counties in a community
divided by the total number of shipments sent by counties in a com-
munity. To evaluate how well communities identified on the annual
network from 2009 describe monthly shipments from the same
year, we calculated the proportion of within community shipments
for each month based on shipments from the 47 states available in
2009. To evaluate how well communities identified on the annual
network from 2009 describe shipments in 2010 and 2011, we cal-
culated the proportion of within community shipments in 2010
and 2011 based on the subset of eight states available in all three
years. We also applied the community detection algorithm to each
monthly network in 2009. All analyses were conducted separately
for beef and dairy networks to determine if the two production
types have different movement patterns.

3. Results

3.1. Community detection and spatial patterns of the 2009 cattle
shipment network

We identified communities in the U.S. cattle shipment network
based on 16,054 beef shipments and 3050 dairy shipments that
occurred in 2009. The community detection algorithm identified 26
different communities within the unweighted beef cattle network
(Fig. 1a). There were seven large communities of 572,387, 336, 269,
229, 192 and 120 counties; two additional communities of 63 and
55 counties; and 17 smaller communities of two to 24 counties in
size. The circular visualization in Fig. 1a summarizes the shipment
network. The outer circle represents the nine communities colored
in the map and the colored flows within the circle represent the
volume of shipments moving between each community. The colors
within the circle indicate the community from which a shipment
originated. Thus, because the flows are primarily within the same
color, beef shipments occurred primarily within each community.
Sixty-seven percent of shipments were sent and received within
the same community while 33% of shipments were sent to other
communities (Appendix A; Table Ala).

We identified 41 different communities within the unweighted
dairy cattle network, nine of which consisted of more than 50
counties (Fig. 1b). Seventy-three percent of dairy shipments were
sent and received within the same community while 27% percent
of dairy shipments were sent to other communities (Appendix A;
Table A1b). For both the beef and dairy networks, similar commu-
nities were identified on weighted (Fig. 1a and b) and unweighted
networks (Appendix A; Fig. A1l). One exception to their similarity
is that the light blue beef community identified on the unweighted
network consists of two, smaller communities on the weighted
beef network. The geographic regions identified by the community
detection algorithm do not follow the census regions defined in the
USDA 2012 Census of Agriculture (Fig. 1c). In the circular visualiza-

tion in Fig. 1c, the outer circle represents the USDA 2012 Census of
Agriculture regions. The flows between census regions show that
many shipments moved between the census regions. Only 39% of
beef shipments were sent and received within the same census
region while 48% of dairy shipments were sent and received within
the same census region.

The communities identified on the beef and dairy cattle ship-
ment networks do not visually follow state lines but generally
appear spatially contiguous as determined by join count statis-
tics. Geographic clustering of the communities identified on the
beef cattle shipment network (Fig. 1a) occurs in the western
(purple, Z=28.66, p<0.0001), central-north (light blue, Z=47.78,
p<0.0001), central-south (light green, Z=27.36, p<0.0001), upper
mid-west (dark blue, Z=13.50, p<0.0001), northeastern (orange,
Z=12.53, p<0.0001), and in the two mid-western/central com-
munities (dark pink, Z=16.62, p<0.0001; light pink, Z=28.66,
p<0.0001). The dark green community was not geographically
clustered after accounting for multiple comparisons (Z=2.78,
p=0.007, Bonferroni corrected cutoff p=0.0055). The yellow com-
munity was geographically clustered (Z=5.82, p<0.0001), but it
is spread throughout the southeast and mid-west portions of
the country. As a result, the west (purple), central-north (light
blue), central-south (light green), northeast (orange) and mid-
west/central (light pink, dark pink, dark blue) portions of the United
States are largely distinct in terms of cattle shipments from each
other while the states in the southeast have counties belonging to
many different communities. Geographic clustering of the commu-
nities identified on dairy cattle shipment networks occurred in the
orange, light pink, light green, light blue, purple, dark green, and
dark pink communities (Fig. 1b: orange, Z=15.98, p<0.0001; light
pink,Z=13.53,p<0.0001; light green,Z=9.26 p<0.0001; light blue,
Z=15.20, p<0.0001; purple, Z=6.57, p<0.0001; dark green=38.72,
p<0.0001; dark pink,Z=4.41, p=0.0001). The yellow and dark blue
communities were not clustered (yellow, Z=1.35, p=1; dark blue,
Z=2.51,p=0.120).

