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Abstract

Host contact structure affects pathogen transmission in host populations, but

many measures of host contact do not distinguish contacts that are relevant to

pathogen transmission from those that are not. Scrapes are sites for chemical

communication by white-tailed deer (Odocoileus virginianus) during the breed-

ing season and potential sites of transmission of prions, the causative agent of

chronic wasting disease (CWD). Scrape-related behaviors vary in their proba-

bility of transmitting prions to or from the environment, suggesting that

behavior be combined with contact structure to better reflect potential hetero-

geneity in prion transmission at scrapes. We recorded visits and behaviors by

deer at scrapes throughout DeSoto National Wildlife Refuge, Nebraska in 2005

and 2006. We recorded 2013 interactions by 169 unique identifiable males and

75 females. Adult males performed the most scrape-related behaviors and

spent the most time at scrapes, especially smelling the overhanging branch

(70%), smelling the scrape (59%), licking/grasping the overhanging branch

(44%), and scraping (36%). We used social network analysis to test the effect of

behavior on indirect contact networks among deer at scrapes. By weighting

edges based on the frequency and duration of behaviors, we produced net-

works representing sources of variation in scrape use and compared these net-

works to evaluate the effects of behavior on network contact structure. Social

networks based on scrape-related behavior were highly connected and depen-

dent upon the frequency, duration, and type of behavior exhibited at scrapes

(e.g., scraping, interacting with a scrape or overhanging branch, rub-urinating,

grazing) as well as the age of the deer. Accounting for contact frequency pro-

duced networks with lower variation in contact, but higher ability to facilitate

contact among disparate groups. Including behavior when defining edges did

not preserve the network properties of simpler measures (i.e., unweighted net-

works) suggesting that heterogeneity in behaviors that affect transmission

probability is important for inferring transmission networks from contact net-

works. High connectivity through indirect contacts suggests that scrapes
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may be effective targets for management. Adult male deer had the highest

connectivity, suggesting that management strategies focused on reducing their

interaction with scrapes through density reduction or behavioral modification

could reduce the connectivity of indirect contact networks.

KEYWORD S
behavior, chronic wasting disease, CWD, disease, network, Odocoileus virginianus, scrape,
transmission, white-tailed deer

INTRODUCTION

Social networks are useful tools for understanding the
potential for transmission of diseases through populations
(Silk, Croft, Delahay, Hodgson, Boots, et al., 2017; White
et al., 2017). Social networks can represent the number,
strength, and spatial attributes of connections between
individuals. When applying social network analysis, indi-
viduals are represented as “nodes” connected by “edges”
that indicate contact between nodes. Pathogen transmis-
sion can be represented by summarizing the characteristics
of network structure that describe the connectivity of the
overall population (Sosa et al., 2021) (Table 1), but contact
networks only represent “potential” pathogen transmis-
sion networks (Craft, 2015). How pathogens actually move
through host contact networks can depend on several dif-
ferent components of contact. For example, the frequency
and duration of host contact can affect the likelihood of
pathogen shedding and uptake, as can the types of behav-
iors that occur during contact (e.g., talking vs. singing or

sneezing in humans) (Lotfli et al., 2020). When using
contact networks to predict the spread of pathogens, it is
important to understand how heterogeneity in different
components of contact (frequency, duration, behavior of
contact) may affect the probability of transmission during
contact to better predict pathogen transmission potential
(i.e., pathogen transmission networks).

Chronic wasting disease (CWD) is a fatal disease
infecting deer (Cervid spp.) in North America and Europe
(Haley & Hoover, 2015; Williams, 2005). It is spread by the
transmission of prions shed through bodily fluids that may
remain infectious in the environment for years (Hoover
et al., 2017). Therefore, transmission may occur during
direct social interaction such as mating or aggressive
encounters, or indirectly when a deer takes up prions from
the environment during feeding or other activities that
occur in areas of shared space. Managers and researchers
have developed control strategies that rely on understand-
ing risk factors for CWD transmission (Mysterud et al.,
2019; Uehlinger et al., 2016). For example, in many areas,

TAB L E 1 Network- and individual-level social network metrics used for measuring the centrality of individuals.

Metric Definition Biological meaning

Mean path length The average no. connections needed to connect each
pair of individuals

Shorter mean path length indicates disease is more
likely to spread among individuals

Transitivity The no. completed triangles (groups of three
individuals connected to each other) out of all
possible triangles

High transitivity indicates that interactions occur
more among some groups than others and that
disease may not transfer among other groups as
easily

Edge density The proportion of completed edges out of all possible
edges

High edge density indicates that disease may
spread to all individuals within a population

Closeness Inversely proportional to the path length from that
individual to all other individuals

Individuals with greater closeness could spread
disease to others with fewer intermediates

Betweenness No. times an individual occurs on the shortest path
between two other individuals

Individuals with greater betweenness connect a
greater no. disparate individuals

Strength The combined weight of all connections of an
individual in a network

Individuals with greater strength interact with
others more often or with interactions that have
a greater risk of transmission of disease

Eigenvector centrality A measure of influence in the network that takes into
account connections and connections to
connections

Individuals with greater eigenvector centrality
generally have greater potential to spread
disease
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regulations associated with providing bait to deer have
been established in attempts to lessen the congregation of
deer at anthropogenic point sources of highly desirable
foods because the high stability of prions can lead to build
up of prion concentrations that can be spread through
indirect contact (hosts in the same place at different times;
Sorensen et al., 2014). Sharing saliva at a bait pile is one
example of a behavior that is high risk for transmission
and can occur through indirect contact. The potential
transmission of CWD is dependent on both the contact
rate and this heterogeneity in the propensity of a behavior
to transmit prions, meaning that it is important to under-
stand how these behaviors may impact transmission risk
in contact networks (Joseph et al., 2013).

