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Abstract
1.	 Wildlife migrations provide important ecosystem services, but they are declin-

ing. Within the Greater Yellowstone Ecosystem (GYE), some elk Cervus canadensis 
herds are losing migratory tendencies, which may increase spatiotemporal overlap 
between elk and livestock (domestic bison Bison bison and cattle Bos taurus), po-
tentially exacerbating pathogen transmission risk.

2.	 We combined disease, movement, demographic and environmental data from 
eight elk herds in the GYE to examine the differential risk of brucellosis transmis-
sion (through aborted foetuses) from migrant and resident elk to livestock.

3.	 For both migrants and residents, we found that transmission risk from elk to live-
stock occurred almost exclusively on private ranchlands as opposed to state or 
federal grazing allotments. Weather variability affected the estimated distribution 
of spillover risk from migrant elk to livestock, with a 7%–12% increase in migrant 
abortions on private ranchlands during years with heavier snowfall. In contrast, 
weather variability did not affect spillover risk from resident elk.

4.	 Migrant elk were responsible for the majority (68%) of disease spillover risk to livestock 
because they occurred in greater numbers than resident elk. On a per-capita basis, 
however, our analyses suggested that resident elk disproportionately contributed to 
spillover risk. In five of seven herds, we estimated that the per-capita spillover risk was 
greater from residents than from migrants. Averaged across herds, an individual resident 
elk was 23% more likely than an individual migrant elk to abort on private ranchlands.

5.	 Our results demonstrate links between migration behaviour, spillover risk and en-
vironmental variability, and highlight the utility of integrating models of pathogen 
transmission and host movement to generate new insights about the role of migra-
tion in disease spillover risk. Furthermore, they add to the accumulating body of 
evidence across taxa that suggests that migrants and residents should be considered 
separately during investigations of wildlife disease ecology. Finally, our findings have 
applied implications for elk and brucellosis in the GYE. They suggest that managers 
should prioritize actions that maintain spatial separation of elk and livestock on pri-
vate ranchlands during years when snowpack persists into the risk period.
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1  | INTRODUC TION

Traditionally, epidemiological models have considered the tempo-
ral dynamics of pathogen transmission while frequently overlook-
ing the role of movement in host–pathogen interactions (Diekmann 
et al., 2012; Dougherty et al., 2018). Host movements are often an 
essential component of transmission dynamics, however, especially 
for diseases with highly mobile hosts and long transmission periods 
(Dougherty et  al.,  2018; Plowright et  al.,  2017; White et  al.,  2018; 
Zidon et  al.,  2017). Seasonal migrations are a form of movement 
whereby animals take advantage of cyclical fluctuations in resources, 
escape predation and insect harassment, find mates, and avoid sea-
sonably uninhabitable landscapes (Alerstam et  al.,  2003; Avgar 
et  al.,  2014; Dingle & Drake,  2007). These movements likely influ-
ence pathogen transmission both within and across host species, but 
these influences are seldom quantified (Altizer et al., 2011; Plowright 
et al., 2017; Teitelbaum et al., 2018).

Across taxa, many populations display a characteristic form of 
within-population variation in migration behaviour, with migrants 
moving seasonally between distinct ranges, and residents remaining 
in the same area throughout the year (Chapman et al., 2011). This 
within-population variation in individual behaviour is known as par-
tial migration and offers unique opportunities to evaluate the role 
of migration in pathogen transmission dynamics by examining dif-
ferences in transmission potential between migrants and residents. 
In many systems, residents exhibit higher disease prevalence than 
migrants (Akbar et al., 2012; Hall et al., 2014; Poulin et al., 2012). 
This may be because seasonal migration allows migrants to escape 
from infected habitats or because the energetic demands of mi-
gration disproportionately kill infected animals (Altizer et al., 2011; 
Bradley & Altizer, 2005; Mysterud et al., 2016). Here we examine 
the role of partial migration on the risk of pathogen transmission 
from elk Cervus canadensis to cattle Bos taurus and domestic bison 
Bison bison (hereafter livestock; Table 1), which we refer to as spill-
over risk.

Partial migration behaviour is common in elk populations in 
the Rocky Mountain West (Cole et al., 2015; Eggeman et al., 2016; 
Hebblewhite & Merrill,  2011; Jones et  al.,  2014; Middleton 
et al., 2013). In some of these populations, the number of migrant elk 
is decreasing and the number of resident elk is increasing, perhaps 
in response to changes in land use, predation risk, habitat conditions 
or climate (Cole et al., 2015; Hebblewhite & Merrill, 2011; Middleton 
et al., 2013). In the Greater Yellowstone Ecosystem (GYE), migration 
behaviour in elk herds has the potential to affect disease spillover 
risk.

