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ABSTRACT

Chapter 1 of this dissertation examines survival of subadult male white-tailed
deer (Odocoileus virginianus) in southern Delaware. Increasing male age structure in
white-tailed deer populations has become an important objective for many state
managers and private landowners seeking to improve hunter satisfaction while
maintaining appropriate deer densities. Limiting mortality in the subadult age class is
often the primary consideration, and regional differences in climate, habitat,
regulations, and hunter behavior complicate understanding of how specific factors
influence the risk of mortality. | used Cox proportional hazard modeling to examine
the effects of mean distance to road, mean distance to habitat edge, dispersal
behaviors, and landownership on the risk of mortality of a collared population of
subadult males (n = 61) in Sussex County, Delaware, USA. Annual survival averaged
0.60 (95% confidence interval = 0.49 — 0.73), with hunter harvest accounting for 79%
of all mortalities. The best approximating supported model for risk of mortality
included covariates for landownership (public versus private; P < 0.01) and mean
distance to habitat edge (P = 0.01), with mortality risk increasing on public land and in
closer proximity to habitat edge. Increased mortality risk due to habitat fragmentation
is well documented in white-tailed deer; however, the effect of landownership has not
been quantified, especially when hunter objectives and harvest behaviors differ

between landownership types. | observed annual survival rates of 0.75 (95%
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confidence interval = 0.62 — 0.89) for deer exclusively on private land during the
hunting season, and 0.37 (95% confidence interval = 0.18 — 0.73) for deer that utilized
public land during the hunting season. Survival rates on private land were comparable
to those of other regions actively managing male age structure (0.72 in Mississippi),
although hunter harvest on public land may limit subadult male survival throughout
the region.

Chapter 2 focuses on habitat selection in adult male and female white-tailed
deer. Individual white-tailed deer can vary in their use of resources and habitats as a
function of sex, age, experience, and resource availability. Such individual
heterogeneity in habitat use can complicate management efforts, as general
management practices may be ineffective for specific objectives at localized scales. |
examined heterogeneity in fall and winter habitat selection and functional response
using individual conditional logistic step selection models for adult white-tailed deer
in southern Delaware. | used fractal analysis to determine the scale at which animals
perceived and responded to the landscape, and modeled step selection using covariates
for cover type, development, elevation roughness, distance to edge habitat, and
distance to road. Magnitude and directionality of selection coefficients were variable
among individuals within the same sex. | did not observe uniform individual selection
coefficients in any habitat covariate for either sex, and variability in individual
selection coefficients was greater in males. Selection coefficients for open habitat (P =
0.03) and distance to road (P = 0.04) were both a function of increasing proportion of

open habitat within the home range. Distance to edge habitat was the only landscape
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covariate where individual selection coefficients were a function of age (P = 0.03),
with older deer avoiding habitat edges. Individual models explain heterogeneity in
habitat selection that is often overlooked using population level fixed-effect models.
Managers attempting to influence harvest success via habitat and population
management should be aware of the substantial heterogeneity in habitat use among
individual deer before implementing costly practices that may not be appropriate for

their specific objectives.
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Chapter 1

FACTORS INFLUENCING MORTALITY RISK OF SUBADULT MALE

WHITE-TAILED DEER IN DELAWARE

Introduction

Understanding the collective effects of harvest and non-harvest mortality is critical to
effective management of hunter harvest on a white-tailed deer (Odocoileus
virginianus) population (DelGiudice et al. 2002, Brinkman et al. 2004). Knowledge of
the factors influencing mortality risk is necessary to the success of any deer
management program with the goal of influencing age structure (Dusek et al. 1992,
DelGiudice et al. 2002). Traditional harvest management involved liberal take of
antlered males; however, a shift from more traditional harvest management practices
has placed an emphasis on the recruitment of males into older age classes through
proper habitat and population management, which often includes liberal harvest of
females (Hamilton et al. 1995). Within unmanaged populations, male white-tailed deer
mortality rates vary among age classes, with hunter harvest generally the greatest
source of mortality among subadult (1 — 2 year old) males (Nelson and Mech 1986,

Van Deelen et al. 1997, Bowman et al. 2007) and older age males being more



susceptible to natural mortality (Ditchkoff et al. 2001). Survival rates vary widely
among regions, with an annual survival of > 0.72 for subadult males in Mississippi
(Bowman et al. 2007) and as low as 0.25 in West Virginia (Campbell et al. 2005).
Considerable variation in agency objectives, deer abundance, human social factors,
management philosophies, and hunting traditions explain much of the regional
discrepancies in harvest (Hansen 2011), however deer behavior and use of the
landscape also have implications for an individual’s susceptibility to harvest and
therefore, survivorship (Ditchkoff et al. 2001, Little et al. 2014). Males protected from
harvest at young ages generally can be recruited into older age classes in managed
populations (Bowman et al. 2007, Webb et al. 2007b).

In general, mortality risk for game species is greater on public than private
lands due to higher public land hunter densities (Root et al. 1988, Small et al. 1991).
For example, Male red deer (Cervus elaphus) that increased use of refuge habitat at
the onset of the hunting season had greater survival rates than males who did not
change their habitat use in response to hunting pressure (Lone et al. 2015). Similarly,
elk (Cervus canadensis) appear to transition from public to private land in response to
hunting pressure (Conner et al. 2001). White-tailed deer typically exhibit strong site
fidelity once an adult range is established (Webb et al. 2007a, 2010), despite increased
hunting pressure (Marantz et al. 2016), but will alter their behavior during periods of
hunting pressure to avoid detection by hunters (Little et al. 2014, 2016), likely by
maximizing use of refuges within their home ranges (Kilpatrick et al. 2002, Rhoads et

al. 2013, Padie et al. 2015). The degree to which male white-tailed deer alter



movement and behavior seems to be a function of the intensity of hunting pressure
(Karns et al. 2012, Little et al. 2016). Heavy hunting pressure on public land may
result in fewer available refuges and an increased susceptibility to harvest in subadult
male white-tailed deer (Hansen et al. 1986) and males with home ranges consisting
primarily of public land will likely have less available refuge compared to males
whose home ranges consist primarily of private land.

Males are especially vulnerable to harvest during dispersal from their natal
range (Roseberry and Klimstra 1974, Nelson and Mech 1986). Howard (1960)
described dispersal as a permanent emigration from an individual's natal range to an
area of potential reproduction. In white-tailed deer, dispersal behavior is typically
biased towards subadult males (Purdue et al. 2000, Diefenbach et al. 2008). Dispersal
can be instigated by either female aggression in the spring or intrasexual competition
during the breeding season (Long et al. 2008) and is considered a mechanism of
inbreeding avoidance (Wolff et al. 1988, Pusey and Wolf 1996). Natal range
philopatry is not uncommon however, and on average, 20 — 50% of subadult males do
not disperse (Long et al. 2005, 2008; McCoy et al. 2005). No mechanism has been
identified as a definitive predictor of dispersal in individual white-tailed deer. Shields
(1982) suggests some degree of philopatry and inbreeding is the result of selection for
local adaptation; however, HOlzenbein and Marchinton (1992) found that natal range
philopatry was more common among males orphaned as fawns, and led to higher
survival rates due to the risk associated with dispersal. Subadult males with larger

antlers may be more prone to dispersal than subadult males with relatively small



antlers (McCoy et al. 2005, Shaw et al. 2006), and a study of roe deer (Capreolus
capreolus) fawns found that future dispersers had greater energetic budgets compared
to future philopatric fawns (Debeffe et al. 2014). Larger antlers and greater energetic
budgets among dispersers suggests that dispersal may pose a high degree of risk for
subadult males.

Vehicle collisions are a common source of deer mortality (Storm et al. 2007,
Munro et al 2012). Risk of mortality due to vehicle collision is a function of both road
density and traffic patterns (Gibbs and Shriver 2002, Ng et al. 2008), and is highly
variable among regions. Susceptibility to harvest may also increase with proximity to
roads, as there is a strong negative correlation between density of deer hunters and
distance from the nearest road (Diefenbach et al. 2005). Similarly, landscape
fragmentation has implications for mortality risk, with increased fragmentation being
associated with larger home range sizes (Walter et al. 2009), longer dispersal distances
(Long et al. 2005), and increased susceptibility to hunter harvest (Foster et al. 1997,
Karns et al. 2016).

