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Chronic wasting disease (CWD) is a fatal, prion disease of cervids that was first 
detected in Alberta in 2005. Transmission of CWD by direct contact with infected 
individuals plays a major role in the early phases of an outbreak. Mule deer 
(Odocoileus hemionus) comprise 85% of CWD-infected animals in the province, 
and we  investigated the seasonal effects of grouping patterns and landscape 
heterogeneity on direct, pair-wise contacts (distance of 3 m) within and between 
sex-specific (same or mixed sex) groups of mule deer in east-central Alberta. 
We determined seasonal contacts of mule deer based on proximity loggers that 
alter GPS schedules to record contact locations. We modeled the relative risk of 
contact between sex-specific dyads both within and between social groups based 
on landscape characteristics at the location of contact. We  then assessed the 
support for 5 hypotheses that linked locations of seasonal contacts to occurrence 
of CWD on the landscape. Disease occurrence on the landscape was derived by 
comparing locations of CWD-infected and CWD-uninfected deer collected as 
part of the Alberta’s CWD hunter-harvest surveillance program. We  found that 
contacts in winter occurred in areas where deer use was concentrated, whereas 
in summer, contact locations were less constrained in space where patterns of 
landscape characteristics at contact locations varied between sex-specific dyads. 
Contact probabilities of within and between-group male dyads in winter and 
between-group female dyads in summer were the best predictors of CWD risk in 
east-central Alberta. Our results relate habitat specific, social behaviors between 
conspecific mule deer to potential routes of CWD transmission and contribute 
to CWD research that guides management strategies for an emergent wildlife 
disease.
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1. Introduction

Identifying routes of disease transmission among hosts is one of the primary challenges 
associated with managing and controlling wildlife diseases (Lloyd-Smith et al., 2005). Patterns 
in transmission dynamics are disease-specific and are largely dependent on the ecology of host-
pathogen systems. When diseases are transmitted by direct contact between infected and 
susceptible individuals, social interactions become the basis for disease spread. Spatial patterns 
in host prevalence across heterogeneous landscapes suggest that environmental factors 
influencing host density, space use, and sociality dictate the locations of infectious contacts 
(Conner and Miller, 2004; Ostfeld et al., 2005; Paull et al., 2012). For example, habitat quality 
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and configuration can alter disease transmission by increasing local 
host density (Joly et al., 2006; Habib et al., 2011; Ehrmann et al., 2018) 
while connectivity between suitable habitats can affect the spread and 
persistence of disease between infected and susceptible subpopulations 
(Page et al., 2001; Nobert et al., 2016; Miller et al., 2020). Further, 
human land use affects patterns of wildlife disease by artificially 
aggregating hosts and by altering host movements and space use 
(Becker et al., 2018; Fountain-Jones et al., 2021; Janousek et al., 2021). 
Understanding what landscape features influence direct contacts 
among conspecifics and how this differs among segments of the 
population may help explain patterns of disease prevalence on the 
landscape to help focus surveillance and management of 
wildlife diseases.

Chronic wasting disease (CWD) is a fatal, prion encephalopathy 
in free-ranging cervid populations that has been spreading across 
landscapes in North America and Scandinavia (Mysterud and 
Edmunds, 2019; Ågren et al., 2021). Prions, the infectious agents of 
CWD, are shed in bodily fluids of hosts and can also persist in the 
environment for many years, which allows the disease to spread 
through direct contact and via contaminated environments (Miller 
et al., 2000, 2004). All cervids are susceptible to CWD, but there is a 
higher prevalence in adult age classes and in males for both white-
tailed deer (Odocoileus virginianus) and mule deer (O. hemionus; 
Conner and Miller, 2004; Heisey et al., 2010). There is evidence that 
the demographic patterns of CWD prevalence reflect behavioral 
differences between host classes, which suggests that early dynamics 
of CWD transmission are driven by direct rather than environmental 
contacts (Grear et al., 2010; Ketz et al., 2019). Spatial patterns in CWD 
are heterogeneous and likely reflect social dynamics and attraction to 
habitats. In the agriculturally dominated landscapes of Wisconsin and 
Illinois, high proportions of deciduous forest and edge density that 
represent high-quality deer habitat were associated with increased 
prevalence of CWD in white-tailed deer (Joly et al., 2006; Storm et al., 
2013). In the Northeastern United States, where forested landscapes 
were homogenous, the risk of harvesting a deer infected with CWD 

was greatest in areas with relatively small amounts of forest cover 
resulting from greater dispersal distances by deer in low cover areas 
(Evans et al., 2016). In Canadian prairie-dominated landscapes, risk 
of a deer being CWD infected increased near agricultural areas that 
were far from streams and comprised isolated patches of woody cover 
due to this relatively high-quality habitat facilitating aggregations of 
deer and increasing infection risk (Rees et al., 2012; Smolko et al., 
2021). Further, Nobert et al. (2016) also found that areas facilitating 
deer movement between patches had a higher probability of being 
CWD-infected, suggesting habitat connectivity is a key driver of 
patterns of CWD on the landscape.

In this paper, we  build on previous research that documents 
spatial patterns of CWD and demonstrates linkages between landscape 
features and disease risk in mule deer in the prairie-parklands of 
Alberta, Canada (Smolko et al., 2021). We hypothesized that spatial 
patterns of CWD prevalence were associated with areas that had high 
probabilities of direct contact between mule deer during the initial 
14 years of disease progression. We  proposed five non-mutually 
exclusive hypotheses predicting which type of contact would have the 
strongest association with risk of a deer harvested from a specific 
location being CWD infected (Table 1). To assess hypotheses, we first 
defined seasonal contact locations for female–female, male–male, and 
mixed-sex deer dyads belonging to the same (within) or different 
(between) social groups. Second, we  measured which landscape 
features were associated with a high relative contact probability (RCP) 
value for each contact type. Third, we  assessed the relationship 
between seasonal, group, and sex-specific RCP with patterns of CWD 
risk on the landscape to evaluate the relative support for 
each hypothesis.

Specifically, we hypothesized that winter contact locations (H1) 
would be most associated with where the disease was found because, 
in winter, higher overlap between mule deer home ranges and 
increased group sizes relative to other seasons due to the snow 
restricting available habitat has been documented (Wood et al., 1989; 
Lingle, 2003). In contrast, we hypothesized locations of contacts with 

TABLE 1 Five non-mutually exclusive hypotheses outlining the mechanisms in which direct contact between mule deer influence transmission of 
chronic wasting disease and the relative contact probabilities (RCP) associated with each hypothesis.