3.2. Consequences of different temporal aggregations of the data
on networks

Different temporal aggregations resulted in large changes in
both beef and dairy cattle shipment networks constructed from the
20091CVIdata(beef: Table 1; dairy: Appendix B; Table B1). Network
size dropped as we aggregated the networks over smaller time
scales (Fig. 2a). For beef shipments, an average of 39% of counties
in the 2009 data sent or received shipments in a given month, and
only 16% of counties sent or received shipments in a given week.
Similarly, for dairy shipments, only 24% of counties in the yearly
data sent or received shipments in a given month and only 8% of
counties sent or received shipments in a given week. The number of
connections (edges) between counties and the size of the GSCC and
GWCC also decreased with smaller temporal aggregations (beef:
Table 1; dairy: Appendix B; Table B1).

3.3. Seasonal and annual variation in network size

There were two seasonal peaks in the network size (number of
counties sending or receiving shipments) of both beef and dairy
networks in 2009. The largest monthly networks were in April
and October with 1003 and 1103 active beef counties and 304
and 324 active dairy counties, respectively. The smallest monthly
networks occurred in July and December with 719 and 675 active
beef counties and 221 and 140 active dairy counties, respectively.
Based on the subset of states whose shipments were observed in
all years, this seasonal variation in network size was consistent in
2009-2011; network size taken across years varied significantly
by month (Fig. 2b, beef, Friedman x? =28.25, p=0.005; Appendix
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Fig. 1. Spatial patterns of the beef and dairy movement networks. Counties are colored by their community identified by the community detection algorithm on the (a)
2009 annual unweighted beef network and (b) 2009 annual unweighted dairy network. The nine largest communities (>50 counties) are colored in each map. Counties
colored in gray belong to smaller communities while counties colored in white were not present in the network. In the circular visualization, the outer circle represents the
communities in the map; the size of the each community is scaled in association with the number of shipments it sends or receives. Moving clockwise around the circle, the
thin band of color on the outer circle divides the shipments entering and leaving a community. Connections within the circular visualization represent shipments between
communities and are also colored by the community they are leaving. (c) States in the map and communities in the circular visualization are colored by their 2012 USDA
Census of Agriculture region. Connections within the circular visualization represent beef shipments.
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Fig. 2. (a) The number of nodes present in beef networks constructed at different temporal aggregations shows that network size decreases at smaller timescales. The
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times the ratio of the interquartile range divided by the square root of the sample size. (b) Network size displayed seasonal patterns that were consistent among years. For
comparison among years, the beef networks displayed consist of the eight states represented in each year (California, lowa, Minnesota, New York, North Carolina, Tennessee,
Texas, and Wisconsin).
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C, Fig. C1, dairy, x2=23.06, p=0.027). When each state was con-
sidered independently, there was evidence for variation among
months in the number of counties sending or receiving beef ship-
ments in California and lowa (Appendix C; Fig. C2). However,
monthly variation in the size of the beef network was not driven
by California or lowa alone. Significant differences in network size
among months remain after excluding beef shipments from Cali-
fornia (x% =27.88, p=0.006), from lowa (x2 =29.44, p=0.004), and
from both California and lowa (x2=28.74, p=0.004), suggesting
monthly variation in network size is driven by small increases and
decreases in the number of active counties in each state. There was
no significant variation among months in the number of counties
sending or receiving dairy shipments when each state was con-
sidered independently (Appendix C; Fig. C3). When comparing the
overall number of active counties among years, there was no signif-
icant difference for beef networks while dairy networks had more
active counties in 2009 compared to later years (Appendix C; Fig.
C1). Appendix C summarizes the overall and state specific analy-
ses of annual variation on both beef (Table C1) and dairy networks
(Table C2).