A potential route of indirect transmission of CWD
prions in white-tailed deer (WTD; Odocoileus virginianus)
is through scraping behavior. Male deer make and main-
tain scrapes by scraping the ground beneath an overhang-
ing branch of one of many odor-producing trees and use
them for communication among males and females during
the breeding season (Alexy et al., 2001; Marchinton et al.,
1990; Marchinton & Hirth, 1984; Miller & Marchinton,
1999). Typical scraping behavior is varied but most often
involves scraping and smelling the ground, licking the
branch, rubbing secretions from head glands on the
branch, or otherwise leaving bodily fluids (Hewitt, 2011).
Chemical marking by WTD likely influences the risk of dis-
ease transmission, depending on the behavior (Alexy et al.,
2001; Miller et al., 1987). For example, rubbing and licking
overhead branches involve contact with glands of the eyes
and mouth, resulting in potential shedding or uptake of
prions that cause CWD. Rub-urination may result in
deer shedding prions or sniffing or licking contaminated
soil (Table 2). Transmission of CWD at scrapes likely
will occur due to indirect contact because prions are shed
by infected deer and may be taken up by subsequent
deer visiting or using scrapes (Haley & Hoover, 2015;
Jennelle et al., 2014). While social networks have been
studied for WTD (Schauber et al., 2015), no studies have
examined social networks based on indirect contact at deer
scrapes or how different behaviors could affect the likeli-
hood of prion transmission and therein modify the struc-
ture of the social network in terms of disease transmission
potential. As such, scrapes represent an understudied part
of deer social behavior and network modeling could be
used to evaluate the potential for disease transmission at
scrapes (Kinsell, 2010).

The disease transmission potential of indirect contact
networks, such as at scrapes, is a stepwise process where
one individual first sheds infectious particles and then a sec-
ond individual uptakes those particles. “Directed” social
networks distinguish which individual is the shedder versus
the individual that could uptake the pathogen using

directional edges (arrows) that link the two individuals
(Silk, Croft, Delahay, Hodgson, Weber, et al., 2017).
“Weighted” networks scale the edge weight to the amount
of interaction between nodes, reflecting variation in the
likelihood of transmission based on how often pairs of
nodes interact. In addition, edges in weighted networks
may be scaled to account for behavior and duration of con-
tact, both of which could affect transmission risk. While
studies have compared social networks representing differ-
ent species, subgroups, or behaviors (Perkins et al., 2009;
Vander Wal et al., 2015), few have evaluated the effect of
behavioral context on the network position of individuals
(but see Plaza et al., 2020; Wilson et al., 2013).

Here, we analyze the characteristics of indirect contact
networks among male WTD due to scrape use and how
behavioral variation among male deer at scrapes might
affect the structure of the network. While we are focusing
on a behavioral dataset without explicit data on disease
transmission and prevalence, our analysis is aimed primarily
at understanding how potential sources of heterogeneity
may impact disease transmission and management implica-
tions. We built social networks representing components of
contact and compared individual-level metrics among net-
works and individuals. We hypothesized that heterogeneity
in contact and probability of transmission during contact
would result in differences between networks based on sim-
ple definitions of contact to estimates of contact that account
for individual behavior (H1). We predicted that accounting
for contact frequency, duration, and scrape-related behavior
would result in variation in network structure because

TABL E 2 Relative risk values (0–1) of individual behaviors of
white-tailed deer at scrapes, based on expert opinion.

Behavior Uptake Shedding

Grazing 0.8 0.4

Smelling scrape 0.6 0.2

Licking scrape or branch 1.0 1.0

Smelling branch 0.4 0.1

Scraping ground 0.1 0.1

Chewing overhanging branch 1.0 1.0

Rubbing overhanging branch
with eye

0.9 0.4

Rub-urinating 0.0 0.6

Urinating 0.0 0.5

Defecating 0.0 0.7

Flehmen posture 0.9 0.3

Note: Values were derived from research- and experience-based deliberations
by Scott Hygnstrom, Travis Kinsell, Nancy Matthews, and Kurt VerCauteren,
2010. The authors have >100 years of combined experience conducting

research on white-tailed deer, deer behavior, wildlife diseases, and chronic
wasting disease.
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individuals differ in how often they visit scrapes, how much
time they spend, and what they do behaviorally at those
scrapes. Additionally, we predicted that the age of deer and
proportion of agricultural cover around scrapes would be
positively related to their network centrality (the relative
importance of an individual defined by their effect on other
individuals in the network) because adult deer are more
active and more dominant at scrapes (DeYoung et al., 2006)
and food resources associated with agricultural production
maintain higher densities of deer (Magle et al., 2015).
Understanding how behavior of WTD affects indirect con-
tact network characteristics will provide improved knowl-
edge for managing and reducing transmission of CWD.