Hypothesis Expected RCP

Winter contacts H1 Large, mixed-sex groups in the winter increases 

transmission due to new contacts and greater local density. Female Male MixWithin Within Within
Winter Winter Winter| |

Female Male Mix
Winter

Between

Winter

Between

Winter

Between| |

Male contacts H2 Larger home ranges and dispersal behavior increases 

transmission. Male Male Male
Winter

Within

Summer

Within

Winter

Between| |

Male
Summer

Between

Female contacts H3 Frequent contacts between females forming matrilineal 

groups. Female Female
Winter

Within

Winter

Between|

Female Female
Summer

Within

Summer

Between|

Rut contacts H4 Elevated contacts between sexes during the rut increases 

transmission. Mix
Rut

All

Between-group contacts H5 Contacts with deer outside of established social groups 

increases transmission. Female Male Mix
Winter

Between

Winter

Between

Winter

Between| |

Female Male Mix
Summer

Between

Summer

Between

Summer

Between| |

The expected RCP represents predictions for direct contact locations across seasons (Winter, Summer, Rut), dyads belonging to the same (Within) or different (Between) social groups, and 
dyad types (female–female Female; male–male Male; mixed-sex Mix). We model RCP as a function of spatial risk of a deer being CWD-positive predicted using hunter surveillance data 
(Smolko et al., 2021) in east-central Alberta, Canada (2019–2020).
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males across seasons would have the greatest association with the risk 
of deer being CWD infected (H2) because male deer have the highest 
prevalence and exhibit greater home range size and longer dispersal 
distances (Robinette, 1966; Walter et al., 2018; Smolko et al., 2021). 
Alternatively, we hypothesized that locations where the probability of 
a female contact was high (H3) would be most closely associated with 
areas of high CWD risk because of the higher social interactions 
among females, especially within groups (Schauber et al., 2007; Grear 
et  al., 2010). Because males have a high prevalence along with 
elevated mixed-sex contacts due to polygynous mating structure 
(Bowyer and Kie, 2004; Mejía-Salazar et  al., 2017), we  also 
hypothesized a close association between locations of rut contacts 
and where the risk of the disease is high (H4). Finally, we hypothesized 
that locations of a contact made by a deer with an individual from a 
different group (i.e., between-group contact locations) regardless of 
sex would increase CWD exposure and would be associated with 
where the risk of CWD was highest (H5). We also assessed a global 
model because we expected all these mechanisms could contribute to 
disease distribution and a null model (Hnull) because direct contacts 
may be  too variable or other factors may dominant disease 
distribution. We  used the magnitude and direction of the β  

coefficients to explain the importance of the mechanisms to spatial 
patterns in CWD risk.

2. Materials and methods

2.1. Study area

The study area (1,440 km2) was in the prairie-parklands of east-
central Alberta, approximately 4 km southeast of Edgerton, AB 
(Figure 1). It includes rolling hills (546 to 782 m) with a landscape of a 
matrix of agricultural fields, pastures, and native grasslands 
interspersed with woody cover. Land cover in the study area was 
dominated by agriculture cropland (48%), followed by grassland (19%), 
deciduous cover (20%), human development (1%), wetland (7%), water 
(3%), and exposed land (1%). Croplands were commonly planted with 
annual crops such as canola (Brassica spp.), wheat (Triticum spp.) and 
alfalfa (Medicago spp.), or perennial crops and tame grasses for pasture. 
Native grasslands are made up of drought-tolerant forbs and grasses 
including (Stipa spp., Bouteloua spp., Calamovilfa spp., and Artemisia 
spp). We  defined woody cover to include deciduous tree stands 

FIGURE 1

Study area located in east-central Alberta, Canada within wildlife management unit (WMU) 234. Telemetry data recorded from collared mule deer 
(2019–2020) and focused around the Cresthill Grazing Lease (CGL).
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(Populus spp.) and tall shrubland (Elaeagnus commutata, Salix spp., 
Prunus spp., and Amelancier alnifolia).

Human development includes paved and gravel roads and 
clearings for oil and gas, development of seismic lines, pipelines, 
access roads, OHV and well-sites. Included is a Heritage Rangeland 
Natural Area (76 km2) that is grazed by cattle 1 June – 31 October. 
Mule deer, white- tailed and moose are subject to hunting from 1 
November to 30 November, and elk from 1 November to 20 January. 
The area is within the CWD Zone where hunters have been required 
to submit the heads harvested from deer for CWD testing following 
the first recorded case in free-ranging deer in 2005. Mule deer density 
in 2021 was 2.15 deer/km2 (Government of Alberta 2021). Previous 
research in the study area reported that 23% of mule deer migrated 
>2 km were a majority of distances between winter and summer 
ranges were 5–10 km apart (Merrill et al., unpublished data). The 
coyote (Canis latrans) is the primary predator of deer within the 
study area, with possible, but rare, predation by black bears (Ursus 
americanus) and cougars (Puma concolor).

2.2. Deer capture, collaring, and 
monitoring

We used movement data of collared mule deer collected in 2019–
2020. Deer were captured by helicopter using a net gun in January 
each year. Deer were sedated using xylazine or butorphanol-
azaperone-medetomidine (BAM) upon capture and equipped with 
Lotek Litetrack 420 collars (Lotek Wireless Inc., Newmarket, ON) 
with global positioning unit (GPS) and proximity logger (PL) devices 
were programmed to transmit VHF signals at 20 bpm, allowing PL to 
record the presence of another collar every 3 s. The received signal 
strength indicator (RSSI) threshold was set to −100 dBm, which 
corresponds to distance between devices and that we determined to 
equate to approximately 3 meters. GPS locations were scheduled to 
record locations at 2-h intervals or, if the PL begins to record a contact 
event, the schedule changed and collars began recording GPS locations 

at 15-min intervals on the hour (i.e., 0, 15, 30, and 45 min; Figure 2). 
We determined mean GPS error to be 6.2 ± 1.0 m throughout our 
study area (Dobbin, 2022). The protocol for deer collaring in this 
study was reviewed and received research ethics approval from the 
University of Alberta Research Ethics Board (AUP00001369).

