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CHAPTER ONE: INTRODUCTION TO URBAN DEER POPULATION

RESEARCH
Isabel Giguére and Jason T Fisher

As the human-wildlife interface grows with urbanization, so does the societal
pressure for effective, evidence-based wildlife management'. Effective management of
wildlife populations requires understanding processes that drive population dynamics,
which often result from interacting intrinsic and extrinsic factors. For long-lived
mammals like deer, population fluctuations have ecological and social consequences that
extend across ecosystems and communities. Columbian black-tailed deer (Odocoileus
hemionus columbianus; hereafter BTD) hold significant ecological, cultural, and
economic importance in North America 2. BTD function as keystone browsers, regulating
plant communities and serving as prey for carnivores. They are also culturally significant
within Indigenous knowledge systems and contribute to food security and local
economies through hunter harvest *#. Maintaining these ecological and social benefits
requires BTD populations to remain at sustainable levels. However, many deer
populations have fluctuated dramatically—from near extirpation in the 18" and 19th
centuries through subsequent expansion in the 20". Today some wild populations are
declining, whereas some urban populations are “overabundant”. Understanding the
causes of these population trends is key to sustainable management of deer.

The persistence of deer populations is largely driven by reproduction, as adult
survival is typically stable while fawn and juvenile survival are more variable °. In urban

areas, female deer ("does") often experience high reproductive success due to reduced
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5,8-10

predation and abundant nutritional resources 7. Urban deer are considered
“overabundant” when their numbers exceed ecological or social carrying capacity
When populations surpass ecological carrying capacity, over-browsing of understory
vegetation alters plant community structure and composition, ultimately leading to
declines in biodiversity and ecosystem function >*%!!, These cascading effects disrupt
ecological integrity, reducing habitat quality for species dependent on this vegetation,
such as pollinators and migratory songbirds ®!2"'4, When deer exceed social carrying
capacity, human tolerance and acceptance to deer decreases, often related to increased
human-wildlife conflicts such as vehicle collisions and property damage >!>!®, When
deer populations are maintained slightly below these capacities, they function as keystone
browsers that support ecosystem processes, provide economic benefits and food security
as a primary game species and reduced human-wildlife conflicts %1718,

With BTD populations increasing in suburban and urban areas, various human-

deer coexistence challenges may arise. Urban deer can be perceived as “pests” when

foraging on gardens or agricultural crops!®, may act as vectors of disease?’, and lead to

21,22 23,24

increased traffic accidents*'~**, although human perceptions of wildlife impacts vary
To address these challenges, some municipalities have implemented culling programs to
directly reduce the number of deer present in communities®®. Unfortunately, these culls
have thus far been based on little scientific data and results are highly variable?®.
Moreover, the culling of wildlife can be a contentious and politicized issue, leading to
divided communities and even legal battles?”-?%.

One alternative urban deer management strategy that is growing in popularity is

the use of immunocontraceptive (IC) treatments to reduce reproductive output®-3!,
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Immunocontraceptive vaccines trigger an animal’s immune system to prevent fertilization
of the egg*, and vaccines such as porcine zona pellucida (PZP) have been applied to
various urban deer populations as means of non-lethal deer population control3%-33-35,
Prior to the fall reproductive season (the "rut"), IC vaccines can be delivered remotely to
adult female deer to suppress pregnancy. As time reduces populations through natural
mortality, without new reproduction populations decline.

To estimate the effectiveness of any wildlife population management strategy, it is
necessary to estimate population density before and after treatment. However, collecting
precise estimates for deer population density in urban environments comes with
challenges. Traditional surveys are based on herd counts — which provide useful
distribution information but generally provide low-precision results with wide confidence
limits 3¢ — or aerial surveys which are nearly impossible in suburban areas. Citizen-based
herd count surveys engage the public but can lack the statistical rigor to justify
management actions scientifically or legally. Collecting precise estimates of urban BTD
population density requires the application of rigorous surveying approaches using a
combination of remote cameras, individual tagging, and novel statistical techniques.

Remote cameras are rapidly becoming a popular wildlife research tool because
they produce large volumes of data at low cost*’-*%, Their reliability in surveying wildlife
species can be quantified 3 and cameras have been shown to have very high accuracy at
detecting deer*®*!, Remote camera surveys are an increasingly common approach for

42-44

surveying ungulate occurrence***, and they have been used to monitor deer in urban

areas but previously without the statistical ability to estimate density from the data*. The
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recent advent of novel statistical techniques has allowed for the comparison of urban deer

population response before and after management actions.

Changes to population size is only one aspect of the possible outcomes of IC
treatment. Deer, like all animals, distribute in space by selecting high-value resources and
avoiding perceived risk*®*’. Part of that decision-making is accounting for the other deer
in the landscape, who are competitors for resources, and which can defend territories,
excluding outsiders*®*. Space-use therefore changes with the number of animals
competing in a landscape®*->2. Understanding how deer reproductive success affects
space-use is also key to wildlife management.

In this research we show how the structure of an urban landscape affects deer
movement into and out of that landscape, how deer density responds to reduced
reproduction, and how the distribution of risks and resources affects where deer live and

reproduce.
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CHAPTER TWO: INFLUENCE OF LANDSCAPE PERMEABILITY ON
EFFECTIVENESS OF IMMUNOCONTRACEPTIVE POPULATION CONTROL
OF URBAN BLACK-TAILED DEER

Isabel Giguére, Andrew F. Barnas, Adam Hering, and Jason T Fisher

2.1 Abstract

Population regulation varies with landscape permeability: closed (insular)
populations are shaped primarily by births and deaths within their boundaries, whereas
permeable (open) landscape are also subject to immigration and emigration. For urban
Columbian black-tailed deer (BTD), reproductive success is a key driver of population
persistence, as abundant forage and lack of predators often keep mortality rates low.
Immunocontraception (IC) offers a non-lethal and safe approach to managing abundant
deer in human-dominated areas, but its success in free-ranging populations remains
constrained by limited data on how immigration may offset reductions in reproduction.
We evaluated the effectiveness of IC in two urban populations of BTD on southern
Vancouver Island, British Columbia. One system was more permeable, bordered by
municipalities containing deer populations free to disperse, whereas the other was insular,
on a peninsula surrounded by ocean that restricted movement. We marked and treated
most adult females with IC and used multi-year camera-trap data to monitor fawns and
does, including marked residents and unmarked immigrants, across both systems. We
observed temporal variation in population response to IC. Initially, reproduction declined
in both systems. In the permeable system, unmarked does and fawns increased after
treatment, suggesting immigration from adjacent areas contributed to increases in the

population. In contrast, the insular system maintained low counts of unmarked does and
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fawns, sustaining population reduction. These findings demonstrate that extrinsic factors
such as landscape permeability can drive intrinsic processes like reproductive success and
shape population dynamics, underscoring the need to account for landscape-dependent

processes when implementing management interventions like fertility control.
2.2 INTRODUCTION

The mechanisms driving wildlife population variability remain unclear in many
cases, due to limited data on the relative role of births, deaths, immigration, and
emigration in driving population change. Persistent logistical challenges remain to
physically tracking immigration and emigration >4, Deer management often emphasizes
demographic processes (e.g. births and deaths) but can overlook how dispersal barriers
interact with reproduction to shape population growth or decline. This lack of
understanding can therefore limit management effectiveness of wildlife birth control.

Whereas immunocontraception is effective in captive populations, it can be less
so in free-ranging wildlife, where dispersal also influences population dynamics beyond
the birth and death rates that primarily drive captive systems 3. In free-ranging
populations, births, deaths, immigration, and emigration collectively shape population
dynamics and must be considered to achieve effective long-term population control °.
Most inference about population dynamics in large terrestrial mammals like deer is
derived from simulation studies *°7-°, Research shows that IC can be an effective
management tool if there is either no immigration or minimal immigration, with most

resident females (~ 60% - 80%) treated 33-%°, BTD populations reduced through IC may

be more susceptible to immigration than emigration because urban landscapes retain

10
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sufficient forage and minimal predation; with open territories, immigration may offset
reproductive losses to sustain populations near pre-treatment densities °.

Here we evaluate how landscape permeability influences immigration and, in
turn, intrinsic processes of reproduction. To do so, we compared population responses of
two urban populations of Columbian black-tailed deer on Vancouver Island, British

Columbia, residing in landscapes that differed in the degree of dispersal barriers present.

2.3 Methods
2.3.1 Study area

Our study was conducted in two urban municipalities on southern Vancouver
Island, British Columbia, where BTD are abundant and considered by some residents to
be above social carrying capacity. Both study areas lie within the coastal rainforest
ecoregion, characterized by mild, dry summers and cool, wet winters, with annual
temperatures ranging from approximately 5 °C to 26 °C ¢!, BTD in this area are not
considered as heavily regulated by extreme weather like droughts and dense snowpack
compared to BTD further north !,

The insular landscape is the township of Esquimalt; a municipality located on a
peninsula within the greater Capital Regional District (CRD) on the southern tip of
Vancouver Island (Figure 1). The township holds approximately 17,500 people and is
7.08 km? in size 2. Esquimalt is characterized by a combination of open green space and
forest patches and is primarily residential except for the west side where the Canadian
Pacific Navy Base and Saxe Point Park are located. Surrounding ocean and major
roadways present dispersal barriers that likely limit deer from easily moving into and out

of the landscape. The majority of Esquimalt borders the Pacific Ocean and contains a

11
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single land connection to the rest of the island as a narrow isthmus where a multilane
roadway intersection exists. All other land connections between the peninsula and island
are roadway bridges (Figure 1).

The permeable landscape is the District of Oak Bay, another municipality within
the greater CRD (Figure 1). Oak Bay lacks major physical barriers on three of its four
boundaries, allowing relatively free deer movement between adjacent areas. Its eastern
boundary lies along the Strait of Juan de Fuca, while the remaining periphery borders the
municipalities of Saanich and Victoria, both supporting abundant deer populations. Oak
Bay covers 10.5 km?, with a population of approximately 17,900 2. The area is an
affluent, primarily residential community characterized by large lots and extensive green

space throughout ’.

2.3.2 Sampling design

We used camera traps to gather information on deer demographics. Remote
infrared trail cameras are a common method used by researchers to non-invasively
monitor animal populations to generate spatial and temporal estimates of relative
abundance, presence-absence, density, and occupancy 37°!. Compared to other survey
techniques, camera trapping offers a relatively low cost to survey effort, enabling the
collection of extensive long-term wildlife monitoring data 37-3,

We used a systemic random sampling design and deployed camera trap arrays in
Oak Bay and Esquimalt, fully operational in August 2018 and November 2021,
respectively. We deployed a total of 80 cameras; Esquimalt consisted of 41 Reconyx

Hyperfire 2™ (Wisconsin, USA) and Oak Bay consisted of 39 Bushnell™ (Overland

Park, USA) infra-red remote digital cameras.

12
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Figure 1. Systematic camera trap array used to monitor black-tailed deer in Esquimalt and
Oak Bay, British Columbia Canada from 2021 — 2024 in Esquimalt, and 2018-2023 in
Oak Bay. Municipal boundaries are defined by black outlines for each study areas.

