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ABSTRACT Transmission and impact of infectious diseasedeaaltered if host social

structure is disrupted by disease outbreaks ocall@tdanagement. Specifically, if remnants of

depopulated groups join or increase contact witghtmring groups, between-group

transmission may increase even as population getsitreases. We tested whether this

phenomenon could apply to diseases of white-taist Odocoileus virginianusby using a

before-after-control-impact design. We monitoredcgpuse and contacts among adult female

and juvenile deer in southern lllinois during 202@34; midway through each study season, we

removed all members except 1 collared deer fronraknlocated groups and left control

! E-mail: Tosa.marie@gmail.com
2 Present Address: U.S. Geological Survey, NortiReroky Mountain Research Center, 38 Mather DrivesiWe
Glacier, MT 59936, USA.
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groups intact. After group removal, remnant adembéles shortened duration of contacts with
neighboring groups, whereas remnant juveniles reggub with greater shifts in space use and
appeared to join neighboring groups. Togetherstualy points to potential age-specific
responses of deer to social disruption, with evigethat juveniles respond in ways that could
shift disease transmission dynamics toward frequeependence. These findings highlight the
need for focused research into the importance @éakdisruption in disease dynamics, and lend
support for complete group removal (if possibleewttulling for disease management.

KEY WORDS chronic wasting disease, contact rate, direct inigson, disease management,

indirect transmission, infectious disea®elocoileus virginianussharpshooting, social behavior.

Social behavior shapes contact patterns and, esult,rdisease transmission opportunities within
host populations (Anderson et al. 1986, AltizealeR003, Nunn et al. 2015). Although there are
costs to group-living (e.g., competition for foaudamates, increased parasite burdens) benefits
of social behavior (e.g., anti-predator defensesgiased access to food, thermoregulation) often
outweigh these costs (Krebs and Davies 1997, Kranddruxton 2002). The costs and benefits
of social behavior, and therefore the level of alityi, differ by species, season, age, and sex
because of varying physiological needs and avéiifabif food, cover, and mates (Caraco 1979,
Krause and Ruxton 2002). Social interactions casdoienportant to a species like the domestic
goat that a radio-collared "Judas goat" can be tesedek out and eliminate all other feral goats
on an island (Taylor and Katahira 1988). Such@nstisocial proclivity can be problematic for
disease control if it increases the chances ofgggth transport into new, susceptible groups

(Cross et al. 2005, Nunn et al. 2008).
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3 Tosa et al.

Social grouping can disconnect within-group conpatterns from overall population
density, so that disease transmission is often faddes frequency-dependent with the force of
infection dependent on the proportion of infectedividuals in the population (de Jong et al.

1995, Begon et al. 2002). In extreme cases, fre;udapendent diseases can cause hosts to

become locally extinct because individuals seek @glcer even as the population decreases (e.qg.,

devil facial tumor disease; McCallum et al. 2009like the case with density-dependent
transmission, holding host density below a threshehy not be an effective management
strategy when transmission is frequency-dependgetiz(and Pickering 1983).

Density- and frequency-dependent transmission nmesims represent somewhat
unrealistic extremes of the transmission mechagisminuum (Lloyd-Smith et al. 2005, Storm
et al. 2013). Such simple models of disease trasmam fail to acknowledge the impact of social
disruption (due to disease mortality or managermgatventions) on host behavior, which can
be highly problematic. For example, attempts ta@diovine tuberculosis (bTB) in cattle by
culling European badgerMéles meles the wildlife reservoir, reduced bTB incidencecattle
in cull areas but increased incidence in adjoirdregps (Donnelly et al. 2006). Disruptions to
badger social structure increased dispersal amdased contact rates with neighboring groups
(Tuyttens et al. 2000, Donnelly et al. 2006, Vieeet al. 2007).

Understanding contact patterns of white-tailed d@elocoileus virginianusis important
to understand and predict dynamics of bTB and dbhneasting disease (CWD) in free-living
deer populations (Gross and Miller 2001, Willianhgle 2002, Conner et al. 2008). White-tailed
deer have an intermediate level of sociality; atkriale and young deer form relatively stable
social groups (typically described as matrilinesjrf September through June (Hawkins and

Klimstra 1970, Hirth 1977, Nelson and Mech 198Tdle 2003), with distinct within-group and
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between-group interactions (Schauber et al. 200752Tosa et al. 2015). Specifically, direct
contact rates are greater within social groups pradicted based on joint space use alone
(Schauber et al. 2007, 2015). In contrast, memtfedgferent social groups avoid close contact
even when in the general vicinity of each others@ et al. 2015). If group membership is stable,
disease transmission compartmentalized based o gnembership can be modeled similar to
that of species that are more solitary (e.g., mpakres alceh, where each deer group is
analogous to an individual. If disease mortalityr@nagement efforts destabilize group
membership, however, that could enhance betweamdransmission independent of changes
in population density.