2.3. Seasonal within and between group 
contacts

We defined three biological seasons that were based on changes 
in pairwise, nearest neighbor distance of collared mule deer, to reflect 
dynamics in social grouping and the potential for distinct seasonal 
contact rates. The start date of a season corresponding to the 
maximum changed in the mean daily pairwise distance between 
individuals in a dyad for each sex-specific dyad type (female–female, 
male–male and mixed-sex) modeled as a function of Julian day (for 
more details see Dobbin, 2022). We delineated summer (10 May – 12 
November), winter (16 December – 9 May), and rut (13 November 
– 15 December). We defined a contact event as a time period during 
which two deer were within 3 m of each other and not separated for 
more than 5 min. To avoid unequal representation of locations from 
long contact events we used only the first location recorded once the 
PL began recording a contact event (Figure  2). Each dyad was 
categorized as either within-group or between-group at the time of 
contact by first quantifying the seasonal space use overlap and then 
the cohesion in the movement paths of all deer pairs. In every season, 
we determined a threshold to delineate within and between-group 
dyads based on both pairwise metrics (see Dobbin, 2022 for 
more details).

2.4. Spatial modeling of RCP

We compared resource characteristics at known contact locations 
to available resources within areas of shared space use to assess the 

FIGURE 2

Diagram of collar functioning in relation to separation time, defined as the time elapsed that allows a proximity event to be recorded as a new contact. 
Dotted line leading from deer xj represents its path as it overlaps with deer xi. The shaded grey area represents the threshold at which collars will begin 
recording contact events (cn). Bolded arrow represents separation time. Dashed line (PL xi) denotes times recorded by PL depending on whether a 
contact has been detected. The demarcated line (GPS xi) denotes the altered 15-min GPS schedule where bolded sections are fixes recorded 
depending on whether a contact has been detected. Crossed lines represent points used in the relative contact probability analysis. If separation time is 
surpassed, the end time of contact event will be recorded at the time collared exited the contact threshold (3 m).
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RCP between two mule deer at a location within the study area. This 
design is comparable to resource selection modeling (Manly et al., 
2002; Lele et al., 2013) whereby contact locations of dyads represent 
“used” locations and random locations within the area of shared space 
use represent “available” locations. We  defined overlap areas by 
calculating the seasonal 95% kernel UDs using GPS locations taken at 
2-h intervals from the individual deer that comprised each dyad and 
created a polygon surrounding the areas in which the two distributions 
overlapped using ArcMap software (ESRI, 2008). To model RCP, 
we measured landscape characteristics at known contact locations (1) 
and at random locations (0), where the total number of random 
locations that were generated within the dyad-specific overlap areas 
were sampled at a 1:15 ratio in each season, group, and dyad type. 
Next, we used a logistic regression to obtain the parameters of an 
exponential model to predict the RCP including dyad ID as a random 
effect (Gillies et al., 2006) using the TMB package in the program R 
(Kristensen et  al., 2016; R Core Team, 2021). For each category 
(season, group, and dyad type) we developed a series of candidate 
models with varying combinations of landscape covariates that best 
predicted the relative probability of contact in a given location. To 
evaluate top models, we  used model selection based on Akaike’s 
Information Criterion (AIC) using a threshold ∆AIC > 2 and 
parsimony to identify the best-supported model (Burnham and 
Anderson, 2002).

Landscape covariates included in the models were percent 
woody cover, percent agricultural cover, open-woody cover edge 
density, distance to roads, distance to wells, distance to streams and 
terrain ruggedness (Table  2). Because deer use of an area has 
previously been associated with intermediate levels of woody cover 
(Serrouya and D’Eon, 2008; Morano et al., 2019), we included both 
woody cover and square-transformed woody cover. In an initial 
univariate analysis, we first assessed the relationship between contact 
probability and mean values for edge density, woody cover, and 
agricultural cover in 3 buffer sizes (250 m, 500 m, and 1 km) and 
used the most supported seasonal buffer size thereafter (Table 2; 
Supplementary Table S1). We used ArcMap software to measure the 
means of landscape covariates within variable buffer sizes, calculate 
terrain ruggedness indices, and to calculate Euclidean distance layers 

(ESRI, 2008). Prior to modeling, we tested for collinearity among 
variables (r > |0.6|) and did not enter correlated variables into the 
same model.

2.4.1. Assessing RCP predictions
To evaluate the model, we predicted the RCP for each 100-m2 cell 

across the study area and scaled the predicted RCP values at each 
location across seasons, groups, and dyad types by dividing by the 
maximum value. We  compared the predicted value at all known 
contact locations used for each RCP model (n = 114–23,451) and at an 
equal number of randomly generated locations. We compared the 
mean values using a t-test assuming equal variance at α = 0.05.

2.4.2. Comparing contact locations with deer use
We also evaluated whether landscape features at deer contact 

locations differed from those used by deer to determine whether 
contacts were merely a reflection of deer use. To quantify deer use, 
we measured landscape covariates at all 2-h GPS locations collared 
deer that were not contact locations. We included only locations from 
individuals that comprised a dyad and occurred within the areas of 
overlap for that same dyad. For each season and group we  used 
Kolmogorov–Smirnov (KS) tests to assess the differences between 
sex-specific empirical cumulative distribution functions (ECDF) of 
landscape covariates measured at contact and use locations in the 
program R (R Core Team, 2021). In the case of mixed-sex contact 
locations, we compared them with distributions from both male and 
female use locations.

2.5. Relating RCP to CWD risk

We evaluated the support for the five hypotheses relating types of 
RCP to the probability of disease occurrence at a location (hereafter, 
CWD risk) in two steps. First, because the predicted RCP values for a 
location were seasonally correlated (Supplementary Figure S1), 
we used univariate analysis to model CWD risk as a function of all the 
related seasonal, dyad-specific RCP for each hypothesis (Table 1) and 
retained the covariate from the best supported model. In step two, 

TABLE 2 Description of landscape covariates used in spatial modeling of relative contact probability of collared mule deer in 2019–2020 in east-central 
Alberta, Canada.

Covariate Symbol Units Description

Woody Cover Cov % Percent of woody cover within a circular buffer. Woody cover included deciduous, deciduous/conifer mix and tall 

shrubland (Elaeagnus sp., upland mix) landcover categories (Latifovic, 2015; Merrill, unpublished data). Buffer 

size varied in winter (250 m), summer (1,000 m) and rut (250 m).