MATERIALS AND METHODS

Study area

The study was conducted in DeSoto National Wildlife
Refuge (DNWR) located 32 km north of Omaha, Nebraska
between Blair, Nebraska, and Missouri Valley, Iowa, USA.
The DNWR was a 3166-ha mosaic of forest, grassland, wet-
land, and agricultural fields administered by the US Fish
and Wildlife Service. Wooded areas at DNWR consisted
largely of mature eastern cottonwood (Populus deltoides)
with understory vegetation that included hackberry (Celtis
occidentalis), red mulberry (Morus rubra), and green ash
(Fraxinus pennsylvanica). In 2005–2006, about 400 ha of
the refuge were farmed by neighboring producers. Crops
included corn, soybean, sorghum, clover, alfalfa, oats, and
wheat. Approximately 10% of crops were left standing as
food plots for wildlife. Preharvest densities of WTD at
DNWR were estimated at 41–51 deer/km2 from 2004 to
2007 (Hefley et al., 2013). Female:male ratios were 2.15:1
and 1.86:1 and fawn:doe ratios were 1.28:1 and 1.43:1 in
2005 and 2006, respectively (Clements et al., 2011).
During this time, 20–25 females and 20–30 males were
radio-collared and ear-tagged at DNWR and an additional
estimated 42 males and 17 females were marked with ear
tags alone. We estimate up to 24% of the males and 6% of
the females were marked on DNWR during the study.
At the time of the study, no cases of CWD had been detected
in the area. The study site was selected to represent a typical
Midwestern landscape where deer behavior is representative
of what is seen in most of the region with a focus on deer
social behavior and not CWD per se.

Field methods

Data on deer behavior at scrapes in this study originated
from previous research conducted to monitor deer in

DNWR (Kinsell, 2010). During the fall breeding season
(October–November 2005 and 2006), 478 scrapes were
located in the study area by walking forest-field edges, trails,
and roads through the forest. Eighty-five of these scrapes
were monitored in 2005 and 44 were monitored in 2006.
Scrapes were selected for monitoring if they appeared to be
recently active and associated with an overhanging “lick”
branch. Sixty-two of the 85 scrapes were located on
forest-field edges and 23 were in forest interiors. Scrapes
were monitored with remote infrared motion-activated
video cameras (StumpCam, Tyler, TX, USA) and motion-
activated digital cameras (Reconyx Silent Image, LaCrosse,
WI, USA). StumpCams were checked every 3–4 days and
Reconyx cameras once per week. StumpCams monitored
scrapes for a combined 976 functional camera days.
Reconyx cameras monitored scrapes for a combined
519 functional camera days. We programmed StumpCams
to record for 3 min when triggered with a 10-s (hardware
minimum) recycle period between triggers. We pro-
grammed Reconyx cameras to take 1 frame/s for 30 s, with
a 1-s recycle time between triggers. We noted an encounter
with a scrape when a WTD came within 2 m of a scrape
and could identify and interact with the scrape (e.g., deer
walks near the scrape vs. running past the scrape).
An “interaction” with a scrape occurred when a deer
approached a scrape and performed any scrape-related
behaviors as defined below.We examined videos and images
frame by frame to identify behaviors associated with scrapes
and overhanging branches. Individual WTD were identified
by collars, ear tags, antler characteristics, and other
unique markings. We recorded occurrence and duration
(in seconds) of each scrape-related behavior for each interac-
tion and generated sex- and age-specific descriptive statistics
for occurrence and duration of each scrape-related behavior.

Behavioral categories included: grazing, smelling
scrape, licking scrape or branch, smelling branch, scraping
ground, chewing overhanging branch, rubbing overhang-
ing branch with eye, rub-urinating, urinating, defecating,
and flehmen posture (Alexy et al., 2001; Hirth, 1977; Kile &
Marchinton, 1977; Kinsell, 2010; Miller et al., 1987; Pruitt,
1953; Table 2). We assigned a value to each behavior
that represented the likelihood of shedding or uptake
of prions and, ultimately, risk of transmitting infectious
prions. No studies have assessed the probability of the
transmission of prions based on sampling deer for the prev-
alence of the disease before and after each behavior, so risk
values were assessed based on expert opinions and the
biology of prion transfer. These values were determined
by thorough familiarity of the body of knowledge in
the peer-reviewed and popular literature on scrapes
(Hewitt, 2011; Marchinton et al., 1990; Miller et al., 1987,
2004); empirical observation and qualitative assessment
were done by Scott Hygnstrom, Nancy Matthews, and Kurt
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VerCauteren, who have >100 years combined extensive
research experience withWTD and wildlife diseases.

Social network analysis

We generated social networks with individual deer as
nodes and edges based on two deer using the same
scrape (Farine & Whitehead, 2015). Social networks were
generated for 2005 and 2006 separately. We assumed that
identifiable deer within the population were consistent
within a season, meaning that each network represented
deer using scrapes during the breeding season for that year

only. We estimated social networks by generating adja-
cency matrices using five methods representing increas-
ingly complex edge definitions (Figure 1). All networks
were directed networks where, for any two deer (deer 01
and deer 02), a contact was counted only if deer 01 visited
the scrape before deer 02. It is possible that a scrape visit
resulted in a direct contact between deer, resulting in two
deer making both direct and indirect contact through
sequential scrape use; however, we include all contacts
that meet the criteria to at least be defined as indirect con-
tact and refer to networks as “indirect contact networks”
(Wilber et al., 2022). At the least complex level, any two
deer that made an indirect contact were given an edge

F I GURE 1 Example social networks based on a sequence of visits to a scrape (bottom row). Differences in networks and metrics are

listed using edge weight as an example. Each deer visits and receives a shedding (S) and uptake (U) value based on the scrape-related

behavior performed and duration (D) in minutes. For unweighted networks, each deer that visits a scrape has a connection to every other

deer that visits the scrape and strength is the total number of connections. For weighted, arrows are weighted based on the number of visits

made by each deer. For duration, edge weights are based on duration of the scrape visit. For behavior, these values are modified based on

shedding and uptake values. Networks may also include both behavior and duration by weighting based on all three values.