Wildlife managers in the mid-Atlantic region are currently lacking information
on both overall survival rates and factors influencing risk of mortality in subadult
males; information that is necessary to manage increasing male age structure on both
public and private lands. My objective for this study was to identify and examine the
factors (landownership, dispersal behaviors, mean distance to road, and mean distance
to habitat edge) associated with increased risk of mortality in subadult male white-

tailed deer. | hypothesize that risk of mortality will be greater; 1) for males using



public land during the hunting season, with increased proportion of public land use
increasing risk of mortality, 2) for dispersers, with longer dispersal distances
associated with increased risk, and 3) for deer in closer proximity to roads and habitat
edges.
Study Area
I conducted my research on private and publicly owned lands in Sussex County,
Delaware (Figure 1.1). Sussex County is located on the coastal plain bordered on the
north by Kent County, Delaware, on the east by the Atlantic Ocean, and on the south
and west by Maryland. | focused capture efforts near the central and eastern portion of
the county to limit the occurrence of animals leaving the study area due to movements
outside the home range. Sussex County was 41% agricultural, 15% developed, 22%
upland forest, and 22% forested wetland. The most common agriculture crops in
Sussex County were corn, soybeans, and wheat (USDA 2012). The 30-year average
(1980 — 2010) for daily temperatures in Sussex County ranged from -3.1 t0 6.8°C in
January and 19.2 to 30.3°C in July (Georgetown; National Oceanic and Atmospheric
Administration [NOAA] 2017). Annual precipitation in Sussex County averaged 119
cm (1980 — 2010, Georgetown; NOAA 2017). The deer density in Sussex County was
estimated to be 19.4 deer/km? in 2009 (DDFW 2009).

The hunting season in Delaware was open from 1 September — 31 January each
year of the study with a mixture of primitive and modern weapons allowed (Table
1.1). Hunters may harvest < 2 antlered males with any combination of weapons per

year; however, at least 1 antlered male must have an outside antler spread > 38 cm.



Sussex County lacks a population of natural predators (i.e. coyote [Canis
latrans], bobcat [Lynx rufus], black bear [Ursus americanus]) sufficient to affect
white-tailed deer survival rates (personal communication, J. E. Rogerson, Delaware
Fish and Wildlife).

Methods

| captured and collared 61 males (6 — 10 months old) during the winters (December —
April) of 2014 — 2015 (n = 30) and 2015 — 2016 (n = 31) using drop nets, rocket nets,
and netted cage traps (Clover 1956, Schemnitz et al. 2012). | used an intramuscular
injection of xylazine (0.5 mg/kg; Conner et al. 1987, Rosenberry et al. 1999) to sedate
all captured deer. After capture, | placed a blindfold over the eyes of each deer to
minimize stress. Each deer received 2 self-piercing, numbered metal ear tags (Model
#1005-49, National Band and Tag Company, Newport, KY) and 2 white, plastic
button cattle tags (3 cm diameter) with black numbers (Allflex USA Incorporated,
Dallas, TX). I recorded measurements of shoulder height, hind limb length, total
length, and chest girth (Bowman et al. 1998) and estimated the age of each deer
according to tooth replacement and wear (Severinghaus 1949). | affixed all subadult
males with a 375 g expandable very high frequency (VHF) radio-collar with an 8-hour
mortality sensor (M2510B; Advanced Telemetry Systems, Isanti, Minnesota) in the
148 — 151 MHz range. | reversed all deer with an intramuscular injection of tolazoline
(3.0 mg/kg; Kreeger et al. 1986), an antagonist for xylazine. | used an injection of
vitamin E (0.1 mg/kg selenium and 2.8 mg/kg vitamin E) to counteract signs of

capture myopathy. I monitored all vital signs (body temperature, heart rate, and



respiration) until the animal left the capture site under their own power. The
University of Delaware Institutional Animal Care and Use Committee approved all
trapping and handling procedures (#1260).

In order to monitored survival, dispersal distance, and proximity to roads and
habitat edge, | located deer once per week from the time of capture until death or
collar failure. To determine animal location, | used a handheld R410 receiver
(Advanced Telemetry Systems) and a 3-clement yagi antenna to obtain > 3 bearings
from fixed telemetry stations within 20 minutes to minimize location error due to
animal movement. | entered bearings and station locations into the computer program
LOAS (Location of a Signal; Ecological Software Solutions, Hegymagas, Hungary) to
estimate animal location and error polygons. All location fixes were recorded during
daylight hours while males would have been available for harvest in the hunting
season.

| physically located any animal whose bearings had changed by < 5% from the
previous location to confirm that a mortality events had not gone undetected due to
mechanical failure of the mortality sensor. Upon detection of a mortality signal, |
located the deer and performed a field necropsy to determine the likely cause of
mortality. | classified mortality cause as vehicle collision, harvest mortality (including
wounding loss and illegal harvest), or natural mortality (Garner et al. 1976). Due to
small sample size in non-harvest mortalities (n = 3 vehicle collisions, n = 2 natural
mortalities), | did not differentiate between causes of mortality during survival

analysis. A non-capture related mortality event (deer vehicle collision) that occurred



during the study period but within 14 days of capture (DelGiudice et al. 2005) was
included in survival analysis (Norton et al. 2016). Data from deer with unknown fates
were right censored at the last known location fix (n = 2 collar failures). | used
midpoint-interval censoring (Kalbfleisch and Prentice 1980) to estimate the date of
mortality for deer that did not have a known date (i.e. a wounding loss or natural
mortality). Interval censoring has been criticized for potentially biased event times
(Lindsey and Ryan 1998), but is considered reasonable if the interval time scale is not
wide relative to the study period (Law and Brookmeyer 1992). A weekly monitoring
interval resulted in time-to-event data that was accurate to + 3 days for animals whose
event time was not known precisely (n = 9).

Previous research has shown that telemetry studies provide unbiased survival
estimates for white-tailed deer and the presence of VHF collars does not influence
hunter harvest selection (Buderman et al. 2014, Wiskirchen et al. 2017). | informed all
landowners and hunters on properties adjacent to capture sites about the possibility of
encountering collared deer and encouraged hunters not to let the presence of the collar
influence their harvest decision. Additionally, I published an annual article in the
Delaware hunting regulations handbook describing the objectives of the study with
further encouragement to ignore collars during harvest decisions.

| loaded telemetry locations into ArcMap 10.2 (Environmental Systems
Research Institute, Inc., Redlands, CA) and generated buffers around location fixes
equal in area to the corresponding error polygon generated in LOAS (mean = 2.05 ha,

SD =1.73 ha). | defined dispersal as a permanent emigration from a natal area to an



adult area, such that pre-dispersal and post-dispersal locations did not overlap
(Kenward et al. 2001, 2002; Long et al. 2005, Lutz et al. 2015) and the median x-y
locations for pre-dispersal locations and post-dispersal locations were > 1 km apart. I
calculated dispersal distance as the linear distance (km) between median x-y pre-
dispersal locations and median x-y post-dispersal locations (Kenward et al. 2002).

| overlaid deer location buffers on the 2011 National Land Cover Database
(Homer et al. 2015) and the United States Census Bureau road layers for Kent and
Sussex Counties, Delaware, USA. | reclassified the land cover raster to include
classifications for forested, open, and developed areas (Table 1.2). | developed raster
layers the United States Census Bureau road layer for Sussex and Kent Counties to 30
m resolution and removed all non-paved roadways from the data. Non-paved roads are
uncommon in Sussex County and typically limited to private field access lanes. |
calculated the average distance from point buffers to both the nearest habitat edge and
nearest roadway cell for all individual deer. I used county parcel data to identify all
regions in the study area open to public hunting and created a binomial dummy
variable for public land use. Deer that had > 1 buffer during the hunting season located
entirely within a parcel open to public hunting were considered available for harvest
on public land and were given a value of 1. | gave deer that were not available for
harvest on public land a value of 0. Properties classified as open to public hunting
were not subject to antler based selective-harvest criteria in excess of state regulations.