Edge Density Edge km/km2 Linear density of edge within a circular buffer. Edge defined as the boundary between open habitat and woody 

cover (Latifovic, 2015; Merrill, unpublished data). Buffer size for linear density varied in winter (250 m), summer 

and rut (500 m).

Cropland Cover Crop % Percent of agricultural cover within a circular buffer. Agricultural cover consisted of cultivated/cropland 

landcover categories (Latifovic, 2015; Merrill, unpublished data). Buffer size varies in winter (1,000 m), summer 

and rut (500 m).

Distance to Streams Stream km Euclidean distance to streams fit with a decay function (Altalis, 2018b; Gritter, 2022).

Distance to Roads Road km Euclidean distance to roads fit with a decay function (Altalis, 2020; Gritter, 2022).

Distance to Wells Well km Euclidean distance to wells fit with a decay function (Alberta Energy Regulator, 2020; Gritter, 2022).

Terrain Ruggedness Rugg Terrain ruggedness index (Riley et al., 1999), derived from digital elevation model (Altalis, 2018a).

https://doi.org/10.3389/fevo.2023.1156853
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Dobbin et al. 10.3389/fevo.2023.1156853

Frontiers in Ecology and Evolution 06 frontiersin.org

we used the representative RCP covariates determined in step one to 
create a set of candidate models and used Bayesian Information 
Criterion (BIC) model selection to compare the support between the 
candidate models and a null model (no variables) based on ∆BIC > 2 
(Burnham and Anderson, 2002). For steps 1 and 2, we  used 
generalized linear models (GLMs) using the R package lme4 to relate 
mean values of CWD risk with standardized RCP at 5,000 randomly 
generated locations across the study area (Bates et  al., 2015). 
We standardized predictions by subtracting the mean from each value 
then dividing by the standard deviation of all RCP values. 
We measured mean risk and RCP values within a 5-km2 circular buffer 
to represent the minimum mean home range size for mule deer in our 
study area across seasons and sexes. We used Bayesian Information 
Criterion (BIC) model selection instead of AIC in previous modeling 
due to the large sample size (n = 5,000) and used Pearson correlation 
to relate spatial predictions from the final global model with 
sex-weighted predictions of CWD risk across the 5,000 randomly 
generated locations in the study area.

CWD risk was derived in Smolko et al. (2021), where disease risk 
was defined as the probability of a hunter-harvested deer being CWD 
positive (1) or negative (0) using data collected during the Alberta 
surveillance program (2005–2019). Spatial risk of CWD was modeled 
as a function of characteristics of the deer (sex, species), time since 
first detection of CWD in an area, Euclidean distance to nearest 
positive case in the previous year and environmental characteristics of 
the location of where a hunter removed the deer using rare-event 
logistic regression. Environmental variables included terrain 
ruggedness, soil type, distance to rivers, streams, wells, and urban 
development (see Smolko et  al., 2021 for details). Because the 
predicted CWD risk values from the disease occurrence models were 
year and sex-specific, we compared RCP values to a values predicted 
in 2019 (when contact data were collected) weighted by the male 
(30%) and female (70%) predictions to reflect assumed sex-ratio in 
our study area (Freeman et al., 2014). We compared the seasonal and 
dyad-specific RCP values to the weighted CWD risk values at 5,000 
random locations across the study area.

3. Results

3.1. RCP models

We used movement data from 68 deer (n = 19 males, 49 females) 
which resulted in contacts from 56,674 total contacts from 244 deer 
dyads across seasons (Table 3). In general, we found more contacts  
(x̅ ± SD) occurred among female dyads within the same social group 
in summer (1,818 ± 1,734) then in winter (533 ± 810). Meanwhile, the 
fewest occurred among mixed-sex dyads in different social groups 
(between-group) in winter (9.0 ± 35) then in summer (11 ± 32). In 
summer, we did not record any contacts among mixed-sex dyads 
belonging to the same social group. Further, we did not delineate deer 
groups during the rut and assumed that all mixed-sex contacts were 
the result of mating behaviors between males and females during the 
breeding season. Because there was a limited number of same-sex 
dyads monitored consistently during the rut (male = 0, female = 4), 
we were unable to produce RCP models.

In modeling the RCP in a location, the top competitive models for 
each season, group and sex-specific dyad had AIC weights >0.5 with 

one exception, winter within-group male (w = 0.49). There was more 
similarity in the factors associated with contact locations among 
sex-specific dyad types in winter than in summer, particularly for 
female and mixed-sex dyads (Table 4; Supplementary Table S2). In 
winter, rugged terrain was the most consistent factor influencing the 
probability of contact across all combinations of deer, with a higher 
probability of contact in rugged areas. Factors influencing female and 
mixed-sex dyads in winter also were consistent in that a contact was 
more likely to occur in areas low in croplands and far from streams. 
Generally, contacts were less likely to occur far from roads in winter 
except for those among between-group, mixed-sex dyads. Woody 
cover influenced RCP differently among group and dyad types in 
winter, with the RCP of female dyads both within and between-group 
types showing the highest RCP at intermediate levels of cover, whereas 
RCP of males both within and between groups decreased with 
edge density.

In summer, the greatest similarities in the types of landscape 
features influencing probability of a contact were between same-sex 
dyads. Female dyads had a greater probability of contacting each other 
in rugged areas with high densities of edge habitat and in high-cover 
areas. The contact probabilities for female dyads differed among group 
types in areas near roads, well pads and agricultural areas whereby 
within group dyads had a greater probability of contact far from roads, 
well pads in areas low in croplands. Meanwhile, between-group female 
dyads showed the opposite pattern and contacted each other when 
nearby roads and well sites and had more contacts in areas with high 
cropland cover. There were fewer similarities among male dyad types 
in summer. Within-group males in summer had higher RCP values 
when dyads were far from roads and in low woody cover areas while 
between-group males contacted each other nearby roads in areas of 
intermediate woody cover. Like between-group males, mixed-sex 
dyads in summer had higher contact probabilities in areas of 
intermediate woody cover but differed by having higher RCP values 
when edge was high (Table 4).

TABLE 3 Number of contact locations among 68 (n = 19 males, 49 
females) mule deer collared in central easter Alberta (2019–2020) 
summarized by season, group type and dyad type (F, female–female;  
M, male–male; Mix, mixed sex).