Each study area was divided into 400-m hexagonal grid cells, and a camera was
deployed within each cell. Precise camera locations were highly dependent on landowner
permissions, so cameras were not placed at the center of the cell in all cases. This grid
cell size aligns with the average home range size of female BTD in Oak Bay reported by
Fisher, et al. 7: this camera spacing allows individual doe to be detected on multiple
cameras across the study area— a prerequisite for estimating population density .
Cameras were often fixed to a tree, approximately 0.5m — 1.5 m from ground level,

which allows the camera’s field of view to capture the full body of an average-sized

13
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BTD. Cameras were strategically placed within cells where there was evidence of deer
activity such as a game trail, abundant forage or known bedding sites 66, Camera
batteries and SD cards were collected and replaced at the end of summer and autumn
each year.

Images collected from cameras were manually processed using Timelapse 2.0
software 7 based on a custom protocol that classified deer into demographic groups.
Autumn sampling was chosen as the sampling period, as adults are most mobile and
detectable on cameras, and conditions are optimal for camera-trap based density
estimation 7. September images were sampled for Oak Bay and October images were
sampled for Esquimalt, but due to logistic constraints and camera theft in Oak Bay,
October images were used for 2019 and 2020. Further, due to camera failures in
Esquimalt, much of October data was lost for 2023. To correct for this, both October and
November data were sampled for 2022, 2023 and 2024. Unfortunately, COVID-19
restrictions delayed camera array deployment in Esquimalt during 2021, which was
originally scheduled for September deployment to mirror the sampling period for Oak
Bay. Due to this, only November data were available for all cameras in the array for
2021. In November, it is more challenging to discern between adult females and female
fawns, especially without October imagery for comparisons, resulting in many
individuals classified as “unknown” rather than “fawn”. Therefore, due to lower sample

size for 2021, fawn estimates were omitted for 2021.

2.3.3 Deer captures and treatments

To assess population responses to fertility control and movement within urban

environments, we selected adult female deer for capture and marking. Females were

14
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prioritized because they represent the reproductive component of the population and are
most responsive to both fertility treatment and resource availability *%°. Deer were
located using systematic road-based searches covering the entire municipal area, as
described by Fisher, et al. 7. Searches were conducted multiple times per week during
peak morning activity (sunrise — 11 h), allowing equal capture opportunity across
neighborhoods. Individuals were opportunistically captured where deer naturally
occurred, with preference given to adult females in good condition and representative of
the local population density and distribution.

A total of 140 deer were captured in Oak Bay and 80 were captured in Esquimalt
(Table 1). PZP vaccine was used as the contraceptive treatment in both municipalities. In
both areas, 20 control animals were given unique identification tags and not given
immunocontraception (Table 1). Based on municipal permissions, Oak Bay deer were
given Zonastat-D vaccine (Science and Conservation Center, Montana) that achieved
maximum fertility control for 12 months, decreasing in effectiveness slowly thereafter.
Esquimalt deer were given PZP-22 (University of Toledo, Ohio) that maintained
maximum fertility control for 22 months. In both cases animals were given booster
vaccines to maintain fertility control in the years following.

Female does were captured via chemical immobilization by a qualified wildlife
veterinarian, Dr. Adam Hering (University of Victoria Animal Care Protocols 2022-013,
FL-001, FL002-, FL003, and FL-004), aided by a capture crew. Deer were immobilized
with a mixture of Butorphanol (27.3 mg), Azaperone (9.1mg), and Medetomidine (10.9
mg), commonly referred to as BAM. BAM was loaded into a 1cc type C dart with a 17

length barbed needle and a tri-port release mechanism. Darts also contained a miniature

15
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radio frequency transmitter so crew could locate deer using radio telemetry if needed.
The dart was delivered using a Pneu-Dart — Model 389 rifle intramuscularly in either the
fore or hindlimb of the animal.

After the animal was sedated, the field crew blindfolded and positioned them in
sternal recumbency and monitored vitals every 5 minutes, keeping supplemental oxygen
in proximity if necessary. Per provincial regulations, all animals received
a RAPP (Report All Poachers and Polluters) ID tag. Blood, hair, and biopsy samples
were collected and submitted to the provincial wildlife veterinarian. The immobilization
dart was carefully removed and an initial dose of PZP (0.5-0.7mg) was given
intramuscularly to IC does. After receiving an injection of Lidocaine at the base of the ear
to help with pain control, IC animals were given ID tags; in Oak Bay, IC does were given
numbered ear tags and in Esquimalt IC does were given numbered collar tags (Figure 2).
Control does were not given IC and fitted with identification collars; in Oak Bay control
BTD were fitted with a GPS collar displaying unique colour combination/patterns and in
Esquimalt control does were fitted with collars displaying unique tag shapes (Figure 3).
Animals were reversed with Atipamazole (50 mg), and Naltrexone (25 mg) delivered
intramuscularly. Crew monitored animals as they recovered to full consciousness.

All collared deer from the project reported deceased by authorities or residents
were recorded by lead wildlife veterinarian Dr. Adam Hering. If deer died withing 6
months of capturing or darting, they were necropsied by Dr. Hering to ensure deaths were

not related to any captures.

16
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Table 1. Immunocontraception treatments [no.] administered to black-tailed deer in Oak
Bay and Esquimalt, British Columbia, Canada.

Location Year Controls IC Treatments Boosters

Oak Bay 2018 20 N/A N/A
2019 N/A 60 55
2020 N/A 60 104
2021 N/A N/A 71

Esquimalt 2021 20 41 N/A
2022 N/A 14 N/A
2023 N/A 3 36
2024 N/A N/A 12

2.3.4 Measuring doe and fawn occurrences

From camera images, age class was estimated using morphological characteristics
including the presence of white fawn spots, body size relative to known adults (e.g.,
marked does or antlered males), presence of antler buttons or small spikes, facial
roundness, interocular distance, and neck girth. These criteria allowed differentiation
between adults >1.5 years old and fawns <1 year. Adult sex was determined from the
presence of antlers, identification tags, and body size and composition.

We considered camera detections of deer to be temporally independent when
separated by a threshold of 30 minutes *7. We categorized detections into two
demographic groups — does and fawns — and further categorized doe detections into
"marked" or "unmarked" does. Considering the majority of resident does were tagged
within the first 2 years of each study, we reasoned that increases in unmarked deer past
this point inferred immigration and informed to what degree each group

(marked/unmarked) is contributing to recruitment.

17
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Figure 2. Imagery illustrating does and fawns in the study area a) PZP-treated doe in Oak
Bay displaying ear tag ID #105 b) PZP-treated doe in Esquimalt displaying collar tag ID
#5 c) Control doe “T” in Oak Bay d) Control doe in Esquimalt displaying unique collar
shape ID “| |” with fawn in Esquimalt ) Fawn in Oak Bay f) Control doe ID backwards
“C” displaying RAPP tag in left ear.

2.3.5 Modelling and statistical analysis

For each study area, independent detections of does, fawns, unmarked does and
marked does were summed for each site and year (site-year pair) and used as the response
variable for models. Generalized linear models (GLMs)’%7! were used to model temporal
trends in each response variable (e.g. demographic group) for each landscape, generating
a total of 8 models. Models were structured with a Poisson distribution, with offset
function to account for site-specific camera trapping effort, by including the number of
days each camera was active. Year was set as a fixed effect and site ID was set as a
random effect’? to account for repeat sampling at the same site across years. For the

global model below, let i index camera sites and j years; Yjj is total number of

18
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independent detections of the response variable (does, fawns, unmarked or marked does)
at site I in year j, and ; is the corresponding expected count. Response variables were
modelled with a Poisson distribution with mean ;, and the linear predictor was specified
as:

log(pij) = Bo+ P1 x Year; + B2 % Yearo + B3 x Years + Bs X Years+ s X Years+ Be +

log(effortij) + w;
with
Yij ~ Poisson(Lj), ui ~ N (0, 6%it)

...where Bo is the intercept, p1 — s are fixed effect coefficients representing temporal
trends (relative to baseline years of 2018 for Oak Bay and 2021 for Esquimalt),
log(effort;j) is an offset to adjust for variation in active camera-days among sites, and u; is
a normally distributed site-level random intercept to account for repeated measurements
among sites. The term N (0, 62ie) specifies that the random site effects (u;) are assumed
to follow a normal distribution with a mean of zero and variance 6> site, representing
unexplained variation among sites after accounting for fixed effects.

Estimated marginal means (least-squares means) were calculated from model outputs
to obtain annual estimates of doe (marked/unmarked) and fawn independent detections,
averaged across all sites. Pairwise contrasts between estimates of sequential years were
tested for significance to yield year-to-year differences in doe (marked/unmarked) and
fawn occurrences, rather than to a single baseline year.

Diagnostic plots were generated and visually inspected for each model to assess
overall fit and model validity, along with tests of overdispersion. All statistical analyses,

model predictions, and validations were conducted in R-Studio v4.4.1 3. The glmmTMB
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package was used for model construction 74, eemeans package was used to estimate and

statistically compare marginal means 7, dplyr for data management 7®, ggplot2 for data

visualization 77, DHARMa for model validation 78, and ggpredict for model predictions .

2.4 Results
2.4.1 Permeable system: Oak Bay

The temporal models indicate a more widely fluctuating and less predictable
population in the permeable system (Oak Bay; Figures 3a and 3b). Estimated marginal
means revealed a 35% increase in doe counts from 2020-2021 (M = 1.35, 95% CI = 1.23-
1.50, p <0.0001) (Table 2), pushing estimated daily doe count from 17.32 (95% CI: 13.46
- 22.30) in 2020 to 23.50 (95% CI = 18.25 - 30.25) in 2021 (Figure 3a). The highest doe
count occurred in 2021, which is higher than pre-treatment doe counts in 2018 (Figure
3a). Trends in overall estimates in doe and unmarked does closely mirror one another in
2021 (Figures 3a and 3b). A 36% (M = 1.62, 95% CI =1.41-1.85, p <0.0001) increase in
unmarked does occurred in 2021 (Table 2). In 2021, the majority of does were unmarked
(Figure 3b), and in 2020 and 2021 fawn numbers were the lowest throughout the study
period (Figure 3a). Daily fawn counts were 4.30 (95% CI = 2.87-6.43) and 4.41 (95% CI
=2.93- 6.64) in 2020 and 2021 respectively (Figure 3a). Prior to the significant rise in
unmarked deer, fawn counts experienced a 40% decrease from 2019-2020 following IC
application (M = 0.60, 95% CI = 0.510-0.696, p <0.0001; Table 2). Fawn counts
significantly increased by 48% in 2022 (M = 1.476, 95% CI = 1.25-1.75, p <0.0001),
following the rise in unmarked/immigrant deer (Table 2).

After this significant increase of does in the landscape, the composition of the

population changed and unmarked doe counts remained much higher than marked doe
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counts (Figure 3b). In 2022 and 2023, predicted marked doe counts lowered to 6.51 (95%

CI=4.38-9.68) and 6.36 (95% CI = 4.28-9.46), respectively (Figure 4b). Conversely,
estimated daily doe counts were almost double this in these same years and were 11.57

(95% CI = 8.86-15.12) in 2022 and 11.11 (95% CI = 8.50-14.54) in 2023 (Figure 4b).

2.4.2 Insular system: Esquimalt

The insular landscape (Esquimalt) showed more stable, predictable, and gradual
population trends relative to the permeable system (Figures 3¢ and 3d). Estimated
marginal means revealed a 15 % decrease (M = 0.851, 95% CI = 0.781-0.928, p <0.0001)
in does, and 28% decrease in fawns in 2022 (M = 0.727, 95% CI = 0.635-0.831, p
<0.0001; Table 3). This is expected following high IC efforts. Fawn detections remained
consistent from 2023 to 2024 (M = 0.955, 95% CI = 0.831-1.098, p = 0.520), with
estimated daily fawn counts at 4.62 (95% CI =2.66 - 8.01) and 4.41 (95% CI = 2.55 -
7.61) (Figure 3c).

