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ABSTRACT
Chronic wasting disease (CWD) is a prion disease that infects cervid species by direct and environmental transmission and is 
invariably fatal. CWD spread can be promoted by the attraction of animals to “hotspots” such as hay bales and grain bags stored 
in fields and at farm sites. The density and location of hotspots may impact contact rates. We used an individual-based movement 
model of mule deer (Odocoileus hemionus) to investigate the effects of density and configuration of hotspots (hereafter artificial 
attractants, AA) on contact rates at a constant density of 1 deer/km2 during winter. The model tracks when two deer from the 
same or different groups come into contact under 6 AA densities (0–1 AA/km2) and 6 AA configurations. We compared placing 
AA randomly versus clustered around farms, and removing them randomly versus biased by proximity to preferred habitat. 
Overall, the number of unique contacts per individual and the number of unique deer visiting an AA increased, and the number 
of AAs used by each deer decreased as AA density declined. Selectively removing field attractants near preferred habitat resulted 
in a larger increase in contacts per deer, with deer contacting more and different individuals, fewer deer using the remaining 
AA, and fewer visits per AA than random removal. There was a greater increase in contact rates when reducing AA density at 
farms by randomly removing all AA at a farm compared to randomly removing individual AA across farms. Deer responses to 
AA removal may not be as straightforward as originally believed. Deer contacts may increase, not decrease, with AA removal 
because deer are attracted to the remaining AA. Under moderate deer densities, AA removal may require a broad-scale, “all or 
nothing” approach to prevent deer from concentrating at remaining AA, but concomitantly lowering deer density needs further 
assessment.

1   |   Introduction

Anthropogenic activities on landscapes can create natural and 
artificial hotspots of wildlife activity that can contribute to the 
spread of diseases. Supplemental feeding, baiting, and uninten-
tional attractants, such as hay bales and grain bags, are common 

attractants for ungulates in North America (Sorensen  2014; 
Milner et al. 2014). Supplemental feeding sites are designed to 
attract large herbivores for viewing or hunting, to reduce herbiv-
ory or vehicle collisions on roads, or to influence population dy-
namics by supplying additional food resources (Sorensen 2014). 
Unintentional feeding includes depredation on agricultural 
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crops, such as grain and canola, when they are growing or in 
storage units in the field of origin or in storage bins clustered 
around farms (Jerina  2012; Andreassen et  al.  2005; Felton 
et  al.  2017). Economic losses to farmers from depredation on 
stored crops and hay totaled nearly a quarter-million dollars 
in damage in 1989 in the United States, with costs as high as 
hundreds of dollars per hectare (Austin et al. 1998; Menichetti 
et  al.  2019; Wywialowski  1994). Most jurisdictions pay some 
level of compensation to farmers for crop damage or provide ma-
terials to fence out ungulates to prevent depredation on stored 
crops (Gooding and Brook 2014; Menichetti et al. 2019), but these 
programs depend on farmers following acceptable storage prac-
tices, such as erecting fencing and using repellents (Lemieux 
et al. 2000; Mysterud et al. 2021; Mysterud and Rolandsen 2019). 
Nevertheless, the aggregation of ungulates in winter due to im-
properly stored grains or accidental spillage remains a key prob-
lem in most agricultural areas (Mysterud et al. 2021; Sorensen 
et al. 2015).

In addition to the economic losses, aggregation of ungulates in 
winter at stored crops can lead to higher disease transmission 
(Cotterill et al. 2018). High use of artificial attractants (AA), 
such as grain bins, stored hay bales, and grain bags, facilitates 
direct transmission by increasing interactions among individ-
uals at a site or indirect transmission where diseases are trans-
mitted environmentally (Escobar et al. 2020; Sorensen 2014; 
Thompson et  al.  2008). For example, individual deer have 
been shown to stay at AA 1.36–1.69 times longer as com-
pared to natural feeding areas, with an increased number of 
contacts occurring among individuals from different groups 
(Cross et al. 2013; Sorensen 2014; Thompson et al. 2008). The 
layout of the feed also influences the amount of time white-
tailed deer spend at sites, with the most time spent where 
grain was spread out, followed by sites where the grain was in 
a pile, both of which were higher than at natural areas (Miller 
et al. 2003; Thompson et al. 2008). Infected animals also can 
contact individuals along travel routes to and from AA and, 
if infective agents are dropped or excreted along the routes, 
can spread a disease within the nearby home ranges of other 
individuals (Benavides et al. 2012). As a result, the role that 
AA play in disease transmission in an area will depend on the 
extent to which ungulates use AA, which in turn is contingent 
on the number of AA available, their spatial distribution rel-
ative to deer movement, and the availability of other natural, 
high-quality forages and preferred habitat (Miller et al. 2003; 
White et al. 2018).