Season Group Dyad n Recorded 
contacts 

(±SD)

Total

Winter Within F 44 533 ± 810 23,451

M 11 483 ± 447 5,318

Mix 12 193 ± 220 2,316

Between F 34 29 ± 71 1,000

M 6 19 ± 24 114

Mix 37 9 ± 35 333

Summer Within F 10 1,818 ± 1,734 18,189

M 5 380 ± 604 1,902

Between F 37 76 ± 190 2,821

M 5 51.6 ± 51 258

Mix 25 10.9 ± 32 273

Rut Mix 18 124 ± 182 672

Contacts were derived from proximity loggers and contact location from the GPS locations 
of the beginning the contact (see Figure 2).
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3.1.1. Assessing RCP predictions
In evaluating the RCP predictions, for 8 of the 11 RCP models, 

we  found mean values predicted by the RCP model were higher 
(p < 0.05) at known contact locations than at random points (Table 5). 
Two exceptions were when RCP values were greater at random points 
than at known contact locations for the models predicting winter, 
within-group male contacts (p < 0.001, tstat = 26.1), and summer 
between-group female contacts (p < 0.001, tstat = 11.6). Further, RCP 
values at known contact locations were only marginally higher than 
random points (p = 0.07, tstat = 0.77) in the models predicting contact 
probabilities among between-group male dyads in summer.

3.1.2. Comparing contact locations with deer use
We used 870 ± 216 (x̅ ± SD) male and 864 ± 227 female locations in 

winter, 10,151 ± 443 male and 1,165 ± 456 female locations in summer, 
and 107 ± 58 male and 134 ± 63 female locations during the rut to 
compare the distribution of locations used by deer to locations where 
deer contacts occurred along landscape gradients. We found contact 
distributions significantly differed from used distributions along the 
same landscape gradients in 94.3% of the 105 comparisons. The 
exceptions were for deer in summer, where we found no differences in 
the distributions of percent cropland cover among locations of mixed 
sex contacts and male (D = 0.06, p = 0.26) and female use (D = 0.05, 

TABLE 4 Model coefficients from the logistic regressions used to derive the exponential function when relating contact locations compared to 
randomly generate points within areas of space use overlap based on covariates, number of model parameters (k), and model weights calculated from 
AIC model selection (w).

Group Dyad Road Rugg Edge Crop Cov Cov2 Stream Well k w

Winter

Within F −0.06 0.30 −0.07 −0.89 −0.81 0.84 −0.38 0.07 10 1.00

M −0.08 0.25 −0.05 0.06 6 0.49

Mix −0.10 0.60 −0.11 −3.40 1.90 −1.20 −0.10 9 0.50

Between F −0.31 0.70 −0.84 −1.30 1.50 −0.32 0.12 9 0.69

M −0.44 2.01 −0.79 −5.20* 6 0.55

Mix 0.30 0.61 −0.32 −25.65 −0.34 1.20* −1.60 9 0.69

Summer

Within F −0.19 0.57 0.29 −0.45 −3.10 2.70 −0.19 −0.04 10 1.00

M −0.30 0.96 −1.60 1.30* −1.70 7 0.53

Between F 0.07 0.54 0.35 0.39 −3.20 2.60 −0.11 0.05 10 1.00

M 0.37 4.01 5.00 −3.10 −0.30 −0.21 8 0.85

Mix 0.18 7.40 −7.20 −0.41 6 0.75

Rut

All Mix −0.29 0.26 0.02 −9.10 2.40 −2.10 −0.22 −0.34 10 0.98

We display top models for each season, group types and dyad types (female–female F; male–male M; mixed-sex Mix). Contacts derived from collared mule deer dyads in east-central Alberta, 
Canada (2019–2020). See covariate definitions in Table 2. *Beta estimates with 95% confidence intervals overlapping zero.

TABLE 5 Evaluation of relative contact probability models (RCP) using a t-test to compare differences in the mean, scaled (between 0 and 1) RCP values 
at known contact locations (n) for each season, group type, and dyad type (female–female F; male–male M; mixed-sex Mix) to those at randomly 
generated locations (n) in east-central Alberta, Canada (2019–2020).

Season Group Dyad n Mean RCP Value (± SD) p-value

Contact Random

Winter Within F 23,451 0.65 ± 0.05 0.59 ± 0.10 <0.001

M 5,318 0.22 ± 0.04 0.24 ± 0.05 <0.001

Mix 2,316 0.47 ± 0.04 0.33 ± 0.14 <0.001

Between F 1,000 0.44 ± 0.05 0.39 ± 0.06 <0.001

M 114 0.30 ± 0.06 0.22 ± 0.07 <0.001

Mix 333 0.92 ± 0.02 0.65 ± 0.26 <0.001

Summer Within F 18,197 0.38 ± 0.06 0.33 ± 0.06 0.002

M 1,902 0.89 ± 0.04 0.87 ± 0.13 <0.001

Between F 2,821 0.30 ± 0.06 0.32 ± 0.07 <0.001

M 258 0.60 ± 0.07 0.58 ± 0.14 0.07

Mix 273 0.79 ± 0.09 0.62 ± 0.16 <0.001

Rut Mix 677 0.89 ± 0.03 0.64 ± 0.24 <0.001
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p = 56) and in the distributions of ruggedness values among male 
(D = 0.07, p = 0.19) and mixed-sex dyads (D = 0.08, p = 0.08) with male 
and female use, respectively. In the rut, where we  only recorded 
mixed-sex contacts, there were no differences in contacts locations and 
the distributions of edge density values and female use (D = 0.05, 
p = 0.16) or in ruggedness values and male use (D = 0.05, p = 0.34).

We visually compared frequency distributions of the ECDF that 
were determined to be  significantly different by the KS test and 
we found the distributions of landscape covariate values were more 
similar among contact locations and known within-group contact 
locations except that contacts among within-group dyads in summer 
were more likely to occur in lower cover areas relative to use (Figure 3). 
Similarly, between-group contact locations we comparable to used 
locations for values of cropland cover, terrain ruggedness, and distance 
to roads, wells, and streams (Supplementary Figures S2–S5). However, 
in winter, between-group dyads contacted each other high woody 
cover areas relative to their use, particularly for male and mixed-sex 
dyads. Further, same-sex dyads in winter were more likely to contact 
each other in low edge habitat relative to their use (Figure  3). 
Meanwhile, in summer, mixed-sex dyads had a higher probability of 
contact in high degrees of edge density when compared to individual 
use. During the rut, contact locations reflected used locations for both 
sexes (Supplementary Figure S6).