Doe detections increased slightly from 2023 to 2024 (M = 1.24, 95% CI = 1.14—
1.35,p <0.001) (Table 3). However, there were consistently low counts of unmarked
deer from 2021-2024 (Figure 3d). Unmarked does declined by 14% in 2024 (M = (.76,
95% CI=10.60-0.95, p=0.0179) (Table 3). Marked doe counts were consistently higher
— in the range of 7-11 times higher — than unmarked doe counts across the study period
(Figure 3d). Unmarked doe counts never exceeded 2.3 in any year, reaching the lowest

count of 1.67 in 2024 (95% CI = 1.03-2.71; Figure 3d).
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A total of 47 marked does were reported deceased in Oak Bay from 2018-2025,

IC

2.4.3 Mortalities

constituting 33% of the marked population, with most of these mortalities occurring in
2021 and 2022. A total of 9 marked deer were reported deceased in Esquimalt from 2021-
2025, constituting 11% of the marked population, and most mortalities occurring in 2022.
Both study areas experienced 2 mortalities related to the capture process; the remaining
mortalities of marked does in the study were determined to be predominantly from

vehicle-collision related injuries. Although mortality data from unmarked does is limited,

it is likely unmarked individuals experience similar rates and causes of mortality.
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Figure 3. Estimated counts of a) does and fawns in the permeable system; b) marked and
unmarked does in the permeable system; c¢) does and fawns in the insular system; and d)
marked and unmarked does in the insular system located in British Columbia, Canada.
Dotted grey line indicates the year in which most females were treated in each system.
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Table 2. Year-to-year estimates (coefficient + 95% CI; exponentiated values in
parentheses) of annual variation in response variables tested in the generalized linear
mixed model framework, derived using the emmeans function. Based on camera trap data
collected in the permeable system, Oak Bay, British Columbia, Canada, 2018-2023.

RESPONSE YEAR ESTIMATE (EXP) 95% CI (EXP) P-VALUE
DOE 2018 -2019 0.858 [0.782,0.940] 1.08e-03 **
DOE 2019-2020 0.928 [0.841,1.024]  1.36e-01
DOE 2020 -2021 1.356 [1.228,1.497]  1.59e-09 ***
DOE 2021-2022  0.759 [0.687,0.838]  5.31e-08 ***
DOE 2022 -2023  0.904 [0.818,0.999] 4.77e-02 *
FAWN 2018 -2019 0.661 [0.587,0.746]  1.42e-11 ***
FAWN 2019 -2020 0.596 [0.510, 0.696]  6.0le-11 ***
FAWN 2020 -2021 1.027 [0.854, 1.236]  7.74e-01
FAWN 2021-2022 1.476 [1.245,1.749]  6.96e-06 ***
FAWN 2022 -2023  0.977 [0.854, 1.118]  7.33e-01
MARKED 2018 -2019 2.441 [2.006,2.971] 4.87e-19 ***
MARKED 2019 -2020 1.376 [1.196, 1.583]  7.94e-06 ***
MARKED 2020-2021 1.135 [0.992,1.299]  6.62e-02
MARKED 2021-2022  0.660 [0.570, 0.763]  1.99e-08 ***
MARKED 2022 -2023 0.776 [0.664, 0.906]  1.34e-03 **
UNMARKED | 2018 -2019 0.612 [0.549, 0.681]  2.38e-19 ***
UNMARKED | 2019-2020 0.688 [0.602, 0.787]  4.40e-08 ***
UNMARKED | 2020 - 2021 1.617 [1.410, 1.854]  5.66e-12 ***
UNMARKED | 2021 -2022 0.884 [0.778, 1.004]  5.79e-02
UNMARKED | 2022 -2023 0.960 [0.850, 1.086]  5.18e-01
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Table 3. Year-to-year estimates (coefficient + 95% CI; exponentiated values in
parentheses) of annual variation in response variables tested in the generalized linear
mixed model framework, derived using the emmeans function. Based on camera trap data
collected in the insular system in Esquimalt, British Columbia, Canada, 2021-2023.

RESPONSE YEAR ESTIMATE (EXP) 95% CI(EXP) P-VALUE
DOE 2021-2022 1.178 [1.075,1.291]  4.65e-04 ***
DOE 2022 -2023  0.851 [0.781, 0.928]  2.42e-04 ***
DOE 2023 -2024 1.239 [1.139,1.349]  6.70e-07 ***
FAWN 2022 -2023  0.727 [0.635,0.831]  3.10e-06 ***
FAWN 2023 -2024 0.955 [0.831, 1.098]  5.20e-01
MARKED 2021 -2022 1.350 [1.205, 1.512]  2.25e-07 ***
MARKED 2022 -2023 0.723 [0.649, 0.804]  2.79e-09 ***
MARKED 2023 -2024 0.931 [0.832,1.042]  2.13e-01
UNMARKED | 2021 -2022 0.966 [0.751, 1.242]  7.85e-01
UNMARKED | 2022 -2023 1.175 [0.938,1.473] 1.61e-01
UNMARKED | 2023 -2024 0.759 [0.603, 0.954]  1.79e-02 *

2.5 Discussion

Reproduction and immigration drive population growth in urban BTD, but the
relative contribution of each varies with landscape permeability. Experimentally reducing
reproduction across systems differing by the degree of immigration potential (e.g.
permeability) reveals that dispersal into these systems can substantially influence
population dynamics, thus mediating the effectiveness of population control. We
examined temporal trends in fawns, marked (resident), and unmarked (immigrant) does

to infer immigration potential and identify which groups drove population-level
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reproductive success. Consistent with our hypothesis, IC initially reduced reproduction in
both populations, as indicated by declines in fawning following treatment. However,
these reductions were not sustained in the permeable system, where detections of
unmarked females rose sharply, suggesting immigration of reproductive females and a
subsequent rebound in reproduction. In contrast, the insular population, buffered by

dispersal barriers, exhibited minimal immigration, and sustained low reproductive output.

2.5.1 Dispersal

Trends in relative occurrence of marked and unmarked does fluctuated much
more widely in the permeable landscape, indicating possible immigration following the
reduction in fawns. After the influx of unmarked deer in the permeable landscape,
unmarked deer counts remained higher than marked deer counts, suggesting that many of
these deer immigrated. It is possible that some unmarked deer could have temporarily
entered the system during the sampling period. Regardless, fertile unmarked does and
accompanying fawns entered the permeable landscape, and based on the rise in fawn
counts, many immigrant fawns remained and recruited, likely driving later population
rebounds. We speculate that the initial reduction in fawns created a "sink" population,
where unmarked deer entered from adjacent source populations in neighbouring Victoria
and Saanich municipalities ®*8%8! to take advantage of abundant resources with less
competition. In contrast, the more insular system exhibited more consistent population
declines after IC application. We observed low unmarked deer throughout the entire
study period, suggesting a lack of movement of fertile females entering the system. The

ocean and major roads bordering the insular landscape played a major role in limiting
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potential immigration, contributing to a more stable population response after maximum
IC efforts were made 638283,

The insular Esquimalt system more closely meets key criteria identified in
simulations for effective immunocontraception: a small female breeding-age population
size, a semi-isolated or isolated landscape, and limited dispersal ¢34, For IC to be
effective, the number of breeding-age females must be small to be treated reliably within
a single year. Rudolph (1999) modelled an optimal threshold of approximately 100
breeding females—balancing treatment effort, efficiency, and encounter rates in suburban
environments. Above this threshold, annual treatment becomes logistically difficult;
below it, the probability of encounter rates declines, so effort increases *°. Based on
Rudolph 8's findings, our insular population was an ideal size, as pre-treatment density
estimates indicated an adult female breeding age size of around 74-100 female deer.
Additionally, the field crew was able to treat most adult females in the first year (it
became extremely difficult to located unmarked females in the years following), falling
within the recommended range of 60% - 80% for maximum IC effectiveness *. Like the
trends found in our insular system, other small insular urban IC studies with minimal
immigration reported population reductions within 1-2 years of treatment, followed by
modest gradual declines thereafter 3%, Rutberg and Naugle ** documented an average
annual decrease of approximately 7%, whereas Rutberg, et al. ¥ observed a decline of
about 11% per year. Consistent with modelling, with minimal immigration, these insular
systems respond to IC quickly and exhibit modest but stable population declines

afterwards %%, Due to the small initial population size, and minimal immigration, the
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insular landscape in this study achieved infertility in most residents much more quickly
than in the permeable landscape, leading to quicker reduction times with less IC effort.

Oak Bay is permeable to adjacent municipalities and is therefore more open to
immigration. We conclude permeability facilitated the influx of unmarked does and then
the rise in fawns in the following year. After IC treatment in the permeable system, Frey,
et al. 87 reported a 57% and 23% decrease in relative fawn abundance in 2019 and 2020,
respectively, with lowest deer densities in 2020. Therefore, the reduced densities in the
permeable landscape likely turned the landscape into a sink, with source animals free to
move in from adjacent municipalities to take advantage of high-quality habitat 38,
Although we did not directly measure immigration rates an immigration event clearly
occurred as evidenced by the influx of unmarked does, and even modest dispersal can
significantly alter population dynamics and the success of population control 3438598389,
For example, simulations show that immigration rate as low as 8%, contraception efforts
would need to double to compensate >°. Without accounting for even small immigration
events, it exacerbates the time to reduction. In past studies time to reduction took 5 years
with just an estimated 8 immigrants per year 3+

The more permeable the system, the higher the immigration potential, which
generally results in longer reduction times but shorter rebound times after fertility

controls cease 3+°!

. Here, highly fluctuating trends in the permeable system were largely
driven by dispersal, but the population contained almost double the number of breeding-
age females than the insular system, which likely further contributed to more variable

trends 87. Our team treated 140 females over two years, meaning roughly half the

population was treated and half untreated initially, with staggered booster eligibility
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thereafter. This makes it difficult to maintain the recommended annual coverage of
contracepted females, especially when new individuals are consistently being introduced
into the system 23860, However, our permeable system was still relatively small, by
definition < 200 females, which is likely why we saw reductions the year following IC ¢°.
However, as predicted, since the system was not isolated, an immigration event occurred

that caused the population to rebound 348391,

2.5.2 Deer accessibility and booster success

Accessibility to adult female deer, as well as the vaccine type used, can influence
the effectiveness of population control via IC 3869092 T onger-lasting vaccines reduce
booster requirements and coupled with high deer accessibility typically yield greater

population control success >>394

. PZP-22 was used in the insular system and requires
boosters 2 years after initial dose. Zonastat D was used in the permeable system requires
a booster 3 weeks to 1 year after the initial dose, making PZP-22 initial dose longer
lasting °2. However, if deer are easily accessible for boosters, shorter-acting vaccines can
be just as effective as longer-acting vaccines °>. Boosters can sustain antibody levels to
maintain fertility suppression for 1-2 years in ungulates >, For example, Kirkpatrick, et
al. > maintained infertility in feral horses with boosters for up to 8 years. In our insular
system deer accessibility was lower due to denser housing, but we used a longer-acting
vaccine which minimized population-level impacts of any missed boosters that had to be
administered in following years. While in our permeable system, we used a shorter-acting
vaccine but had higher booster success as deer were easier to locate. Therefore,

differences in vaccine durations and deer accessibility likely did not cause any notable

differences in population responses observed in this study.
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In small populations (e.g. N <200), IC has the potential to reduce deer

2.6 Management Implications

populations, but sustaining reductions in permeable landscapes will require more effort
due to higher immigration potential . Isolated or semi-isolated populations—those
bounded by highways, oceans, or other dispersal barriers—are better candidates for IC
programs because comparatively fewer resources are needed to compensate for annual
immigration. Unless, of course, IC programs are implemented across the CRD and so
reduce the possibility of immigration from one municipality to another.