Brucellosis is a zoonotic disease caused by the bacterium Brucella 
abortus, which induces, and is transmitted by, reproductive failures 
(abortions or nonviable births) in cattle, bison and elk (Cheville 

et  al.,  1998). Transmission occurs when individuals have direct 
contact with B. abortus bacteria in infected foetuses, placentas or 
birthing fluids (Cheville et al., 1998). Depending upon conditions, the 
bacteria can remain viable on tissue, soil or vegetation for several 
weeks, although scavengers typically remove aborted foetuses prior 
to loss of viability (Aune et al., 2012; Cook et al., 2004). In elk, almost 
all brucellosis-induced abortions occur between February and June, 
with a peak from March through May (Cross et al., 2015). Although 
brucellosis was nearly eradicated from the United States, it still per-
sists in the elk and bison populations of the GYE (National Academies 
of Sciences Engineering and Medicine, 2017; Ragan, 2002). Elk are 
responsible for the rare, but increasing, number of livestock infec-
tions in Idaho, Montana and Wyoming (Brennan et al., 2017; Kamath 
et al., 2016; Rhyan et al., 2013). These spillover events are of con-
siderable concern for livestock managers because of the costs of 
quarantine and trade restrictions (National Academies of Sciences 
Engineering and Medicine, 2017). In addition, brucellosis is expand-
ing into new elk populations in the GYE (Cross et al., 2010; Kamath 
et al., 2016).

Spillover risk from elk to livestock involves complex interac-
tions among brucellosis seroprevalence, demography and density, 
distribution, the timing of abortions in elk, and the distribution and 
density of livestock (National Academies of Sciences Engineering 
and Medicine, 2017). The timing of spring elk migration in the GYE 
is influenced by snow conditions and plant phenology, and coin-
cides with the period of greatest transmission risk for brucellosis 
(Cross et  al.,  2015; Jones et  al.,  2014; Rickbeil et  al.,  2019; White 
et al., 2010). At the onset of the transmission risk period, migrant and 
resident elk occur together on lower elevation winter ranges that 
are often managed as private ranchlands (Rayl et al., 2019). As the 
transmission period progresses, however, migrant elk begin moving 
10–100 s of kilometres to summer range on publicly owned lands at 
higher elevations, thereby decoupling their distribution from resi-
dent elk (Barker et al., 2019; Rickbeil et al., 2019; White et al., 2010).

K E Y W O R D S

Brucellosis Brucella abortus, cross-species pathogen spillover, elk Cervus canadensis, human–
wildlife conflict, partial migration, resource selection function, wildlife disease

TA B L E  1   Glossary of terms

Term Definition

Abortion risk The daily relative risk of brucellosis-induced 
abortion events in elk, Rxt (Equation 4)

Grazing land Private ranchlands with ≥0.4 hectares of grazing 
area and state and federal grazing allotments 
when livestock were potentially present

Livestock Domestic bison and cattle

Per-capita 
spillover risk

The average spillover risk per adult female elk

Risk period The period when most brucellosis-induced 
abortions in elk occur, 15 February–30 June

Spillover risk Abortion risk on grazing land
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We examined elk-to-livestock spillover risk in space and time, fo-
cusing on the role that migration, weather variability, disease preva-
lence and demography play in influencing this risk. We hypothesized 
that weather variability would affect the spillover risk from migrant 
elk because of its influence on plant phenology and the timing of 
migration. Consequently, we predicted that migrant elk would gen-
erate more spillover risk during years with heavier snowfall, whereas 
we expected risk from resident elk to be unaffected by variability 
in annual weather conditions. Furthermore, we hypothesized that 
elk migration would lower the per-capita risk of pathogen spillover 
because we expected commingling risk with livestock to be reduced 
as elk migrated away from winter range. Our results offer insight 
into the role migration plays in the risk of disease spillover at the 
wildlife–livestock interface and have practical implications for the 
management of elk and brucellosis in the GYE.

2  | MATERIAL S AND METHODS

We did not have data quantifying contact rates of livestock with 
infected elk foetuses, nor data on how frequently that contact re-
sults in infection. Therefore, we relied on an approach that coupled 
spatiotemporal estimates of elk and livestock distribution with dis-
ease and demographic data to quantify spillover risk. To evaluate 
the role of migration and weather variability in the risk of brucello-
sis transmission from elk to livestock, we followed the same general 
approach of Merkle et al. (2018) and Rayl et al. (2019). We (a) identi-
fied migrant and resident groups from each elk herd, (b) estimated 
the occurrence of migrant and resident groups using resource 
selection functions (RSFs; Manly et  al.,  2002), (c) combined our 
RSF elk occurrence predictions with estimates of adult female elk 
abundance, seroprevalence, pregnancy rates and transmission tim-
ing to predict the daily relative risk of brucellosis-induced abortion 
events, which is proportional to the number of brucellosis-induced 

abortion events and (d) estimated the proportion of transmission 
risk from migrant and resident elk occurring on public and private 
lands and within private ranchland and federal and state livestock 
allotments during low, average and heavy snowfall years. Our 
analytical framework required us to synthesize disparate ecologi-
cal, epidemiological and behavioural datasets collected at varying 
times between 2005 and 2017. In all the analyses, we selected the 
most recent years of data available because our intent was to pro-
vide a contemporary snapshot of pathogen transmission risk in our 
study system.

2.1 | Study area

We studied elk from eight Greater Yellowstone Ecosystem herds 
(collectively, ~18,500 individuals) that wintered in southwest 
Montana, USA (Figure  1). The area is characterized by long, 
cold winters and short, dry summers. These herds occupied a 
matrix of private, Bureau of Land Management (BLM), U.S. Fish 
and Wildlife Service (USFWS), National Park Service (NPS), U.S. 
Forest Service (USFS) and state government lands (Figure  1). 
Elevations range from 1,200 to 3,900 m. Within our study area, 
livestock occurred either on private land or on public land graz-
ing allotments. Public land grazing allotments are permitted or 
leased to livestock owners, and consist of areas of land desig-
nated for grazing a specific number and kind of livestock for a 
specified period of time.