The importance of contact compartmentalization dasegroup membership for disease
transmission is supported by evidence that havidgsely related female infected with CWD
nearby is a far stronger predictor of CWD infectiban the number of unrelated, infected
females nearby (Grear et al. 2010). Because démted with bTB and CWD rarely show
clinical signs during early stages, targeted rerhovanfected deer is difficult (Williams et al.
2002, Wolfe et al. 2004). Moreover, the long indidraperiods of these diseases can allow
infected juveniles to outlive older, earlier-infedtgroup members, which may lead to social
disruption (e.g., orphaning, temporary isolationp$s and Miller 2001, Williams et al. 2002).
Because infected animals are difficult to identifyanagers have implemented non-selective
sharpshooting in and around core disease areas@edsed hunting opportunities for the
public; these efforts appear to have maintainedd®&ase prevalence compared to areas with no
culling (Williams et al. 2002, Bollinger et al. 200Mateus-Pinilla et al. 2013, Manjerovic et al.
2014). Still, how social disruption affects diseremsmission and the remaining population is

poorly understood (Wasserberg et al. 2009).
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Localized removal of white-tailed deer has generatmnflicting results, depending on
whether entire groups were removed or remnant daiwere left. After removal of entire deer
social groups in the Adirondack Mountains in Newk,aemaining groups adjacent to the
removal area did not alter their home ranges, aftem 5 years (Porter et al. 1991, McNulty et al.
1997, Oyer and Porter 2004). Ozoga and Verme (1€84#)arly reported that isolated females
remaining after localized removal stayed withinitleeiginal home ranges despite being
surrounded by areas of lower deer density. In atheties, orphaned juveniles had smaller home
ranges than unorphaned juveniles (Woodson et 80D,1archinton and Hirth 1984, Giuliano et
al. 1999). Partial group removal may cause remgideer to group together (Ozoga and Verme
1984, Williams et al. 2008), where individuals i@ty from separate social groups attempt to
form groups (Woodson et al. 1980, Etter et al. 19@&liano et al. 1999, Comer et al. 2005).
This behavior has also been observed in red dsw(s elaphys where orphaned females
more frequently joined and left groups than thobese mothers were still alive (Clutton-Brock
et al. 1982). Although removal of deer may decresesity of deer in the area, partial group
removal could cause greater movement of deer (@idpgathogens) from group to group.
Movement of deer between groups due to incompéeteval of groups by disease epidemics or
management strategies can maintain efficient betwgeeup transmission even as overall
population density decreases. Furthermore, greatgement of deer or movement of deer into
areas previously occupied by infected individublt tvere removed can be problematic if
pathogens can persist in the environment and bertrigted indirectly (Sauvage et al. 2003,
Miller et al. 2004, Almberg et al. 2011). Similarather transmissible spongiform
encephalopathies, the prions that cause CWD caaimanfectious for years in the environment.

Chronic wasting disease can be transmitted directtyindirectly by contact with contaminated
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119 Dblood, saliva, feces, carcasses, or soil (Mathiat@h. 2009, Walter et al. 2011). As such,

120 indirect transmission can further decouple betwgmup transmission of disease from the

121 density of infected animals (Almberg et al. 2011).

122 Understanding how social structure disruption afeemnant animals is crucial to

123 understanding disease transmission and improvsgpde management. Therefore, our goal was
124  to quantify the effect of social group removal emnant white-tailed deer behavior. Our

125 objectives were to compare changes in direct conéées between control and remnant deer,
126 compare changes in indirect contact rates betweetmat and remnant deer, and compare

127 behavioral responses (i.e., those changes in direttndirect contact) of remnant adult females
128 to remnant juveniles.

129 STUDY AREA

130 We conducted our study at 4 sites in southernoilinUSA (UTM zone 16N): a private property
131 (Johnson Farms; 309572E, 4175040N), Touch of N&akeronmental Center (TON; 309169E,
132 4166864N), Crab Orchard National Wildlife RefugeDlIWR; 311628E, 4166427N), and Rend
133 Lake (324803E, 4215562N; Fig. 1). This study asdacated on the glacial border where there
134 is a sharp transition from rolling agricultural thim the north to rough unglaciated areas in the
135 south; elevations range from 118 m to 199 m. Thyerehad hot, humid summers and mild

136 winters; monthly high temperatures ranged from Bf@anuary to 32°C in July and monthly low
137 temperatures ranged from =5°C in January to 20°%iiyn (National Oceanic and Atmospheric
138 Administration 2010). Study sites were primarilkd®uercusspp.)-hickory Caryaspp.) forest
139 with some crop fields, grasslands, and resideatids (Schauber et al. 2007). Bobchysx