ECOSPHERE 5 of 18



with a weight of one. In these networks, node strength and
degree were equivalent since each connection to another
node was unweighted. These networks were referred to as
“unweighted” networks. At the second level, an interac-
tion was recorded each time two deer visited the same
scrape and edge weight was equal to the number of inter-
actions to produce “weighted” networks. At the third level,
each unique contact was weighted by the amount of time
each deer spent at the scrape during an interaction to pro-
duce “duration” networks. At the fourth level, every time a
deer visited a scrape, they were assigned a shed and uptake
score based on the behaviors they exhibited, and edge
weight was modified based on the product of the shed
score of the first deer and the uptake score of the second.
These networks are referred to as “behavior” networks.
At the fifth level, edges were weighted based on the inter-
action between behavior and duration and referred to as
“duration × behavior” networks. As a result, we recorded
“social network method” as a factor with five levels that
represented increasing complexity of edge definitions,
referred to for the rest of the text as “edge complexity”
from the previous level, and compared the effect of each
level to the reference level unweighted.

We calculated social network metrics including
closeness, betweenness, strength, and eigenvector central-
ity (Sosa et al., 2021; Table 1). These metrics characterize
the centrality of individuals and therefore their importance
in spreading disease. Strength is always greater in weighted

networks, so we focused on the variation in strength by
standardizing each score to 0–1. We also calculated
network-level metrics and mean values of individual-level
metrics (Table 3). Network metrics were estimated
and displayed using the igraph package in R (Csardi &
Nepusz, 2006).

Covariates

For each individually identifiable male WTD, we collected
covariates characterizing age and resource use. Deer were
classified in one of two age classes: subadult buck or adult
buck based on body size and antler growth. Female WTD
were included in the scrape monitoring and behavioral
observations at scrapes but were not included in the net-
work analysis because of challenges with individual identi-
fication and most scraping behavior is performed by
males. We collected landscape-level resource data from the
scrapes used by deer based on data from the 2006 National
Land Cover Database (NLCD) reclassified to the categories
agriculture, forest, open water, wetland, and urban. We
generated a 500-m-radius buffer around each scrape to
summarize scrape-level landscape features. Buffers were
meant to characterize as much of the landscape available
to deer as possible; therefore, we selected a buffer size of
approximately the average home range of deer in this
region without resulting in significant overlap among

TAB L E 3 Summary statistics for social networks of white-tailed deer at DeSoto National Wildlife Refuge, 2005 and 2006, based on each

method for weighting social networks.

Metric Unweighted Weighted Duration Behavior Duration × behavior

2005

Mean path length 2.84 2.84 2.86 2.86 2.87

Transitivity 0.48 0.48 0.48 0.52 0.52

Edge density 0.054 0.054 0.053 0.036 0.036

Relative strength 0.25 0.12 0.090 0.077 0.068

Closeness 3.8 × 10−4 3.5 × 10−4 1.1 × 10−4 7.0 × 10−5 6.0 × 10−5

Betweenness 307.58 382.08 501.45 357.96 387.19

Eigenvector centrality 0.25 0.089 0.057 0.043 0.040

2006

Mean path length 2.98 2.98 3.00 3.46 3.46

Transitivity 0.59 0.59 0.59 0.61 0.61

Edge density 0.070 0.070 0.069 0.049 0.049

Relative strength 0.29 0.15 0.15 0.11 0.11

Closeness 8.3 × 10−4 7.3 × 10−4 1.7 × 10−4 3.2 × 10−4 1.5 × 10−4

Betweenness 210.60 269.77 358.57 315.15 327.97

Eigenvector centrality 0.21 0.063 0.060 0.054 0.051

Note: Values of three network-level metrics (mean path length, transitivity, and edge density) and mean values for individual-level metrics are listed.
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buffers. For each buffer, we calculated the proportion of
each land cover type. For each deer, we calculated the
average proportion of agricultural cover at all the scrapes
visited by that deer, because agriculture was the predomi-
nant land use category in the study area. We calculated
the correlation between proportion of agriculture esti-
mated based on buffer sizes from 50 to 500 m to assess the
robustness of these estimates (Appendix S1: Table S1).
Landscape covariates were estimated with the raster pack-
age in R (Hijmans & van Etten, 2012).

Hypothesis testing

We tested the effects of the social network method and
individual covariates on centrality metrics using a ran-
domization test comparing observed relationships to ran-
domized social networks (Silk, Croft, Delahay, Hodgson,
Weber, et al., 2017). For observed networks, we deter-
mined the relative effects of the social network method
and individual covariates using mixed-effects linear
regression. We ran four models with closeness, between-
ness, relative strength, and eigenvector centrality as the
respective dependent variables and proportion of agricul-
tural field, deer age, and social network method as fixed
effects. We included individual deer and year as random
effects. In addition, we compared the performance of
models including interaction effects among each individ-
ual covariate and social network method. For each
centrality measure, we ran seven additional models
including all combinations of interaction terms. We
ranked models with corrected Akaike information crite-
rion (AICc) (Burnham & Anderson, 2002) and retained
the best performing model.