3.4. Seasonal and annual variation in node-level metrics

The temporal and spatial patterns of in-degree (Fig. 3a-c),
out-degree (Fig. 3d-f), the number of shipments, and the num-
ber of cattle shipped remained relatively constant within 2009.
There were slight decreases in out-degree during the summer
months that are driven by changes in network size and changes
in the distribution of out-degree among counties (Appendix C;
Fig. C4). Seasonal changes in betweenness were more pronounced
(Fig. 3g-i). Betweenness for some counties was high in months 1,
2, 4, and 11 and low in the remaining months (See Appendix C
for spatial patterns of in-degree, out-degree, and betweenness for
monthly data aggregations for beef and dairy networks in Fig. C5a
-d, and Fig. C6a --b). There were also minimal differences in the
temporal patterns of shipments among years (Appendix C; Fig. C7,
Table C1, Table C2).

3.5. Stability of community structure among months in
2009-2011

In any given month in 2009, 62-77% of beef shipments leav-
ing counties in the light blue community were also received by
that community; 69-81% of beef shipments leaving counties in the
light green community were also received by that community. In a
given month, 52-65, 48-71, and 41-67% of shipments leaving the
light pink, purple, and orange communities, respectively, were also
received by that community (Fig. 4a). The other large, annual com-
munities also consistently captured monthly movements in 2009.
Based on data from 2010 and 2011, the communities identified
on the annual network from 2009 also described beef shipments
from 2010 and 2011 (50-54, 65-66, 49-50, 60-61, 43-45% of ship-
ments that were sent and received in 2010 and 2011 were within
the light blue, light green, light pink, purple, and orange commu-
nities, respectively, where community identity was based on the
2009 annual network).

The communities identified on the annual dairy network also
capture a large proportion of the monthly dairy shipments in
2009, 2010, and 2011. In any given month in 2009, 58-95% of
dairy shipments leaving counties in the light blue community
were also received by that community; 64-92% of dairy ship-
ments leaving counties in the light green community were also
received by that community. In a given month, 50-89, 65-87, and
59-84% of shipments leaving the light pink, purple, and orange
communities, respectively, were also received by that community

(Fig. 4b). The communities determined from the 2009 annual net-
work also described dairy shipments from 2010 and 2011 (41-48,
56-63, 44-45,57-59, and 44-47%, of shipments that were sent and
received in 2010 and 2011 were within the light blue, light green,
light pink, purple, and orange communities, respectively).

In Fig. 5, the outer circles represent the communities identified
on the annual beef network, while the flows between them rep-
resent the number of shipments in each month. The consistency
across months in the relative sizes and outflows of the communi-
ties shows that the flow of shipments among counties identified in
the annual communities was relatively stable over time, although
some tradeoffs between the blue and green communities are
observed (Fig. 5). This indicates that there is temporal variation
in which counties are shipping in a given month. When the com-
munity detection algorithm was applied to monthly networks, this
additional heterogeneity within the annual communities becomes
apparent. Because not all counties are active in a given month, the
communities identified in the monthly networks were smaller than
the communities identified on the yearly network. The average size
of a monthly community was 10 counties, and the maximum size of
amonthly community was 60 counties. Furthermore, each monthly
community represents a smaller geographic area compared to the
annual communities and, therefore, captures which subsets of the
annual communities are shipping in a given month (Appendix C;
Fig. C8).

4. Discussion

The U.S. cattle shipment network consists of trade commu-
nities that consistently describe monthly and annual shipping
patterns. The consistent community structure suggests that ship-
ment locations are driven more by spatially fixed elements, such as
infrastructure, compared to local economic or environmental con-
ditions. We also identified seasonal variation in the overall number
of cattle shipments. Seasonal shipping patterns were largely consis-
tent between years and independent of the fundamental structure
of the network. Taken together, these results support a national-
scale description of the U.S. cattle industry where seasonal prices of
feed and cattle influence the timing of shipments within a spatially
fixed backbone of the feedlot and slaughter system.