I used package ‘survival’ in program R for survival analysis (Therneau 2015). |

used a study-based time scale (1 May [0] — 30 April [364]) for both years (Fieberg and



DelGiudice 2009). I used the Kaplan-Meier estimator (Kaplan and Meier 1958) to
calculate a baseline annual survival curve with the Greenwood variance estimator to
calculate 95% confidence intervals. | tested for a difference in survival between years
using a log-rank test. I modeled the effect of covariates on annual survival using the
Cox proportional hazard model (Cox 1972, Therneau and Grambsch 2000). Covariates
included: study year, dispersal distance (km), a dummy variable for dispersal (1 =
dispersed, 0 = did not disperse), average distance to habitat edge (m) for each deer,
average distance to road (m) for each deer, a dummy variable for availability of
harvest on public land (1 = available, 0 = not available), and the proportion of point
buffers that fell entirely within public lands during the hunting season. | did not
include point buffers partially located on public land as deer may have been near the
border but not using public land, and partial overlap was rare (n = 16 points) and not
likely to change model inference. | modeled all main effects individually, and
formulated several a priori multivariate models. | limited the number of covariates in
multivariate models to not exceed 1 predictor per 10 mortality events (Fieberg and
DelGiudice 2009). I checked all models to assure the assumption of proportionality
among hazard rates was satisfied (Grambsch and Therneau 1994). | compared a global
model, null model, and all candidate models using AIC corrected for small sample size
(AICc; Hurvich and Tsai 1989, Burnham and Anderson 2002). | used the number of
mortality events as the sample size for calculation of AIC. values. The models with
the lowest AIC. value were considered to have more support and be more

parsimonious than models(i) with AiAIC: (AiIAIC = AICci — AlCcmin) > 2 (Burnham
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and Anderson 2002, Posada and Buckley 2004). While a model with AiAIC:< 2 is not
necessarily indicative of a substantial level of empirical support (Arnold 2010), | used
AiAIC: < 2 as a threshold to identify competitive models.
Results
| observed a 55% dispersal rate for subadult males (n = 33), with a mean distance of
6.8 km (range = 1.7 — 19.8). Most dispersal events (85%) occurred during the fall (1
October — 30 November) when males were ~18 months old. The remaining 15% of
dispersals occurred during late spring (15 April — 30 June) when males were ~12
months old. Twenty-five percent (n = 15) of deer were available for harvest on public
land during the hunting season. Of the deer available for harvest on public lands, the
average proportion of points that fell entirely within public property was 0.53 (range =
0.07 — 0.93). The average distance from buffer to road was 242.8 m (range = 17.5 —
603.5), and the average distance from buffer to edge was 52.2 m (range = 1.3 — 232.9).
I did not observe a difference in survival between years (P = 0.19), so | pooled
survival data from both years for analysis. Annual survival (with 95% confidence
interval) combined over the 2 periods was 0.60 (0.49 — 0.73; Figure 1.2). Hunter
harvest was the most common source of mortality for subadult males (79% of all
mortality), followed by vehicle collision (13%) and natural mortality (8%). The Cox
model including covariates for availability of harvest on public land and average
distance of point buffers to habitat edge received the most support, and no other
models were competitive (Table 1.3). The binomial dummy variable for availability of

harvest on public land was included in the 3 best approximating models, however the
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model including proportion of point buffers that were located on public land was not
competitive. Models including individual main effects for year and distance to road
both received less support than the null model. After checking for derivations in
proportionality, | observed no violations in assumptions for any model. An
examination of the hazard ratios for the best approximating model (Table 1.4) revealed
a significant (P < 0.01) increase in mortality risk for deer that were available for
harvest on public land (Figure 1.3) and a significant (P = 0.01) negative relationship
between mortality risk and average distance from buffer to edge (Figure 1.4).
Estimates of annual survival (at the population mean for average distance to habitat
edge) were 0.37 (0.18 — 0.73) for deer that were available for harvest on public land
(Figure 1.5), and 0.75 (0.62 — 0.89) for deer that were not available for harvest on
public land (Figure 1.6).

Discussion

| observed mean and maximum dispersal distances that were comparable to subadult
males in the mid-Atlantic region, including Pennsylvania and Maryland (Rosenberry
et al. 1999, Diefenbach et al. 2008). The overall dispersal rate (55%) was also similar
to rates reported in Pennsylvania (58%; Long et al. 2008); however, | observed a
greater proportion of fall dispersal (85%) relative to spring dispersal (15%) than has
been reported elsewhere. Spring dispersal is thought to be influenced by population
structure (Holzenbein and Marchinton 1992; Long et al. 2005, 2008) with spring
dispersal becoming less common as density of adult females decreases, and fall

dispersal more common as density of adult males increases (Shaw et al. 2006, Long et
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al. 2008). The seasonality of dispersal timing | observed may suggest strong male-
male competition in the study area (Rosenberry et al. 1999), with limited female
aggression towards subadult males. Dispersal has been proposed as a potential driver
for increased mortality in subadult males (Nelson and Mech 1986), particularly non-
hunting mortality (McCoy et al. 2005), due to increased energetic expenditure and the
exploration of novel habitats. Additionally, previous research has reported increased
susceptibility to harvest in subadult males during fall dispersal (Roseberry and
Klimstra 1974, Nelson and Mech 1986). Cox models including covariates for either
dispersal or dispersal distance were not competitive with the best approximating
model however, and neither covariate was significant in any model. The absence of an
increased risk of mortality in dispersers may suggest a more uniform private land
management paradigm throughout the study area, with low variability in survivorship
between nearby private properties. Furthermore, | observed few occurrence of non-
harvest mortality despite relatively high rates of fall dispersal.

Vehicle collision were similar to other studies of hunted populations. Adult
male mortality due to vehicle collision as a percentage of total mortality ranged from
0% in a rural study area (Wiskirchen 2017) to 100% in an urban study area (Etter et al.
2002), although vehicle collisions typically accounted for a consistent percentage of
all mortalities (14-15%) despite substantial variability in overall survival rates in
populations open to hunting (Ebersole et al. 2007, Storm et al. 2007, Grovenburg et al.
2011). Kilgo et al. (2016) found a negative relationship between risk of mortality from

vehicle collision and distance to road, however the effect was small and not a strong
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predictor of overall survival. Mean distance to road was not an important covariate in
any Cox model, possibly because mortality risk due to vehicle collision was small
relative to risk due to hunter harvest. Contrary to findings in Pennsylvania
(Diefenbach et al. 2005), hunter effort in southern Delaware did not seem to be
concentrated near roads; however, important caveats may be that I did not include
unpaved roads (i.e. logging roads, farm lanes, and minimum maintenance roads) into
the analysis, and that less variability in topography may facilitate hunter access in
southern Delaware relative to western Pennsylvania. Mean distance to edge may be a
more appropriate proxy for risk of mortality due to increased hunter density because of
both the ease of access provided by unpaved roads and field edges, as well as the
propensity for hunters to select areas of high visibility (Lebel et al. 2012), such as field
and habitat edges.

| observed a slightly greater overall subadult male annual survival rate relative
to other regions under similar management paradigms. Among regions that do not
actively practice some form of QDM through selective harvest criteria intended to
protect subadult males, annual survival ranged from 0.25 (Campbell et al. 2005) to
0.41 (Nelson and Mech 1986). Wiskirchen (2017) reported an annual survival of 0.82
for males < 3.5 years and no difference in survival for private and publicly owned
property in Alabama, where publicly hunted property had strict selective harvest
restrictions and QDM on private property is a common practice. Additionally,
Bowman et al. (2007) found a similarly high rate of survival (0.72) in subadult males

under a QDM management paradigm utilizing selective harvest criteria in Mississippi.
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Private property parcels in the eastern United States are typically smaller than the
scale of use by deer, however, which may increase risk of mortality as deer are
exposed to multiple management strategies of different landowners (McCoy et al.
2005). The survival rates | observed on public land were lower and comparable to
unprotected populations of subadult males in other regions. Mortality risk did not
seem to be influenced by the proportion of locations that occurred on public land, but
was rather a function of whether deer utilized public land at all during the hunting
season. Survival rates on private land were higher and comparable to regions that
actively protect subadult males via selective harvest regulations, despite the lack of
such regulations in the study area, indicates greater effort by private landowners in
Delaware to manage male age structure and increased opportunities to harvest quality
males. Differential survival of subadult males on public and private land is intuitive
but not well documented. Hansen (2011) observed lower deer densities on public lands
that did not have selective harvest criteria in excess of state regulation in Missouri, and
public land hunters expressed poor harvest success and dissatisfaction with the
experience. Similarly, public land deer hunters in Pennsylvania were more likely to
hunt with the goal of harvesting an antlered deer regardless of age class, less likely to
harvest an antlerless deer, and less likely to view themselves as land managers
(Stedman et al. 2008). Differences in attitudes and objectives between public and
private land hunters appear to have serious implications for the risk of harvest
mortality for subadult males when harvest regulations are similar between

landownership types.
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Management Implications