We tested the impact of covariates using a randomi-
zation approach comparing observed coefficients to
1000 randomized social networks. Random social net-
works were computed using a datastream randomiza-
tion approach (Farine & Whitehead, 2015). In this
approach, deer retained the same individual-level
characteristics as in observed networks. We simulated
1000 sampling periods by randomly assigning individ-
uals to a sequence of scrape visits equal in length to the
original data. Social networks were generated based on
these randomly permuted sequences of scrape visits and
coefficients calculated based on the same regression
models used for observed data. We tested the effect of
each covariate by comparing the observed coefficient
values from empirical models with the distribution of
values from randomized networks. For deer age and
proportion of agricultural field, we compared the value
of coefficients to values from randomized networks.
For social network method and interaction terms,

we compared the effect of each level of edge complexity
relative to unweighted as the reference level. We com-
pared the differences in coefficient values to differences
in coefficients from 1000 randomizations. We deter-
mined that a covariate had an effect on network metrics
if <5% of the randomized values were further from
0 than observed values.

Sensitivity analysis

We performed sensitivity analysis to evaluate sources of
uncertainty in our network analysis. First, we evaluated
the effect that unidentified individuals may have on our
social network metrics. Recent studies have raised con-
cerns over the effect that missing individuals may have
on social network metrics (Davis et al., 2018; Silk et al.,
2015). Some individual WTD in our study area using
scrapes likely were not observed during the study. To
estimate how these missing individuals might affect net-
work metrics, we randomly removed a proportion of the
individuals in our sample from 1% to 50%. We then gen-
erated social networks from these subsets of data and
recalculated all social network metrics (Appendix S1:
Figures S1–S4). Second, there is potential uncertainty in
the shedding and uptake values assigned by expert assess-
ment used to weight edges in behavioral networks. By
varying these values, we evaluate how mischaracterizing
the risk associated with a behavior may impact social net-
works. To test this, we reduced an individual shedding or
uptake value by 10% and recalculated networks with
these new values. We repeated this for every behavior for
both shedding and uptake values and recalculated net-
works to assess the consequences of misspecifying the
relative risk of prion transmission for each behavior
(Appendix S1: Figures S5–S12).

Finally, we identified individuals with the potential to
have disproportionate effects on networks and tested the
sensitivity of networks to their removal. We identified the
most and least important individuals in networks based
on the ranks of each individual in each centrality metric.
We compared these individuals with how they ranked in
the number of times they performed each scrape-related
behavior. For each behavior, we ranked individuals based
on how many times they performed that behavior
during a visit to a scrape. We tested the effect of these
individuals and behaviors on networks by removing
highly impactful individuals that performed each behav-
ior the greatest number of times and recalculated net-
works. We sequentially removed without replacement
the 10 highest ranking individuals for each behavior
and assessed the effect of these removals on the network
metrics.
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RESULTS

We recorded 5607 encounters of WTD at 85 scrapes in
2005 and 44 scrapes in 2006, including 2013 interactions
by 169 unique identifiable males and 75 unique identifi-
able females (Figure 2). The most frequently exhibited
behaviors included smell overhanging branch (67%),
smell scrape (61%), lick/grasp overhanging branch (39%),
scrape ground (27%), and preorbital marking of the over-
hanging branch (22%), rub-urinating (14%), and grazing
(11%) (Appendix S1: Tables S2–S5). The frequency of
scrape-related behaviors differed among sex–age classes,
with adult males exhibiting the preponderance of all
behaviors, especially smelling the overhanging branch
(70%), smelling the scrape (59%), licking or grasping the
overhanging branch (44%), and scraping (36%). Subadult
males exhibited nearly the full range of behaviors at
scrapes (except flehmen posture), albeit far less frequent
than adult males (Appendix S1: Table S2). Adult females
and fawns interacted with scrapes much less frequently
than males, yet >75% smelled scrapes, 40.9% and 22.4%,
respectively, smelled the overhanging branch, and about
16% grazed within 2 m of a scrape (Appendix S1:
Table S2). The mean duration of scrape-related behaviors
also differed among sex–age classes, with adult males
exhibiting the preponderance of all behaviors. Adult
males spent most of their time at scrapes grazing
(x = 32 s), smelling the overhanging branch (x = 13 s),
and scraping (x = 11 s). The majority of time spent at
scrapes by subadult males included grazing, scraping,
and defecating. Adult females and fawns spent most of
their time at scrapes grazing (x = 37 and 30 s, respec-
tively), but they also spent a considerable amount of time
smelling the overhanging branch, smelling the scrape,
defecating, and urinating (Appendix S1: Table S3).

Visual inspection of graphs of social networks indicates
a pattern of change with increasing edge complexity of the
method used to generate the network. Most importantly, in
social networks including behavior, not all individuals were
connected, and this is reflected in the network and mean
individual-level metrics (Table 3). We found differences in
centrality measures related to the level of edge complexity
of the social network method (Figure 3). Compared with
the unweighted network, deer in weighted networks had
lower closeness, relative strength, and eigenvector central-
ity and higher betweenness. Deer in behavior networks
had lower closeness, relative strength, and eigenvector
centrality and higher betweenness. Deer in duration net-
works had lower relative strength and eigenvector central-
ity and higher betweenness. Deer in duration × behavior
networks had lower relative strength and eigenvector cen-
trality and higher betweenness. These results are based on
total strength of each individual, for a full summary of in

and out strength for each network, see Appendix S1:
Tables S8 and S9.

