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1 | INTRODUCTION

Most countries, including the USA, have been at increasing risk of
novel emerging pathogens that affect human, agricultural and wildlife
health (Endy, Rochford, Yuen, & Lei, 2011; Jones et al.,, 2008), a
number of which have severe economic consequences (Fonkwo,
2008). Oftentimes, wildlife serve as maintenance hosts for these
pathogens, which can be directly or indirectly transmitted to agricul-
tural operations and humans (Daszak, Cunningham, & Hyatt, 2000).
After detection of a high-pathogenic H5N8 strain of influenza A
(clade 2.3.4.4) in wild birds and poultry in Asia and Europe, a reas-
sortant H5N2 virus was isolated from samples collected during
domestic poultry outbreaks in British Columbia, Canada in November
2014 (lp et al., 2015). Presumably, reassortant H5N1, H5N2, and
H5N8 likely emerged in North America after introduction of a high-
pathogenic clade 2.3.4.4 H5N8 from Asia (Lee et al., 2016). The
high-pathogenic H5N2 and H5N8 reassortants (collectively referred

| Sarah N. Bevins! | Jeremy W. Ellis? | Ryan S. Miller? |
| Daniel P. Walsh® | Thomas J. Deliberto?

Using data on waterfow! band recoveries, we identified spatially explicit hotspots of
concentrated waterfowl movement to predict occurrence and spatial spread of a novel
influenza A virus (clade 2.3.4.4) introduced from Asia by waterfowl from an initial out-
break in North America in November 2014. In response to the outbreak, the hotspots
of waterfowl movement were used to help guide sampling for clade 2.3.4.4 viruses in
waterfowl as an early warning for the US poultry industry during the outbreak . After
surveillance sampling of waterfowl, we tested whether there was greater detection of
clade 2.3.4.4 viruses inside hotspots. We found that hotspots defined using kernel
density estimates of waterfowl band recoveries worked well in predicting areas with
higher prevalence of the viruses in waterfowl. This approach exemplifies the value of

ecological knowledge in predicting risk to agricultural security.

Eurasia, influenza A virus, pathogen introduction, surveillance, waterfowl

to as clade 2.3.4.4 H5 viruses hereafter) subsequently spread
through the Pacific Northwest and Midwestern USA (Hill et al.,
2017; Lee et al., 2016; Ramey et al., 2017), where they caused dev-
astating outbreaks for the poultry industry with economic losses of
over $3 billion (Greene, 2015).

Wild waterfowl and shorebirds are the natural reservoirs for influ-
enza A viruses, most of which are considered low-pathogenic (Web-
ster, Bean, Gorman, Chambers, & Kawaoka, 1992). While clade
2.3.4.4 H5 viruses are high-pathogenic to domestic poultry, they
cause negligible mortality in wild waterfowl, such as mallards (Anas
platyrhynchos) (Kang et al,, 2015; Pantin-Jackwood et al., 2016).
Although mallards exhibited elevated body temperature and weight
loss after infection with clade 2.3.4.4 H5 viruses, these signs probably
did not substantially impede movement of viruses by infected individ-
uals during migrations (Pantin-Jackwood et al., 2016). Phylogenetic
analyses have shown intercontinental mixing of avian influenza
viruses in waterfowl at the Alaskan-Siberian interface (Ramey, Pearce,
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Ely et al., 2010; Ramey, Pearce, Flint et al., 2010), where ~1 million
waterfowl annually commingle (Winker & Gibson, 2010). For these
reasons, migratory waterfowl have been strongly implicated in the
global spread and subsequent introduction of high pathogenic Asian
origin H5 into the USA (Global Consortium for H5N8 and Related
Influenza Viruses, 2016, Lee et al., 2015). Evidence for this putative
role includes viral presence in multiple species of apparently healthy
waterfowl, genetic similarities between waterfowl and poultry viruses
on different continents, and correlation of outbreaks with waterfowl
movement patterns (Lee et al., 2015; Verhagen, Herfst, & Fouchier,
2015). Thus, wild waterfowl with Holarctic distributions and the
potential for intercontinental mixing of populations during migration,
such as mallards, northern pintails (Anas acuta), and northern shov-
ellers (Anas clypeata), were logical targets for surveillance to deter-
mine the potential spread of clade 2.3.4.4 H5 viruses from the initial
outbreak area in North America.