In any case, managers should also aim to acquire reliable pre-treatment densities
estimates to ensure most animals can be treated within the first year. Where resighting
rates are low, we recommend using longer-acting contraceptives to extend booster
opportunities, and missed individuals should be prioritized in subsequent years.
Successful population control via IC requires treating most females in the population
quickly and maintaining population-level infertility. Most importantly, collaboration
among neighboring municipalities in coordinated IC programs is essential to overcoming
the logical issues from immigration. Although management is limited by jurisdictional
boundaries, deer movements are not. IC programs would be far more effective if adjacent
municipalities coordinated their efforts with a common goal, preventing immigration

from replenishing populations in permeable landscapes.
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CHAPTER THREE: BLACK-TAILED DEER POPULATION DENSITY
ESTIMATE AND RESPONSE TO IMMUNOCONTRACEPTION IN

ESQUIMALT, BC

Andrew F. Barnas, Isabel Giguére, Adam Hering, and Jason T Fisher

3.1 Introduction

Anthropogenic disturbance is a driver of global terrestrial biodiversity loss, but
ensuing landscape change stemming from development can impact species in both
negative and positive ways’*?°. Some anthrophilic species, or human commensals % can

101102 o1 provide

benefit from anthropogenic activity which can create predator refuges
increased resource availability!%-1%°, Typically, the outcome of anthropogenic
commensalism is population growth for those wildlife populations in developed
environments!®. Although in anthropogenic commensal relationships where there is no
loss to human populations, the increased population growth of commensals species can
be perceived as threatening and translate to human-wildlife conflicts?*-!%:197. Conflicts
are pronounced in urban and suburban areas of intermediate human population density

108 The global urban population is

when residences are proximal to wildlife habitats
expected to increase by 2.5 billion people over the next 30 years % and urban landscapes
have doubled in the last few decades!!®. As such, there is a growing need to understand
the population dynamics of anthropogenic commensals and explore strategies for
mitigating human-wildlife conflict.

Population growth is the outcome of births, deaths, immigration and emigration,

and substantial literature has been devoted to the primary mode of experimental wildlife
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population reduction'!!, specifically increased mortality through harvest ''? or culls
Less studied are the population outcomes of reducing populations through non-lethal
means, such as suppressing reproductive output through fertility control. The paucity of
such research is in part owing to fertility control being used often as a management tool
without a solid ecological research framework?*!14-116, Even less research has focused on
monitoring population response when management intervention actions such as fertility
control are paused or ceased entirely, allowing for a potential population rebound through
immigration or increased births.

Here, we examine applied reproductive control and density estimation methods to
evaluate population outcomes of Columbian black-tailed deer (BTD). In British
Columbia's suburban environments, deer have been shown to select for areas with high
vegetation greenness, a high proportion of large-sized residential lots, and proximity to

parks and golf courses !’

suggesting that human-driven changes to the landscape are key
to maintaining urban deer populations. As BTD populations are sensitive to factors
affecting recruitment®-!!8, the lack of natural predation coupled with the abundance of
high-quality food resources on urban and suburban landscapes has likely contributed to
greater reproductive output and subsequent population growth for BTD.

Culling deer is the most direct and immediate method of reducing deer population
density, including in urban and suburban environments?>!'!°, However, the culling of
wildlife can be a contentious and politicized issue'?’, leading to divided communities and
even legal battles?’-?8, Fertility control may be used as a non-lethal strategy for reducing

population size and immuno-contraceptive (IC) treatments are used on free-ranging

ungulates to reduce reproductive output?-3!, Immuno-contraceptive vaccines trigger the
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female immune system to prevent fertilization of the egg?2, and vaccines such as porcine
zona pellucida (PZP) have been applied to various urban deer populations as means of
non-lethal deer population management®®33-3, Prior to the fall rut, IC vaccines can be
delivered remotely to adult does to suppress her ability to produce young the following
spring, thus eliminating the need for lethally removing individuals in a growing
population. While fertility control is suggested to be a socially acceptable and effective
method for wildlife population management compared to culls, the effectiveness of IC
treatment to suppress population growth in BTD in urban environments has not yet been
examined. The rarity of such research has likely partly been due to the past inherent
difficulties in estimating population size and density for free-ranging populations!'?!.

Here, we apply IC to a free-ranging population of urban BTD and monitor via
remote cameras'?? the population response over a course of four years to understand the
demographic and population outcomes of reduced reproduction in a population with few
opportunities for compensatory immigration.
3.2 Methods
3.2.1 Statistical Analysis — Adult Population Density Estimation

To estimate population density within Esquimalt, we used the camera array
previously described. Using camera images of BTD, we identified independent detections
based on a 30-minute threshold, where sequences of images of BTD on the same camera
were considered independent if separated by 30 minutes. We also considered images of
marked individuals to delineate separate events. Images containing multiple identifiable
individuals were recorded as unique events, as we could clearly identify the time and

location for everyone. Further, images containing both marked and unmarked individuals
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were separated into distinct counts of a marked and unmarked detection. For example, an
image containing a marked individual and an unmarked individual would count as two
distinct events. We did not consider independent events of fawns for density estimation.

We estimated population density of adult BTD using spatially explicit mark-
resight (SMR) models with package secr v4.6.9 in R Studio 4.4.1!2%124, SMR models
have been developed to estimate density from repeated detections of known individuals
in a partially marked population!?!:125:126 . SMR models use repeated detections, or
“resights”, of both unmarked and marked individuals to estimate the density of a
population!?6:127, We fit individual models to estimate density separately for each study
year. Each study year (session) contained 30 sampling occasions, but varying number of
cameras (detectors). Fitting models separately for each year assumes no constant survival
across years but assumes that all marked individuals detected within a year were alive
across that year’s sampling occasions. For all models we specified a half-normal
detection function, assuming detections of individuals are maximized closer to activity
centers, but decay based on a scale parameter. We treated cameras as “count” detectors
which are a class of “proximity” detectors which record animal presence at a point
without restricting movement, allowing for >1 detection of animals per sampling
occasion. Counts were modelled assuming a Poisson distribution.

We fit models with a 1000m buffer around the study areas, and first fit models
assuming no overdispersion to generate initial parameter estimates. We then used those
initial estimates to simulate data 10,000 times using the “nsim” argument in the “secr.fit”
function. For each year we obtained a mean density estimate of adult deer + 95%

confidence intervals, converted to estimated deer per km?,

34



UVIC

In the initial year (2021) we estimated ca.13 deer per km? (Figure 4). We started

3.3 Results

IC treatment that fall. The population experienced natural population growth in the
following year to approximately 16 deer per km?; the number of fawns may have been
reduced but the natural population die-off had not yet begun to reduce deer populations.
This initial growth is the same phenomenon we witnessed in Oak Bay, before that
treatment took hold. In 2023 the population fell to 2021 levels and then fell again in 2024
to about 11 deer per km? (Figure 4).
3.4 Discussion

Esquimalt experienced a marked increase in adult deer density in the starting year
from 2021 to 2022. As we did not monitor previously, we do not know if this was part of
an ongoing trend or a unique event. This is an unusually rapid rate of population growth
and is unlikely due to reproduction alone; very likely there was some contribution from
outside Esquimalt - perhaps Songhees lands or View Royal. In the following year the
population returned to the original size, suggesting mortality or emigration was not offset
by reproduction, due to the treatment of IC. In the subsequent years as animals died or
moved, reproduction also was not sufficient to offset these losses and so the population
continued to decline through the final sampling year, 2024. We did not observe any
population rebound following the first two intensive years of treatment, due to the use of

PZP-22 which lasts almost two years.
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Figure 4. Estimated deer density in Esquimalt from 2021-2024. The average estimated
deer density is represented by black dots; the 95% confidence intervals (CI) are
represented by the bars around the dots. CI’s are interpreted as such: the most likely
estimate is around the black dot, with decreasingly likely density estimates moving from
the black dot to the ends of the bars, which are only 5% likely.

The effectiveness of IC treatment as a long-term strategy for suppressing urban
deer populations likely relies on the use of periodic booster vaccines to maintain the
immune response in previously treated animals, as well as primary vaccines to newly
recruited or immigrated individuals. Research on closed populations of white-tailed deer
(Odocoileus virginianus) suggest if 25-50% of females are treated annually, reductions of
30-60% could be achieved over a 4—10-year period®®. The sharp rebound in reproductive
output observed in our study population indicates that a higher proportion (>50%) of

females may need to be treated to maintain a suppressed overall population size.
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CHAPTER FOUR: THE INFLUENCE OF REPRODUCTIVE STATUS ON
HABITAT SELECTION IN URBAN BLACK-TAILED DEER

Isabel Giguére, Andrew Barnas, Adam Hering, and Jason T Fisher

4.0 Abstract

We tested how habitat selection differed between mothers and non-mothers in
Columbian black-tailed deer (BTD) populations. In autumn, mothers face high energetic
demands for reproductive success. They must balance risk-reward trade-offs between
habitats that provide nutrient-rich forage and those that offer safety of protective cover.
The most energetically optimal habitats for reproduction supply both, maximizing energy
intake from forage while minimizing energetic costs of avoiding mortality of mothers and
fawns. We hypothesized 1) mothers select habitats combining nutrient-rich forage and
protective cover because it is the most energetically optimal habitat choice for
reproduction success; and 2) mothers exhibit stronger selection for these habitats
compared to non-mothers because they have higher energy requirements and are more
vulnerable to risk. We used multi-year camera-trap data to monitor both landscapes and
evaluate how habitat features of various forage quality and cover influence the
occurrence of reproductive groups, using an information-theoretic modeling framework.
We found a clear difference in habitat preferences between reproductive groups in both
landscapes; mothers selected habitats offering both high-quality forage and cover, and
avoided open areas that elevated risk, whereas non-mothers selected habitats with low-
quality forage in open areas and did not avoid risky features. Habitat influenced the

spatial distribution of reproductive groups in BTD, demonstrating that extrinsic factors
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such as habitat quality can shape population dynamics by affecting intrinsic drivers like

reproductive success.

4.1 Introduction

Urbanization transforms landscapes and alters resource availability for wildlife
7.129.130 Tn response to changing habitat, populations will either grow, shrink, or
redistribute, driven by shifts in mortality rates or reproduction success 81131132 For
instance, BTD recruitment rates differ between wild and urban populations within North
America '*3. Given that BTD generally have stable adult survival, reproductive success is
a primary intrinsic driver of population growth, especially in urban landscapes where the
absence of natural predators facilitates high recruitment !**, In the absence of top-down
predator-control, BTD populations are more influenced by bottom-up processes like
habitat quality '35-138, Therefore, habitat quality can function as an extrinsic driver of
population dynamics by its influence on intrinsic drivers like reproduction success '*°.