Individual-level covariates indicated that intrinsic and
extrinsic factors contributed to the centrality of individual
deer (Figure 4). Younger deer had lower betweenness
than older deer. Younger deer had lower values of other
metrics as well; however, these effects did not differ from
random chance. Deer using areas with more agricultural
fields had higher relative strength but lower betweenness.
Model selection indicated that the best model contained
either zero or one interaction terms for all dependent var-
iables other than betweenness. Proportion of agriculture
was negatively related to betweenness for all network
methods except those including behavior, where the rela-
tionship was positive (Appendix S1: Figure S13). Younger
deer had greater betweenness in all network types
(Appendix S1: Figure S13).

Based on the magnitude of social network metrics,
we identified individuals that performed the greatest
number of each behavior at scrapes and had the greatest
impact on social networks (Figure 5). Removing the
individuals that performed the greatest number of each
behavior disproportionately altered individual-level net-
work metrics, however a few important patterns stand
out (Figure 6). For closeness, removal of some individ-
uals increased the connectivity in networks, but most
behavioral removals produced sharp decreases in
connectivity. Most notably, removing individuals that
licked/grasped branches the most resulted in the stron-
gest decreases in closeness. For strength, removal of
individuals based on all behaviors produced decreased
numbers and weights of connections, and for most
behaviors, removal of just a few individuals sharply
reduced strength. Betweenness was not affected much
relative to randomly removing individuals; however,
removing individuals that scraped and licked/grasped
branches the most decreased the ability of individuals to
facilitate connections in the network. For eigenvector
centrality, removing only a few individuals sharply
increased centrality, particularly when removing indi-
viduals that licked/grasped branches, made eye contact
with branches, or smelled branches.

DISCUSSION

Host contact is a fundamental component of pathogen
transmission in host populations. Contacts vary in their
propensity for disease transmission, meaning it is impor-
tant to consider heterogeneity in the probability of trans-
mission to produce potential transmission networks
(Craft, 2015). We found that when including additional
factors that affect the probability of prion transmission
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F I GURE 2 Legend on next page.
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during contact such as frequency, duration, or type of
behavior, there was greater heterogeneity in the potential
to transmit disease. Removing individuals based on how
individuals ranked in the number of behaviors they
performed revealed that not all behaviors and not all con-
tacts are equally important in connecting the population
and that individuals differ in their behavioral profiles at
scrapes. Specifically, rare but high-risk behaviors may
have as much impact on transmission potential as com-
mon but low-risk behaviors. Therefore, weighting contact
networks based on the behavior during contact may be
important for capturing transmission dynamics. Based on
this result, removing the individuals that perform

high-risk behaviors, for example, reproductive-age bucks
that shed saliva through branch interactions, may have
the greatest impact on overall connectivity.

Our results provide an empirical demonstration of the
effect of contact and transmission probability in representing
transmission networks (Craft, 2015; McCallum et al., 2017).
Numerous theoretical and empirical examples have dem-
onstrated the need to consider heterogeneity in all aspects
of the disease transmission process (VanderWaal &
Ezenwa, 2016; White et al., 2017). However, previous
empirical results have provided counterexamples in which
contact networks alone were good predictors of transmis-
sion. VanderWaal et al. (2013) found that social and

F I GURE 2 Social networks of white-tailed deer at DeSoto National Wildlife Refuge, 2005 and 2006, constructed with five methods.

In unweighted networks, two individual deer that used the same scrape were connected with an edge of weight 1. In weighted networks,

networks were built with the same method as for unweighted networks, but edges were weighted based on the number of times deer

visited the scrape. In duration networks, edge weights were based on the number of visits to a scrape and the length of time spent there.

In behavior networks, edge weights were based on the number of times a deer visited a scrape and the behaviors performed during visits.

In duration × behavior networks, edge weights are based on the number of visits, length of time for the visit, and behavior exhibited during

the visit.

F I GURE 3 Differences in coefficient values from observed networks and randomized social networks of white-tailed deer at DeSoto

National Wildlife Refuge, 2005 and 2006. Plots are outlined in yellow if observed values (vertical red lines) were further from 0 than 95% of

randomized values. This indicates that centrality differed among levels for this metric. Results are shown for closeness, betweenness, relative

strength, and eigenvector centrality. Each plot shows the difference relative to the reference level of unweighted. From top to bottom, plots

show values for weighted, behavior, duration, and behavior × duration networks.
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transmission networks of Escherichia coli in giraffes
(Giraffa camelopardalis) were strongly correlated and
Sandel et al. (2020) found that contact networks predicted

disease incidence in chimpanzees (Pan troglodytes).
Alternatively, our results align with numerous examples
in which the probability of transmission depends on

F I GURE 4 Coefficient values from observed networks and randomized social networks for individual-level covariates of white-tailed

deer at DeSoto National Wildlife Refuge, 2005 and 2006. Plots are outlined in yellow if observed values (vertical red lines) were further from

0 than 95% of randomized values.
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heterogeneity in factors such as the frequency duration
and type of contact (Aiello et al., 2016; Natoli et al., 2005)
or properties of the individual such as body condition
(MacIntosh et al., 2012; Perkins et al., 2008). Our results
emphasize the importance of considering these sources of
heterogeneity in addition to host contact structure because
of their potential impacts on transmission networks.