One disease of cervids where AA may be influencing the trans-
mission and spread of the disease is chronic wasting disease 
(CWD, Sorensen 2014; Western Association of Fish and Wildlife 
Agencies (WAFWA) 2018). CWD is a 100% fatal prion disease in 
cervids where transmission occurs both directly through con-
tact between individuals and indirectly through the environ-
ment (Williams and Miller  2003). CWD currently is found in 
wild cervid populations in 4 Canadian provinces and 35 states 
(U.S. Geological Survey  2024). In Alberta, CWD was first de-
tected in wild deer in 2005 (Smolko et  al.  2021). Alberta has 
maintained a hunter-harvest surveillance program since before 
the first detection of CWD along the Alberta/Saskatchewan 
border. Surveillance data indicate that CWD is spreading from 
east to west, and province-wide prevalence in 2023 was 30.5% 

in mule deer (Odocoileus hemionus) and 7.9% in white-tailed 
deer (O. virginianus). Because there is no vaccine for CWD, the 
most common management approach for addressing CWD has 
focused on manipulating harvest strategies (Conner et al. 2021; 
Rivera et  al.  2019). However, if AA play a significant role in 
CWD transmission (Western Association of Fish and Wildlife 
Agencies  2018), particularly in agricultural areas, additional 
research is needed to provide guidelines for best practices in 
reducing disease transmission at AA (Heberlein 2004; Peterson 
et al. 2002).

Given the logistical and social difficulties of eliminating AA 
in real landscapes, we use an individual-based model (IBM, 
Gritter et al. 2024) as a first step to assessing the influence of 
AA density, configuration, and proximity to preferred habitat 
on contact rates to gain insight on their management for pre-
venting disease transmission. We simulate deer contact rates, 
using Netlogo, in a landscape representative of central-eastern 
Alberta, the area where CWD was first detected and currently 
is enzootic (Wilensky 1999). In this area, unintentional win-
ter feeding sites associated with hay bales, grain bags, and 
grain bins are common (Ewald, pers. comm.; Government 
of Alberta 2021; Mejía-Salazar et al. 2018). We hypothesized 
that at moderately high densities of AA, individual deer would 
have the highest contact rates with other deer because they 
are attracted to multiple AA within their attraction range, 
whereas as AA are removed and become more dispersed or 
AA density increases, contact rates would decrease because 
deer use primarily local, nearby AA, thereby sharing fewer 
sites and contacting fewer other individuals (e.g., Becker 
et  al.  2018; Sah et  al.  2018). This may be contingent on the 
configuration of AA or their proximity to preferred habitat, 
such as woody cover, to which deer are strongly attracted in 
the prairie-parklands of Alberta (Habib et  al.  2011; Nobert 
et al. 2016). Understanding if thresholds in contact rates might 
emerge will be key to guiding future regulations for how to 
effectively manage AA to minimize transmission and spread 
of CWD and other diseases.

2   |   Methods

2.1   |   Study Area

The landscape is a 1440-km2 area in Wildlife Management 
Unit (WMU) 234 in eastern Alberta, in the CWD disease 
zone (Figure  1). The area is rolling hills ranging in elevation 
from 553 to 782 m within the parkland ecosystem (Meijer and 
Karpuk 1999). The landscape is heterogeneous with a mix of ag-
ricultural cropland (48%), grassland and pastures (18.9%), and 
woody cover (24%) consisting of deciduous tree stands (Populus 
spp., 20.1%) and tall shrubland (Elaeagnus commutata, Salix 
spp., Prunus spp., and Amelancier alnifolia, 3.9%). Agricultural 
crops mainly consist of canola (Brassica spp.), wheat (Triticum 
spp.) and alfalfa (Medicago spp.) or perennial crops (Dobbin 
et  al.  2023). The area has multiple small creeks and streams. 
Land use is primarily agricultural and cattle farming, with oil 
and gas extraction throughout the area. Winter temperatures 
ranged between ~−30° and ~15°C (Lloydminster and Edgerton 
weather data) and monthly snow depth generally ranged from 0 
to ~45 cm.
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2.2   |   Deer Movement Model and Attraction to AA