140 rufug), coyotes Canis latran$, and domestic dog€anis familiarug are the primary predators

141 in this region (Rohm et al. 2007). Sites had redyi high deer densities (>15 deerfkm
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Anderson et al. 2013) and low mortality rates (8&%aual survival rate of adult F; Storm et al.
2007). All sites were closed to hunting during ttisdy with the exception of a deer hunt for
handicapped persons at TON (archery) and Rend (grk® in November.
METHODS
Deer Captureand Handling
To characterize between-group interactions, weutagtand marked adjacent social groups of
adult female and juvenile white-tailed deer. Toorelccontacts and movements, we equipped 1
deer/group with a proximity logger (SirTrack, Havelt North, New Zealand) affixed to a store-
on-board global positioning system (GPS) collar YI-@500, Telonics, Mesa, AZ, USA).
During the adult phase of the study (2011-2012)fogased on collaring females >1 year old.
During the juvenile phase (2012-2014), we focusedatlaring male and female juveniles. We
programmed collars to record deer locations atur-hdervals during the adult phase and at 30-
minute intervals during the juvenile phase. Wefiggimeouts to 3 minutes so that all collars
achieved fixes simultaneously. Collars were equippih a very high frequency (VHF)
transmitter with a mortality signal programmed 4dnours of inactivity. We scheduled the collar
drop-off mechanisms to detach on 1 June each ge8rrfionths of data collection). Proximity
loggers continuously emitted and detected ultra fiigquency (UHF) signals to and from other
devices, respectively; they recorded identity, gdiwee, and duration of interactions with other
devices. We programmed proximity loggers to re@rekw interaction if separated by >30
seconds.

We calibrated detection distances by placing celilathe same orientation facing each
other to represent direct contact between colldest. Detection distances differed by phade:

m during the adult phase ag@d m during the juvenile phase (Prange et al. 2004 rath et al.
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2011). We adjusted this distance following the aghbse because 1 m was too short (i.e.,
within-group contacts totaled only 58.5 per wedk;=56.4); 2 m was still a biologically relevant
distance where 2 animals could physically touch, pioximity loggers recorded contacts >1 m
even if they were oriented in different directioWée captured and aged white-tailed deer
(juveniles [~0.5 yr] or adults [>1.5 yr]) betweemrt@ber to January of 2011-2014 using methods
described in Tosa et al. (2015). During captureanesthetized deer using intramuscular
injections of Telazol® and xylazine HCI. We marlesth individual using a metal ear tag and 2
plastic ear tags with unique color and number coatimns. Capture, handling, and removal
methods were approved by the Southern lllinois Ersity Carbondale Institutional Animal

Care and Use Committee (protocol no. 11-027).

Delineating Groups and L ocalized Removal

We determined social group size and compositioniswyal observations from vehicles, elevated
stands, and photographic records during capturervamitoring. We defined an association as
animals that werg25 m of each other and moving in a coordinatedidestiuring a particular
observation (Hirth 1977, Aycrigg and Porter 199ingle 2003, Miller et al. 2010); we also
considered behavioral cues (e.g., aggressiversgtiwhen recording associations. We
positioned remote cameras (Excite C2000, CuddelieRere, WI, USA) on bait piles (during
trapping) and in areas of high deer activity toament visual observations. For remote camera
photographs, we recorded marked deer (identifigigusolor and number combinations of the
ear tags) and number and sex of untagged deee Weave unable to determine sex of untagged
deer, whether the deer was marked, or the ideottitlye tagged deer, we recorded those deer as
unsure.

Because photographs of social groups are oftemiptaie and because multiple
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photographs of the same social group were takejuémly (especially at bait piles while deer
were feeding), we condensed information from phi@plys taken at the same location within 15
minutes of each other into 1 record. We definedizny periods as 1 day to account for uneven
sampling between days. For each tagged deer, wetasdlthe group size observed in the most
sampling periods (i.e., the mode). To determinecivitdgged deer belonged to the same group,
we calculated the percentage of total samplingopgsereach tagged individual was photographed
together with each other tagged deer. With thebeegsawe conducted hierarchical cluster
analysis between tagged deer using the hclustibmist the stats package in program R (R
Development Core Team 2014), and created dendregi@nrisualize the results.

During March—April, we selected for removal treatin&—3 centrally located groups at
each study site that contained collared animalsadrabe group composition was well-
documented. We determined the number of groupthéoremoval treatment based on the
number of social groups collared at each site; gdiyewe selected 1 removal group for every 6
social groups that were collared so that the retngneaup was surrounded by the control groups.
We baited identified groups with corn, and targeikdheir members except for 1 collared deer
(hereafter referred to as the remnant) per groupifoultaneous removal using centerfire rifles
(Table 1). Once we removed deer, we continued toitmoremnant deer via radio-telemetry,
visual observations, and trail cameras.