To our knowledge, only one previous study has pro-
duced social networks from scrape visitation data (Hearst
et al., 2021); however, other studies have generated social
networks in deer without considering scrapes (Schauber
et al., 2015; Tosa et al., 2015). Indirect contact networks at
scrapes differ in several important ways from direct con-
tacts that may influence deer social networks. Generally,

F I GURE 5 Heat maps representing the number of times each individual performed each behavior on camera in 2005 (top) and 2006

(bottom). Each column of bars represents an individual deer. Arrows indicate individuals identified as being outliers based on high strength

(blue), betweenness (orange), or eigenvector centrality (black).
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social networks derived from direct contacts indicate
frequent contacts between members of the same social
groups and less frequent contacts between deer from social
groups with spatially overlapping ranges (Koen et al.,
2017). Indirect contact networks at scrapes include contacts
between deer with little spatial overlap and potentially over
large distances. Variation in scraping behavior may also be
greater than variation in behavior during direct contact,
resulting in greater heterogeneity in social network posi-
tion. Therefore, including scrape-related indirect contacts
likely will increase the number of individuals and geo-
graphic extent of networks and alter the relative influence
of some individuals.

Our results have implications for different aspects of
deer social behavior depending on the centrality metric
of interest (Sosa et al., 2021). For weighted networks, deer
varied less in their propensity to transmit disease,

but deer more frequently had the potential to facilitate
transmission from one deer to another. These results
have three important implications for understanding the
role scrapes may play in the transmission of CWD. First,
to identify individuals with disproportionate impacts on
networks, network models must consider second-order
interactions and the effect of specific behaviors (Araujo
et al., 2016; Modlmeier et al., 2014). Second, scrapes may
be important for spreading CWD among groups of
deer or over geographic areas. Third, including more
sources of heterogeneity in the probability of transmis-
sion resulted in changes to networks such as reduced rel-
ative strength and disconnected networks. These patterns
may help differentiate which individuals have the highest
relative transmission potential, because disconnected
individuals are less likely to spread disease (Marchinton
et al., 1990; Miller et al., 1987, 2004).

F I GURE 6 Plots showing the effect of removing highly influential individuals from the duration × behavior network. Lines representing

the mean value from individual-level covariates in the network. For each behavior, individuals were ranked based on the number of times they

performed each behavior. The top ranked individual was removed, the network was reproduced, and the metrics were recalculated. This was

repeated until the top 10 individuals were removed. Gray ribbons represent the distribution of values from networks in which individuals were

removed randomly from the population.
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Some individuals in host populations may act as
superspreaders when they consistently engage in behav-
iors that make them more contagious (Lloyd-Smith et al.,
2005). For WTD, individuals may be more likely to trans-
mit CWD prions depending on the frequency, duration,
and type of contact. Consistent with our expectations, we
found that adult WTD occupied more central positions in
social networks and therefore had greater potential to
spread CWD at scrapes (Bonnot et al., 2018), likely
because reproductive-age males are more active at scrapes
(DeYoung et al., 2006). This result is consistent with com-
monly observed patterns of prevalence of CWD in deer
populations (Grear et al., 2006). While highly influen-
tial individuals have generally been identified based on
age or sex, our results indicate that highly influential
individuals may be identified based on behavior.
Additionally, the relationship between agriculture, rel-
ative strength, and betweenness suggests that individ-
uals may differentially impact networks depending on
resource associations. When accounting for behavior,
some individuals and behaviors have a greater impact
on networks than others. Removal of these individuals
may help lower network connectivity, which could be
helpful in disease management. Accounting for behav-
ior in the edges of networks helps to better characterize
the heterogeneity of the contact structure, identify
superspreaders, and provide criteria for determining
which individuals and contacts are most relevant to dis-
ease transmission.

Frequency-dependent processes in disease transmission
typically diminish the effectiveness of management strate-
gies such as population reduction. Frequency-dependent
transmission occurs when some transmission processes are
unrelated to host density (Potapov et al., 2016; Schauber &
Woolf, 2016). Evidence suggests that transmission of CWD
prions may occur through a mix of density and frequency
dependence partly due to indirect transmission and social
structuring of contacts (Almberg et al., 2011; Uehlinger
et al., 2016). To combat frequency-dependent transmission,
managers have considered factors beyond density reduction
such as culling based on patterns of prevalence of the dis-
ease in the population (Manjerovic et al., 2014; Mysterud
et al., 2019). For example, Rogers et al. (2022) suggested
that increased harvest of males could be effective at reduc-
ing epidemics when high CWD prevalence in males was
caused by high male-to-male transmission of prions.
Similarly, Ketz et al. (2021) found higher susceptibility
and prevalence of CWD in males and that increased har-
vest of male WTD could reduce the prevalence of CWD.
Here, we highlight the potential for elevated male-to-male
transmission through indirect contact at scrapes; there-
fore, scrapes deserve more attention for research and
management strategies. While our results only begin to

uncover the implications of scrapes as a source of indirect
contact, they do support the notion that managers
should encourage hunters to harvest greater numbers of
reproductive-age males to reduce contamination at
scrapes and the degree of indirect contact occurring at
them. As new methodologies to detect prions in
environmental samples emerge (Bravo-Risi et al., 2021;
Tennant et al., 2020), it will be possible to develop strate-
gies for detecting contaminated scrape sites and reducing
the spread of CWD via scrapes.