3.2. Relating RCP to CWD risk

For each hypothesis, there was clear support for the relationship 
between CWD risk and predictions from a single season, group type 
and dyad-specific contact model (Table 6). The relationship between 
within-group male contacts had the most support for both H1 and H2, 
indicating that CWD risk increased where the within-group male 
contacts were high in winter. In contrast, predictions of contacts 
among between-group female dyads in summer were best supported 
for H3 and contacts among between-group males best supported H5, 
indicating that between-group contacts also may played a key role in 
CWD transmission, but the season may differ. Finally, while the model 
for mixed-sex dyads in rut best supported H4 and outcompeted the 
null model, we found a negative relationship between disease risk and 
the probability of contact.

In the global model using results from the univariate analysis, the 
best-supported model included the covariates representing between 
and within-group males in the winter and between-groups females in 
summer (Table 7; Supplementary Figure S7). The top model was 25 
BIC points above second-best supported model and 185 points above 
the null model. All the covariates in the top model were positive and 
significant although, according to the beta estimate, the effect size of 
within-group winter males was largest. Spatial predictions from the 
global RCP model were correlated to sex-weighted predictions of 
CWD risk across the 5,000 randomly located sample units 
corresponding to minimum deer home range areas (Figure  4; 
Supplementary Figure S8; r = 0.31, p < 0.001).

4. Discussion

Understanding where direct contacts occur across heterogeneous 
landscapes is key to modeling disease dynamics in a spatial context. 

Previous studies have used landscape features as surrogates for host 
density (Joly et al., 2006; Heisey et al., 2010) because of the assumed 
influence of density on total number of contacts and disease 
transmission in wildlife. In this study, we  quantified the relative 
probability of where direct, pairwise contacts of mule deer were likely 
to occur, and found it corresponds to the spatial patterns of 
CWD-infection in deer on the landscape. We  found locations of 
contacts varied by season and among sex-specific dyad types 
depending on whether they were within the same or different social 
groups. We expected the spatial patterns in contacts to reflect areas 
that deer generally used on the landscape. Indeed, this has been a 
common assumption in predicting the spatial risk of disease occurring 
across a region (Farnsworth et al., 2005; Storm et al., 2013; Rosatte 
et  al., 2014). For example, models predicting where CWD would 
be detected in Montana, USA and west-central Manitoba, Canada, 
were based primarily on host distributions as predicted by resource 
selection functions (Dugal et al., 2013; Russell et al., 2015). However, 
in observing where deer contacts occurred relative to their use of 
landscape features, we found mixed results.

Where contacts occurred were more consistent among within- 
and between-group dyads in winter than in summer for both male 
and female dyads. Mule deer form large aggregations in winter, 
especially where habitat is limited by snow cover and because deer are 
no longer sexually segregated (Wood et al., 1989; Lingle, 2003). In 
winter, deer contacts were more likely to occur in rugged areas far 
from agriculture and less likely to occur near human activities. Mule 
deer select rugged areas as escape terrain from predators and because 
they are associated with shallow snow in winters (Anderson et al., 
2012; Webb et al., 2013; Coe et al., 2018). Typically deer also avoid 
roads and well pads because they are associated with high human 
activity and noise (Webb et al., 2011; Northrup et al., 2021). We found 
most between-group contacts were more likely to occur in areas of 
high woody cover relative to their use. Mule deer selection for woody 
cover in winter has been attributed to the provision of thermal cover, 
reduced snow depth, and camouflage from predators (Connolly, 1981; 
Nixon et al., 1991; McClure et al., 2005). The combination of deer 
attraction to woody cover and the insular and fragmented nature of 
forest stands in the aspen parklands (Shorthouse, 2010; Nobert, 2012) 
may crowd deer from different groups into these habitats similar areas.

In summer, contact locations of within and between-group dyads 
and those across same-sex dyad types were more distinct than in 
winter. The seasonal differences between sex-specific dyads likely 
reflect shifts in sex-specific, seasonal habitat selection due to reduced 
constraint of snow on movements, wider distribution of available 
forage, and segregation of the sexes (Bowyer and Kie, 2004; Pierce 
et al., 2004). For example, same sex between-group dyads, particularly 
males, were more likely to occur in agricultural areas that provide 
summer forage (Kjær et al., 2008; Nixon et al., 2008). Further, seasonal 
increases in forage alongside roadsides provide opportunities that 
increase contact among same sex dyads in differing social groups 
(Bellis and Graves, 1971; Waring et al., 1991). Mixed-sex contacts did 
not show similar increases when near croplands or roadsides, which 
may reflect either that the different sexes forage in distinct areas or 
foraging activities occur at different times the same areas (Ruckstuhl 
and Neuhaus, 2000; Bowyer and Kie, 2004; Biggerstaff et al., 2017). In 
summer as in winter, woody cover attracts mule deer and we found it 
influenced contact locations across all groups (Habib et al., 2011). For 
female dyads, contact locations in rugged terrain and edge habitats 
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may reflect key antipredator and nutritional requirements of post-
parturient females with fawns (Mysterud and Østbye, 1999; Kie et al., 
2002; D’Eon and Serrouya, 2005; Lingle et  al., 2005; Horncastle 
et al., 2013).

We expected patterns of where contacts occurred to be related to 
the types of areas that deer generally used on the landscape. In 
particular, we expected that locations of within-group contacts of deer 
dyads would closely reflect habitat use by deer due to the cohesiveness 
of group members (Lingle, 2003; Bowyer and Kie, 2004), and we found 
this to be generally true. The exception was that contacts of same-sex 
dyads during summer in both males and females were less common 
when the extent of woody cover in an area was low (i.e., more open-
canopied areas) than indicated by their use of these types of areas. 
Although deer show strong selection for woody cover in summer 
(Silbernagel et al., 2011; Nobert et al., 2016), this may reflect that 
animals even within the same group are less spatially aggregated 
reducing contacts when foraging in summer when resources 
are abundant.