We used a movement model to move mule deer groups across the 
landscape based on sex-specific integrated step-selection func-
tions (iSSF) derived from GPS-collared mule deer with move-
ment being biased toward a home-range centroid and influenced 
by social grouping. Groups did not change size across the winter 
with a mean size of 6.6 and sex ratio of 70:30 females to males, 
corresponding to population-level data for this area (unpub-
lished data). At the beginning of each simulation, the centroid 
of a group of deer was located across the landscape according to 
the highest predicted values from an empirically based home-
range resource selection function (RSF). Individual deer within 
groups were moved in 2-h timesteps responding to landscape 
covariates at a 30 by 30-m scale, and a Von Mises distribution 
of turn angles produced home-range behavior by incorporating 
bias toward a home-range centroid. The direction of movement 
of individuals within a group was influenced by a group leader 
selected randomly at each time step with group members “fol-
lowing the leader” by constraining their movement direction 
to be within 30° of the direction directly toward the leader (see 
Gritter et al. 2024 for details).

Movement of a deer was biased toward AA when they came 
within a 6-km buffer of the AA, by incorporating an attraction 
into the weighting function of the iSSFs with a negative beta co-
efficient of 0.001, producing a negative exponential relationship 
(Figure 2, top panel), so that weighting values were higher for 
cells (30 m by 30 m cells) closer to AA (McRae et al. 2020; smaller 
distance value). When any of the deer in a group landed on an 
AA or any of the 8 neighboring cells, attraction to AA for the 
entire group was eliminated for 24 h (12 timesteps) and the deer 
in the group moved only according to the non-attractant land-
scape features included in the integrated step-selection weight-
ing function. We imposed this rule to prevent deer from staying 
around the site for the majority of the simulation; instead, deer 
moved away from the AA, back toward their home range.

2.3   |   Contact Simulations

We simulated deer movement and recorded contacts of deer in 
the same or different groups, the number of unique deer con-
tacts, the number of unique AAs contacted by a deer, and the 
number of unique deer using an AA during a 144-day winter 
period under 6 AA densities (0 AA to 1 AA/km2) and 6 AA 
configurations. The 6 spatial configurations represented two 
different agricultural practices of storing feed that potentially 
attract deer: grain bags and hay bales left within the fields 
where they were harvested (hereafter, field AA) and grain bins 
(where grain spillage can occur) and hay storage units, both of 
which typically are near farm sites (hereafter, farm AA). We 
focused on agricultural attractants and not supplemental salts/
minerals, as previous studies have found deer use salt licks 
more in the spring/summer than in winter (Brochez et al. 2021; 
Schultz and Johnson  1992). Field AAs were randomly distrib-
uted within agricultural areas across the study area. Farm AAs 
were located based on buildings designated on the plat maps for 
Wainwright and Provost area (The Municipal District of Provost 
No. 52 2019; The Municipal District of Wainwright No. 61 2020), 
which assumed all buildings selected were farm sites (Figure 1). 
Placement of farm AAs was restricted to areas that were more 
than 400 m from the simulation area edge to ensure farm AAs 
were not placed outside the study area. Clusters of farm AAs 
were located around each farm centroid based on a bivariate 
normal spatial probability distribution, with a standard devia-
tion of 200 m. We allocated farm AAs to farm sites used using 
a Neyman-Scott process (Neyman and Scott 1952; Ripley 1977) 
that identified farm centroids as “parent” points and then 
placed the approximately equal number of “daughter” farm AAs 
around the parent.

Densities of AA were altered by reducing the maximum num-
ber of AA under a particular configuration for the field and 
farm AA scenarios. We altered densities of farm AA either by 
independently removing individual farm AA or by removing 

FIGURE 1    |    Location of simulation area in eastern Alberta, Canada showing wildlife management unit 234 in green. Simulation area (gray shad-
ed) displays elevation, roads in green, and farm sites in red (Altalis 2018, 2020; The Municipal District of Provost No. 52 2019; The Municipal District 
of Wainwright No. 61 2020).
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an entire cluster of farm AA at a farm (no AA remaining at the 
farm). We reduced AA randomly and by proximity to woody 
cover, where woody cover provides security cover/other re-
sources for deer. The probability of removing AA based on 
distance to woody cover followed an exponential decay (coef-
ficient = −0.0384) that was derived from the distribution of dis-
tances to woody cover values of GPS locations pooled across 25 
male and 52 female from 16 December to 9 May (unpublished 
data). A cluster of AA was removed based on the mean distance 
to woody cover of all AA in the cluster.