To enhance reproduction success, mothers should select habitats that maximize
energy intake while minimizing energy expenditure to sustain personal and offspring

survival 140-143

. For BTD, this involves consistently making trade-off decisions between
their two primary activity states—jforaging and resting—which together determine daily
energy balance !4*-144, These trade-offs should vary among reproductive groups (e.g.
reproductively successful mothers and unsuccessful non-mothers) because each has
distinct energetic requirements, pressures, and vulnerability to risk '*°. Based on Optimal
Foraging Theory, Landscape of Fear, and Central Place Foraging Theory, habitat

selection decisions should involve those that maximize net energy gain while also

minimizing energetic costs 81:141:146-152 'Within this framework, the concept of
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an energetically optimal habitat reflects one with features that maximize energy
acquisition and retention. Therefore, habitat features offering nutrient-rich forage and
simultaneous protective cover represents an energetically optimal choice for reproductive
females 7-88:131.144.153-155 ° Ay oiding risk is especially important for mothers because fawns
are more susceptible to mortality 4156157, Finally, occupying habitat that satisfies both
foraging and resting needs, eliminates the need to expend unnecessary energy travelling

148 For mothers, selecting habitats that optimally

between separate forage and resting sites
balance nutrition and safety is especially critical given the added energetic costs of
reproduction and parental care; thus, their habitat choices should be fundamental to their
reproductive success 43145158

BTD are income breeders whereby reproduction success is tightly linked to
forage quality and quantity available in the late summer and early fall 131132158159 " At this
time of year, mother BTD habitat choices strongly influence their ability to meet the
energetic costs of lactation and parental care, thereby affecting fawn survival and
recruitment 1°%15°, Lactation is the most energetically costly period of a BTD mother’s
life, raising basal metabolic rates by estimated 4-7 times 132169161 Nutrients offered by
BTD milk facilitates rapid fawn growth, gaining ~ 0.5 lbs/day in the first 3 months of life
18 Attaining large body size quickly is an evolutionary strategy to gain independence
quickly to reduce their mortality risks, which increase with decreasing fawn size 162,
Lactation can continue into autumn, but by late summer fawns begin to wean and closely
accompany their mothers, gradually adopting similar foraging and resting habitat

selection behaviors 193194 Pressure for mothers and attendant fawns to select

energetically optimal habitat is high because their energetic demands are high. In the late
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summer and autumn, mothers have undergone lactation, provided maternal care, and
must enter to rut and become pregnant again while fawns must grow into independent
juveniles large enough to survive their first winter 132165166 To achieve this, mothers
must select high-quality habitat in autumn, a time where vegetation quality generally

131,159.164.167 Tf resource subsidies are scarce at a time

starts to decline in North America
when pressure to meet demands is critical, mothers and fawns must occupy most
energetically optimal habitat to support reproduction.

The digestibility and concealment vegetation offers plays a critical role in habitat
selection in BTD #168 Most of BTD diet is composed of deciduous trees, shrubs and
forbs 199172 Their gut physiology is specially designed to digest thin cell-walled
vegetation types like browse 44, Comparatively, BTD have more difficulty digesting
vegetation with thicker cell walls, such as grasses, so they must consume higher

14L173.174 Tt {s more difficult for fawns to

quantities to gain similar nutritional benefits
digest large quantities of fibrous forage like grasses since their gut rumen is still maturing
and has lower stomach capacity '®. Energy gained from forage is retained by resting for
most of the day in safe bed sites 13%!75, Canopy cover and low-lying vegetation both
provide structural refuge for resting, which reduces thermal stress and offers protection
from predation and human disturbance !’6. Fawns are especially vulnerable to these
dangers due to their smaller body size and limited experience. Therefore, habitats with
vegetation offering both easily digestible energy and concealment would be beneficial for
mothers and fawns.

» 177

Urban BTD may make similar trade-offs to avoid “human-risks such as

vehicle collisions and conflict with pets and people '¢!7%17° Reproductive groups
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(mothers and non-mothers) may perceive these “human-risks” differently and prioritize
forage-quality and safety differently '%%-18!, For instance, it may not be beneficial for
mothers to gain nutritional rewards associated with private gardens, if it poses risks
associated with being near humans, while it may be worth the trade-off for another
reproductive group. Mothers may prefer larger residential properties to take advantage of
the associated “luxury effects” because those properties offer both abundant high-quality
forage and space segregated from humans ’. Conversely, large grass-dominated areas like
sports fields and school yards are open, lack cover and are nutrient-poor, especially in
autumn. Therefore, these habitat features may offer little benefit to mothers but could
support non-mothers who have a higher human-risk tolerance and can forage longer on
lower-quality vegetation types to meet their energetic demands.

We seek to answer the question: How does reproductive status influence habitat
selection in urban BTD? We examined habitat preferences between female BTD with
fawns (mothers) and without fawns (non-mothers) for features that offer variable benefits

or limitations to reproductive success.

4.2 Methods

We deployed systematic camera trap?” arrays in Oak Bay and Esquimalt in
August 2018 and November 2021, respectively, with a total of 80 cameras. See Chapter 2

for a full accounting of study design.

4.2.1 Measuring mother and non-mother occurrences

For each deer(s) detected in an image, age (fawn or adult), adult sex (male or
female), and whether adult females were unmarked or marked were recorded (Figure 5).

Age was determined by observation of morphological characteristics; the presence of
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white fawn spots, relative size to known adults (ID present or 2+ spiked antlered males),
presence of antler buttons or small spikes, facial roundness, distance between eyes and
neck girth. Adult sex was determined by the presence of antlers, ID tags, body size and
composition. Adult females were easily determined to be either marked or unmarked
based on the presence of large IDs easily visible on cameras.

We further categorized detections of deer into independent detection events of
two reproductive categories: Non-mothers (lone female adults), and mothers (adult
females with fawns). We considered detections of the different demographic groups to be
independent when separated by a threshold of 30 minutes *’. If a fawn and doe were
detected in the same image, we categorized the independent detection event as “mother”,
when a doe was detected and a fawn was not, we categorized the independent detection
event as “non-mother”. If a fawn was detected alone on a camera, we categorized the
independent detection event as “mother” because it was assumed that the fawn was born
from a mother, who was close by, it just was not in the field of view of the camera '3,

Because deer moved slowly and often with scores of sequential photos, we are
confident classifying mothers and non-mothers in this way. For each camera site, we
summarized the number of days that each demographic group was detected or not (i.e.
present or absent that day). The precise number of active camera days was documented

for each site and year to account for uneven sampling effort between camera sites.
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Figure 5. Camera trap imagery of fawns and adults captured throughout the sampling
period. a) adult female with elongated snout, b) November fawn with rounded and short
snout, ¢) September fawn with white spots, d) September fawn with button antlers
following a marked adult female, e) October fawn foraging with a marked adult female
and f) October fawn allogrooming an unmarked adult female

4.2.2 Quantifying habitat features

To evaluate the different habitat types used by deer we collected environmental
landscape features surrounding camera traps. We used ARC GIS Pro v 3.2 software to
extract habitat features and geospatial statistics '32. We applied buffers to both the
municipal boundaries and individual camera sites to define the spatial extent used for
habitat feature extraction. A 400-m buffer was added around each municipal boundary to
ensure that habitat features influencing detections were fully represented for cameras near

the study area edges, minimizing edge effects and preventing truncation in spatial
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analyses '83184 The 400-m distance corresponds to one grid cell and represents the
maximum spacing between cameras, ensuring that habitat data were not excluded for
cameras bordering their respective grid cells or municipal boundaries—particularly in
Esquimalt. Although cameras in Oak Bay were positioned farther from the boundary, the
same buffer was applied to maintain methodological consistency across study areas. A
150-m circular buffer was applied around each camera sites, and habitat variables were
extracted from within the area of this buffer radius to characterize camera-specific habitat
conditions influencing detections. The 150 m radius represents half the mean inter-
camera spacing, providing a biologically meaningful scale for local habitat assessment
while minimizing buffer overlap among adjacent camera sites 83185,

Habitat features with varying degrees of forage quality and protective cover were
classified to assess their influence on the presence of demographic groups. Landcover
data was collected from a combination of municipal and provincial open-source
geospatial databases. We used the Capital Regional District (CRD) 2019 LiDAR land
cover dataset (Table 4), chosen for its high-resolution accuracy in capturing current
surface features across the study area CRD, '3, We extracted 10 habitat features: roads,
shrub, herbaceous vegetation, coniferous tree, deciduous tree, roads, pavement, bare
ground, residential lot density and proximity to green space. All habitat variables, except
for residential lot density and proximity to green space were extracted from this dataset
and represented as the proportion of surface area (m?) a given feature covered within the
radius of the camera buffer.

Mean residential lot densities were generated by kernel density estimation from

residential lot parcel center points 32, Center points were given to independent living
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units/dwellings. Civic addresses, satellite imagery, google street view and knowledge of
the area were all used to guide decisions around defining a residential unit. For
apartments and condos, the number of center points given were based on the number of
dwellings on the first floor, that had their own entrance and/or green space.
Consequently, every residential address was not assigned a center point to avoid over
inflating residential lot density estimates for dwelling types that deer could not utilize. In
this way, the ratio of living units and green space within a parcel was consistent among
dwelling types. The kernel density tool was applied to residential center points at a cell
size of 10 and search radius of 200m. The mean lot density (residential dwelling/m?)

values were calculated for each camera site.
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Table 4. Definitions of habitat features hypothesized to influence habitat selection in
reproductive groups. Yes/No indicates what resource (cover and/or forage) each habitat
feature provides. Definitions of LiDAR variables are extracted from CRD 2019 LiDAR

Predictor Description Cover Forage
variable
Bare ground Areas of exposed soil and bare land falling No No
outside agricultural land uses (e.g.,
construction sites, cleared arcas)
Grass Grass land cover falling within residential No Yes
and urban land uses, including lawns,
gardens, playing fields and institutional
grounds. These areas represent lands
subject to regular maintenance.
Herbaceous Areas of natural herbaceous vegetation that No Yes
is not manicured (e.g., grasses, reeds, ferns,
flowers and low-lying vegetation).
Shrub Shrub dominant areas (includes small Yes Yes
trees) between 50cm-3m in height. This
does not include shrubs such as hedges that
are above 3m in height.
Deciduous tree Deciduous trees (and deciduous shrubs) Yes Yes
above 3m in height.
Coniferous Coniferous trees (and coniferous shrubs) Yes No
tree above 3m in height.
Pavement Paved areas/impervious surfaces excluding No No
buildings (e.g., roads, sidewalks,
driveways and parking lots).
Road All road networks excluding all other No No
impervious surfaces and paved areas.
Proximity to The average distance to the closest three Yes Yes

green space

Residential
Lot Density

green spaces composed of 50% or more
green area, excluding residential green lots
(e.g., parks, golf courses, cemeteries,
schools, regional trails).

Mean kernel density of residential lot
parcels.

No-High Density
Yes-Low Density
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The proximity to green space was generated by calculating Euclidean distance
from each camera to the nearest three green spaces. The green space layer was created by
including all non-residential parcels that were 50% or more green space. To delineate
these areas, an NDVI layer was created to enhance the visualization of vegetation
productivity. The NDVI layer was then overlaid with zoning data and satellite imagery to
refine polygon placement and define precise boundaries. The resulting green space layer
included parks, golf courses, schools, cemeteries, and private water access points. The
mean Euclidean distance was calculated for the nearest three polygons to each camera

site and referred to as the proximity to green space.