Although we also found general correspondence between what 
deer used on the landscape and where between-group contacts 
occurred, it was less consistent than that of within-group contacts 
locations. Distribution of deer GPS locations and locations of contacts 
were similar relative to agricultural crops, rugged terrain, proximity 

to streams and industrial well sites. In contrast, there were differences 
in the distribution of between-group contact locations of deer relative 
to their use when considering the extent of woody cover and edge 
habitat in an area. In winter, contacts between groups of same-sex 
dyads (both males and females) were higher in areas of extensive cover 
and low edge habitat relative to what they used, whereas in summer 
between-group contacts of mixed-sex dyads increased where edge 
density was high relative to what they used. The study area is a 
heterogeneous mix of woody cover, open prairie, and croplands, 
where the covariation in these landscape components reflects the 
fragmentation of woodlands into patches. We suspect that in winter, 
when deer groups are concentrated on limited winter ranges, over 
time individual deer may be drawn to the remaining high-quality 
patchy of food resources associated within woody cover (Pierce et al., 
2004; Habib et al., 2011; Anderson et al., 2012) increasing contacts 
with other deer similar when deer are attracted to feeding sites 
(Thompson et al., 2008; Sorensen, 2014). In summer, between-group 
contacts in areas of high-edge density (small, fragmented woody cover 
patches) may increase the probability of a contact between mixed-sex 
dyads potentially due behavioral changes and social attraction. For 
example, mule deer in Idaho were more vigilant in forest-edge habitats 
relative to open or forest alone (Altendorf et al., 2001). If high vigilance 
in these habitats increases detection of conspecifics, attraction to the 

FIGURE 3

Comparison between density distributions of extent woody cover (top panels) and edge density (bottom panels) values measured at locations used by 
individual female (red) and male (blue) mule deer and contact locations among (A) between-group male and female contact locations in winter; 
(B) between-group mixed-sex dyads in winter; (C) within-group male and female dyads in summer; (D) between-group male and female dyads in 
winter and (E) between-group male and female dyads in summer. Use is defined by GPS locations along 2-h intervals within areas of overlap between 
the same deer that comprise seasonal, sex-specific dyads. Used and contact locations were recorded from collared mule deer captured within east-
central Alberta, Canada (2019–2020). Horizontal black lines represent medians.
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opposite sex due either to familiar ties, social hierarchy, or curiosity, 
this may increase contacts rates.

Based on our results, we  propose that using selected deer 
habitat is a useful approximation of where disease transmission is 
likely to occur when devising risk assessment and surveillance 
strategies in areas without recorded cases of CWD positive animals. 
Nonetheless, the correspondence will depend on the degree of 
variation in deer preferences that lead to overlapping use of 
landscape features, and the extent that additional behaviors alter 
contact probability. Host distribution also may be a reasonable first 
approximation to environmental transmission, but similarly it may 
depend on host activity in the areas when assessing its reliability in 
predicting CWD-infected hosts on the landscape. We suggest that 
an understanding of spatial contacts in disease is like that proposed 
for understanding kill sites in predation, where the probability of a 
predator making a kill at a location depends on the probabilities of 
encounter, followed by the probability of attack, as well as other 
environmental variables influencing the vulnerability of the prey 
(Hebblewhite et  al., 2005; McPhee et  al., 2012). Importantly, 
we assume that the patterns reflected here are the result of direct 
contacts being the primary route of transmission in the study area. 
Although there is evidence that the demographic patterns in CWD 
prevalence arise from the influence of direct contacts in early stages 
of an outbreak (Potapov et al., 2013; Storm et al., 2013; Ketz et al., 
2019) there is a possibility that environmental contacts are 
influencing the relationship between disease risk and landscape 
feature in this study area. We did find support that areas of standard 
deer use varied from those associated with direct contacts, but more 

work is needed to partition the relative effects of direct and 
environmental contacts on disease dynamics.

One caveat of our results is that we stratified RCP models by season 
to account for changes in deer social behavior between the winter, 
summer, and rut. Thus, season-specific behavioral differences such as 
migration should be  reflected in our models. However, migratory 
behaviors could affect patterns of disease if infected animals are 
traveling large distances between winter and summer ranges. In our 
study area, 23% of mule deer migrated between winter and summer 
ranges, where ~80% of the distances moved were < 10 km (Merrill et al., 
unpublished data). Because mule deer in this area are not prone to large 
migratory movements, we assume that deer behavior represented by 
CWD risk models are the reflections of behaviors by local animals. This 
may not be the case in other ecosystems where mule deer migrations 
are more than 66 km (e.g., Wyoming; Berger, 2004). Despite this, 
we  provide some of the first evidence that where contacts occur 
between hosts, we  also expect to find a high probability of CWD 
infection. We found most support for the combined effects of within 
(H1 and H2) and between-group (H5) male contacts in winter and 
between-group females in summer (H3) being most directly associated 
with disease occurrence. However, we cannot rule out the importance 
of other types of contacts because the RCP of male dyads was correlated 
with contacts of other group and dyad types in winter. Nevertheless, 
concentration of deer on winter ranges has often been proposed as a 
mechanism for increased CWD prevalence because of the greater 
overlap between groups (Habib et al., 2011; Silbernagel et al., 2011; 
Garlick et  al., 2014). We  did not find the same support for the 
relationship between disease risk and contacts among between-group 

TABLE 6 Results of model selection using Bayesian Information Criterion (BIC) for univariate, general linear models outcompeting the null model 
relating predicted risk of CWD occurrence in mule deer to the season, group, and dyad-specific predictions of relative contact probabilities at 5,000 
random points within the study in east-central Alberta, Canada.