Social network analysis has been applied to study
behavior (Plaza et al., 2020; Wilson et al., 2013) and dis-
ease (Hirsch et al., 2016; Perkins et al., 2009; Silk, Croft,
Delahay, Hodgson, Boots, et al., 2017), but fewer studies
have used social networks to link behavior and disease
transmission (Wilber et al., 2019). Future work could
improve the application of social networks in these two
disciplines in several ways. First, researchers should be
careful to choose between undirected or directed net-
works and unweighted or weighted networks depending
on the biology of the system (Farine & Whitehead, 2015;
Silk, Croft, Delahay, Hodgson, Boots, et al., 2017).
Second, behavioral ecologists have assessed individual
variation in behavior and identified consistent personali-
ties by comparing separate social networks based on dif-
ferent behaviors or at different times (Plaza et al., 2020;
Wilson et al., 2013). We were unable to use the same
methods as these studies because they relied on compar-
ing independent networks based on separate behaviors.
Our data could be compared with independent networks
across years to assess temporal changes or locations
to determine the effects of local conditions. Finally,
we were limited in the amount of individual-level data
that were collected. Capturing deer would have allowed
collection of additional individual-level data such as
genetic information, more precise ages, and measure-
ments of body condition. Locational data, especially
based on GPS technology, also could be used to assess
direct and indirect contacts at scrapes and surrounding
areas. These methods could identify how additional
factors such as body size, dominance status, or personal-
ity may impact an individual’s propensity to spread
disease (Bonnot et al., 2018; DeYoung et al., 2006;
Miller et al., 1987). Alternatively, methods to estimate the
behavioral state of an animal from telemetry data could
be used to produce behaviorally explicit social networks
in other systems (Morales et al., 2004).

Our results provide insight into the social structure of
male WTD at scrapes by comparing social networks to ran-
domly permuted networks. Recently, several authors have
advised caution when using these approaches to derive
inference about the effect of extrinsic factors on social net-
works (Farine & Carter, 2022; Weiss et al., 2020). Data
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permutation approaches, in which the sequence of interac-
tions shaping the network is randomized, are appropriate
for testing against the null hypothesis of random social
structure, but node-level permutations may be more appro-
priate for avoiding high type-1 error rates when testing the
effect of extrinsic factors. Here, we use a network-level per-
mutation because we sought to compare differences in net-
works to what would be expected given random social
structure. Another issue that commonly affects social net-
work analysis is unobserved individuals on social network
metrics. Based on sensitivity analysis, we did observe
changes to networks with increasing numbers of missing
individuals; however, these changes were relatively small
when only a small percentage of individuals were removed
(Appendix S1: Figures S1–S4). Specifically, we believe that
potential under-sampling is unlikely to affect our results
because changes to networks were generally consistent at
each level of edge complexity, meaning that our compari-
sons between networks are less likely to be affected.
Despite this, we caution that any form of social network
analysis will be affected by missing individuals, particu-
larly for betweenness values, which we found were most
impacted by missing individuals.

Our results provide an important first step in evaluating
the potential role of scrapes in the transmission and spread
of CWD. Other studies have demonstrated the importance
of other attractants, such as baits and mineral licks in the
transmission of CWD among cervids (Miller et al., 2004;
Plummer et al., 2018; Sorensen et al., 2014). We found a
high level of indirect contact at scrapes supporting the idea
that points of attraction may facilitate disease transmission.
Scrapes may be particularly important for environmental
transmission because scrape-related behaviors likely facili-
tate the transfer of prions among individual deer and the
environment. We observed numerous behaviors that are
likely to shed prions, making scrapes a potential model sys-
tem for studying the effects of prion accumulation and
the factors that promote prion persistence (Almberg
et al., 2011; Miller et al., 2004). Some studies suggest that
treating an area with an enzyme solution may reduce the
infectivity of prions in soils (Saunders et al., 2010, 2011).
Enzyme treatments, therefore, may have potential to
reduce environmental transmission at scrapes and other
points of attraction for deer.

CONCLUSION

Our analysis reveals an important role for scrapes in
increasing the connectivity of deer populations. Studies that
estimate the role of scrape-related contact relative to other
types of indirect contact or direct contact will be important
for understanding the potential impacts on CWD

transmission dynamics. Specifically, our results highlight
the importance of considering many sources of heterogene-
ity in the probability of prion transmission during
scrape-related behavior and that individuals that perform
certain behaviors frequently have a disproportionate impact
on social networks. Our results are focused on social behav-
ior in the absence of explicit disease data, but another
important avenue will be to measure prion concentrations
at scrapes and within individual deer to test which behav-
iors correlate most strongly with CWD transmission.
Spatially targeted management aimed at reducing connec-
tivity is difficult due to challenges in predicting where deer
will move and make among-group contacts (Osnas
et al., 2009). If scrapes are hotspots for indirect contact,
microscale harvest management could consider the spatial
arrangement of scrapes. Intensive management, such as
high hunting pressure along barriers to movement between
disparate scrape lines, may help slow the spread of CWD
beyond its current range. Based on our results, these strate-
gies may be most effective if combined with management
efforts such as harvest of reproductive-age males and envi-
ronmental management to reduce prion buildup.
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