4.3.3 Modelling and statistical analysis

Due to substantial differences in habitat composition, deer density, and study
durations between Esquimalt and Oak Bay, we analyzed landscapes separately to avoid
obscuring any biologically relevant heterogeneity. To empirically estimate differences in

187 were conducted on all habitat

habitat compositions, Wilcoxon rank-sum tests
covariates within 150-m buffer around camera sites in both landscapes, which revealed
differences in herbaceous vegetation, pavement, deciduous tree, and coniferous tree. This
provided empirical support for analyzing landscapes separately. All habitat variables were
tested for Pearson correlation (Jr] > 0.6 threshold) '#8. Variables that exceeded this
threshold were not included in the models together to avoid multicollinearity '85.

To analyze the effect of habitat on deer site selection among reproductive groups,

candidate model sets were created for “mothers” and “non-mothers” in each landscape.

Independent camera trap detections were binned into an annual proportional binomial
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framework for analysis. For each camera site-year, detections of mothers and non-
mothers were summed to generate values for each site-year. Unfortunately, due to camera
failures and loss in Esquimalt in 2021, we could not gain reliable fawning estimates for
this year, and it was omitted for this analysis.

Generalized linear mixed-effect models (GLMMs)7? were used to test how
reproductive status influenced habitat selection. Response variables were structured as
the proportion of daily successes (presence) and failures (absence) throughout the number
of active camera traps days for each site-year combination, wherein each day is
considered a Bernoulli trial '*°. This structure accounts for camera trapping effort given
that the response variables are proportional to the number of camera trapping days unique
to each site-year. Candidate models included fixed effects representing varying levels of
forage quality and cover, with year included as a random effect. Habitat variables were
standardized (mean = 0, SD = 1) prior to modeling to allow comparison of effect sizes
across predictors. For the global model below, let i index camera sites and j years; Yj;j is
the number of days with > 1 detection of either mothers or non-mothers at site i in year j,
6 is the corresponding daily detection probability, and n);j is the linear predictor such that
logit(6i) = nij
nij = Po+ P1 X road;j + P2 X grassij+ P3 x herbaceous; + B4 x shrubj+ Bs x deciduous tree;; +

Bs x coniferous treeij+ B7 % lot density;; + Ps X pavement;j+ o X bareground;; + Bio X
proximityj; + year;
Yj; ~Binomial (nj;, 6;), logit(d;) = nj;

yearij~ N (0, 62)
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We used Akaike’s Information Criterion corrected for small sample size (AICc)

4.3.4 Model evaluation and validation

to weigh empirical support for model hypothesis '*°. Top models were defined by those
with a AAIC = 0 — 2, supported by model diagnostics and validation. Models were fit
separately for each reproductive group and landscape. Effect sizes were expressed as
odds ratios (OR) by exponentiating model coefficients (eP). Predicted probability plots
were generated for all top models to facilitate interpretation and visualization of results.
Diagnostics were performed on candidate models, evaluated for DHARMa
simulated residual, with overdispersion tests, zero-inflation and residual uniformity 8.
Diagnostic plots were visually inspected for top model for each response variable for
validation. All statistical analyses, model predictions, and validations were conducted in
R-Studio v4.4.1 3. The glmmTMB package was used for model construction ™, dplyr for
data management ', ggplot2 for data visualization "7, DHARMa for model validation 7%,

and ggpredict for model predictions 7.

4.4 Results

In Oak Bay from 2018-2023 the total number of active cameras in the array for
these years were 34, 32, 36, 34, 36 and 34 cameras, respectively, with a mean value of 27
active camera days (SD = 8.4, min - max = 1-35). We obtained 1303 independent
detections of mothers and 1321 independent detections of non-mothers during the
sampling period. In Esquimalt, from 2021-2024 the total number of active cameras in the
array for these years were 36, 41, 40, and 40 cameras, respectively, with a mean value of

47 active camera days (SD = 17.8, min — max = 1- 61). We obtained 1044 independent
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detections of mothers and 1295 independent detections of non-mothers during the

sampling period.

4.4.1 Mother habitat selection in Oak Bay

High-quality forage and cover were the most strongly supported model explaining
the occurrence of BTD mothers, receiving all the model weight (AICw = 1.00; Table 5).
Within this model, mothers showed strong selection for deciduous tree and herbaceous
vegetation and avoidance of shrubs (Figure 6). The odds of detecting mothers increased
by approximately 29% for every one-standard-deviation increase in the proportion of
deciduous trees around the camera site (OR = 1.29, 95% CI = 1.20-1.38) and by about
40% for each one-standard-deviation increase in the proportion of herbaceous vegetation
(OR =1.40, 95% CI = 1.32—1.72), while decreasing by roughly 13% for each one-
standard-deviation increase in the proportion of shrub (OR = 0.87, 95% CI = 0.81-0.94;

Figure 6).

4.4.2 Non-mother habitat selection in Oak Bay

No habitat feature associated with forage or cover was well supported in
explaining the occurrence of non-mothers, the "no forage” and "cover” models received
essentially all the model weight (AICw = 1.00; Table 5). Within the top model, non-
mothers showed strong avoidance of bare ground but little evidence for selection or
avoidance of pavement (Figure 6). The odds of detecting non-mothers decreased by
approximately 24% for every one-standard-deviation increase in the proportion of bare
ground (OR = 0.76, 95% CI = 0.70-0.83), whereas pavement showed little support for an

effect on occurrence (OR = 1.03, 95% CI = 0.96-1.11; Figure 6).
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Vegetative cover was the most strongly supported model explaining the

4.4.3 Mother habitat selection in Esquimalt

occurrence of mothers, receiving all the model weight (AICw = 1.00; Table 6). Model
coefficients indicated strong selection for deciduous tree cover and avoidance of
coniferous tree cover (Figure 6). The odds of detecting mothers increased by about 68%
for every one-standard-deviation increase in the proportion of deciduous tree cover (OR =
1.68, 95% CI = 1.55-1.82) and decreased by roughly 35% for each one-standard-
deviation increase in the proportion of coniferous tree cover (OR = 0.65, 95% CI = 0.59—
0.72). Shrub cover showed little support for influencing mothers’ occurrence (OR = 1.04,

95% CI =0.95-1.13; Figure 6,7).

4.4.4 Non-mother habitat selection in Esquimalt

Low-quality forage was the most strongly supported model explaining the
occurrence of non-mothers, carrying most of the model weight (AICw = 0.95; Table 6).
Within this model, non-mothers showed moderate selection for grass and herbaceous
vegetation (Figure 6,7). The odds of detecting non-mothers increased by approximately
15% for every one-standard-deviation increase in the proportion of grass cover (OR =
1.15,95% CI = 1.08-1.23) and by about 24% for each one-standard-deviation increase in

the proportion of herbaceous vegetation (OR = 1.24, 95% CI = 1.06—1.44; Figure 6,7).
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Table 5. AICc scores of candidate models assessing factors expected to influence occurrence of mothers and non-mothers in the Oak

(logLik), the difference in AICc scores between the best-supported model and all other models (AAIC), and model weight (AICw).
Top models are bolded for each response variable.

Response Model Fixed effects K logLik AlCc A AICc AICw
Oak Bay High-Quality Forage and  Shrub + Deciduous Tree + 5 -1135.33 2280.959 0 1
Mothers  Danger Road 3 -1165.9 2337914  56.95438  4.29E-13
Low-Quality Forage Herbaceous + Grass 4 -1180.03 2368.26 87.30093 1.1E-19
Vegetation Cover Con.iferous Tree + Shrub + 5 -1195.31 2400.915 119.9554 8.95E-27
Forage and Cover Shrub + Deciduous Tree 4 -11975 2403206 1222466  2.85E-27
Residential Lot Density 3 -1207.21 2420.548 139.5891 4.88E-31
No Forage or Cover Bare Ground + Pavement 4 -1207.18 2422.56 141.6004 1.79E-31
Proximity to Green Space Nearest 3 Green Patches 3 -1250.95 2508.016 227.0569 4.96E-50
Null Model Intercept-only 2 -1253.42 2510.905 229.9453 1.17E-50
Oak Bay No Forage or Cover Bare Ground + Pavement 4 -759.932 1528.063 0 1
Non- Low-Quality Forage Herbaceous + Grass 4 -778.476 1565.151 37.08785 8.84E-09
- Null Model Intercept-only 2 -785.793 1575.646 47.58222 4.65E-11
Residential Lot Density 3 -785.5 1577.119 49.05524 2.23E-11
Proximity to Green Space Nearest 3 Green Patches 3 -785.509 1577.137 49.07381 2.21E-11
High-Quality Forage and ~ Shrub + Deciduous Tree + 5  -783.557 1577.416  49.35265  1.92E-11
ISanger Road 3 -785.785 1577.69 49.62689 1.67E-11
Vegetation Cover Coniferous Tree + Shrub + 5 -784.275 1578.851 50.78803 9.37E-12
Forage and Cover Shrub + Deciduous Tree 4 785668  1579.537 5147341  6.65E-12
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Table 6. AICc scores of candidate models assessing factors expected to influence detections of mothers and non-mothers in the

Top models are bolded for each response variable.

Response Model Fixed effects K logLik AlCc A AICce AICw
Esquimalt Vegetation Cover Coniferous Tree + Shrub + Deciduous 5 - 1703.093 0 1
Mothers Forage and Cover Shrub + Deciduous Tree 4 ‘ - 1787.677 84.58412 4.29E-

High-Quality Forage and  Shrub + Deciduous Tree + Herbaceous 5 T2 1789.859  86.76531  1.44E-
No Forage or Cover Bare Ground + Pavement 4 T D 1836557 133.4634  1.04E-
Low-Quality Forage Herbaceous + Grass 4 ) D 1871.04 167.947 339E-
Danger Road 3 Tl 1900.517 1974233 1.35E-
Null Model Intercept-only 2 T 7D 1913.077  209.9836  2.53E-
Residential Lot Density 3 T D 1914.609 2115156 1.17E-
Proximity to Green Space  Nearest 3 Green Patches 3 © L 1915086 211.9924  9.26E-
Esquimalt Low-Quality Forage Herbaceous + Grass 4 o 1428.841 0 0.9504
Non-mothers  Vegetation Cover Coniferous Tree + Shrub + Deciduous Tree 5 712.65 1435.836  6.994975  0.0287
High-Quality Forage and ~ Shrub + Deciduous Tree + Herbaceous 5 - 1436.488  7.646995 0.0207
Danger Road 3 T D 1496.907  68.06585  1.58E-
Residential Lot Density 3 74783 1501.871 73.02975 1.32E-
No Forage or Cover Bare Ground + Pavement 4 - 1502.164 73.32301 1.14E-
Forage and Cover Shrub + Deciduous Tree 4 © L 1506.909  78.06838  1.06E-
Proximity to Green Space  Nearest 3 Green Patches 3 T 1509.769  80.92769  2.54E-
Null Model Intercept-only 2 T 70 1511422 8258072 1.11E-
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Figure 6. Odds ratio including 95% confidence intervals for fixed effect variables in the
top models for each response variable, a) Oak Bay mothers b) Oak Bay non-mothers c)
Esquimalt mothers d) Esquimalt non-mothers. The dotted line represents no effect at a
value of 1, values above 1 have a positive effect while values below have a negative
effect on the response variable. Values further from the red line indicate a stronger effect.
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Figure 7. Marginal effects of fixed effects in the top models for a) Oak Bay mothers b)
Oak Bay non-mothers c¢) Esquimalt mothers d) Esquimalt non-mothers representing the
predicted probability of daily occurrence of each response variable as a function of each
habitat feature. Probabilities of each fixed effect represent those if other variables were
held at the mean values.
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Reproductively successful and unsuccessful females occupied contrasting habitats.