2.2 | Elk collaring and monitoring

We captured adult female elk ≥2  years of age by helicopter net-
gunning or chemical immobilization during January–March 2005–
2015. We radio-collared elk with Global Positioning System (GPS) 

F I G U R E  1   Winter ranges of the 
Madison Valley (3,993 elk), Dome 
Mountain (3,888 elk), North Madison 
(2,878 elk), Sage Creek (2,850 elk), 
Greeley (1,509 elk), Blacktail (1,357 
elk), Paradise Valley (1,222 elk) and 
Mill Creek (786 elk) elk herds in the 
southwest Montana portion of the 
Greater Yellowstone Ecosystem, USA, 
with the matrix of Bureau of Land 
Management (BLM), U.S. Fish and Wildlife 
Service (USFWS), National Park Service 
(NPS), U.S. Forest Service (USFS), state 
government (State), private (Private) 
and other (Other) lands in the region. 
Number of elk estimated from survey data 
collected during winter 2016 or 2017. 
Shading depicts hillshade of elevation
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collars programmed to acquire a location every 0.5, 1 or 2 hr (GPS 
3300L, Lotek Wireless Inc.), and monitored each individual for 
1–5 years. We tested hunter-harvested and research-captured adult 
female elk for exposure to B. abortus, and used the proportion of 
positive results from these tests during 2011–2017 to estimate 
herd seroprevalence. We followed Montana Department of Fish, 
Wildlife, and Parks biomedical protocols for free-ranging cervi-
dae in Montana during capture and handling procedures (Protocol 
FWP04-2018). We classified 15 February to 30 June, the period 
when most abortions occur, as the transmission risk period (hereaf-
ter risk period; Table 1), and limited our analyses to this time period 
(Cross et  al.,  2015). Within the risk period, we defined winter (15 
February–31 March; elk on winter range), spring (1 April–31 May; 
elk migrating to summer range) and summer (1 June–30 June; elk 
on summer range) seasons. We based our seasons upon elk move-
ment and aggregation patterns, the typical timing of snow melt and 
green-up, and to be consistent with seasons defined in our previ-
ous work (Rayl et al., 2018, 2019). Our risk period dataset included 
223 elk monitored from February 2005–June 2015 (280 elk-years, 
1,475,613 locations; see Appendix S1 in Supporting Information).

2.3 | Identifying migrants and residents

Although seasonal migration likely occurs along a continuum of 
movement tactics (Cagnacci et  al.,  2016; Dingle & Drake,  2007), 
our goal was to differentiate between the two dominant space use 
tactics that we hypothesized were most influential to spillover risk 
between elk and livestock. Therefore, we sought to discriminate 
between elk that remained inside or adjacent to winter range (resi-
dents) and elk that migrated away from winter range (migrants). To 
do so, we estimated the overlap of seasonal kernels to classify indi-
vidual elk-years as migrant or resident (Barker et al., 2019; Fieberg 
& Kochanny,  2005). Unlike prior studies, which have typically cal-
culated the overlap between individual seasonal home ranges to 
differentiate between migrants and residents, we calculated the 
overlap between each herd's winter range and individual elk-year 
post-migration home ranges. We delineated a winter range for each 
herd using that herd's GPS locations during the winter season (ex-
cluding migratory portions of individual datasets when elk initiated 
migration during winter or did not return from summer range until 
winter) to create 99% contours of bivariate normal kernels with the 
reference bandwidth (Worton,  1989). We used individual elk-year 
GPS locations from August to create 95% contours of bivariate nor-
mal kernels with the reference bandwidth as an estimate of post-
migration home ranges. For 13 individual elk-years without GPS 
location data in August, we used July GPS locations to estimate post-
migration home ranges. We classified individual elk-years as migrant 
when their post-migration home range did not overlap winter range, 
and as resident when they did. Because we did not monitor indi-
vidual elk for an equal number of years, we used the proportion of 
individuals classified as migrants during their first year of monitoring 
to estimate the proportion of migrants in each herd.

2.4 | Resource selection function development

We used RSFs to describe the spatiotemporal relationship between 
the relative probability of female elk occurrence and landscape at-
tributes. We fit RSFs separately for migrants and residents from 
each herd in winter, spring and summer because we expected re-
source selection to vary seasonally, among herds, and between 
migrants and residents. Because our objective was to identify fine-
scale spatiotemporal overlap of elk abortion events with areas of 
potential livestock presence, we used third-order RSFs (selection of 
patches within individual home ranges) to characterize habitat se-
lection (Meyer & Thuiller, 2006). We estimated RSFs by comparing 
habitat characteristics of observed locations with an equal number 
of available locations. We randomly sampled available locations 
from within a 99% contour of a bivariate normal kernel generated 
with the reference bandwidth for each individual-year in each sea-
son (Worton, 1989). We randomly assigned available locations to a 
specific day drawn with replacement from the distribution of days 
of the corresponding elk-year-season observed locations. For all mi-
grant and resident groups with >1 individual-year (14 of 15 groups), 
we using a generalized linear mixed model (GLMM) with a binomial 
distribution, logit link and individual-year as the random intercept to 
estimate the RSF. The random intercept accounted for unbalanced 
sample sizes among individual-years, and the non-independence of 
GPS locations (Gillies et al., 2006). The GLMM-derived RSFs for mi-
grants and residents from each herd in each season took the form:

where w(x) represented the RSF scores, βu was the selection coeffi-
cient for explanatory variable xu for the ith observation and the jth 
individual-year, and γ0j was the random intercept for the jth individual-
year. For Madison Valley residents (n = 1 individual-year), we used a 
generalized linear model (GLM) with a binomial distribution and logit 
link to estimate the RSF. The GLM-derived RSF took the form:

In our RSFs, we included variables previously demonstrated to be 
important predictors of elk occurrence during the risk period (Merkle 
et al., 2018; Proffitt et al., 2011; Rayl et al., 2019). We incorporated a 
suite of topographic variables (elevation, slope, terrain position index 
[calculated as the difference between the elevation of a cell and the 
mean elevation of its nearest 80 surrounding cells], and solar radiation 
during the risk period; 30-m resolution, U.S. Geological Survey National 
Elevation Dataset), distance to motorized roads (pseudothreshold [nat-
ural logarithm transformed distance + 1] functional form; 30-m resolu-
tion, U.S. Department of Commerce, Bureau of the Census), landcover 
type (consolidated into four categories: forest, shrub, agriculture, grass 
[reference category]; 30-m resolution, 2011 National Land Cover 
Database), snow cover (indicating presence of snow; 500-m spatial 
and 8-day temporal resolution, MODIS data; Hall et al., 2002), overall 
productivity or biomass of a pixel each year calculated as the annual 

(1)w(x) = exp
(

�1x1 + … + �uxuij + … + �0j
)

,

(2)w(x) = exp
(

�1x1 + �2x2…+ �uxu
)

.
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integrated Normalized Difference Vegetation Index (NDVI, 250-m res-
olution, MODIS data; Pettorelli et al., 2005) and the daily NDVI value 
of a pixel (250-m resolution; scaled between 0 and 1). We assigned 
daily values of snow cover to each pixel using the pixel value from the 
8-day snow cover interval that encompassed that day. To derive daily 
NDVI values, we followed the methods of Bischof et al. (2012) and 
Merkle et al.  (2016) to construct a smoothed and scaled NDVI time 
series for each pixel (see section 2 in Merkle et al. (2016) for details).

Prior to building seasonal RSFs, we evaluated whether a linear 
or quadratic functional form for elevation, slope, solar radiation and 
daily NDVI was better supported. For each migrant and resident 
group from each herd in each season, we built univariate GLMMs or 
GLMs for the functional forms of each variable, and determined the 
form with the most support among all tactic-specific groups (i.e. all 
migrants or residents) using Akaike Information Criterion for small 
sample sizes (AICc; Burnham & Anderson, 2002). We evaluated col-
linearity between pairs of covariates before building seasonal RSFs. 
When we detected collinearity (Pearson's correlation coefficient 
≥0.7), we built GLMMs or GLMs for each covariate, and excluded 
the covariate with less AICc support. We also assessed our seasonal 
RSF models (without quadratic terms) for multicollinearity using the 
variance inflation factor (VIF), and detected no issues (VIFs for all 
variables ≤4.43; Dormann et al., 2013; Graham, 2003). We derived 
maximum-likelihood estimates for GLMMs using adaptive Gauss–
Hermite approximation with 5 integration points (Bolker et al., 2009). 
To evaluate the predictive ability of our seasonal RSF models, we 
used 10 repetitions of fivefold cross-validation with 10 bins of equal 
size, calculating the average Spearman rank correlation (rs) between 
the withheld data and the ranked bins (Boyce et al., 2002).

2.5 | Predicting abortion and spillover risk

We built our RSFs using NDVI and snow cover data corresponding to 
the time period when individual elk were monitored, which allowed 
us to quantify the relationship between elk occurrence, vegetation 
phenology and snowfall. We then identified representative low, av-
erage and heavy snowfall years that occurred during our study pe-
riod (Merkle et al., 2018; see Appendix S2). To evaluate the influence 
of weather variability on brucellosis transmission risk, we predicted 
each migrant and resident group's distribution using NDVI and snow 
cover datasets from these representative snowfall years (see below 
for details).

The distribution of ungulates is a function of, not only environ-
mental factors but also cognitive factors associated with sociality, 
spatial fidelity, memory and learning (Jesmer et  al.,  2018; Merkle 
et al., 2017; Wolf et al., 2009). As a result, elk herds in the GYE show 
strong fidelity to seasonal ranges and migration routes and individual 
herd ranges tend to be concentrated within larger areas of suitable 
habitat (Boyce et al., 2003; Kauffman et al., 2018; Rayl et al., 2019; 
White et al., 2010). Therefore, we developed a new technique using 
a sliding window approach to limit the spatiotemporal extent over 
which we mapped each migrant or resident group's RSF predicted 

values to areas likely to have been occupied by that group on that 
day. First, we resampled all covariate grids from their original reso-
lution to 250 m by calculating the mean pixel value that fell within 
the extent of the output 250-m pixel. Then, for each of the three 
weather scenarios, we estimated the predicted relative probability 
of group use u(x, t) per 250-m pixel x, per time step t (in days), as:

where i = refers to pixels 1 through n for time step t, wxt is the daily 
predicted RSF value of the relative probability of use by elk for a 250-m 
pixel x and Kxt is the daily predicted value of elk availability (0 or 1) 
for pixel x. In Equation 3, Kxt limits the spatiotemporal extent of the 
predicted relative probility of use to areas likely to have been occupied 
by that group on that day. We employed a sliding window approach to 
estimate Kxt. For every time step t, we generated a 99% contour of a 
bivariate normal kernel with the reference bandwidth using elk-group 
locations from t − 15 days to t + 15 days. We assigned pixels within 
the contour a Kxt value of 1 and pixels outside the contour a Kxt value 
of 0. During the first 15 days of the risk period, we estimated the Kxt 
kernel using elk-group locations from the first 31 days of the risk pe-
riod because some groups lacked location data prior to the start of the 
risk period (because of capture timing). The denominator in Equation 3 
ensures that 

∑

n
i= 1

u(x, t). equals 1, thereby allowing us to compare the 
daily predicted relative probability of use among groups. We also esti-
mated the density experienced by migrant and resident groups during 
the risk period to explore how elk density changed from February 
through June, and the consequent implications for brucellosis trans-
mission (see Appendix S3).

For each weather scenario, we calculated the daily relative risk of 
abortion events Rxt (hereafter abortion risk; Table 1) per 250 m pixel 
x, per time step t (in days), as:

where u(x, t) is the daily predicted relative probability of group use 
for pixel x from Equation 2, Fgh is the estimated number of female elk 
from group g and herd h, Sh is the average brucellosis seroprevalence 
estimated for herd h, y is a mean pregnancy rate of 90% (K. Proffitt, 
unpubl. data) and pt is the predicted daily probability of aborting given 
an individual is seropositive and pregnant (Cross et  al.,  2015; see 
Appendix S3). Equation 4 calculates a relative estimate, which is pro-
portional to the number of abortion events, and can be directly com-
pared among groups because the denominator in Equation 3 ensured 
that 

∑

n
i= 1

u(x, t) equals 1. We used samples from hunter-harvested 
and research-captured adult female elk to estimate herd seropreva-
lence (see Montana Fish Wildlife and Parks, 2015 for details on how 
serostatus was determined). We did not account for uncertainty in our 
estimates of Rxt because of computational limitations associated with 
deriving error estimates for u(x, t) on a cell-by-cell basis, and because 
accurate methods to do so for Fgh across the region were not avail-
able at the time of this analysis. While unaccounted for uncertainty 

(3)u(x, t) =
wxt × Kxt

∑

n
i= 1

wxt × Kxt

,

(4)Rxt = u (x, t) × Fgh × Sh × y × pt
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associated with Fgh, Sh, y and pt may bias estimates of Rxt high or low, 
these biases are likely to affect each pixel and migrant group similarly. 
Therefore, general conclusions and results are likely to be invariant 
across the range of variability associated with each parameter.

We combined Rxt estimates with landownership data to esti-
mate the daily and cumulative abortion risk from each migrant and 
resident group occurring on private, BLM, USFWS, NPS, USFS, and 
state government lands across the three weather scenarios. We did 
not consider the distribution of livestock in these calculations. We 
then calculated these same metrics for areas with potential livestock 
grazing to quantify the potential for elk-to-livestock spillover risk 
on the landscape. We defined areas of potential livestock grazing 
as private ranchlands in Montana with ≥0.4 hectares of grazing area 
(http://svc.mt.gov/msl/mtcad​astral; Proffitt et al., 2011), and federal 
(USFS, BLM) and state (Wildlife Management Area) grazing allot-
ments in Montana when livestock were potentially present on the 
allotments during the risk period (hereafter grazing land; Table  1; 
see Appendix S4). We used turnout dates from BLM and USFS graz-
ing records from 2014 (Wells et al., 2019) and state grazing records 
from 2017 to determine when livestock were present on federal and 
state allotments. We defined spillover risk as abortion risk on private 
ranchlands during the risk period or on allotments with turnout dates 
during the risk period (Table 1). Therefore, abortion risk on livestock 
allotments outside of turnout dates did not contribute to our es-
timate of spillover risk. Our comparisons of spillover risk between 
migratory tactics and among herds and weather scenarios relied on 
the assumption that livestock contact with infected foetuses and the 
risk of infection were positively correlated with abortion risk.

We combined our estimates of the number of adult female elk 
in each group and spillover risk to calculate the average spillover 
risk per adult female elk (hereafter per-capita spillover risk; Table 1). 
Collared elk from three migrant groups spent a portion of the risk 
period on BLM, USFS and private lands in Idaho where we did not 
have data on public and private grazing. To account for this in our es-
timate of per-capita spillover risk, we reduced the estimated number 
of female elk from these groups by the daily predicted probability 
of group use that occurred in Idaho for each weather scenario. We 

conducted all analyses in program R version 3.3.1, using lme4 to fit 
GLMMs (R Development Core Team, 2016).

3  | RESULTS

From our sample of 223 elk (280 elk-years), we identified 152 mi-
grants and 71 residents. We identified one fully resident herd, and 
seven herds with both migrant and resident individuals (Figure  2). 
We collected multiple years of data from 37 elk in five herds. Seven 
of these 37 elk switched migratory tactics between years, including 
6 of 18 elk from the Paradise Valley herd and one of six from the 
Blacktail herd. As migrants departed from winter range, the density 
of elk declined for both migrant and resident groups (Figure 3).