We ran 5 iterations of deer moving across the landscape for each 
AA density × AA configuration. For all simulations, we kept the 
density of deer constant at 1/km2, which reflects the target den-
sity for disease containment (Bollinger et al. 2004). We defined 
a contact as two deer coming within 5 m of each other and clas-
sified a contact by whether it occurred between deer within the 
same (within) or in different (between) groups.

2.4   |   Sensitivity Analyses

We conducted a sensitivity analysis on the attraction range at 
which deer detect AA and the deer's strength of attraction to an 
AA to determine the robustness of our results because of a lack 
of data. Other model parameters have already been assessed 
(see Gritter et al. 2024). We expected that as the attraction range 
increased, deer would move between more attractants, lead-
ing them to visit more different AAs, which would be reflected 
in an increase in the number of AAs used and the number of 
deer using each site. In contrast, as the attraction to an AA in-
creased (i.e., attraction beta increased) deer would be less likely 
to move among attractants and spend more time around fewer 
AAs, which would be reflected in decreasing numbers of AAs 
used and deer using each site. We varied the attraction range 
from 3000 to 9000 m with a step of 600 m, attraction beta from 
0.0005 to 0.0015 with a step of 0.0001, and ran simulations at 
high (1 AA/km2) and low (0.2 AA/km2) densities. We conducted 
the sensitivity analysis using Latin hypercube sampling in the 
nlrx package in R and report the partial correlation coefficient, 
which indicates the strength of the linear relationship, and the 
partial rank correlation coefficient, which evaluates nonlinear 
relationships (Salecker 2019).

3   |   Results

The mean number of total contacts/deer (hereafter, deer contact 
rates) was the same for each scenario when there were no AA 
on the landscape because identical conditions were used in all 
these simulations (Figure 3). Similarly, deer contact rates were 
the same within field AA and farm AA simulations at maxi-
mum AA densities (1 AA/km2) because with no removal hav-
ing occurred, the distribution of AA was identical within farm 
AA and within field AA scenarios. As expected, deer contact 
rates within groups were 2–7 times higher than between-group 
contact across all scenarios (Figure 3). Deer contact rates both 
within and between groups initially increased as AA were re-
moved under most simulated conditions (Figure 3). Between but 
not within group contact rates increased relatively more when 
farm AA were removed by cluster than when farm AA were re-
moved independently. When field AA near woody cover were 
selectively removed, deer contact rates at field AA increased rel-
atively more than when field AA were removed randomly.

Mean number of unique deer contacted by each individual deer 
was higher when AA were present on the landscape than when 
absent (Figure 4). Deer generally had contacts with more unique 
deer at low, rather than high AA densities, with deer contacting 
a higher number of unique deer when AA were removed near 
woody cover than at random. The highest number of unique 
deer contacted occurred when farm AA clusters were removed. 
Overall, the number of contacts across all scenarios varied 
only from 5.0 to 6.8 deer across all AA placement and removal 
strategies.

The number of different AA used by each deer increased almost 
linearly with AA density across scenarios, with some visual evi-
dence that the relationship might have begun to saturate at high 
densities when AA were clustered around farms (Figure 5). In 
contrast, the number of unique deer visiting a particular AA 

FIGURE 2    |    Top panel: Relationship between artificial-attractant se-
lection weight, in the step-selection function for deer within the attrac-
tion range, and the distance to AA (Gritter et al. 2024). Bottom panels: 
Graphics illustrating the relative selection weights for areas around arti-
ficial attractants (green circles/dots) when they are distant (top) or near 
each other (bottom) as occurs in landscape with a low density and high 
density of artificial attractants, respectively.
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was highest at low AA density across scenarios, with the highest 
number of unique deer visiting a particular AA at low density 
occurring when farm AA clusters were removed (Figure 4g–l). 
The removal of AA near woody cover generally resulted in fewer 
different deer visiting the AA than when removed randomly, 
with the effect most pronounced for field AA.