4.5 Discussion

Mothers selected energetically optimal habitat offering both high-quality forage and protective
cover, whereas non-mothers used open areas with lower-quality forage and greater exposure to
risk. Mothers’ strong selection for features that maximize both energy intake and conservation
support our hypothesis and aligns with predictions from theory, which posit that individuals
balance energy gain against safety when making habitat selection decisions 141:142:148.150 Elevated
energetic demands of mothers at this time likely intensified these risk-reward trade-off decisions,
leading mothers to strongly select for nutrient-rich forage for energy acquisition and concurrent
cover to reduce energetic costs associated with risk avoidance 142143155, These findings highlight
how extrinsic forces like habitat quality can influence intrinsic processes like reproductive
success to drive population dynamics. Variation in habitat composition, abundance, and seasonal
shifts in deer energy requirements likely influenced these behaviors.

Individuals should select habitats that maximize net energy gain while minimizing risk
and energetic costs. Deciduous trees meet these criteria by offering both nutrient-rich forage and
structural cover that maximize energy gain and reduces perceived risk. We therefore expected
that deciduous-dominated habitats would support reproductive success by
providing energetically optimal conditions for mothers with fawns. Consistent with this
prediction, mothers in both landscapes strongly selected areas with high proportions of
deciduous trees, suggesting that these habitats help meet elevated energetic demands during late
summer and autumn. The reproductive benefits of occupying deciduous-dominated habitats are
well documented and reinforce these theoretical expectations; deciduous browse offers higher

digestible energy (DE) for mule deer, relative to other forage types (like grasses), which
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enhances survival and reproduction 7131155 For example, supplemental feeding experiments
offering BTD high DE diets, specifically during late summer and autumn, increased pregnancy
rates, milk quality, larger fawn production, higher instances of twinning and overwinter survival

158,159 "Our results are consistent with these

compared to BTD fed low and intermediate DE diets
studies; reproductively successful females occupied habitats containing deciduous browse with

high DE. In Esquimalt, deciduous tree types within this category include plum and cherry (23%),
Garry oak (9%) and maple (9%), while in Oak Bay, Garry oak dominate both public (~35%) and

private lands 1112

. Additionally, many nutritious tall shrubs (>3m) such as blackberry,
salmonberry, elderberry, salal, and huckleberry are present within the study areas and offer high
DE. Similarly, Fisher, et al. 7 found that female (non-contraception-treated) BTD in Oak Bay
used areas that mirrored the densest Garry oak distribution in the municipality '°!. Preference for
oak-dominated habitats has been consistently linked to higher survival and reproductive success

6,130.135.193 Browse from other

in BTD populations occupying both wild and developed areas
deciduous subsidies like fruit-producing trees and shrubs also have high DE content and would
also serve nutritional benefits for mothers and juveniles.

Forage quality alone does not fully explain habitat selection, as deer could underuse high-
quality forage in areas of elevated risk of predation or human disturbance, instead prioritizing
concealment !2%-146.150.155.180 "Qur results suggest that risk perception varies by reproductive status
of females, with deer some using human-dominated areas while others avoid them. Habitat
features that enhance concealment or perceived safety appear to promote reproductive success of
females '*7. Studies have shown that BTD females generally prefer around 40% canopy cover,
which promotes understory forage while maintaining overhead protective cover 75193 a habitat

193

preference particularly evident among mothers with fawns '°°. This pattern primarily is
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documented in wild populations and reflects an optimal trade-off between forage benefits and
predation risk 13%:140:145.194 T our study, deer appeared to make similar trade-offs but weighed
forage benefits against “human-risk” avoidance—selecting habitats that reduce encounters with
people, vehicles, or pets. Structural refuge provided by the canopy and understory vegetation
likely offers both security for day-bed sites and thermoregulatory benefits !78:193:195.196 Qak cover
has been shown to moderate surface temperatures against both hot and cold ambient
temperatures, offering thermal stability for BTD 315, Although continuous forest is limited in
our urban landscape, the abundance of oak trees likely provides important thermal benefits and
security for bedding sites used by mothers and fawns.

We expected mothers to select both tall deciduous trees/shrubs (>3 m) and smaller shrub
(< 3m) because both provide nutritional and concealment benefits 13193197 However, the aerial
LiDAR extraction methods likely limited detection of understory shrub beneath tree canopies — a
known constraint in remote sensing. Higher LiDAR pulse density (the number of lasers/unit

198 For instance,

area) improves precision to capture fine details to detect understory vegetation
Hamraz, et al. ' found that a pulse density of 170 pt/m? accurately captured sub-canopy
vegetation, whereas standard densities (~50 pt/m?) detected only ~60%. Because the LiDAR data
used in this study were relatively coarse (~10 pt/m?), understory shrubs were likely
underrepresented. As a result, shrub detections may have been biased toward open, roadside
vegetation, which mothers might avoid due to elevated risks and human-wildlife conflicts ©.
Additionally, our shrub category included all shrub types (coniferous, evergreen, and deciduous),
whereas the deciduous tree class included only deciduous trees and tall shrubs—the vegetation

type mothers most strongly selected for. Thus, in this urban landscape, the value of shrub habitat

for mothers likely depends on both location and composition, with understory and deciduous
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shrubs offering greater foraging and concealment benefits than smaller shrubs in open areas
containing mixed coniferous, evergreen, and deciduous species.

The preference of Oak Bay mothers and Esquimalt non-mothers for herbaceous
vegetation is likely due to differences in the associated ecosystems that made this feature higher
quality in Oak Bay and lower quality in Esquimalt. In Oak Bay, mothers likely benefit from
herbaceous vegetation associated with Garry Oak ecosystems, which support diverse, nutrient-
rich forbs and wildflowers readily consumed by BTD in this area 6. In contrast, Esquimalt has
less Garry Oak, but more herbaceous cover dominated by open, exposed areas where vegetation
senesces quickly, becoming fibrous and lower in DE %4, Thus, herbaceous vegetation likely
provides greater nutritional value to mothers in Oak Bay than in Esquimalt. This highlights the
importance of identifying forage species when evaluating nutritional quality, as broad categories
such as “herbaceous vegetation” encompass flowers, forbs, and grasses that differ markedly in
seasonal nutritional value 2°°. For example, grasses generally occur in open areas, cure earlier,
and have higher bulk density but lower digestibility compared to forbs and shrubs !73-2%. These
distinctions help explain why Esquimalt non-mothers selected herbaceous vegetation and grass
later in the season (October—November) for nutritional support, while mothers selected
herbaceous vegetation earlier (September—October). Without fawns, non-mothers can afford
riskier foraging behaviour and graze on fibrous forage subsidies for extended periods to gain the
nutritional rewards 2174, Conversely, mothers tend to avoid open grassy areas, particularly

those near dwellings 220!

, suggesting that the nutritional rewards are outweighed by perceived
risk and that concealment remains a stronger driver of habitat selection for mothers than for non-

mothers.
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Esquimalt mothers’ avoidance of conifer trees during autumn suggests that the
concealment they provide is not critical for reproductive success at this stage and may even
increase exposure to human-related risks. In this landscape, conifers likely function primarily as
shelter from UV radiation and precipitation, but not as a valuable forage resource 71292, Fecal
analyses indicate that conifers are rarely consumed by BTD in any season ' and mothers use
conifer stands only with intermediate canopy cover because of the benefits associated with the
understory growth !78179:195.202 Within the ecoregion of our study, conifer stands lack understory
and develop closed canopies after roughly 25 years °'. Although wild BTD mothers have been
shown to select lower conifer canopy cover during parturition, suggesting potential value at
earlier reproductive stages 22, deciduous habitats with understory growth, offer a more energy-

203 Avoidance of conifers in

efficient alternative for all reproductive stages when available
Esquimalt may also reflect the prevalence of tall conifer hedges bordering residential properties,
which increase human exposure risk to mothers and fawns while offering minimal or no forage
benefits in autumn 78192202 Moreover, selecting conifer stands would likely require mothers to
forgo higher-quality deciduous habitats, making conifer use an energetically inefficient strategy
for meeting reproductive demands.

Habitat selection by Oak Bay non-mothers does not appear driven by optimal forage or
risk avoidance. Their lack of avoidance - and even weak selection - for pavement suggests riskier
behavior in the absence of fawns, despite paved areas like driveways, parking lots, and sidewalks
being associated with high human activity. In contrast, mothers consistently avoid these features,

likely because they pose risk to reproductive success 78204

. For non-mothers, potential
nutritional rewards from landscaping near paved areas may outweigh these risks. This

discrepancy highlights differing energetic requirements and risk-reward trade-offs between
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reproductive groups, with Oak Bay non-mothers showing little preference for either forage or
cover. Strong avoidance to bare ground, an inhospitable feature offering no nutritional or
concealment value, is expected for survival. Overall, non-mothers in Oak Bay exhibited weaker
habitat preferences than mothers, reflecting relaxed energetic and risk constraints outside the

reproductive period.

4.6 Management implications and future directions

In urban black-tailed deer populations, reproductive groups differ in habitat preferences,
with deciduous trees, shrubs, and herbaceous vegetation bolstering reproductive success.
Management interventions that restrict deer access to these habitats may aid in urban deer
management. Because reproductive success drives population growth in urban BTD 3, the
attractiveness of urban habitats as a valuable forage resource to BTD mothers and fawns may be
an effective lever for population control. Garry Oak forests are an at-risk ecosystem and

protected federally?®

, S0 not much can be done in those ecosystems. However, most of
Esquimalt is not in covered in Garry Oak ecosystems. Encouraging residential and commercial
landowners to replace nutrient-rich ornamental vegetation with native forbs, shrubs, and
herbaceous plants—and to use exclusion fencing—could reduce nutritional availability for deer
while simultaneously enhancing biodiversity, a key objective in urban ecosystem management
206207 Coordinated efforts to increase native plantings among private and public landowners, can
scale yard-level changes into neighborhood networks that protect threatened ecosystems like

Garry oak and support declining pollinator and bird populations ©206-208,
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We show that extrinsic factors like habitat-quality can shape intrinsic drivers of

4.7 Conclusion

population dynamics like reproduction. Reproductive groups exhibited distinct habitat
preferences, reflecting differing energetic requirements and risk-reward trade-offs: mothers
selected habitats characterized by nutrient-rich forage with simultaneous cover, while non-
mothers used more nutrient-poor forage without cover and showed weak avoidance of human-
associated risks. Specific habitat features beneficial for reproduction may be landscape-
dependent, as risk-reward trade-offs and the resulting nutritional benefits and risks vary across
space and time. Therefore, future work should focus on the function of features to consider
whether they offer forage and cover benefits. This will involve improved urban vegetation
surveys and human-activity monitoring to fully capture these forage benefits and risk trade-offs.
Such efforts will also strengthen the use of urban systems as models for testing ecological
concepts across larger scales. This manipulative study provides a reference for identifying habitat
predictors of reproductive success in large herbivores like BTD and demonstrates how
integrating empirical data from management interventions with ecological theory can fill
knowledge gaps in our understanding of drivers in population dynamics and inform effective

management, a prerequisite to coexist with wildlife.

62



UVIC

5.0 References

1

10

11

McCleery, R. A., Moorman, C. E. & Peterson, M. N. Urban wildlife conservation.
(Springer, 2014).

Heftelfinger, J. R. & Latch, E. K. in Ecology and management of black-tailed and mule
deer of North America 3-24 (CRC Press, 2023).