Contact Rate Analysis

To quantify the effect of social group removal @havior of remnant deer, we used a before-
after-control-impact (BACI) design (Stewart-Oateérak 1986) to compare temporal changes in
measures of indirect and direct contact betweetrabfre., from non-removal groups) and

remnant collared deer in each study site. We desdigime study so that we would hax&weeks
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of data in both pre- and post-removal periods dutire time when grouping behavior is
strongest. We censored data from all d&=days of capture and during the period of deer
removal at each site to account for altered behaltie to capture and presence of bait during
removal efforts, respectively (Kjeer et al. 2008h&dber et al. 2015). Therefore, the pre-removal
period started 4 days following capture for eachr@md ended when the site was baited (i.e.,
typically the week before removal; 18 Mar 2012 M& 2013, and 10 Mar 2014). The post-
removal period started the day bait was no long#reasite (i.e., typically a few days following
removal; 6 Apr 2012, 3 Apr 2013, and 1 Apr 2014J &sted until the collars dropped off (i.e., 1
Jun). We excluded any GPS locations with an akitad m or >400 m. We conducted all data
analyses in program R. We analyzed data for addljavenile phases separately and excluded
data from collared deer that died during the datkection period. We excluded 2 incomplete
removal groups (i.e., group size remained >1) ftbenanalysis. In addition, based on high
dynamic interaction index values (Long et al. 201¥9 identified 4 groups that each had 2
collared deer (Fig. S1, available online in Suppgrtnformation); we excluded data from 1
collar (chosen at random) from each of these wighoup dyads from the analysis. Lastly, we
excluded contact data between 1 dyad consisti2goohtrol deer whose dynamic interaction
index fluctuated between within-group and betwerup levels over the study period.

Indirect contact.-We compared 3 metrics of indirect contact, indicgpotential for
environmental transmission, between remnant anttaareer: 1) changes in home range size,
2) space use fidelity (i.e., overlap between prel post-removal space use of the same animal),
and 3) shifts in space use toward neighboring d&ercalculated home range size and space use
overlap using the AdehabitatHR package (CalengéR®®@r each individual in each time

period (i.e., pre- or post-removal), we used 50@cenly selected GPS locations and reference
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bandwidths to calculate the fixed-kernel utilizatidistribution (UD; Seaman and Powell 1996,
Seaman et al. 1999). To compare changes (from@pmst-removal periods) in home range
(AHR) and core area sizaQA) between control and remnant deer, we calculatede range
(95% isopleth) and core area (50% isopleth) sizs the pre- and post-removal fixed-kernel
UDs for each deer.

We used volume of intersection (VI; Seidel 1992lI8paugh et al. 2004, Fieberg and

Kochanny 2005) to calculate space use overlap leet®@eestimated UDg; and f] For space

use fidelity (Vkgeity), f; and f] represent the estimated UDs of the same deertfrerpre- and
post-removal periods, respectively. To compardsimfspace use overlap toward neighboring
deer, we calculated 2 Vis for each dyaj),(1 pre-removal (Mke, j) and 1 post-removal (Wdst, i),
wheref, andfj represent the estimated UDs of 2 deer duringdheegime period. For each
possible dyad in each study area, we calculatediffegence in VI between periodaVl; =

Vlpre, ii— Vlpost, i)- Then, for each deer, we selected its greatébvalue AVImax AVImax, i=

AVl if AVIii> AV, AV, ... AVI;) and comparedVIma between control and remnant deer.
We excluded dyads with remnant deer when calcgatifl .o for control deer.

For each indirect contact metric, we tested fdied#nces between control and remnant
deer with a Welch's 2-sampitest for unequal variances £ 0.05). In the adult and juvenile
phase, we predicted thaHR andACA would be greater, Wdeiry would be smaller, antiV1 max
would be greater for remnant deer than for cordedr (Table 2).

Direct contact.—Fo test whether group removal affected direct attrpatterns, we
conducted a BACI analysis of variance (ANOVA) ohtact rates and of duration of contacts
recorded by proximity loggers, where we includezhtment (i.e., control or remnant) and period

(i.e., pre- or post-removal) as factors and dedrsite as random effects in a mixed-effect
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ANOVA using the nime package (Pinheiro et al. 20Y¥¢ calculated direct contact rates
(proximity logger records/week) among all possiiyads within the same site, beginning the
week immediately following deployment of the la®®&collar at each site (11 Dec 2011 at
Johnson, 8 Jan 2012 and 13 Jan 2013 at TON, 22@at CONWR, and 19 Jan 2014 at
Rend Lake). We combined proximity logger recordsveen the same dyad that were <30
seconds apart into 1 consolidated record (Walra#h 011). Although previous studies have
censored 1-second contacts (Prange et al. 2006),20@& kept these interactions because short-
duration contacts may still allow for disease traission (Walrath et al. 2011).