4.1. Temporal patterns in the U.S. cattle shipment network

We compared the properties of beef and dairy networks created
with data from 2009 aggregated over one year, one month, one
week, or one day. Our analyses show that the temporal scales at
which data were aggregated influenced the size and connectance
of both beef and dairy cattle shipment networks (beef: Table 1;
dairy: Appendix B; Table B1). On average, only 39% of counties in
the yearly beef data and only 24% of counties in the yearly dairy
data send or receive shipments in a given month. Previous stud-
ies of livestock shipment networks in the United States and Europe
have noted similar consequences of reduced temporal aggregations
(Noremark et al., 2011; Rautureau et al., 2011; Mweu et al., 2013;
Dutta et al., 2014; Grear et al., 2014). Determining the appropriate
time scale over which to aggregate contact datais animportant con-
sideration for the study of movement in general, but especially for
the study of disease spread, which depends on both the transmis-
sion dynamics of the pathogen and the question of interest (Craft,
2015). For example, the data required to create a relevant contact
network for the dynamics of pathogens with short infectious peri-
ods, such as foot and mouth disease (FMD) should be aggregated
over days or weeks. Conversely, the data required for pathogens
with a longer infectious period, such as bovine tuberculosis should
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Fig. 3. Seasonal and spatial patterns for beef networks for 2009. The data were lumped into 4-month time periods for visualization. Circle sizes reflect the (a) in-
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September-December, (g) betweenness in Jan-April, (h) betweenness in May-Aug, (i) betweenness in September-December.
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Fig. 4. Stability of communities in the (a) beef and (b) dairy network. For each month, the communities identified on the annual network explain a large proportion of
shipments that occur monthly. The light blue, light green, purple, pink and orange annual communities are displayed according to their color in Fig. 1. The y-axis is the
proportion of monthly shipments leaving counties within the annual community that are received by counties within the same annual community.

be aggregated over a longer timescale to represent the effective
network each pathogen faces.

Our analyses also identified two seasonal peaks in network size
that are consistent with conventional wisdom about the national-
scale patterns of livestock shipments in the beef industry (Shields
and Mathews, 2003). Beef calves are thought to move from calf/cow
areas to cool-season pastures in the fall and then to feedlots or sum-
mer pastures (Shields and Mathews, 2003). This shipment pattern
is consistent with the increases in network size observed in April
and October for both beef and dairy networks. We also observed
minimal variation among months and years in the mean num-
ber of outgoing shipments per active county, reflecting that most
counties send and receive few shipments. Months with high net-

work size had both higher numbers of well-connected counties and
higher numbers of counties with few connections. This pattern sug-
gests that both small operations with few connections and large
operations with many connections are seasonally active and con-
tribute to the seasonal patterns in network size. By highlighting the
importance of seasonality, this result can provide information for
future disease risk assessments and economic models that explic-
itly incorporate network structure.

4.2. Spatial patterns in the U.S. cattle shipment network

We identified nine beef communities and nine dairy communi-
ties consisting of over 50 highly connected counties based on cattle
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Fig. 5. Circular representations of the 12 monthly beef networks colored by the communities identified on the annual beef network (Fig. 1a). Months are ordered from left
to right. The size of each community is scaled in association with the number of shipments it sends or receives in each month. The circular visualization is interpreted as in

Fig. 1.

shipments. Eight of these large beef communities and seven dairy
communities also represented geographically clustered groups of
counties that did not follow the regions defined in the 2012 USDA
Census of Agriculture. Spatially defined communities with respect
to livestock shipments have also been identified in the U.K. (Kao
et al., 2006), Germany (Lentz et al., 2011), and Brazil (Grisi-Filho
et al., 2013). However, the U.S. communities appear less clustered
than the distribution of communities elsewhere, perhaps due to
the central role the feedlot system plays in the U.S. cattle industry
(Shields and Mathews, 2003).