Here, we tested a quantitative approach for predicting spatial
spread of clade 2.3.4.4 H5 viruses by wild waterfowl during an emer-
gency-response situation with the implicit assumption that presence
of these viruses in wild waterfowl in an area poses a risk of transmis-
sion to poultry within that region. Once the initial outbreak was
detected in British Columbia, the immediate question was: Where
would clade 2.3.4.4 H5 viruses likely be spread by waterfowl migrating
from the outbreak area? To address this question, we used band-
recovery data from migratory waterfowl to identify areas (hotspots)
of waterfowl movement where clade 2.3.4.4 H5 viruses might spread
by waterfowl migrating from the outbreak area. These hotspots were
one of several factors initially used to help guide sampling waterfowl
for detection of clade 2.3.4.4 H5 viruses during the emergency
response to the outbreak of these viruses. Since actual sampling, due
to expediency of maximizing sample size, was conducted both out-
side and within hotspots, we were able to test whether our strategy
using hotspots of concentrated waterfowl movement were useful for

improving detection of clade 2.3.4.4 H5 viruses.

2 | METHODS

Band-recovery data coupled with sampling of wild waterfowl for
clade 2.3.4.4 H5 viruses served as the basis of our analyses. Band-
recovery data have been programmatically collected and archived in
North America since the 1920s (Tautin, Metras, & Smith, 1999); data
on individually marked birds include the spatial locations of where
an individual was banded and where it was recovered. For water-
fowl, recoveries primarily occur through hunter harvesting and
reporting of banded individuals.

2.1 | Developing hotspot sampling strategy

In response to the initial outbreak in British Columbia, Canada, we
assembled the band-recovery data we had on hand, which included
waterfowl band recoveries from 1976-2007 previously obtained
from the US Geological Survey Bird Banding Laboratory (USGS BBL;

https://www.usgs.gov/centers/pwrc/science/north-american-bird-ba
nd-laboratory). Although not current, the urgency of the situation
did not allow for additional data acquisition, but the scale of the data
encompassed the overall movement patterns of waterfowl from the
outbreak area. From this initial database, we used band-recovery
data from birds banded in southern British Columbia and northern
Washington (Figure 1). This area was selected to include both the
initial outbreak area in British Columbia (Fraser Valley), as well as
the first detection of clade 2.3.4.4 H5 viruses on the US side of the
border, which occurred several weeks later at Wiser Lake, Washing-
ton (Ip et al., 2015), and provided sufficient banding data for analy-
sis. We further constrained these data using (a) only birds banded
from May through December of each year to avoid spring migrants
(i.e., we assumed birds banded between May-December would only
include residents and fall migrants), and (b) data only from mallards
(61.0% of species with H5 subtypes), American green-winged teal
(8.9%), blue-winged teal (5.9%), Northern pintail (4.7%), Northern
shoveller (4.7%), American wigeon (4.7%) and unidentified Teal
(Table 1), based on the Holarctic distribution of some species and
previous surveillance data on low-pathogenic H5 subtypes found in
waterfowl! (Bevins et al., 2014). We defined these species as our ini-
tial target species.

We used the band-recovery data (n = 8,841) from these initial
target species banded in the H5 outbreak area (Figure 1) and
examined areas across the USA and Canada for frequency of
recoveries of these birds. We estimated frequency as (a) density of
recoveries in 10-minute latitude-longitude blocks as defined by the
USGS BBL (Gustafson, Hildenbrand, & Metras, 1997) to identify
areas where banded birds from the outbreak were frequently
recovered and (b) relative density of recoveries using a kernel den-
sity estimator within the Geospatial Modelling Environment pro-
gramme (Beyer, 2014) with a plug-in bandwidth estimation
algorithm (Chu, Henderson, & Parmeter, 2015), a cell size of 0.1
units and a Gaussian kernel. GIS layers were developed based on
these two estimates to identify hotspots that could be sampled for
clade 2.3.4.4 H5 viruses that may have been moved by wild water-
fowl during fall migration.

Based on the distribution of band recoveries, we focused our
subsequent analyses in the Pacific Flyway, because it was the pri-
mary migration corridor for waterfowl found in and around the initial
outbreak. We also confined the analyses to the continental USA
because of differing surveillance strategies in Canada and Mexico
and the immediate need to understand movement of the virus rela-
tive to poultry production in the USA.