Wildlife managers often consider public land to be both a less desirable destination for
white-tailed deer hunters, and to provide fewer opportunities to harvest mature males
relative to private lands (Root et al. 1988, Hansen 2011). Survival of subadult males
appears to be substantially reduced on public land relative to private land in southern
Delaware. Mortality risk was driven by whether an individual used public land at all
during the hunting season, not frequency of use; although I did not observe much
variability in proportion of use between deer (proportion of use was generally uniform
[~50%]). Private landowners near public hunting areas who attempt to manage male
age structure should adjust harvest management and expectations accordingly. Antler
based selective harvest regulations on public land may increase male age structure on
a local scale, however overall survival of subadult males in southern Delaware is
comparable to or exceeds that of similar regions, especially on private land. Survival
of subadult males in the region is primarily driven by hunter harvest, and individuals
who are not harvested have a high probability of survival into subsequent age classes.
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TABLES

Table 1.1 Hunting season dates by weapon type for the 2015 — 2016 and 2016 — 2017
white-tailed deer hunting seasons in Sussex County, Delaware, USA.

Year Archery* Muzzleloader Shotgun  Special Antlerless  Handgun

2015~ 1Sep.~ 9-170ct. 13-21Nov. 500102324

26, 30,31 Oct. 2-9Jan.
2016 31 Jan. 25—-30Jan. 16 -23Jan. 12 19 Dec.

206~ 1Sep.— 7-150ct. 11-19Nov, =17 2L 2224

28, 29,30 Oct. 7—14 Jan.
2017 31Jan. 23-28Jan. 14-21Jan. 10 — 17 Dec.

* Archery season includes vertical bows and crossbows
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Table 1.2 Composition of 4 reclassified raster cell cover types (Open, Forest,
Developed, and Water) based on the 2011 National Land Cover Database (NLCD)
classification codes.

Class Code Description

Open
21 Developed, Open Space
31 Barren Land (Rock/Sand/Clay)
71 Grassland/Herbaceous
81 Pasture/Hay
82 Cultivated Crops

95 Emergent Herbaceous Wetland
Forest

41 Deciduous Forest

42 Evergreen Forest

43 Mixed Forest

52 Shrub/Scrub

90 Woody Wetlands
Developed

22 Developed, Low Intensity

23 Developed, Medium Intensity

24 Developed, High Intensity
Water

11 Open Water
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Table 1.3 Cox proportional hazard models for mortality risk of subadult male white-
tailed deer in Sussex County, Delaware, USA in 2015 — 2016 and 2016 — 2017.
Multivariate models that received less support than the null model are not reported.

Model AIC AAICc ®°

public® + distance to edge 170.64 0.00 0.67
public + dispersal distance 173.18 2.54 0.18
global model 175.92 5.28 0.05
public 176.05 541 0.04

distance to edge 176.50 5.86 0.02
proportion on public 178.24 7.60 0.01
dispersal distance 179.50 8.86 0.01
dispersed 183.14 12.50 0.00
null model 185.66 15.02 0.00
year 186.12 15.48 0.00
distance to road 187.30 16.66 0.00

a. Akaike's Information Criterion adjusted for small n

b. Akaike weight

c. dummy variable for public land use (1 = available for harvest on public land, 0 =
not available)

d. dummy variable for dispersal (1 = dispersed, 0 = did not disperse)
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Table 1.4 The covariates from the best approximating Cox proportional hazard model
(public and average distance to edge) for mortality risk of subadult male white-tailed
deer in Sussex County, Delaware, USA in 2015 — 2016 and 2016 — 2017, with

associated log hazards (coefficients), hazard ratios, standard errors, Z-scores, and P-
values.

covariate log hazard hazard ratio  se (log hazard) Z P (>|Z])
public =1 1.23 3.43 0.42 294 <0.01
distance to edge -0.02 0.98 0.01 -2.46 0.01
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FIGURES

0 15 30 60 Kilometers 5

Figure 1.1 Deer were captured on a combination of public and private lands (dark
gray) in Sussex County, Delaware, USA from 2014 — 2016.
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Figure 1.2 Kaplan-Meier survival curve (solid line) and 95% confidence intervals
(dashed lines) of combined annual survival (1 May [day 0] — 30 April [day 364], 2015
— 2017) for subadult male white-tailed deer in Sussex County, Delaware, USA.
Vertical gray bars represent the October muzzleloader season (left) and the November
shotgun season (right), the two primary firearms hunting seasons in the study area.

23



Partial Likelihood (log hazard)
2
L

No Yes

Use of Public Land

Figure 1.3 Partial Likelihood Estimate (solid) and standard error (dashed) for the log
hazards (coefficients) of the use of public land in the Cox proportional hazard model
for mortality risk in subadult male white-tailed deer in Sussex County, Delaware, USA
from 2015 — 2017.
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Figure 1.4 Partial Likelihood Estimate (solid) and standard error (dashed) for the log
hazards (coefficients) of the average distance to habitat edge in the Cox proportional

hazard model for mortality risk in subadult male white-tailed deer in Sussex County,
Delaware, USA from 2015 — 2017.
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Figure 1.5 Kaplan-Meier survival estimate (solid line) and 95% confidence intervals
(dashed lines) of combined annual survival (1 May [day 0] — 30 April [day 365]) for
subadult deer available for harvest on public land at average values for mean distance
to habitat edge in Sussex County, Delaware, USA from 2015 — 2017. Vertical gray
bars represent the October muzzleloader season (left) and the November shotgun
season (right), the two primary firearms hunting seasons in the study area.
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Figure 1.6 Kaplan-Meier survival estimate (solid line) and 95% confidence intervals
(dashed lines) of combined annual survival (1 May [day 0] — 30 April [day 365]) for
subadult deer not available for harvest on public land at average values for mean
distance to habitat edge in Sussex County, Delaware, USA from 2015 — 2017. Vertical
gray bars represent the October muzzleloader season (left) and the November shotgun
season (right), the two primary firearms hunting seasons in the study area.
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Chapter 2

INDIVIDUAL HETEROGENEITY AND FUNCTIONAL RESPONSE IN

HABITAT SELECTION AMONG ADULT WHITE-TAILED DEER

Introduction
White-tailed deer (deer; Odocoileus virginianus) management has become an
increasingly localized practice as many individual property managers have taken a
strong interest in age structures, densities, habitat use, and harvest management of the
animals on their land (Hamilton et al. 1995, Jacobson et al. 2011). One of the primary
objective of many management programs is to increase the quantity and quality of
opportunities to harvest adult deer. An understanding of the relationships between deer
and their habitat during the hunting season is a critical component of an effective
management program (Morrison 2001, Anderson et al. 2012, Rhoads et al. 2013).
Patterns in habitat use in adult deer are a function of resource availability, predator
densities, and reproductive opportunities (Proffitt et al. 2009, Webb et al. 2011a,
Cleveland et al. 2012), and vary between sexes (DePerno et al. 2003) and among
individuals (Wagner et al. 2011, Foley et al. 2015).

Recreational hunting may be the greatest source of predation risk for adults
throughout much of the range of white-tailed deer (Frid and Dill 2002, Little et al.