For each individual deer, we calculated contae ast mean number of contacts per dyad
recorded per week (only including dyads that reedkl contact during the study period). We
also calculated the mean duration of contacts rbgidsach deer with all other collared deer
(averaged over contact records). We excluded ctswath remnant deer when calculating
contact rates and durations for control deer. VWelipted a treatmentxperiod interaction (i.e.,
BACI effect) such that contact rates and contacatitons between groups would increase more
(or decrease less) for remnant deer following reahof¥their social group than for control deer
(Table 2). In addition, we assessed statisticgbsugor the post hoc hypothesis that remnant
juveniles increased their contact rate temporéoilpwing the removal of their social group
members by repeating the BACI analysis only usmgact rate data 3 weeks pre- and post-
removal event.

Regrouping.-Qur metrics of indirect and direct contact are base data only from deer
carrying GPS-proximity logger collars, but remndaer might attempt to join or form groups
with un-collared deer. Therefore, we assessed pe@ef grouping by remnant animals by

examining the frequency of observation (visual iarremote cameras) alone versus with other
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deer post-removal. Specifically, we used a 2-samfast to test the post-hoc hypothesis that the
proportion of post-removal observations of remraminals alone was greater for adult than for
juvenile remnants.

RESULTS

We captured and tagged 105 deer (46 in adult pl&sadults, 16 juveniles, 59 in juvenile
phase: 21 adults, 38 juveniles), and we collareteBles (16 adults, 4 juveniles) during the
adult phase and 14 females (6 adults, 8 juverdled)8 juvenile males during the juvenile phase
(Table 3). From 587 visual observations and 40i88iFcamera photographs, we identified 63
social groups (27 in 2011-2012, 18 in 2012-2018,Xhin 2013-2014), consisting of 1-5
group members. Of these groups, we collared 4akgmups (20 in 2011-2012, 7 in 2012—
2013, and 15 in 2013-2014). Of these, we weretaldemove all but the collared animal
successfully from 8 social groups, 4 in each plfaable 1). We compared their responses with
those of 34 collared animals in unmanipulated, (centrol) groups (16 in adult phase, 18 in
juvenile phase; Table 2). Overall mean GPS erra %@&8 m (SE = 0.0h = 292,278); GPS

error for each deer ranged from 5.40-6.26 m.

Indirect Contact

Control and remnant deer exhibited similar decreaseore area and home range sizes from
pre- to post-removal periods in both the adult pHAEA ts ; = —1.06, 1-tailed® = 0.17;AHR
t48=—1.30, 1-tailed® = 0.13) and the juvenile phag&JA t3 5= 0.30, 1-tailed® = 0.39;AHR
t37=-0.12, 1-tailed® = 0.46; Table 2, Fig. 2A). We found no evidencat tjroup removal

affected space use fidelity of remnant adults (r@mVilg,qe), ¢y, = 0.63, SE = 0.03) = 4, vs.

controlVlggeyey = 0.62, SE = 0.02) = 16;t6.10= —0.32, 1-tailed® = 0.38), but remnant
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juveniles had lower space use fidelity than condiesr (remnan] = 0.48, SE = 0.05) = 4 vs.
controlVI = 0.67, SE = 0.0 = 18;t4.14= 3.40, 1-taile® = 0.013; Fig. 2B).

Similarly, we found no evidence that group remamalsed remnant adults to shift space use
toward neighboring groups (remnaiitl,,,, = 0.04, SE = 0.03) = 4 vs. contro”AV1,,,, = 0.04,
SE = 0.01n=16;t430= 0.05, 1-tailed® = 0.48). Observed space-use shift by remnant jlesen
toward neighbors after group removal was neariynéd greater than observed for controls, but
this difference was not statistically significargfinantAV1,,,, = 0.15, SE = 0.06) = 4 vs.
controlAV 1,4, = 0.04, SE = 0.0In = 18;t33,= —1.79, 1-tailed® = 0.08; Fig. 2C). We found no
evidence that apparent responses by remnant jegenére caused by a difference in sex:
comparisons between remnant males and control rdalésy the juvenile phageemnant

Vlggenty =0.50, SE =0.07,n = 3 vs. controlVIggepry =0.68, SE =0.02,n= 5/t 47= 2.53, 1-

tailed P = 0.05;remnantAVImax = 0.19, SE = 0.0 = 3 vs.controlAVImax = 0.08 SE =0.03,
n=5;t314=-1.59, 1-tailed® = 0.10; Fig. S2) were quantitatively and qualitalyvsimilar to
results obtained from juveniles of both sexes.