Contact rates when AA were at their maximum density were 
more sensitive to the attraction range at which an AA was de-
tected than to the strength of attraction once detected, but this 
was only marginally true as all confidence intervals overlapped 
zero (Figure  6). The negative correlation of ~0.25–0.5 indi-
cates decreasing levels of contacts at increased attraction range 
(Figure 6). At a low density of AA, there was a greater effect of 
strength of attraction to AA on contact rates, with a correlation 
of ~0.75–1, indicating an increase in contacts with increasing 
attraction (Figure  6). The influence of attraction range also 
changed at low AA density, with the correlation approaching 
zero for between-group contacts and becoming a positive rela-
tionship for within-group contacts.

4   |   Discussion

Deer use of artificial attractants may be important in disease 
transmission, making guidelines for managing AA a key com-
ponent of disease management (Sorensen  2014; Thompson 
et  al.  2008). The most commonly proposed approach to man-
aging agriculturally related AA, such as hay bales or bags and 
grain spillages, is to reduce or eliminate the number on the land-
scape (as in Mejía-Salazar et al. 2018). The Western Association 
of Fish and Wildlife Agencies (Western Association of Fish and 

Wildlife Agencies  2018) recommends empirically evaluating a 
65% reduction in AA in agricultural lands to limit the spread of 
CWD, which corresponds to the reduction we examined in this 
simulation study where we started with 1 AA/km2. Our simula-
tions suggest outcomes of reducing AA may not be as intuitive 
as expected.

We found a nonlinear relationship between AA density and 
both within- and between-group contact rates that showed the 
highest contact rates occurring at low AA/km2, declining as 
AA density increased. When we reduced the number of AA, the 
strong attraction to the remaining few isolated AA (i.e., high 
relative iSSF weight) increased contact rates with other deer or 
deer groups (Miller et al. 2003). When AA density is low, selec-
tion values are more variable because there is less overlap in the 
areas of high attraction around AAs (Figure 2). As a result, pro-
portionally less of the landscape was attractive to deer, whereas 
deer were strongly attracted to any AA within their perception 
zone (Figure 2). The high contact rates at low AA density are 
maintained despite the attraction being relaxed for 24 h because 
deer typically do not move outside the 6000-m attraction range. 
When deer find isolated AA, they tend to stay there. In contrast, 
as the number of AA increased, selection values across the land-
scape became relatively more homogeneous due to increased 
overlap of the attraction zones of AA (Figure 2). With more AA 
options on the landscape, deer are attracted to more of the avail-
able AA and could be attracted to 2 or more different AA from 
some locations.

When prevalence is low to moderate, reducing the number of 
AAs may contribute to a reduced risk of prion presence at a site. 
Individual deer visited fewer different AAs, and thus there was 

FIGURE 3    |    Mean (± SE) number of total contacts between-groups (left) and within-groups (right) averaged across 5 random-seed iterations for 
each attractant (AA) density. See text for explanation of placement and removal strategies. Note scales of the y-axes differ among panels.
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a lower risk of visiting a site where disease might be present. In 
contrast, when prevalence is high, it is likely at least one infected 
deer will visit most AAs. This could be particularly important 
for diseases like CWD, where infectious prions shed in bodily 
fluids (Mathiason et  al.  2009; Saunders et  al.  2012) could be 
accumulated, creating an environmental reservoir for indirect 
disease transmission (Miller and Williams 2004). However, con-
versely, repeated use of a single or few sites by an infected deer 
could cause a greater buildup of prions than when the infected 
individual uses multiple sites, increasing the risk of contracting 
CWD from the environment. Additionally, with an infected deer 
present at each site when there are fewer AAs, there is an in-
creased risk of direct or indirect transmission both within the 
mule deer population and interspecies transmission. Barrile 
et al. (2024) found that mule deer females in the terminal stages 
of CWD modified their movement behavior and habitat selec-
tion, which could lead to them staying closer to the consistent 
food source of an AA. Key to the relative role of environmental 
transmission is the frequency of use of AAs by infected indi-
viduals and either prion deterioration or reduced prion access 
through leaching (Kuznetsova et al. 2014; Miller et al. 2003). In 
simulations of direct and indirect transmission, prion survival 
alone accounted for 29% and 31% of the variation in projected 
outcomes in CWD prevalence, and prevalence growth rate, peak 
prevalence, and R0 of a population were all expected to scale 
with the duration of prion persistence (Almberg et al. 2011). The 
accumulation of prions in the environment may continue to ex-
pose deer and other cervid species to CWD for some period even 
if the source of the attraction is eliminated (Jacobson et al. 2010; 

Miller and Williams 2004). Determining how long deer continue 
to return to feeding sites after sources are removed could be a 
productive area of research (Western Association of Fish and 
Wildlife Agencies 2018).