2015, Ciuti et al. 2012), and deer typically respond to hunting pressure by increasing
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use of cover habitat and refuges (Kilpatrick et al. 2002, Rhoads et al. 2013) and
decreasing movement rates during high risk periods (Little et al. 2014, 2016).
Similarly, deer species respond to risks associated with vehicle traffic and human
activity by generally avoiding space adjacent to roads and developed areas (Rowland
et al. 2000, Gagnon et al. 2007, Webb et al. 2011a). Wagner et al. (2010) however,
demonstrated that despite avoidance of roads by deer at the population level,
individuals varied in their response, and conclusions inferred from populations may
not be valid at localized scales or useful to all management programs.

Individual heterogeneity in habitat selection may be a function of sex, age,
previous experiences, or availability of specific habitats within an individual’s home
range. Age influences movement behaviors related to breeding strategy and risk
aversion in adult males (Foley et al. 2015, Padié et al. 2015), with individual
heterogeneity likely having implications for survival and reproductive success
(Franklin et al. 2001, Gillies et al. 2006). Understanding heterogeneity in habitat
selection or response to habitat composition among groups or individual deer can
provide valuable information to managers and can directly influence harvest
recommendations and management success (Rhoads et al. 2013).

Habitat selection by animals are usually modeled using resource selection
functions. Resource selection functions (RSFs) compare habitat characteristics at sites
used by animals to those that were potentially available (Manly et al. 2002). Step
selection functions (SSFs) are an extension of traditional resource selection functions

that link consecutive animal locations (steps). Used steps are compared with random
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steps, which are characterized as available to the animal during its movement through
the habitat, using a conditional approach (Duchesne et al. 2010, Thurjfell et al. 2014).
SSFs pair each use step with random available steps with the same starting point
drawn at from a distribution of step lengths and turning angles (Fortin et al. 2005,
Thurjfell et al. 2014).

A potential complication to habitat selection analysis is the existence of a
functional response in selection (Mysterud and Ims 1998, Godvik et al. 2009, Mason
and Fortin 2017). Functional response is defined as the selection of a habitat differing
as a function of the habitat availability within the home range. Functional responses to
habitat have been reported in multiple species of cervids including roe deer
(Capreolus capreolus; Padie et al. 2015), caribou (Rangifer tarandus; Moreau et al.
2012), elk (Cervus canadensis; Creel et al. 2005), red deer (Cervus elaphus; Godvik et
al. 2009, Dzialak et al. 2011a) and mule deer (Odocoileus hemionus; Anderson et al.
2012), but has not been thoroughly explored in white-tailed deer. In addition to
functional responses to available habitat, selection among individuals may change as a
function of age. Males of different age classes often maintain home ranges of differing
size, with some studies supporting an increase in home range size as an individual
matures (Nelson and Mech 1981, 1984), although more recent research suggest the
opposite may be true, with more mature males generally maintaining smaller ranges
than younger deer (Webb et al. 2007, Hellickson et al. 2008). While there is a paucity

of research examining the effect of age on habitat use for female white-tailed deer,
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home range sizes for adult female roe deer vary in response to nutritional demands and
reproductive status (Tufto et al. 1996), which are partially a function of age.

Fall and winter are the periods of primary interest for most white-tailed deer
management programs as they correspond to the breeding season and the
preponderance of mortality in both sexes. My objectives were to evaluate variability in
fall and winter habitat selection between adult male and adult female deer, as well as
among individuals of both sexes using individual SSFs. Additionally, | examined the
functional response in habitat selection of individual deer to habitat characteristics
within the home range, and how habitat selection varied with age.

Study Area

Deer were captured on private and publicly owned lands in Sussex County, Delaware
(Figure 1.1). Sussex County is located on the coastal plain bordered on the south and
west by Maryland, on the north by Kent County, Delaware, and on the east by the
Atlantic Ocean. | focused capture efforts near the central and eastern portion of the
county to increase the probability that deer could still be found on or near the primary
study area. Elevations in the study area ranged from 0 — 21 m above sea level, with
little regional variability. The most common agriculture crops in Sussex County were
corn, soybeans, and wheat (USDA 2012). Sussex County was 41% agricultural, 15%
developed, 22% upland forest, and 22% forested wetland. The 30-year average (1980
— 2010) for daily temperatures in Sussex County ranged from -3.1 to 6.8°C in January

and 19.2 to 30.3°C in July (Georgetown; National Oceanic and Atmospheric
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Administration [NOAA] 2017). Annual precipitation in Sussex County averaged 119
cm (1980 — 2010, Georgetown; NOAA 2017).

The deer density in Sussex County was 19.4 deer/km? in 2009 (DDFW 2009).
The hunting season in Delaware was open from 1 September — 31 January each year
with a mixture of primitive and modern weapons allowed (Table 1.1). Hunters may
harvest < 2 antlered males with any combination of weapons per year; however, at
least 1 antlered male must have an outside antler spread > 38 cm. The State of
Delaware also offers a Severe Deer Damage Assistance Program that allows
qualifying landowners to harvest antlerless deer from 15 August — 15 May.
Methods
| captured and collared 48 adult white-tailed deer (> 18 months old) during the winters
(December — April) of 2014 — 2015, and 2015 — 2016 using drop nets, rocket nets, and
netted cage traps (Clover 1956, Schemnitz et al. 2012). | sedated all captured deer
using an intramuscular injection of xylazine (0.5 mg/kg; Conner et al. 1987,
Rosenberry et al. 1999). | placed a blindfold over the eyes of each deer to minimize
stress. Each deer received 2 self-piercing numbered metal ear tags (Model #1005-49,
National Band and Tag Company, Newport, KY) and 2 white plastic button cattle tags
(3 cm diameter) with black numbers (Allflex USA Incorporated, Dallas, TX). |
recorded measurements of shoulder height, hind limb length, total length, and chest
girth (Bowman et al. 1998), and estimated the age of each deer according a
combination of tooth replacement and wear (Severinghaus 1949) and body

characteristics (Demarais et al. 1999) to increase accuracy of age estimates (Bowman
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et al. 2007). | affixed all adults with an 825 g iridium GPS collar with a 10-hour
mortality sensor (G2110E; Advanced Telemetry Systems, Isanti, Minnesota). Males
received collars with an expandable elastic mechanism that allowed for growth and
seasonal swelling of the neck. I reversed all deer with an intramuscular injection of
tolazoline (3.0 mg/kg; Kreeger et al. 1986), an antagonist for xylazine. | monitored all
vital signs (body temperature, heart rate, and respiration) until the animal left the
capture site under their own power. The University of Delaware Institutional Animal
Care and Use Committee approved all trapping and handling procedures (#1260 and
#1288).

Issues with expandable collar retention, collar failure, and early mortality
resulted in data from 26 of 48 animals (12 males, 14 females) included in the final
analysis. Individuals ranged from 2.5 — 6.5 years of age during the analysis. |
programed collars to record a fix every hour for the duration of the Delaware hunting
season (1 September — 31 January) during the 2015 — 2016 and 2016 — 2017 seasons,
resulting in 77,916 location fixes (36,212 for males, 41,704 for females). |
programmed all collars on males to break off remotely during the following spring to
avoid animal welfare concerns in subsequent years from neck growth. Because
females do not experience seasonal swelling of the neck to the same degree as males,
collars were not programmed to break off until battery failure. Habitat selection
analysis can be biased if habitat type influences GPS fix success or location error
(Bowman et al. 2000, D’Eon et al. 2002). Mean fix rate of GPS locations for all

animals was 97% (range = 92 — 100%). | removed any physically impossible locations
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as well as all 3-dimensional locations with position dilution of precision (PDOP) > 10
and 2-dimensional locations with PDOP > 5 (D’Eon and Delparte 2005). GPS location
error and missed location fixes have negligible impact on habitat selection inference
when fix rate exceeds 90% (Frair et al. 2004, Godvik et al. 2009), and habitats
considered problematic for location bias (e.g. heavy canopy cover, rugged topography)
are not typical of southern Delaware (Cain et al. 2005, Lewis et al. 2007, Vance et al.
2017).

| used fractal analysis to estimate the spatial scale at which deer perceived the
landscape (Nams 2005, Webb et al. 2009) following procedures outlined by Dzialak et
al. (2011b). I used an estimate of fractal dimension to quantify tortuosity of movement
as a function of spatial scale of the movement path (Nams 2005). | used program
Fractal 5.0 (Nams 1996) to estimate fractal dimension (D) using the VFractal
estimator where location data for each animal were separated into movement paths of
fixed length (m), and where 6 was the mean turning angle between steps for a given

movement path.