Direct Contact

Proximity loggers recorded 29,499 consolidated acist (25,734 within-group, 3,765 between-
group; Fig. 3). Only 37 of the between-group cotstacere recorded during the adult phase. We
did not find main or interactive BACI effects oéatment (remnant vs. control) and period (pre-
vs. post-removal) on direct contact rates of afduitales F; 404< 2.33,P > 0.13; Table 2, Fig.

4A). Similarly, the BACI effect (treatment x periatteraction) on direct contact rates during the
juvenile phase was not statistically significaft {,3= 0.64,P = 0.43). Remnant juveniles had

similar overall contact rates to control deféy {,3= 2.53,P = 0.11), and contact rates of both
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control deer and remnant juveniles were higherreatwan after the removal eveht (3=
15.18,P < 0.001; Fig. 4B).

For duration of contact during the adult phasefoumd a significant BACI effect (i.e.,
treatmentxperiod interactioR; 404= 5.49,P = 0.02), but the effect was opposite of our
prediction; duration of contact was greater for mamt than control adults before the removal
event, whereas contact durations for remnant antta@adults were similar after the removal
event (Fig. 4C). During the juvenile phase, neithermain nor interactive (BACI) effects of
treatment and period on duration of contacts witstically significant F1 423< 0.51,P > 0.48;
Figs. 4D and S3).

Regrouping

Post-removal, adult remnant deer were nearly alwagerved alone (Fig. 5). In contrast, 3 of 4
juvenile remnants were observed more often witlerotleer than alone and the 1 other juvenile
remnant was observed alone only about half the tirge 5). A post hoc test of this difference
between age classes in mean frequency of beingvaasalone indicated statistical significance
(x = 89.9%, SE = 7.1n = 4 for adults vsk = 39.8%, SE = 5.5 = 4 for juveniles}s g7 = 5.59,P

= 0.002).

DISCUSSION

Following general sharpshooting where individuakher than groups were removed, Williams
et al. (2008) reported that remaining white-tatiegr increased their home range overlap, and
suspected that remnant deer had an inherent ngeit ttew social groups of unrelated
individuals. In our study, experimental group remlosaused shorter contacts and little change
in contact rates or space use of remnant adultlésmim contrast, remnant juveniles reduced

their space use fidelity and appeared to increaatas overlap with neighbors following group
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removal. Visual observations with uncollared degthfer suggested that juvenile deer may have
sought out interactions with neighbors followingieval of group members. Similar to this
study, Williams et al. (2008) conducted their studgan area with high deer densities (i.e., 78—
83 deer/km), little to no hunting pressure, and little prédatpressure. Williams et al. (2008),
however, collared both male and female deer andalidiistinguish between adults and
juveniles in their analysis. What is more, Williagtsal. (2008) conducted their removal efforts
in January and did not account for social grouggnduemoval; this may have resulted in partial
group removal or even left some collared groupacintOur findings suggest that responses by
deer to social disruption differ by age, due int pargreater familiarity of adult females with
their surroundings and their more established setatus with their neighbors relative to
juveniles (Hirth 1977, Nelson and Mech 1981, Tail&d al. 2006). Juveniles may also lose
social status with neighboring groups when groumivers are removed if social status is
derived from the group, similar to the manner inclifrcalves derive social status from females
in red deer (Hall 1983). Whereas adult females hee previously reared and parted with their
offspring because of dispersal, predation, humtnogtality, or disease, juveniles have
experienced group member loss for the first tinog.tRese reasons, juveniles may benefit more
from being social than adult females and may seglopportunities to join other groups or
establish themselves, thereby increasing theirambmates with neighbors (Woodson et al. 1980,
Marchinton and Hirth 1984, Giuliano et al. 1999).

An increase in direct and indirect contact rateth wither social groups by remnants
following group removal would facilitate pathogemread and provide a potential mechanism
for frequency-dependent transmission, confounditenets at disease management (Potapov et

al. 2012). We found no evidence that loss of gnm@mbers drives adult females to increase
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opportunities for direct or indirect contact witeighboring groups; rather, our findings indicate
that remnant adult females will remain in their loranges, shorten duration of contacts, and
stay isolated until the fawning season and thelieliy spread of disease to neighboring groups.
Remnant juveniles, however, showed lower home réidgéty than controls and were observed
more often with other deer than were remnant adiilie effect of removal on space use shifts of
juveniles was not statistically significant, desdérge observed effect sizes. Thus, our results on
how juveniles respond to group removal were incasiek (i.e., consistent with small as well as
biologically significant effect sizes; Steidl et &B97). For diseases with long incubation times,
such as bTB and CWD, adult females typically hagadr infection prevalence than juveniles
and continue to contaminate the environment bydihgdathogens (Delahay et al. 2000,
Conner et al. 2008). The potential of juvenilespoead pathogens between groups, however,
could be more problematic because younger infemt@dals are likely to outlive older infected
animals during epizootics (Conner et al. 2008)tH@rresearch into social prospects of remnant
juvenile deer would enhance our understanding sgatie transmission and management in
group-living wildlife.