Patterns of resource selection varied among herds and groups, but 
there was no clear distinction between selection patterns of migrant 
and resident elk groups within herds or among winter (15 February–31 
March), spring (1 April–31 May) or summer (1 June–30 June) seasons 
(see Appendix S5: Figure S1). In general, both migrant and resident elk 
selected areas at moderate elevation and slope, with higher terrain 
position index (i.e. on ridges) and intermediate to high solar radiation. 
Furthermore, they typically avoided forested landcover, motorized 
roads and snow cover, showed variable responses to shrub landcover 
and selected agricultural landcover, intermediate values of daily NDVI 
(i.e. surrogate for phenology stage), and higher annual integrated NDVI 
(i.e. surrogate for biomass). The average rs of our migrant and resident 
RSFs from 10 repetitions of our fivefold cross-validation procedure 
was 0.98 (range  =  0.93–1.00) in winter, 0.99 (range  =  0.95–1.00) in 
spring and 0.97 (range = 0.87–1.00) in summer, indicating strong pre-
dictive ability (see Appendix S5: Table S1).

Seroprevalence did not differ among migrants and residents in 
our sample of collared elk, but sample sizes were relatively small 
for some herds (see Appendix  S3: Figure  S1). Estimated brucello-
sis seroprevalence ranged from a high of 53% (95% CI = 36%–70%) 
for the Mill Creek herd to a low of 2% (95% CI =  1%–7%) for the 
Greeley herd (see Appendix  S3: Table  S2). We estimated that the 
Madison Valley herd accounted for 41% of the abortion risk each 

F I G U R E  2   The estimated proportion 
of migrant and resident individuals in eight 
Greater Yellowstone Ecosystem elk herds. 
The number of collared elk (number of 
individual elk-years) in each group is given 
at the top of the 95% binomial confidence 
intervals (black lines)

http://svc.mt.gov/msl/mtcadastral
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year (i.e. 100  ×  [Madison Valley abortion risk/abortion risk from 
all herds]  =  41%), whereas the Greeley herd accounted for <1%. 
These widely varying estimates among herds resulted from differ-
ences in brucellosis seroprevalence and the estimated number of 
female elk surveyed during the most recent elk trend counts (see 
Appendices S3 and S6).

Across weather scenarios, we calculated that 50%–56% of mi-
grant and 77%–78% of resident abortion risk was on private lands 
(e.g. 100 × [migrant abortion risk on private lands/migrant abortion 
risk on all lands] = 50%–56%; Figure 4). During the average snowfall 
year, we estimated that approximately 50% of migrant abortion risk 
was on private lands, 25% on USFS lands, 13% on NPS lands, 8% on 

state government lands, 4% on BLM lands and 0% on USFWS lands. 
In that same year, we estimated that approximately 78% of resident 
abortion risk was on private lands, 8% on state government lands, 5% 
on both USFS and BLM lands, 4% on NPS lands, and 0% on USFWS 
lands. In contrast, we estimated that 98%–99% of spillover risk was 
on private ranchlands for both migrants and residents (e.g. 100 × [mi-
grant spillover risk on private ranchlands/migrant spillover risk on 
grazing land] = 98%–99%). Spillover risk on private ranchlands repre-
sented 74%–75% of the total abortion risk from residents, and 49%–
54% for migrants, depending on weather scenario. Migrant elk were 
responsible for 68% of spillover risk because they occurred in greater 
numbers than resident elk (Figure 5a, see Appendix S6: Table S1).

F I G U R E  3   Daily density estimates 
experienced by migrant and resident 
female elk from eight herds (arranged 
from most to least migratory) in the 
Greater Yellowstone Ecosystem during 
the risk period (15 February–30 June). 
Density estimates were derived from 
survey data collected during winter 2016 
or 2017

F I G U R E  4   Abortion risk occurring 
on private (Private), U.S. Forest Service 
(USFS), National Park Service (NPS), 
state government (State), Bureau of 
Land Management (BLM), and U.S. Fish 
and Wildlife Service (USFWS) lands for 
migrant and resident female elk from eight 
Greater Yellowstone Ecosystem herds 
during representative low, average and 
heavy snowfall years that occurred during 
the study period
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We found support for our hypothesis that weather variability 
would affect spillover risk for migrant, but not resident elk. We esti-
mated that the distribution of spillover risk for migrants was somewhat 
sensitive to changes in snow cover, with 7%–12% more risk occurring 
on private ranchlands during heavy snowfall years than during low or 
average snowfall years. Conversely, we estimated that the distribu-
tion of spillover risk on private ranchlands for residents changed <1% 
during low, average and heavy snowfall years. We also found support 
for our hypothesis that elk migration lowered per-capita spillover risk. 
Although migrants were responsible for 68% of spillover risk because 
of their greater numbers, for five of seven herds with both migrants and 
residents, per-capita spillover risk on private ranchlands was greater for 
residents than for migrants (Figure 5b). Averaged across weather sce-
narios and herds, we estimated that per-capita spillover risk on private 
ranchlands was 23% greater for residents than for migrants.