1
D =
1+ log,(cosf + 1)

| calculated scaling parameters using the distribution of step lengths for the population

of deer, with a minimum path length of 5 m, a maximum of 5500 m, and 90 divisions.
| estimated the spatial scale of perception of the landscape for deer by

examining the correlation of tortuosity between adjacent movement paths. When

correlation was positive, path segments were smaller than the patch size perceived by
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the animal; when negative, path segments were approximately equal to patch size; and
when correlation was zero, path segments were larger than patch size (Nams 2005,
Wehbb et al. 2009). | therefore used the mid-point of the range of path sizes where
correlation in tortuosity was generally negative as the spatial scale at which to
calculate habitat covariates for the step selection functions.

| used a point-based approach in step selection modeling opposed to a path-
based approach (Boyce et al. 2003). | paired each hourly use point with 10 random
steps (Benson 2013) starting from the same point of origin. | generated random step
points by sampling from the observed distributions of step length and relative turning
angle. To avoid circularity, | generated random step points for all 26 individuals using
the mean observed distributions of the other 25 individuals (Fortin et al. 2005). |
considered random step points to be available habitat as defined in traditional resource
selection modeling (Manly et al. 2002).

| used the spatial scale to define the number of 30 m resolution raster grid cells
to include in a square moving window used to estimate landscape covariates around
each point. | used a geographic information software (ArcMap 10.2; Environmental
Systems Research Institute, Inc., Redlands, CA) to calculate landscape covariates from
both used and available points within each moving window. | reclassified the 2011
National Land Cover Database (Homer et al. 2015) to include classifications for
forested, open, and developed areas (Table 1.2). Open water was classified as non-
habitat and was masked from the generation of available steps. I created a 30 m

resolution road raster layer from the United States Census Bureau road data for Sussex
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County and removed all unpaved roadways, as unpaved roads are uncommon in
Sussex County and typically limited to private field access lanes. Landscape
covariates included proportion of forested areas (forest), proportion of unforested
areas (open), and proportion of developed areas (developed), and the elevation
roughness (roughness), calculated as the standard deviation of elevation from a 30 m
resolution digital elevation model (DEM). I also calculated the linear distance (m)
from the used or available point to both the nearest road raster cell (road) and habitat
edge (edge). Habitat edge was considered any change in raster cell land cover type. To
aid in model convergence and to allow for coefficient comparison, | centered and
standardized all covariates (Xi) separately for used and available points for each sex. |
checked for correlation among all covariates for both sexes, and used an information
theoretic approach to select between correlated covariates. Step selection functions
were estimated using conditional logistic regression (Duchesne et al. 2010). |
generated a model for each individual deer predicting probability of use using the
‘clogit’ function in package ‘survival’ (Therneau 2015) in program R (R core
development team 2017).

| defined functional response as a shift in habitat selection as availability
within the home range differed, and | estimated response by modeling individual
selection coefficients as a function of predictors describing the available habitat in
each individual’s home range. I calculated home ranges using an autocorrelated kernel
density estimator (AKDE; Fleming et al. 2015, 2017) in a continuous time framework.

AKDE accounts for autocorrelation in high frequency GPS location fixes when
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estimating home range boundaries, which results in more statistically appropriate
range estimates than traditional kernel density estimators. | used the 95% maximum
likelihood estimate of the AKDE home range boundary to calculate the proportion of
forest, open, and developed areas available to each deer within the home range. | also
calculated the density of roads and edge habitat within each home range (km/km2). |
constructed simple linear and quadratic regression (function ‘Im” in R) to model
individual [ values for selection as dependent variables as a function of the habitat
characteristics for each home range. | also used an analysis of variance (ANOVA,;
function ‘aov’ in R) to determine if there was a difference in individual selection
coefficients for any covariate by age class (2.5, 3.5, and 4.5+ years old).

Results

Fractal analysis indicated correlation of tortuosity between adjacent paths versus path
length averaged negative values from generally 185 — 280 m for adult males (Figure
2.1B) and 175 — 285 m for adult females (Figure 2.2B). Plots of fractal D versus path
length suggest a transition in movement pattern corresponding to the range of negative
correlation for both sexes (Figures 2.1A and 2.2A), providing additional evidence of a
patch size corresponding to the scale at which adult deer perceive the landscape
(Weins 1989; Webb et al. 2009, 2013; Dzialak et al. 2011b). Because raster cells are
30 m resolution, the area of the square moving window must be a factor of 30. | used a
spatial scale of 225 m as the approximate mid-point of the ranges for both sexes
resulting in a square moving window of 450 m? , or 15 x 15 30 mresolution raster

cells, centered on each used and available points to calculate landscape covariates.
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Covariates for proportion of forest habitat and proportion of open habitat were
negatively correlated for both males and females. | removed the covariate for forest
habitat from step selection analysis to avoid issues with correlation, as the univariate
model including forest habitat resulted in a greater AIC value and was less
parsimonious than the model containing the open habitat covariate (Burnham and
Anderson 2002). For all used and available points prior to transformation, proportion
of open habitat averaged 0.42 (range = 0.00 — 1.00), standard deviation of elevation
averaged 0.40 m (0.00 — 3.00), distance to edge habitat averaged 116.33 m (0.0 —
850.58), and distance to road averaged 238.52 m (0.00 — 1537.49).

| did not observe uniform selection among males for any covariate (figure 2.3),
and standard deviations of selections coefficients were large relative to the mean for
all covariates. Male selection coefficients were generally positive for developed areas
at the population level (mean = 0.39, Standard deviation [sd] = 0.36), but 4 of 12
individual males avoided developed areas (Table 2.3). Population averages for male
selection of distance to habitat edge was negative (mean = -0.12, sd = 0.35) suggesting
avoidance of areas near habitat edge, however 6 of 12 individuals selected for areas
farther habitat edge. Similarly, 6 of 12 individual males selected for habitats with
increased elevation roughness, with a population mean suggesting slight selection for
rough elevation (mean = 0.11, sd = 0.55). The population average of selection
coefficients for open habitat was positive (mean = 0.09, sd = 0.56) with 7 of 12

individual males showing a positive selection coefficient for open habitat. Eight of 12
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males selected for areas farther from roads than available habitat, with a positive
population level selection of distance to road (mean = 0.18, sd = 0.53).

I did not observe uniform selection for any covariate among females (Figure
2.4). Similar to males, population means of selection coefficients were positive for
developed areas (mean = 0.02, sd = 0.36), negative for distance to edge (-0.08, sd =
0.34), and positive for open habitat (mean = 0.03, sd = 0.36). The direction of
population average selection differed in females for selection of elevation roughness
(mean =-0.09, sd = 0.54) and distance to road (mean = -0.06, sd = 0.52), however.

| observed a functional response in habitat selection in 2 candidate models
(Table 2.4). No simple linear model of function response was significant. | observed a
quadratic response in selection of both open habitat (Figure 2.5) and distance to road
(Figure 2.6) as a function of the proportion of the home range classified as open
habitat. Selection coefficients for open habitat and distance to road were both
relatively strong when open habitat was rare, decreased at moderate proportions of
open habitat, and increased at greater proportions of open habitat within the home
range.

| did not find a correlation between selection for developed areas, elevation
roughness, open habitat or distance to road and age class of adult deer, potentially due
to low sample sizes of mature (> 4.5 years old) deer (n = 8). Selection for distance to
edge habitat was a function of age (P = 0.03, F = 0.20, df = 2), however. Deer in the
2.5 year old age class were more likely to select for areas near a habitat edge, while

3.5 and > 4.5 year old deer selected for habitat that was farther from habitat edge than
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available points (Figure 2.7). Pairwise comparisons revealed no difference in selection
for distance to edge habitat between 3.5 and > 4.5 year old deer (P = 0.37), but
selection in 2.5 year old deer differed from 3.5 year old deer (P = 0.03) and > 4.5 year
old deer (P = 0.03).