Among juveniles, we found that direct contact ratese higher before than after
removal. As winter progresses to spring, growtkiegfetation increases cover in addition to
forage quantity and quality for deer (Beier and Mt@ugh 1990). Because large feeding groups
are common during late winter and early spring (kKiasrand Klimstra 1970) and because direct
contacts appear to occur mainly during feeding ¢kgeal. 2008), this increase in vegetation
may decrease deer densities at each foraging docatid thereby decrease opportunities for
direct contact. We expected that remnant juvemiesid have higher direct contact rates overall

than control juveniles because we specifically elr@snoval groups located in the center of the
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study sites, surrounded by other collared aninzald, most control animals were located on the
periphery with fewer collared groups around theime Tack of statistical difference between
overall contact rates between control and remnaet suggests that a number of control groups
were also surrounded by other collared deer.

There are obvious limitations to this study. Ounpke size is small, with only 4 removal
groups in each phase, so we had statistical panatect only large changes in behavior. We
were only able to capture and collar a limited nemdf deer at each site, leaving some groups
without collared or tagged members. Inevitably,wese unable to measure potential indirect or
direct contacts with those unmarked groups. That® devertheless, allowed us to describe and
compare changes in remnant deer behavior becaus@aneé deer were in centrally located areas
surrounded by collared deer. Another limitatiothigt our measurements of direct contact rates
are not directly comparable between adult and jilwgmases because we increased the
detection distance of the proximity loggers during juvenile phase to increase the sample size
of between-group proximity logger contacts. Stile scarcity of direct contacts recorded during
the adult phase (only 37 contacts among 126 pesdij@ds) may explain why we did not find a
difference in direct contact rates between remaadtcontrol deer. Although broad patterns of
behavior among the deer we studied likely diffesetbng years, the BACI design measures
average behavioral differences between remnamsritwol animals from the pre- to post-
removal period. Therefore, any changes caused &ysymuld be reflected by both remnants and
controls, and thereby offset one another.

Our findings are limited to populations of fematelguvenile deer with little or no
hunting pressure during winter and spring, outsidereeding and fawning seasons. Areas with

strong hunting or predation pressure or severeawineather may have different grouping
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responses to removal because protection from predand access to resources are important
influences for grouping behavior (Krause and Rux082). We did not measure contact rates of
adult male deer or differentiate between behavioemnant juveniles that were male or female.
Contact rates of adult male deer are especiallpitapt for disease transmission during the
mating season when males provide additional pathvi@ypathogens to spread to other female
social groups (Geist 1981, Koutnik 1981, Miller &ddnner 2005), and male and female
juveniles may respond differently to disturbanaesacial structure (Nixon et al. 2007).

Although sex could account for behavioral differena remnant juveniles, our analyses using
only male juveniles produced results similar tosehéor the full dataset (Fig. S2). Obviously,
there are variations in behavior by individual (Fsgt). However, the female remnant juvenile
(deer 2206) was most active in contacting otheugsdefore group removal and 1 male
remnant juvenile (deer 0516) was most active irtaxing other groups following group

removal (Fig. S4D). We specifically chose to mondeer during winter and spring because
white-tailed deer matrilines exhibit the greatestial interaction during these seasons (Hawkins
and Klimstra 1970), when between-group transmissionost likely. Moreover, our study does
not measure the transmission of pathogens. Raithestudy measures the potential for pathogen
transmission using various metrics; transmissiopatfiogens depends heavily on the disease in
guestion. Diseased individuals may have differentad behavior (Krumm et al. 2005, Webster
2007). For instance, Salazar et al. (2016) repdhatdmule deer@docoileus hemionjisvith

clinical CWD were less likely to be observed ingpe with other deer than were apparently
healthy individuals. In spite of these limitatiowsir findings elucidate the behavioral differences
between remnant juveniles and adults in responsedial group removal and can be used to

strengthen our understanding of social behaviordasehse dynamics of white-tailed deer.
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MANAGEMENT IMPLICATIONS

Because remnant juveniles tended to shift theicespae and were observed more often with

other deer than were remnant adults after groupvamour findings suggest that disease

management should aim to remove entire social grofigdeer instead of separate individuals, if

feasible (Porter et al. 1991, McNulty et al. 199yer and Porter 2004). If removing whole

social groups is not logistically possible, cullimglividuals may still have desired effects on

disease control (Potapov et al. 2012, Mateus-Ristllal. 2013, Manjerovic et al. 2014), but

further research is needed.
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Fig. 1. Study area where we captured, markedcatared white-tailed deer during 2011-2014
in southern lllinois, USA to investigate space asd contacts after deer removal.