As recovery data for waterfowl in North America is primarily col-
lected from hunter harvested birds, our density estimates may be
biased by hunter attributes and behaviour and may not completely
represent waterfowl movement (Lavretsky, Miller, Bahn, & Peters,
2014). Thus, an underlying assumption in using band-recovery data
is that areas and seasons for waterfowl hunting also correspond to
waterfowl concentration areas (Buhnerkempe et al., 2016; Farns-
worth et al, 2011). Although imperfect, these data represent the

best available large-scale movement data for waterfowl over both
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FIGURE 1 Area (black outline) of southern British Columbia and northern Washington from which data on banded waterfowl were
used in analysis of band recoveries. Maroon circles are locations where waterfowl were initially banded with the circle size representing
numbers banded that were subsequently recovered. Blue stars indicate the initial outbreaks of clade 2.3.4.4 H5 viruses in poultry and
captive birds. Base map is the World Topographic Map from ESRI® (http://www.arcgis.com/home/item.html?id=30e5fe3149c34df1lba

922e6f5bbf808f)

time and space and are useful for rapid risk assessment situations at
regional and national scales (Miller, Sweeney, Akkina, & Saito, 2015).

2.2 | Testing the hotspot sampling strategy

We used 3,437 oral and cloacal swab samples collected from wild
waterfowl over 43 days between 20 December 2014 and 1 Febru-
ary 2015 with known sample locations in Washington, Oregon,
Idaho and California (Bevins et al., 2016). Although our initial sam-
pling strategy was used to guide the collection of these samples,
samples were collected throughout the region, both within the hot-
spots we identified and in multiple other areas. For example, sam-
pling was done in 10 priority watersheds (Bevins et al., 2016), which
included varying degrees of recovery density. We used the influenza
A assay results from these samples (Bevins et al, 2016) to test
whether areas with high densities of waterfowl recoveries yielded a
higher probability of detecting clade 2.3.4.4 H5 viruses south of the
outbreak areas, compared to areas predicted by our mapping to have
few or no waterfowl recoveries.

We analysed these data using generalized linear models with a
binomial distribution and logit link (SAS Institute Inc., 2013) to assess
the predictive ability of density and kernel density of band recover-

ies in the probability of detecting clade 2.3.4.4 H5 viruses from

sampled wild birds. We used a normalized transform of kernel den-
sity estimates and also classified kernel density estimates into three
hotspot categories, where Hotspotl retained the upper 95% of the
kernel density estimates (corresponded closely to the original sam-
pling areas proposed), Hotspot2 retained the upper 67% of the ker-
nel density estimates and Hotspot3 retained the upper 33% of the
kernel density estimates. Although the cut-off values were some-
what arbitrary, they represented terciles with Hotspotl being the
most inclusive and Hotspot3 being the most restricted. These vari-
ables were used to see if different hotspot configurations would
improve the fit of the statistical models examined. We used a model
selection framework with Akaike's Information criterion to asses
which statistical models best fit the data (Burnham & Anderson,
2002). We initially examined logit, probit, and complementary log-log
link functions in a global model; the latter link functions are often
used when positive samples are rare. However, there was little dif-
ference in Akaike weights (w; = 0.317-0.364) so we used a logit link
in subsequent analyses. To keep the size of the model set reason-
able, we used a three-stage approach in developing statistical models
(Doherty, White, & Burnham, 2012). In the first stage, we examined
models with either band-recovery density, transformed kernel den-
sity (Kernel) or the three categories of hotspots (where samples were

either in or out of the hotspot) as single predictor variables in the
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TABLE 1 Low-pathogenic H5 avian influenza virus subtypes found in waterfowl species in the USA during avian influenza virus surveillance
in wild birds from 2007-2011 (Bevins et al., 2014), prior to the initial outbreak of clade 2.3.4.4 H5 viruses in North America