From a disease-management perspective, our outcomes indi-
cate that reducing the density of AA may not decrease con-
tact rates or environmental exposure, but may increase the 
opportunity for spreading a disease like CWD that transmits 
by animal-to-animal contact and through the environment. 
However, we modeled contact rates under a moderate deer 
density for this region, and we did not explore how changes 
in deer density influenced contact rates in these scenarios. We 
suspect that with very low deer densities, where deer groups 
are broadly dispersed across the landscape, contact rates may 
decrease under low AA density because fewer deer will be 
within the perception range of AA, meaning that possibly 
fewer deer will find an AA, and if they do, it is less likely that 
there will be multiple groups at that AA. Apparent prevalence 
of bovine tuberculosis (Mycobacterium bovis) in white-tailed 
deer in Michigan declined when deer density was reduced 
(O'Brien et al. 2011). In that case, restrictions on baiting and 
feeding occurred at the same time such that the effect of popu-
lation reduction vs. the bans could not be distinguished. Even 
when populations are reduced, deer tend to congregate in pre-
ferred habitats, making it challenging to achieve low densities 
at local scales. In our simulations, we initially located deer 
on the landscape based on a home-range RSF, which concen-
trated them in certain areas (Gritter et al. 2024). There also is 

FIGURE 4    |    Mean (± SE) number of unique contacts with other deer (a–f) and number of unique deer that visited each attractant (g–l) aver-
aged across 5 random-seed iterations by AA density and AA placement and removal strategies. See text for explanation of placement and removal 
strategies.
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evidence that the relationship between deer population size 
and crop damage is weak (Hewison et al. 2001; Kilpatrick and 
Stober 2002). Further simulations of the interaction between 
deer and AA densities on contact rates are warranted and may 
support AA reduction where deer densities are low or simul-
taneously reduced.

We also explored different approaches to removing AA from the 
landscape. Removing entire clusters of AA around farms led to 
increased contacts between groups compared to removing in-
dividual farm AA. When all AA at a farm were removed, deer 
groups that had been using those AA moved to nearby farms 
with AA, which increased between-group contacts. Individuals 

remained in the same group regardless of whether some or all 
of the AA were removed, so within-group contacts did not in-
crease. Thus, removing some clusters of AA was not effective 
in reducing the opportunity for disease transfer. Even if all AA 
at a farm were eliminated, the management effort may still be 
thwarted. Some farmers are likely more amenable to working 
with managers to remedy AA problems, especially where agen-
cies implement cost-sharing or lending programs to support the 
implementation of solutions such as fencing (Mark Heckbert, 
pers. comm.). However, if only some farms reduce their AA, the 
opportunity for displaced deer to move to farms that still have 
AA undermines the overall success of disease management. This 
situation occurred with black-backed jackals (Canis mesomelas) 

FIGURE 5    |    Mean (± SE) number of different artificial attractants (AA) used by each deer for 5 random-seed iterations by AA density and AA 
placement and removal strategies. See text for descriptions of placement and removal strategies.
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in Namibia where, when feeding site density decreased, con-
tacts between individuals at feeding sites initially increased, fol-
lowed by a decrease at very low feeding site density (Borchering 
et al. 2017). In our study area, farms themselves were clustered, 
often along major access roads. Reducing the influence of AA on 
deer contacts through working with a block of nearby farms to 
remove AA may offer opportunities to improve success.