Fig. 2. Indirect contact metrics for collared aoh{white) and remnant (gray) white-tailed deer
during 2011-2014 in southern lllinois, USA. Changemdirect contact following the removal
period were quantified by change in home rangecane area size (A), space use fidelity
measured by volume of intersection (B), and shiipace use toward neighbors measured by
greatest change in volume of intersection (C). Bueos represent standard error.

Fig. 3. Mean direct contact rates (no. contactsddyeek) between white-tailed deer measured
by proximity loggers during 2011-2014 in southdlindis, USA, relative to time of group
removal for control (black) and remnant (gray) whihiled deer during the adult phase (A) and
the juvenile phase (B). Error bars represent staheliaor.

Fig. 4. Direct contact metrics of white-tailed dbefore and after the removal period during
2011-2014 in southern lllinois, USA. We present meiaect contact rates (no.
contacts/dyad/week; A and B) and mean durationiretticontact (seconds; C and D) of control
(black) and remnant (gray) deer during adult (A @xénd juvenile (B and D) phase. Error bars
represent standard error.

Fig. 5. Histogram of white-tailed deer group sibservations before and after the removal
period during 2011-2014 in southern lllinois, USA&ach panel represents a remnant individual

(identification of individual on top right): remnaadults (left) and remnant juveniles (right).
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690 Table 1. Collared white-tailed deer in treatmeiugs in southern lllinois, USA, 2011-2014.
691 We removed all group members, except the one lese@mnant, during March—April in 2012—
692 2014. We determined group sizes using visual olsiens and trail camera photographs.
693
Group size Group size
Remnant No. deer Date
Phase Site Age Sex  pre- post-
deer ID removed removed
removal removal
Adult 0115 TON Adult F 2 1 27 Mar 2012 1
Adult 0410 Johnson Adult F 3 2 30 Mar 2012 1
Adult 0511 TON Adult F 3 2 6 Apr 2012 1
Adult 0811 TON Adult F 2 1 2 May 2012 1
Juvenile 0516 Rend Lake JuvenileM 3 2 18 Mar 2014 4
Juvenile 2206 CONWR Juvenile F 2 1 29 Mar 2014 4
Juvenile 2308 TON Juvenile M 3 2 1 Apr 2013 2
Juvenile 2404 Rend Lake JuvenileM 2 1 18 Mar 2014 2
Total 8 12

694 ®Touch of Nature Environmental Center.

695

PCrab Orchard National Wildlife Refuge.
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Table 2. Hypotheses and results of statisticés tesed to evaluate responses of remnant whiedtdier to group member removal
in southern lllinois, USA, 2011-2014. Indirect cacttmetrics were change in core ar®@A), change in home rangaHR), space
use fidelity measured by volume of intersections,), and maximum space use shift toward neighb®¥8 {,,). Direct contact
metrics were contact rate (no. contacts/dyad/wae#)duration of contacts (seconds).

Adult phase Juvenile phase

Metric Prediction Observed Prediction Observed
Indirect ACA Remnant > Control Remnant > Control Remnanbnt@l| Remnant < Control
contact

AHR Remnant > Control Remnant > Control Remnanbntf®l Remnant > Control

Vlfidelity Remnant < Control Remnant > Control Remnant < @bnt Remnant < Control**

AV max Remnant > Control Remnant < Control Remnant > @bnt Remnant > Control*
Direct Rate Negative BACI effect  Positive BACI effect Nige BACI effect Negative BACI effect
contact

Duration  Negative BACI effect  Positive BACI effett* Negative BACI effect Positive BACI effect

** One-tailedP < 0.05.
* One-tailedP = 0.08.
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Table 3. Demographic characteristics of whiteethifleer collared and monitored for experimentas teSbehavioral response to
social group disruption in southern lllinois, USA)11-2014. We determined group sizes using vidusgmations and trail camera
photographs.

Control Removal
M F F Group M F F Initial group

Year Phase Site Juvenile Juvenile Adult sizes nileve Juvenile  Adult sizes
2011-2012  Adult Johnson 0 1 3 1-3 0 0 1 3
2011-2012  Adult TOR 0 3 9 1-5 0 0 3 2-3
2012-2013 Juvenile TON 1 1 4 1-8 1 0 0 3
2013-2014 Juvenile CONWR 0 3 2 1-4 0 1 0 2
2013-2014 Juvenile Rend Lake 4 3 0 1-8 2 0 0 2-3

#Touch of Nature Environmental Center.
PCrab Orchard National Wildlife Refuge.
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Article Summary: Transmission and impact of infeat diseases can be altered if host
social structure is disrupted. By testing whetleenmant white-tailed deer join or increase
contacts with neighboring groups after group depetmn, we found age-specific responses to

social disruption and support for complete groupaeal when culling for disease management.
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