H5 avian influenza virus subtype

Species H5N? H5N1
Mallard 6

H5N2 H5N2, N8
75 1

[y
v

Green-winged teal

Blue-winged teal

Northern pintail

Northern shoveller 1

American wigeon

Black duck 1
Ring-necked duck

Canada goose 1
Unidentified duck

Mute swan

R P, PP, N N O8N

Cackling goose
Wood duck
Common eider 1

Total 1 8 130 1

models. We then used the model with the highest Akaike weight in
the second modelling stage where we examined the effect of states,
either singly (state = WA, OR, ID and CA separately) or grouped
(statel = WA, OR and ID combined, versus CA; state2 = WA versus
OR and ID combined versus CA; state3 = WA, OR, and CA com-
bined versus ID). Using the model with highest Akaike weight from
the second stage, we then explored additional models in the final
stage that included the number of days since the start of the initial
outbreak (Outbreak Days) as both a linear and quadratic variable and
a categorical variable whether waterfowl sampled were target spe-
cies or not (Target). Latitude was not included because it was corre-
lated with Outbreak Days (r = —0.62). The model with the highest
Akaike weight from this stage was considered the model best
explaining the data. We examined the predictive capability of this
model using receiver operating characteristic (ROC) curves (Park,
Goo, & Jo, 2004), where the area under the ROC curve measures
the overall diagnostic performance (ranging from 0.5 to 1.0) of our
best model in predicting where clade 2.3.4.4 H5 viruses in wild

waterfowl would occur, based on band-recovery data.

3 | RESULTS
Using the data from resident and non-resident waterfowl banded
during May-December in and spatially proximate to the outbreak

areas from 1976-2007, we mapped recovery locations to determine

H5N3 H5N5 H5Né H5N7 H5N8 H5N9 Total
11 3 2 1 1 3 103
15
2 10
1 8
1 8
1 8
2 8
2
2
1
1
1
1 1
1
19 3 2 1 1 3 169

likely movement paths (Figure 2). Recoveries from individuals origi-
nally banded in the outbreak area were concentrated primarily in
the Pacific Flyway (defined here as Washington, Oregon, California
and Idaho) both spatially (Figure 2a) and by density (Figure 2b).
However, it was evident from this mapping exercise that there was
potential for waterfowl to move the viruses across the USA and
into Mexico (Figure 2a). Fifteen (0.2%) of 8,841 recoveries were in
states (North Dakota, South Dakota, Nebraska, Minnesota, lowa,
and Wisconsin) that experienced numerous outbreaks of clade
2.3.4.4 H5 viruses in commercial poultry farms (Bui, Gardner, &
Maclntyre, 2016). In one case, a mallard banded in August 2000 in
the British Columbia outbreak area was recovered in November
that same year in lowa, indicating that cross-continental movement
of waterfowl does occur.

In coupling the band-recovery and clade 2.3.4.4 H5 data, the best-
fitting model for explaining presence/absence of clade 2.3.4.4 H5
viruses included the upper 95% of the kernel density estimates, a
quadratic relationship with the number of days since the initial out-
break, and a categorical state variable (Washington, Oregon and Idaho
combined, and California) (Table 2, Figure 3). Of the samples used in
our analysis, 923 samples were collected outside the hotspots while
2,514 samples were collected inside those areas. Parameter estimates
for this model were precise (Table 3) and indicated that presence of
clade 2.3.4.4 H5 viruses in wild waterfowl was more likely found in
hotspots of waterfowl band recoveries (Figure 3). Based on the esti-
mated odds ratio, clade 2.3.4.4 H5 viruses were 2.8 times (95%

FIGURE 2 Recoveries of waterfowl in North and Central America from birds banded in the initial clade 2.3.4.4 H5 outbreak area with (a)
locations of recovered individuals, and (b) map of kernel density of recovered individuals. White rectangle encompasses the initial outbreak
area where recovered individuals were originally banded. Base map is the World Topographic Map from ESRI® (http://www.arcgis.com/home/

item.html?id=30e5fe3149c34df1ba922e6f5bbf808f)
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confidence limits = 1.2, 8.3) more likely to be detected inside hotspots
than outside hotspots. In addition, presence of clade 2.3.4.4 H5
viruses increased to a peak about a month after the initial outbreak
and then decreased over time. Viral detection also increased as sam-
pling progressed south from Washington to California (Figure 4). The
odds of detecting clade 2.3.4.4 H5 viruses were 4.9 (95% confidence
limits = 2.2, 12.0) and 4.3 (95% confidence limits = 1.6, 11.9) more
likely to be detected in Oregon and California, respectively, than in
Washington. The area under the ROC curve for this model was 0.733
(95% confidence intervals = 0.664, 0.802), indicating the model rea-
sonably predicted the presence of clade 2.3.4.4 H5 viruses in water-

fowl, especially in Oregon, Idaho, and California.