Targeting AA near specific vegetation types preferred by deer 
could be used for managing disease in an agricultural land-
scape. Directing the removal of AA adjacent to natural habitats 
that provide cover and protection may be an incentive for deer 
to remain close to preferred habitat and not move to AA. We in-
vestigated the removal of AA near patches of woody cover both 
in fields and at farms because woodlands are preferred habitat 
in this area (Habib et al. 2011; Nobert et al. 2016). However, the 
removal of AA near these sites actually increased contacts be-
tween groups both when single AA in the fields or a full cluster 
of AA around a farm were removed. As in the situation of remov-
ing individual clusters of AA, deer simply moved to nearby AA, 
particularly those near woody cover. However, in our model, AA 
had a stronger attraction than preferred habitat per se. Although 
we had empirical data on the selection of environmental fea-
tures (e.g., woody cover), we did not have empirical data on the 
strength of the attraction to AA to incorporate into our iSSF. A 
strong attraction to AA seems reasonable in winter as deer focus 
on AA as natural feed is less available (Mysterud et al. 2021). But 
studies that quantify the attraction to AA relative to the extent 
of natural habitat under a range of environments and costs of 
movements are needed to quantify ranges and strength of attrac-
tion to AA, particularly in light of simulation results indicating 
that when AA are eliminated, deer are likely to move to adjacent 

AA when sufficiently close. For example, investigating if AA are 
more attractive/problematic in severe winters or with high snow 
depth compared to milder winters is warranted; however, we 
suspect that the high forage value of grain spills and hay bales 
makes these food sources attractive in most winters.

Several other assumptions of how deer move and their attraction 
influenced our results and require further exploration in empir-
ical settings. The strength of deer attraction to an AA once per-
ceived had a greater influence on the number of contacts than 
the distance at which an AA was perceived, particularly at low 
AA density. We kept the attraction value and attraction range 
constant among deer groups, but in reality, these can differ. For 
example, the strength of attraction to AA may be highly variable 
depending on the type of attractant. Cosgrove et al. (2018) used 
variable attraction values to different kinds of feed piles in their 
individual-based, spatially explicit model and found that attrac-
tiveness had a substantial effect on bovine tuberculosis preva-
lence. We also did not include group fission–fusion dynamics 
or limit the number of deer groups feeding at a site (Gritter 
et  al.  2024). Although mule deer groups in winter tend to be 
relatively stable (Lingle 2001), low group cohesion can strongly 
influence contact rates (Aureli et al. 2012; Body et al. 2015) and 
would be expected to alter the number of unique deer visiting a 
site. Additionally, dominance and antagonism among individu-
als increase at artificial feeding sites (Peterson 2005; Thompson 
et  al.  2008) and may restrict the time deer remain at an AA. 
Direct, systematic counts or measures of time spent at an AA 
would be useful in setting these constraints. Lastly, we did 
not account for the potential influence of memory in resource 
selection, which has been found to be a factor in a number of 
cervid species (Ranc et al. 2021; Kashetsky et al. 2021; Merkle 

FIGURE 6    |    Sensitivity in within- and between-group contact rates at a high (1 AA/km2) and low (0.2 AA/km2) density to the variation in beta 
coefficients (0.0005–0.0015), reflecting strength of attraction to AA, and to variation in the attraction range (3000–6000 m) at which deer detect and 
are assumed to be attracted to an AA. Presented are partial correlation coefficients (a), which indicate the strength of linear relationship, and the 
partial rank correlation coefficients (b), which evaluate for nonlinear relationships. Positive sensitivity values indicate that contact rates increase 
whereas negative values indicate contact rates decrease with an increase in variable value. Confidence intervals were obtained via bootstrapping.
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et al. 2019) and could be a model development to investigate if 
this changes our conclusions.

Overall, deer responses to the removal of AA may not be 
straightforward, and further modeling and ultimately field ex-
periments will be necessary to fully appreciate the role of AA in 
promoting disease spread. Our model outputs suggest four key 
aspects in designing these efforts: (1) the interaction between 
deer density and AA density for exposure to AA, (2) the strength 
of attraction of artificial feed sites relative to habitat conditions, 
(3) attraction range and how much time deer spend at AA, and 
(4) social and economic values of farmers that influence their 
willingness to address deer feeding on their lands. The latter is 
particularly important (Carstensen et al. 2011). Even if the best 
strategy were to regulate AA strongly, issues with compliance 
are likely to arise (Cosgrove et al. 2018; O'Brien et al. 2011). For 
example, in Norway, a ban aimed at removing all supplemental 
feeding sites was not successful, as it only reduced the percent-
age of municipalities feeding by < 12% (Mysterud et al. 2019). In 
the case of CWD, continued efforts to work with landowners to 
eliminate or reduce access to feeding sites, or to find alternative 
strategies such as rotating locations of grain bags over time, will 
be key to minimizing environmental hotspots of diseases that 
may persist even after sources of food are removed.
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