4  | DISCUSSION

We combined ecological, epidemiological and behavioural data from 
>200 elk in eight GYE herds with livestock distribution data to exam-
ine the influence of partial migration on abortion and spillover risk. 
By incorporating these datasets, we revealed that most spillover 
risk from elk to livestock was on private ranchlands in early spring. 
Furthermore, we found that migrant elk generated the majority of 
spillover risk because they were more abundant than resident elk. 
On a per-capita basis, however, we estimated that migrant elk were 

23% less risky to livestock than resident elk because they migrated 
off of private ranchlands during the risk period.

Our synthetic approach is uncommon in disease ecology because 
of the challenges associated with merging data streams collected 
at varying spatial and temporal resolutions and scales (Dougherty 
et al., 2018; Plowright et al., 2017; Rayl et al., 2019). Other studies 
have integrated host movement or density data to estimate patho-
gen transmission risk or exposure rates within a host species (e.g. 
Borg et al., 2017; Proffitt et al., 2015; Russell et al., 2015). Indeed, 
there have been a number of previous studies that have examined 
the potential for brucellosis spillover risk from wildlife to livestock, 
but none to date that have examined the role of host migration in 
spillover risk (Kilpatrick et  al.,  2009; Merkle et  al.,  2018; Proffitt 
et al., 2011; Rayl et al., 2019). Our analysis accounted for many of the 
major components of elk-to-livestock brucellosis spillover risk, in-
cluding host movement, distribution, density, prevalence and trans-
mission timing, and suggested important links between migratory 
behaviour and the risk of disease spillover. The approach we devel-
oped is applicable to other disease systems such as avian influenza 
and bighorn Ovis canadensis and domestic sheep (O. aries) pneumo-
nia, although the challenge is to have all the necessary datasets align 
in space, time and resolution (Cross et al., 2019; Rayl et al., 2019).

As we had hypothesized, our findings provided evidence that 
weather variability affected spillover risk from elk to livestock in the 
GYE. Previous work in this system has documented delayed elk mi-
gration in spring following winters with heavier snowfall and later 
vegetation green-up (Rickbeil et al., 2019; White et al., 2010). Our re-
sults correspond with these findings and demonstrate the cascading 
effects this environmental variability can have on spillover risk. As 
predicted, we found that heavier snowfall did not influence spillover 
risk from residents, but that it had a modest influence on the distri-
bution of spillover risk from migrants. During heavy snow years, we 
estimated that 7%–12% more migrant spillover risk was on private 
ranchlands, likely because snow cover delayed departure from win-
ter range. Under future climate change scenarios, decreased snow-
pack and advanced snowmelt are expected in the Rocky Mountains 
(Gergel et  al.,  2017). These changes may induce earlier departure 
from winter range, thereby reducing spillover risk from migrant elk 
on private ranchlands (Rickbeil et al., 2019; White et al., 2010).

In support of our second hypothesis, we found evidence that 
the spring migration of elk alleviated per-capita spillover risk. As 
migrants moved from lower-elevation winter range to higher-
elevation summer range they moved away from private ranch-
lands where spillover risk was highly concentrated. Importantly, 
however, and in contrast to differences in per-capita spillover risk, 
we found that migrant elk generated the majority of spillover risk 
in our system because of their greater abundance. It has been hy-
pothesized that the number of migrants and residents in partially 
migratory populations is maintained by density-dependent demog-
raphy or behavioural switching between movement tactics (Kaitala 
et al., 1993; Lundberg, 2013). In partially migratory ungulate popu-
lations, migrants frequently outnumber residents, and this is what 
we observed among the elk in our study (Fryxell et al., 1988; Fryxell 

F I G U R E  5   (a) Estimated cumulative spillover risk for migrant 
and resident female elk occurring on private ranchlands during the 
risk period (15 February–30 June) for eight Greater Yellowstone 
Ecosystem herds and (b) estimated cumulative per-capita spillover 
risk for migrant and resident female elk occurring on private 
ranchlands during the risk period. Values in both panels were 
averaged across weather scenarios
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& Sinclair, 1988; Sawyer et al., 2016; Figure 2). Recent studies in the 
Rocky Mountains, however, have demonstrated that the benefits 
of elk migration relative to residency may be declining as a result 
of altered landscapes, climate regimes or predator guilds (Barker 
et al., 2019; Hebblewhite & Merrill, 2011; Middleton et al., 2013). For 
example, Barker et al.  (2019) found that resident elk had access to 
higher quality forage than migrant elk because of the availability of 
irrigated agriculture in valley bottoms where residents resided year-
round. If the fitness benefits of migration in our system decrease, 
this may affect the demographic balance of migrants and residents, 
and therefore, also influence the risk of disease spillover. How these 
potential demographic changes may alter the risk of disease spillover 
in the future remains unknown, however. If resident elk were to in-
crease in number while elk carrying capacity remains static, this will 
likely translate into increased risk because of the greater spillover 
potential associated with resident behaviour. On the other hand, if 
elk herds decline in size as a result of a decreasing number of mi-
grants, the risk of disease spillover will likely decline as well.