The stability of shipment patterns across different monthly
aggregations in 2009, 2010, and 2011 is also encouraging for poten-
tial surveillance and emergency preparedness purposes. We note,
however, that not all counties are active in a given month. Monthly
networks had on average 10% of the connections in the yearly
network (Fig. 2a). Previous work has shown that community detec-
tion algorithms are sensitive to the average number of contacts
in the network (Lancichinetti and Fortunato, 2009). Because there
are fewer connections in the monthly networks, we expect the
strongly connected components to be smaller and identify addi-
tional heterogeneity within the annual communities. Despite this
heterogeneity, the communities identified on the annual network
in 2009 consistently explained 41-81% of shipments in a given
month of the same year and 43-66% of shipments in future years.
This indicates that although there is some restructuring of which
sections of the annual communities are active in a given month
(Fig. 3), the flow of shipments among the counties identified in the
annual communities was relatively stable (Fig. 5). Additional, local-
scale analyses examining the timing and frequency of existing trade
connections within a community could also be conducted with this
dataset.

Notably, our dataset covers the 2009 and 2011 drought peri-
ods in Texas, allowing us to evaluate features of the network that

remain stable or change in response to drought. Shipment volume
was more variable among years than shipment locations. More
beef cattle shipments left Texas in 2011 compared to other years
(Appendix C), but shipments remained within the light green com-
munity, which includes Texas (the light green community in 2009
explained 72% of shipment patterns compared to 65% in 2010,
and 66% in 2011). Because we did not observe changes in com-
munity structure in response to the 2011 drought, we conclude
that national-scale shipment locations are driven less by the con-
sequences of drought and economic conditions. This consistent
community structure can have applications for risk-based disease
surveillance strategies by describing sites that regularly ship to
each other and identifying areas that are connected through live-
stock shipments. Moving potentially infectious animals between
herds through the shipment of animals is a primary risk factor for
long-distance transmission and the rapid dissemination of a poten-
tial infection (Fritzemeier et al., 2000; Greger, 2007). Therefore,
communities can provide information for disease control zones
that balance the benefits of disease control with the expected eco-
nomic costs from blocked trade (Scott et al., 2006), with the caveat
that communities may change over longer time periods than that
investigated in this study.

4.3. Caveats and interpretation

The data used to construct networks can be considered partial
in two ways. First, observation of shipments, or edges, was based
on a 10% systematic sample of cattle export ICVI records. Miss-
ing data may underestimate edges between counties that rarely
ship to each other. However, unpublished data thinning studies
indicate that a 10% sample is sufficient to recreate major network
characteristics, and node-level summary statistics from networks
based on the 10% sample of ICVIs aggregated across 2009 were cor-
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related with key features of the industry such as the total cattle
inventory and number of feeder cattle (Buhnerkempe et al., 2013).
Second, ICVI data only capture shipments between states and do
not describe shipment patterns below the state-level. These obser-
vation biases are critical for epidemiological modeling because the
lack of short distance or rare shipments will underestimate dis-
ease spread (Lindstrom et al., 2013; Buhnerkempe et al., 2014). It
is encouraging, however, that ICVIs capture information on short-
distance movements (Buhnerkempe et al.,2013) that can be used to
predict within-state movements (Lindstrom et al., 2013). Addition-
ally, we argue that these limitations do not prohibit comparisons
among seasons and years.

5. Conclusions

A quantitative and national-scale description of cattle ship-
ments is a first step towards unraveling the infrastructure and
economic forces shaping cattle shipments in the U.S. Our analy-
ses describe a relatively stable network with minimal variation in
community structure but seasonal changes in the overall number
of cattle shipments. These results support descriptions of a cattle
industry dominated by the influence of a fixed feedlot-slaughter
system with seasonal changes in the volume of shipments mov-
ing between largely consistent locations. These results suggest that
decisions based on communities identified on the annual network
can be used to guide economic or disease surveillance sugges-
tions applied to additional timescales. In addition, the temporal
patterns uncovered here could be included in future network mod-
eling approaches to understand the economic benefits or disease
risks associated with shipments from different geographic areas
and seasons.
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