Hypotheses RCP Covariate 𝛽 95% CI df ΔBIC w

H1 Winter Within M 0.0500 0.0430, 0.0590 3 0 1.00

Winter Between M 0.0026 0.0021, 0.0032 3 95 0

Winter Between Mix −0.0003 −0.0004, −0.0002 3 129 0

Winter Within F −0.0047 −0.0071, −0.0022 3 135 0

Winter Within Mix −0.0015 −0.0023, −0.0007 3 137 0

Null 2 140 0

H2 Winter Within M 0.0509 0.0430, 0.0590 3 0 1.00

Winter Between M 0.0026 0.0021, 0.0032 3 95 0

Summer Within M −0.0021 −0.0028, −0.0014 3 118 0

Null 2 140 0

H3 Summer Between F 0.0100 −0.0048, −0.0007 3 0 0.99

Winter Within F −0.0047 −0.0071, −0.0022 3 34 0.01

Null 2 40 0

H4 Rut Mix −0.0007 −0.0010, −0.0004 3 0 0.99

Null 2 12 0.01

H5 Winter Between M 0.0026 0.0021, 0.0032 3 0 0.94

Summer Between F 0.0100 −0.0048, −0.0007 3 5.6 0.06

Summer Between Mix −0.0039 −0.0052, −0.0027 3 15 0

Winter Between Mix −0.0003 −0.0004, −0.0002 3 34 0

Null 2 45 0

Hypotheses refers to those described in Table 1.
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females during winter as in males despite our predictions of CWD risk 
being weighted more with predictions from female deer (70%) relative 
to males (30%) to account for generalized sex ratios in the area 
(Freeman et al., 2014). It is not surprising that male contact rates in 
winter are more closely related to disease occurrence in mule deer 
because they have apparent prevalence that is ~2–3 times higher than 
female mule deer (Smolko et  al., 2021). A similar difference in 
prevalence between the sexes also has been reported for other 
jurisdictions at the beginning of a CWD epidemic (Miller and Conner, 
2005; Osnas et al., 2009; Rees et al., 2012). There is little evidence to 
support physiological or immunological differences between the sexes 
in terms of CWD susceptibility suggesting behavioral differences likely 

apply (Grear et al., 2006; Mawdsley, 2020; Winter and Escobar, 2020). 
For example, Potapov et al. (2013) found that the 2:1 ratio in male to 
female prevalence did not exist when their models did not include 
strong seasonal sexual segregation, which they attributed to high 
contacts in summer bachelor groups. However, our findings suggest a 
stronger link between contacts occurring in winter than in summer 
when sexual segregation is most common (Bailey, 1960; Bowyer and 
Kie, 2004).

We also found some support that contacts between groups by 
female deer in summer influenced disease risk (H3). In socially 
structured populations, between-group contacts can facilitate 
population-wide transmission by spreading disease to uninfected 
groups (Keeling and Eames, 2005; Sah et  al., 2018). For example, 
disease simulations derived from contact networks of GPS-collared 
badgers (Meles meles) demonstrated that populations with a greater 
degree of social structure (i.e., fewer between-group connections) 
resulted in smaller epidemics and lower peak prevalence of infection 
when compared to populations with more fluid social connections 
(Rozins et al., 2018). Spread of CWD between related female deer have 
been attributed to matrilineal social structures where related 
individuals establish themselves nearby in a so-called “rose-petal” 
social structure (Hawkins and Klimstra, 1970; Mathews and Porter, 
1993). Indeed, studies demonstrate that females highly related to 
infected deer are also more likely to be CWD-positive (Grear et al., 
2010; Cullingham et  al., 2011). Thus, contacts occurring between 
related female deer that are segregated during the fawning season is a 
plausible linkage between disease occurrence and contact probabilities 
among females. At the beginning of a disease outbreak, males may play 
key role in disease transmission, but over the progression of the disease 
as prevalence increases, females may play a greater role in disease 
transmission (Rees et al., 2012; Smolko et al., 2021). For example, in 
Wyoming, where CWD has been endemic since the 1970’s, female 
prevalence estimates were greater than in males among populations of 
white-tailed deer (Edmunds et al., 2016), indicating that later stages of 
epidemics may become more dependent on transmission dynamics of 
female deer. Previous research also suggests that males in mixed-sex 

TABLE 7 Model selection results for the multivariable general linear model that included the covariates from each top univariate model (Table 6) 
associated with the 5 hypotheses relating chronic wasting disease risk to the season, group and dyad-specific relative contact probability at 5,000 
random points within the study in east-central Alberta, Canada.

Winter Summer Rut df ΔBIC w

Within Male Between Male Between Female Mix

(H1 & H2) (H5) (H3) (H4)

0.037 0.002 0.008 5 0 1

0.046 0.006 4 25 0

0.046 0.006 −0.000* 5 27 0

0.046 0.001 4 27 0

0.050 −0.000* 4 39 0

0.003 0.013 4 60 0

0.003 3 133 0

0.009 −0.000 4 133 0

0.010 3 139 0

−0.000 3 166 0

2 185 0

Indicated are the β coefficients, the change in Bayesian Information Criterion from the top model (ΔBIC), and model weights (w). *The covariate in the top model associated with H1 and H2 
were the same so only 4 covariates were using in the global model. The null model is indicated in grey. Beta estimates with 95% confidence intervals overlapping zero.

FIGURE 4

Relationship between the relative contact probability (RCP) predicted 
from Table 7 and the sex-weighted predictions of CWD risk (Smolko 
et al., 2021). Shown are the mean (±SE) values derived for randomly 
located 5-km2 areas averaged within 10 equally sized bins (n = 500/
bin). Sample unit size represents the minimum mean home range 
size of a mule deer across seasons and sexes in the study area.
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contacts during the rut are key in influencing in the spread of CWD 
and are a possible mechanism of elevated CWD prevalence in male 
deer (Grear et al., 2006; Potapov et al., 2013; Storm et al., 2013; Keon 
et al., 2017). We did not find support for the relationship between 
spatial risk of CWD and contact locations during the rut; however, this 
could be due low number of collared male mule during deer breeding 
season. Alternatively, human activity during hunting season could 
impact social behaviors at the end of summer and during the rut. For 
example, in Oregon, habitat selection by female mule deer was 
unaffected by hunting season while movement rates increased (Brown 
et al., 2020). In the context of this study, these behavioral changes could 
alter the frequency of contacts and timing of direct contact, but the 
locations of contacts would remain consistent.

Devising strategies to combat the spread of CWD is a major focus 
of most wildlife agencies in North American and now Europe. Our 
results support intervention strategies currently proposed to target the 
removal of males broadly in a population and female social groups on 
a landscape where CWD is an emerging disease (Western Association 
of Fish and Wildlife Agencies, 2018) because disease risk on the 
landscape was most closely associated contact locations of these 
groups. Further, removal of deer prior to when they concentrate on 
winter range may also slow rates of transmission. Our work also 
supports targeting infected female groups to reduce transmission as 
indicated by the long-term management of mule deer in Colorado 
(Miller et al., 2020), and white-tailed deer in Illinois (Manjerovic et al., 
2014) where sustained government culling has maintained relatively 
stable CWD prevalence numbers.
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