An ancillary benefit of migration may be a reduction in disease or 
parasite exposure for hosts (Altizer et al., 2000; Folstad et al., 1991; 
Piersma,  1997). In temperate environments, cervids frequently 
occur at higher densities during winter, which may enhance the risk 
of pathogen transmission (Conner et  al.,  2008). In our study area, 
the migration of elk off of winter range lowered the conspecific 
density experienced by both migrant and resident groups during the 
risk period (Figure 3). This decline in density may reduce elk-to-elk 
transmission risk of brucellosis, as well as other density-dependent 
diseases. By the end of the risk period, migrant groups typically 
occurred at lower densities than resident groups. It is important to 
note, however, that our density estimates did not account for com-
mingling of migrant elk from different herds during migration and 
on summer range, and thus are likely underestimates. Similar ob-
servations of higher conspecific density of resident elk compared 
to migrant elk have been observed elsewhere in Montana (Barker 
et al., 2019). Whether or not these changes in density result in dif-
ferences in pathogen transmission within migrant and resident elk 
groups requires further investigation. In our sample of collared elk, 
seroprevalence did not differ among migrants and residents, consis-
tent with other analyses, but sample sizes were relatively small for 
some herds (see Appendix S3: Figure S1; Yang et al., 2019).

Our work clearly illustrates the value of including spatiotemporal 
variability for both reservoir and host populations during examina-
tions of spillover risk. There was a striking contrast between our es-
timates of abortion risk, which did not consider the spatiotemporal 
distribution of livestock, and our estimates of spillover risk, which 
did. If we relied only on our estimates of abortion risk, we would 
have erroneously concluded that 44%–50% of transmission risk for 
migrant elk and 22%–23% for resident elk was on state and federal 
lands (Figure 4). In contrast, when we incorporated our spatiotempo-
ral estimates of livestock distribution, we found almost no spillover 
risk (<2%) outside of private ranchlands for both migrant and resident 
elk. This suggests that the current timing of livestock stocking on 
state and federal allotments is effective at preventing commingling 

of elk and livestock during the risk period, at least for the elk herds in 
the Montana brucellosis designated surveillance area.

Importantly, we were unable to account for several sources of 
spatial and temporal variability in our analyses. Most significantly, 
we did not have detailed data on the spatiotemporal distribution of 
livestock on private ranchlands. As a result, we most likely overesti-
mated risk on this grazing type because we assumed that livestock 
were always present. Similarly, we did not have information about 
the space use of livestock within individual allotments, which likely 
changes annually. Additionally, we did not have data quantifying 
contact rates of livestock with infected elk foetuses, how frequently 
that contact results in infection or the environmental persistence of 
B. abortus. Aune et al. (2012) found that B. abortus can remain viable 
on foetal tissues and soil or vegetation for 21–81 days depending 
on month, temperature and exposure to sunlight. We expect that 
aborted foetuses will not remain on the landscape for that long in 
our study area because they will likely be removed by scavengers 
much more quickly (Cook et al., 2004). Further research is needed 
to estimate foetal scavenging rates for our study area. Finally, as in 
Merkle et al. (2018) and Rayl et al. (2019), we did not include a tem-
poral transmission component within elk herds, and therefore, could 
not predict disease dynamics across consecutive years. Further re-
search is needed to collect finer-resolution data on the distribution 
of livestock, and to incorporate temporal models of pathogen trans-
mission into future predictions of risk.

Our estimates of abortion and spillover risk should be viewed 
somewhat cautiously, as we were unable to include estimates of 
variance in our predictions. Instead, as in Merkle et al. (2018) and 
Rayl et al. (2019), we assumed that the number of female elk, sero-
prevalence, the proportion of migrants and residents, abortion tim-
ing, pregnancy rates, potential livestock distribution, and space-use 
predictions were all known without error. Incorporating uncertainty 
from seroprevalence, the proportion of migrants and residents, 
abortion timing and the number of female elk into our analyses 
would be relatively straightforward, but computationally demand-
ing. Such an effort would rigorously propagate error through only a 
portion of Equation 4, as we do not currently have fine-resolution 
spatiotemporal data on livestock distribution. Additionally, it would 
be challenging to quantify uncertainty in the predicted probability 
of elk use across space and time given existing computing capacity. 
Because this unaccounted-for uncertainty is likely to affect indi-
viduals within herds similarly; however, it would be unlikely to alter 
inferences about within-herd differences between migrant and 
resident spillover risk (i.e. Figure 5b). It could, though, affect con-
clusions of among-herd comparisons (i.e., Figure 5a). In the future, 
as computational capacity increases, it would be useful to quantify 
this error. Doing so would generate information that could be used 
to identify optimal data collection and surveillance strategies to 
minimize uncertainty in risk predictions.

Although animal movements likely impact disease dynamics, it 
is uncommon and difficult to synthesize host movements with dis-
ease ecology (Altizer et  al.,  2011; Dougherty et  al.,  2018; White 
et  al.,  2018; but see Guber et  al.,  2016; Merkle et  al.,  2018; Rayl 
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et  al.,  2019). These unified approaches are necessary, however, 
to properly understand the effects that complex movement be-
haviours, such as migration, may have on host–pathogen dynamics. 
In this work, we used an integrated modelling framework to enu-
merate spillover risk in space and time, and found significant links 
between migration behaviour, the potential for pathogen transmis-
sion and environmental variability. Further research is needed to de-
termine how density-dependent demography, behavioural switching 
between movement tactics and environmental change may influ-
ence these links, and therefore, the distribution of spillover risk.
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