4 | DISCUSSION

The use of band-recovery data to predict potential movement of
influenza A viruses in North America has been previously proposed
(Doherty et al., 2009; Miller et al., 2015) but never implemented in
an emergency-response situation. Despite being a reactive approach
to quickly respond to the initial outbreak of clade 2.3.4.4 H5 viruses
in North America, our analyses demonstrated that the approach
worked well in identifying areas where wild birds were likely to fur-
ther spread clade 2.3.4.4 H5 viruses to high density poultry produc-
tion areas, such as the Sacramento Valley in California, which is one
of the top 10 poultry production areas in the USA (National

TABLE 2 Model selection results for the three stage model selection framework in selecting generalized linear models predicting presence
of clade 2.3.4.4 H5 influenza A virus in wild waterfowl in the Pacific flyway of the USA

Model —2InL K AlC AlCc AAICc Akaike Weight
Stage 1
Intercept 462.239 1 464.239 464.240 4.064 0.098
Hotspot1 456.173 2 460.173 460.176 0.000 0.749
Hotspot2 462.128 2 466.128 466.132 5.955 0.038
Hotspot3 462.032 2 466.032 466.036 5.859 0.040
Kernel 462.206 2 466.206 466.210 6.034 0.037
Density 462.137 2 466.137 466.140 5.964 0.038
Stage 2
State+Hotspot1 446.650 5 456.650 456.667 1.616 0.208
State+Hotspot1 + State*Hotspot1 442114 8 458.114 458.154 3.103 0.099
Statel + Hotspot1 456.045 3 462.045 462.051 7.000 0.014
Statel + Hotspotl + Statel*Hotspot1 449.260 4 457.260 457.271 2.219 0.154
State2 + Hotspot1 447.040 4 455.040 455.052 0.000 0.467
State3 + Hotspotl 453.908 8 459.908 459.914 4.863 0.041
State3 + Hotspotl + State3*Hotspot1 453.668 4 461.668 461.679 6.628 0.017
Stage 3
Outbreakdays 455.853 2 459.853 459.857 15.230 0.000
Ln(Outbreakdays) 457.162 2 461.162 461.165 16.539 0.000
Outbreakdays? 450.980 3 456.980 456.987 12.361 0.001
Outbreakdays+Hotspotl 453.120 3 459.120 459.127 14.501 0.000
Outbreakdays?+Hotspot1 448.902 4 456.902 456.913 12.287 0.001
Outbreakdays+State2 + Hotspot1 440.494 5 450.494 450.511 5.885 0.027
Outbreakdays?+State2 + Hotspot1 432.602 [ 444.602 444.626 0.000 0.511
Outbreakdays®+State2 + Kernel 436.802 6 448.802 448.826 4.200 0.063
Outbreakdays®+State2 + Density 437.928 6 449.928 449.953 5.326 0.036
Outbreakdays®+State2 437.928 5 447.928 447.946 3.320 0.097
Outbreakdays+State2 + Hotspotl + Outbreakdays*Hotspot1 437.738 6 449.738 449.762 5.136 0.039
Outbreakdays+State2 + Hotspotl + Outbreakdays*State2 440.369 7 454.369 454.402 9.775 0.004
Target 462.2060 2 466.206 466.209 21.583 0.000
Target+Hotspotl 456.0980 3 462.098 462.105 17.479 0.000
Target+State2 + Hotspotl 446.8934 5 456.893 456.911 12.285 0.001
Target+Outbreakdays+State2 + Hotspot1 440.2692 6 452.269 452.294 7.667 0.011
Target+Outbreakdays?+State2 + Hotspot1 432.3826 7 446.383 446.415 1.789 0.209

Bolded values indicate the best model within each stage based on minimum AlCc.
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FIGURE 3 Hotspots of the upper 95%
of kernel density estimates of band
recoveries (Hotspot1) and locations of
clade 2.3.4.4 H5 positive (purple polygons)
and negative (black dots) samples. Some
sample locations contain multiple samples.
Base map is the World Topographic Map
from ESRI® (http://www.arcgis.com/
home/item.html?id=30e5fe3149c34df1ba
922e6f5bbf808f)

Agricultural Statistics Service, 2015). While we found generally lower
detectability in Washington, this may have been a function of the
timing of wild bird sampling occurring; viruses had already started to
move through the region after the initial outbreak in British Colum-
bia, Canada and became more prevalent further south during fall
migration.