Discussion

A number of biotic and abiotic factors, including but not limited to behavioral state,
risk avoidance, and landscape composition complicate the spatial scale at which adult
deer perceive and respond to the landscape (Morales et al 2004, Gautestad and
Mysterud 2005, Pinaud 2008). Despite confounding variation throughout different
regions and different analytical approaches, the spatial scale of landscape use |
calculated is similar to those identified in multiple cervid species. Webb et al. (2009)
used fractal analysis to identify perceived habitat patch size of 333 — 692 m for adult
male white-tailed deer, while Williams et al. (2012a, 2012b), used first-passage time
analysis to identify a similar scale of perception in adult white-tailed deer of both
sexes. Additionally, female mule deer appeared to perceive the habitat at a scale of
284 — 413 m (Webb et al. 2013). Comparable, though slightly larger, landscape scales
have been reported for elk as well (Frair et al. 2005, Dzialak et al. 2011b). Spatial
scale of habitat perception may be slightly reduced in white-tailed deer in southern
Delaware due to the high degree of fragmentation from agriculture, although the patch
size used to calculate landscape covariates for SSF models appeared to be reasonable

and representative of how cervids generally respond to and perceive the landscape.
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Among males, | observed relatively consistent variability in individual
selection coefficients across all habitat covariates, although directionality of selection
was highly variable in all covariates. Eight of 12 individual males did not avoid roads,
which is surprising considering the increased risk of mortality associated with roads.
Mortality due to vehicle collision is a function of both road density and traffic patterns
(Ng et al. 2008, Gulsby et al. 2011). Previous research has found vehicle collisions
accounted for a consistent percentage of all mortalities (14 — 15%) despite substantial
variability in overall survival rates in populations open to hunting (Ebersole et al.
2007, Storm et al. 2007, Grovenburg et al. 2011). Kilgo et al. (2016) found a negative
relationship between risk of mortality from vehicle collision and distance to road,
however the effect was small and not a strong predictor of overall survival. While
roadways pose a direct but moderate risk to males through vehicle collision, an
avoidance of roads may also be a function of predator avoidance, as concentration of
deer hunters is negatively correlated with distance to road (Diefenbach et al. 2005) and
adult males are typically under greater harvest pressure than females (Webb et al.
2014). Under landscapes with limited hunting pressure, shifts in habitat use among
adult males are primarily driven by breeding behavior (Karns et al. 2012), although
predator avoidance behavior has a greater influence on movement and habitat
selection than does behavior related to breeding (Little et al. 2016). | did not observe
an avoidance of developed areas and roads at the population level or among all males.
Habitat selection in response to human activity is complex (Harju et al. 2011), and

results of previous research are mixed. Deer exposed to human activity have shown
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immediate and prolonged avoidance of developed areas (Sawyer et al. 2006), and
Webb et al. (2011b) found a negative correlation between human activity and survival
rates in elk. In contrast, selection for parks and residential areas has also been reported
(Kilpatrick and Spohr 2000, Grund et al. 2002). Developed areas in Delaware often
includes regulations for mandatory safety zone buffers, and some individuals may be
utilizing exurban and suburban habitats as refuges from hunting pressure (Bowman
2012). Furthermore, high levels of individual heterogeneity in male selection
coefficients in less risk prone habitats may support the concept of a variation in
movement behavior resulting from the presence of multiple breeding strategies
(DeYoung et al. 2006, Foley et al. 2015).

Among females, | observed similar variability in individual selection
coefficients among covariates, but variability was lower relative to males. The
population level selection of open habitat by females is likely a function of selection
for open agricultural areas for foraging. Nocturnal selection for agriculture fields by
adult females during the hunting season is a common behavior in southern Delaware
(Miller 2012); however, | observed no selection for open habitat in males. Sexual
segregation in selection for forest habitat among deer is a well-documented behavior
(Lesage et al. 2002, DePerno et al. 2003, Stewart et al. 2003), with females typically
selecting for more open habitats relative to males.

The population level avoidance of elevation roughness in females relative to
males is difficult to explain in a region dominated by coastal plains habitat such as

southern Delaware. While I did not observe any correlation in covariates for open
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habitat and low elevation roughness, use of row crop fields may also be driving
selection for reduced elevation roughness. Row crop is typically associated with
uniform elevation, but not all open habitats are row crop, which may explain the lack
of correlation between covariates. Additionally, topographical variation in southern
Delaware is typically associated with patches of forested wetlands and drainages. An
examination of the raw location fixes revealed that, while males did not select for or
against topographical depressions associated with wetlands, females tended to remain
in the uplands forests and agriculture.

Function responses in habitat selection are typically calculated using the
individual selection coefficients for a habitat as a response variable, and the
availability of that same habitat within an individual’s home range as the explanatory
variable. A response in selection for any given habitat could theoretically be a function
of the availability of any number of different habitats, however. The only response in
selection for habitat as a function of that same habitat’s availability in the home range
was for open habitat. Deer of both sexes selected for open habitat when open habitat
was rare in the home range and when the home range consisted primarily of open
habitat, but showed no selection or avoidance when proportion of open habitat was
moderate. Because open habitat is southern Delaware is typically associated with deer
food resources, such as row crop, increased selection for open areas when such habitat
IS rare is intuitive. Selection for open areas when such habitat is common is a function
of the scale used to define selection, both the moving window for defining landscape

perception and the choice of home range within the landscape by the animal (first
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order selection; Mysterud and Ims 1998). Selection for distance to road was also a
function of proportion of open habitat in the home range, with the strongest avoidance
of roads occurring in deer with relatively low and high proportions of open habitat
within their range, and moderate proportions of open habitat resulting in neither
selection nor avoidance of roads. Wagner et al. (2011) found that in Pennsylvania,
avoidance of roads was greatest among deer with lower road densities within their
range, and avoidance decreased as road density increased. While | did not observe a
direct response in selection for distance to road as a function of road density, areas
were open habitat is rare are likely areas of contiguous forest in which roads are not
common. My results show a similar pattern in avoidance of roads until moderate
proportions of open habitat within the range, but show an increase in avoidance at
greater proportions of open habitat. Discrepancies in functional response to road
density between regions may be attributable to differences in the extremes of road
densities, with southern Delaware having a greater density of roads associated with
open habitat than central Pennsylvania. Furthermore, deer may perceive roads
associated with open habitat as riskier than roads in forested habitat due to the
proximity of escape cover.

As deer aged, they selected for areas farther from edge habitat, likely a result
of mature deer preferring interiors of more contiguous forest patches in response to
hunting. While a paucity of information exists examining the effect of age on response
to risk in white-tailed deer, roe deer are more likely to utilize refuges and avoid risky

habitats in response to hunting pressure as they age (Padie et al. 2015) and older
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boreal caribou (R. tarandus caribou) show an increased avoidance of roads and
landscape features associated with potential wolf (Canis lupus) encounters (Mumma et
al. 2017). Older deer may have learned how to minimize risk of mortality due of
harvest as they aged.

Habitat selection analysis during the fall and winter is complicated by the
simultaneous occurrence of both the hunting and breeding seasons, which can
confound interpretation of results. Because such causal relationships are difficult to
infer, analyses assigning specific behavioral causation to individual heterogeneity and
functional responses in habitat selection should be interpreted with caution.
Additionally, marginal population inference can be difficult when variability among
individuals or groups is high (Sheppard et al. 2006, Gillingham and Parker 2008).
Heterogeneity in habitat use and response to the landscape has direct implications for
susceptibility to harvest, offspring survival, and fitness (Hamel et al. 2008, Dassault et
al. 2012, Decesare et al. 2014, Lone et al. 2015, Mumma et al. 2017). While most
models of habitat selection are developed to make marginal population level inference,
variation in individual selection is an important and poorly understood complication to
management. Even when implemented properly, the magnitude and direction of
selection can be influenced by a small number of individuals (Gillies et al. 2006).
Additionally, when individual variation is high and not accounted for, incorporating
more individuals into a population level model will not provide additional value to
managers as models will be unable to represent multiple different habitat selection

strategies within the population (Gillingham and Parker 2008). Individual conditional
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logistic regression models provide a valuable understanding of how individual
variation in white-tailed deer may affect habitat or harvest management.
Management Implications

Knowledge of individual heterogeneity and functional responses in habitat use during
fall and winter will be informative to property managers attempting to influence
harvest and demographics at a localized scale. Fall and winter habitat selection for
adult white-tailed deer varies widely within the sexes. Property managers should
understand that there is no panacea management strategy likely to be useful at a
localized scale for all individual deer on a property or for either sex. Management
actions targeting one sex may be generally beneficial at a large scale, but are not likely
to benefit the other sex or even the majority of the target sex at a localized scale, and
may even be detrimental.
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TABLES

Table 2.1 Correlation matrix for landscape covariates used in step selection models
for adult male white-tailed deer during the 2015 — 2016 and 2016 — 2017 hunting
seasons in Sussex County, Delaware, USA.

Coefficient forest open developed roughness edge road

forest 1.00
open -0.92 1.00
developed -0.30 -0.11 1.00

roughness -0.03  -0.15 0.28 1.00
edge 0.09 -0.06 -0.10 -0.24 1.00
road 028 -0.12 -0.42 -0.22 0.10 1.00
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Table 2.2 Correlation matrix for landscape covariates used in step selection models
for adult female white-tailed deer during the 2015 — 2016 and 2016 — 2017 hunting
seasons in Sussex County, Delaware, USA.

Coefficient forest open developed roughness edge road

forest 1.00
open -1.00 1.00
developed -0.06 0.02 1.00

roughness 0.14  -0.14 0.08 1.00
edge 041 -041 -0.05 0.04 1.00
road 054 -0.54 -0.02 -0.18 040 1.00
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Table 2.3 Selection coefficients from individual conditional logistic regression models
of step selection for adult white-tailed deer during the 2015 — 2016 and 2016 — 2017
hunting seasons in Sussex County, Delaware, USA. Models includes 12 adult males
(1) and 14 adult females (2) identified by unique tag ID numbers.

Group ID developed edge roughness open road

(1) Males
636 0.80 -0.40 -0.19 -0.61 -0.56
641 1.21 -0.24 0.14 0.02 049
644 -0.21 -0.47 -0.33 -0.13 -0.18
659 0.24 -0.67 -0.08 0.00 0.79
668 0.24 0.36 0.31 0.54 0.56
676 0.00 0.12 -0.47 021 -0.17
680 0.06 0.04 0.11 -0.28 0.15
688 -0.02 -0.37 0.33 0.27 -0.34
697 -0.20 0.39 0.45 -0.38 0.04
702 0.16 0.13 -0.52 -0.13  0.06
705 0.81 -0.42 1.55 157 135
717 1.61 0.03 -0.02 0.02 0.07
(2) Females
621 -0.48 0.06 0.86 0.16 -0.48
711 0.02 -0.03 -0.44 0.11 0.30
720 0.50 -0.23 -0.60 0.13 0.40
725 0.27 0.51 -0.48 025 0.36
751 -0.61 -0.18 -0.82 -1.00 -1.31
753 -0.53 0.15 0.05 0.03 -0.54
762 -0.03 0.11 -0.73 -0.13  -0.28
770 -0.05 -0.05 0.78 0.14 0.40
783 0.01 -0.24 0.06 -0.24  -0.42
785 0.27 -1.00 -0.45 063 0.14
786 0.28 -0.23 -0.06 0.18 045
791 0.42 -0.04 -0.02 -0.02 -0.02
800 -0.07 -0.09 0.53 026 -0.31
814 0.36 0.21 0.11 -0.05 0.48
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Table 2.4 Significant models of step selection function coefficients as functions of
habitat characteristics within the home range for 26 adult white-tailed deer during the
2015 — 2016 and 2016 — 2017 hunting seasons in Sussex County, Delaware, USA.
Selection for open habitat (model 1) and distance to road (model 2) were a function of
the availability of open habitat within the home range. Both models include 23 degrees
of freedom.

Selection Home Range

Coefficient Coefficient Estimate Std. error T score P-value

(1) Bopen ~ Intercept 0.86 0.54 1.59 0.12
% open -4.79 2.45 -1.96 0.06
% open 2 6.02 2.63 2.29 0.03*

(2) Broad ~ Intercept 1.39 0.65 2.13 0.04*
% open -6.46 2.94 -2.19 0.04*
% open 2 6.97 3.18 2.20 0.04*

* coefficient is significant at a = 0.05
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FIGURES
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Figure 2.1 A) Mean fractal dimension and B) correlation of tortuosity for neighboring
segments of the movement path at varying path lengths for adult male white-tailed
deer during the 2015 — 2016 and 2016 — 2017 hunting seasons in Sussex County,
Delaware, USA. Vertical gray bars approximate a path length of 185 — 280 m within
which correlation of tortuosity among adjacent path segments generally were negative,
providing an estimate of patch size within which males were likely to perceive
landscape features.
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Figure 2.2 A) Mean fractal dimension and B) correlation of tortuosity for neighboring
segments of the movement path at varying path lengths for adult female white-tailed
deer during the 2015 — 2016 and 2016 — 2017 hunting seasons in Sussex County,
Delaware, USA. Vertical gray bars approximate a path length of 175 — 285 m within
which correlation of tortuosity among adjacent path segments generally were negative,
providing an estimate of patch size within which females were likely to perceive
landscape features.
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Figure 2.3 Selection coefficients (points) and 95% confidence intervals (lines)
individual conditional regression step selection models for 12 adult male white-tailed
deer during the 2015 — 2016 and 2016 — 2017 hunting seasons in Sussex County,
Delaware, USA. Values greater than 0O (dashed vertical line) represent selection of the
landscape covariate, values less than O represent avoidance, and coefficients whose
95% confidence intervals overlap zero were interpreted as neither selection or
avoidance.
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Figure 2.4 Selection coefficients (points) and 95% confidence intervals (lines)
individual conditional regression step selection models for 14 adult female white-
tailed deer during the 2015 — 2016 and 2016 — 2017 hunting seasons in Sussex
County, Delaware, USA. Values greater than 0 (dashed vertical line) represent
selection of the landscape covariate, values less than O represent avoidance, and

coefficients whose 95% confidence intervals overlap zero were interpreted as neither
selection or avoidance.

62




Selection Coefficient for Open Habitat

0.2 04 0.6 0.8

Proportion of Range in Open Habitat

Figure 2.5 Functional response in selection for open habitat as a function of the
availability of open habitat in the home range for 26 adult white-tailed deer during the
2015 — 2016 and 2016 — 2017 hunting seasons in Sussex County, Delaware, USA.
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Figure 2.6 Functional response in selection for distance to road as a function of open
habitat within the home range for 26 adult white-tailed deer during the 2015 — 2016
and 2016 — 2017 hunting seasons in Sussex County, Delaware, USA.

64



o
o
L

0.0

Selection Coefficient for Distance to Edge
_Cv

1.0

3

o
L <N

y
+

N
o

Age (years)

Figure 2.7 Individual step selection function coefficients for distance to habitat edge
by age class (2.5, 3.5, and > 4.5 years old) for 26 adult male and female white-tailed
deer during the 2015 — 2016 and 2016 — 2017 hunting seasons in Sussex County,
Delaware, USA.
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Appendix
INSTITUTIONAL ANIMAL CARE AND USE COMMITTEE APPROVAL OF

WILDLIFE CAPTURE AND HANDLING PROTOCOLS

On Monday, November 13, 2017 8:22 AM, "Talham, Gwen™ <gtalnam@udal edu= wrote:

To whom it may concern,

This is to confirm that Jacob Haus had JACUC-approval for the deer capture protocols (AUP 1260 and 1288)
which covered the entirety of his dissertation research. Please let me know if you need any additional information.

Sincerely,

Gwen Talham, DVM. MS, DACLAM
Director, Animal Care Program
University of Delaware

(302) 831-2980
gtalham@udel.edu
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