Although sampling effort was higher in the hotspots in our best
model, hotspot identification was only one of several criteria used to
determine sampling locations. The resultant distribution of sampling
locations both inside and outside hotspots provided the opportunity
to retrospectively test our approach. In addition, the imbalance of
sampling effort does not by itself bias the parameter estimates in
logistic regression and oversampling can improve estimates if the
oversampling resembles the underlying distribution of the original
population (Crone & Finlay, 2012; Oommen, Baise, & Vogel, 2011).

In emergency outbreak situations, decisions and strategies must
be developed and implemented rapidly; band-recovery data were an
easily accessible resource that could be integrated into a targeted
sampling strategy that could be deployed quickly. A number of
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TABLE 3 Maximum likelihood parameter estimates for the best-
fitting generalized linear model predicting presence of clade 2.3.4.4 H5
influenza A viruses in wild waterfowl in the Pacific flyway of the USA

Profile likelihood

Standard 95% confidence
Parameter Estimate error intervals
Intercept -10.860 2.640 —16.034, -5,687
Number of Outbreak 0.326 0.146 0.039, 0.612
Days
(Number of Outbreak -0.005 0.002 -0.009, —-0.001
Days)?
California® 1.457 0.504 0.470, 2.444
Oregon & Idaho 1.583 0.429 0.742, 2.424
Kernel Density Hotspot 1.022 0.492 0.058, 1.986

?Parameter estimates for California and Oregon & Idaho are relative to
Washington state.

studies (Bridge et al., 2014; Gunnarsson et al., 2012) have employed
satellite telemetry, genetics and stable isotopes to link waterfowl
movement with large-scale spatial and temporal distributions of
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FIGURE 4 Probability of detecting clade 2.3.4.4 H5 influenza A
virus in wild birds as a function of state, days since the initial
outbreak in British Columbia, Canada, and whether the sample was
collected inside or outside a hotspot (Hotspot1) boundary. Dashed
lines represent 95% confidence intervals

avian influenza viruses. While excellent tools for research, these
techniques are not always feasible to rapidly inform emergency-
response situations because they provide information after sampling
has taken place rather than guiding sampling in the beginning. The
accumulation of data sets on waterfowl movement using these tech-
niques in publicly available repositories, such as MoveBank (www.mo
vebank.org), can provide additional information that can be
combined with band-recovery data to incorporate into emergency-

response exercises. However, waterfowl recovery data are currently

the best available data to capture broad-scale distributions of water-
fowl populations in the USA (Farnsworth et al., 2011).

Of interest was the within-season movement of a mallard from
the outbreak area to lowa. This suggests migratory west-to-east
movement of viruses carried by waterfowl might occasionally occur
in addition to typical north-to-south migratory pathways (Buhn-
erkempe et al., 2016; Bui et al., 2016) and offers one explanation of
how clade 2.3.4.4 H5 viruses could have jumped from the outbreak
area to the Midwestern USA, where extensive outbreaks in poultry
occurred 4 months after the initial outbreak.

In May 2017, there were 161 ongoing outbreaks of very similar
H5N8 influenza A viruses and its reassortants in both wild birds and
poultry in Europe, Asia, and Africa with almost 4 million poultry
destroyed to contain the outbreaks (World Organisation for Animal
Health, 2017). Thus, the potential for introduction of these viruses
into the USA or further spread of clade 2.3.4.4 H5 viruses within
the USA by wild waterfowl remains a looming threat. While our
reactive approach worked well, it could be improved considerably by
(a) proactively integrating it with current surveillance strategies (e.g.,
Bevins et al., 2014), (b) integrating it with larger scale band-recovery
models that could track cross-continental spread (e.g., Doherty et al.,
2009), and (c) incorporating more rigorous estimators into the pre-
2016).
Approaches, such as those presented here, can be used to predict

dictive modelling process (e.g., Buhnerkempe et al.,
general foci where pathogens are likely to be moved by migratory
waterfowl. As seen in the introduction of clade 2.3.4.4 H5 viruses
into North America, prediction of specific hotspot locations for the
spatial spread of novel pathogens will be an increasingly important
part of early-warning systems for enhancing biosecurity at agricul-
tural operations in those locations. By integrating ecological knowl-
edge into predictions of outbreak risk of pathogens carried by
wildlife, more proactive management of novel pathogen introduc-
tions can be realized and can mitigate the severity of economic con-
sequences (Grant et al., 2017).
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