Coté, S. D., Rooney, T. P., Tremblay, J.-P., Dussault, C. & Waller, D. M. Ecological
impacts of deer overabundance. Annu. Rev. Ecol. Evol. Syst. 35, 113-147 (2004).
Krausman, P. R., Christensen, S. A., Mcdonald, J. E. & Leopold, B. D. Dynamics and
social issues of overpopulated deer ranges in the United States: a long term assessment.
California Fish and Game 100, 436-450 (2014).

Bowman, J. L. in Biology and management of white-tailed deer 612-635 (CRC Press,
2011).

Beckett, K. ef al. Hyperabundant black-tailed deer impact endangered Garry oak
ecosystem floral and bumblebee communities. Global Ecology and Conservation 38,
€02237 (2022).

Fisher, J. T., Fuller, H. W., Hering, A., Frey, S. & Fisher, A. C. Black-tailed deer
resource selection reveals some mechanisms behind the ‘luxury effect’in urban wildlife.
Urban Ecosystems 27, 63-74 (2024).

Bonenfant, C. ef al. Empirical evidence of density-dependence in populations of large
herbivores. Advances in ecological research 41, 313-357 (2009).

Duarte, J., Farfan, M. A., Fa, J. E. & Vargas, J. M. Deer populations inhabiting urban
areas in the south of Spain: habitat and conflicts. European Journal of Wildlife Research
61, 365-377 (2015).

Sinclair, A. Mammal population regulation, keystone processes and ecosystem dynamics.
Philosophical Transactions of the Royal Society of London. Series B: Biological Sciences
358, 1729-1740 (2003).

Brousseau, P.-M., Hébert, C., Cloutier, C. & C6té, S. D. Short-term effects of reduced
white-tailed deer density on insect communities in a strongly overbrowsed boreal forest

ecosystem. Biodiversity and Conservation 22, 77-92 (2013).

63



12

13

14

15

16

17

18

19

20

21

22

23

UVIC

Martin, J.-L., Stockton, S. A., Allombert, S. & Gaston, A. J. Top-down and bottom-up
consequences of unchecked ungulate browsing on plant and animal diversity in temperate
forests: lessons from a deer introduction. Biological Invasions 12, 353-371 (2010).
Martin, T. G., Arcese, P. & Scheerder, N. Browsing down our natural heritage: Deer
impacts on vegetation structure and songbird populations across an island archipelago.
Biological Conservation 144, 459-469 (2011).

Sakata, Y. & Yamasaki, M. Deer overbrowsing on autumn-flowering plants causes
bumblebee decline and impairs pollination service. Ecosphere 6, 1-13 (2015).

Sakuma, M. Population Estimate Survey of the Columbian Black-tailed Deer in
Esquimalt, BC. (2016).

Ng, J. W., Nielsen, C. & St. Clair, C. C. Landscape and traffic factors influencing deer—
vehicle collisions in an urban enviroment. Human-Wildlife Conflicts 2, 34-47 (2008).
Bunnell, F. Ecology of black-tailed deer. Deer and elk habitat in Coastal Forests of
southern BC Special Report Series. Research Branch BC Ministry of Forests, Victoria,
31-63 (1990).

Heffelfinger, J. R. & Krausman, P. R. Ecology and management of black-tailed and mule
deer of North America. (CRC Press, 2023).

Sullivan, T. P., Nordstrom, L. O. & Sullivan, D. S. Use of predator odors as repellents to
reduce feeding damage by herbivores: II. Black-tailed deer (Odocoileus hemionus
columbianus). Journal of chemical ecology 11, 921-935 (1985).

Honda, T., Iijima, H., Tsuboi, J. & Uchida, K. A review of urban wildlife management
from the animal personality perspective: the case of urban deer. Science of the total
environment 644, 576-582 (2018).

Found, R. & Boyce, M. S. Predicting deer—vehicle collisions in an urban area. Journal of
environmental management 92, 2486-2493 (2011).

Conover, M. R., Pitt, W. C., Kessler, K. K., DuBow, T. J. & Sanborn, W. A. Review of
human injuries, illnesses, and economic losses caused by wildlife in the United States.
Wild Soc Bull, 407-414 (1995).

Konig, H. J. et al. Human—wildlife coexistence in a changing world. Conserv Biol 34,

786-794 (2020).

64



24

25

26

27

28

29

30

31

32

33

34

35

36

UVIC

Frank, B., Glikman, J. A. & Marchini, S. Human—wildlife interactions: turning conflict
into coexistence. Vol. 23 (Cambridge University Press, 2019).

DeNicola, A. J. & Williams, S. C. Sharpshooting suburban white-tailed deer reduces
deer—vehicle collisions. Human-Wildlife Conflicts 2, 28-33 (2008).

Waiber, K., Spencer, J. & Dolman, P. M. Achieving landscape-scale deer management for
biodiversity conservation: The need to consider sources and sinks. The Journal of
Wildlife Management 77, 726-736 (2013).

CBC. Court injunction halts Invermere deer cull, 2012).

CBC. Invermere deer cull upheld by B.C. Supreme Court, 2013).

Warren, R. J. & Warnell, D. in Proceedings of the 2000 Annual Conference of the Society
for Theriogenology. 237-246.

Rutberg, A. T., Naugle, R. E., Thiele, L. A. & Liu, 1. K. Effects of immunocontraception
on a suburban population of white-tailed deer Odocoileus virginianus. Biol Conserv 116,
243-250 (2004).

Evans, C. S., DeNicola, A. J. & Warren, R. J. Comparison of treatment effort for
immunocontraceptive vaccines and surgical sterilization in deer. Wildlife Society Bulletin
40, 593-598 (2016).

Muller, L. 1., Warren, R. J. & Evans, D. L. Theory and practice of immunocontraception
in wild mammals. Wildlife Society Bulletin, 504-514 (1997).

Walter, W. D., Perkins, P. J., Rutberg, A. T. & Kilpatrick, H. J. Evaluation of
immunocontraception in a free-ranging suburban white-tailed deer herd. Wildlife Society
Bulletin, 186-192 (2002).

Rutberg, A. T. & Naugle, R. E. Population-level effects of immunocontraception in
white-tailed deer (Odocoileus virginianus). Wildlife Research 35, 494-501 (2008).
Rutberg, A. T., Naugle, R. E., Turner, J. W., Fraker, M. A. & Flanagan, D. R. Field
testing of single-administration porcine zona pellucida contraceptive vaccines in white-
tailed deer (Odocoileus virginianus). Wildlife Research 40, 281-288 (2013).
McCullough, D. R., Weckerly, F. W., Garcia, P. I. & Evett, R. R. Sources of inaccuracy
in black-tailed deer herd composition counts. The Journal of wildlife management, 319-

329 (1994).

65



37

38

39

40

41

42

43

44

45

46

47

48

UVIC

Burton, A. C. et al. Wildlife camera trapping: a review and recommendations for linking
surveys to ecological processes. Journal of applied ecology 52, 675-685 (2015).
Steenweg, R. ef al. Scaling-up camera traps: monitoring the planet's biodiversity with
networks of remote sensors. Frontiers in Ecology and the Environment, Early view
(2016).

Nichols, J. D. et al. Multi-scale occupancy estimation and modelling using multiple
detection methods. Journal of Applied Ecology 45, 1321-1329 (2008).

Fisher, J. T. & Burton, A. C. Spatial structure of reproductive success infers mechanisms
of ungulate invasion in Nearctic boreal landscapes. Ecology and Evolution n/a (2020).
https://doi.org/https://doi.org/10.1002/ece3.7103

Fisher, J. T., Burton, A. C., Nolan, L. & Roy, L. Influences of landscape change and

winter severity on invasive ungulate persistence in the Nearctic boreal forest. Scientific
Reports 10, 1-11 (2020).

Jacobson, H. A., Kroll, J. C., Browning, R. W., Koerth, B. H. & Conway, M. H. Infrared-
triggered cameras for censusing white-tailed deer. Wildlife Society (USA) (1997).

Koerth, B. H., McKown, C. D. & Kroll, J. C. Infrared-triggered camera versus helicopter
counts of white-tailed deer. Wildlife Society Bulletin, 557-562 (1997).

Fisher, J. T., Burton, A. C., Hiltz, M., Nolan, L. & Roy, L. D. White-tailed Deer
Distribution, Density, and Habitat Selection in the Northeast Boreal Forest: The Alberta
Boreal Deer Project Final Report. (Alberta Innovates - Technology Futures Vegreville,
Alberta, Canada, 2016).

Curtis, P. D., Boldgiv, B., Mattison, P. M. & Boulanger, J. R. Estimating deer abundance
in suburban areas with infrared-triggered cameras. (2009).

Holbrook, S. J. & Schmitt, R. J. The combined effects of predation risk and food reward
on patch selection. Ecology 69, 125-134 (1988).

Pyke, G. H. Optimal foraging theory: a critical review. Annual review of ecology and
systematics 15, 523-575 (1984).

Case, T. J. & Gilpin, M. E. Interference competition and niche theory. Proceedings of the
National Academy of Sciences 71, 3073-3077 (1974).

66


https://doi.org/https://doi.org/10.1002/ece3.7103

49

50

51

52

53

54

55

56

57

58

59

60

UVIC

MacArthur, R. & Levins, R. Competition, habitat selection, and character displacement in
a patchy environment. Proceedings of the National Academy of Sciences of the United
States of America 51, 1207 (1964).

Ims, R. A. & Andreassen, H. P. Density-dependent dispersal and spatial population
dynamics. Proceedings of the Royal Society B: Biological Sciences 272, 913-918 (2005).
Putman, R., Langbein, J., M. HEWISON, A. & Sharma, S. Relative roles of density-
dependent and density-independent factors in population dynamics of British deer.
Mammal Review 26, 81-101 (1996).

Morris, D. W. Spatial scale and the cost of density-dependent habitat selection.
Evolutionary Ecology 1, 379-388 (1987).

Long, E. S., Diefenbach, D. R., Wallingford, B. D. & Rosenberry, C. S. Influence of
roads, rivers, and mountains on natal dispersal of white-tailed deer. The Journal of
Wildlife Management 74, 1242-1249 (2010).

Millon, A., Lambin, X., Devillard, S. & Schaub, M. Quantifying the contribution of
immigration to population dynamics: A review of methods, evidence and perspectives in
birds and mammals. Biological Reviews 94, 2049-2067 (2019).

Kirkpatrick, J. F., Lyda, R. O. & Frank, K. M. Contraceptive vaccines for wildlife: a
review. American Journal of Reproductive Immunology 66, 40-50 (2011).

Warren, R. Deer overabundance in the USA: recent advances in population control.
Animal Production Science 51, 259-266 (2011).

Underwood, H. White-tailed deer ecology and management on Fire Island. USGS Report,
3 (2005).

Merrill, J. A., Cooch, E. G. & Curtis, P. D. Managing an overabundant deer population
by sterilization: effects of immigration, stochasticity and the capture process. The Journal
of Wildlife Management 70, 268-277 (2006).

Porter, W. F., Underwood, H. B. & Woodard, J. L. Movement behavior, dispersal, and
the potential for localized management of deer in a suburban environment. The Journal of
wildlife management 68, 247-256 (2004).

Hobbs, N. T., Bowden, D. C. & Baker, D. L. Effects of fertility control on populations of
ungulates: general, stage-structured models. The Journal of Wildlife Management, 473-
491 (2000).

67



61

62

63

64

65

66

67

68

69

70
71

72

73
74

75

76

UVIC

Jackson, D. H. et al. in Ecology and Management of Black-tailed and Mule Deer of North
America 179-202 (CRC Press, 2023).

Statistics Canada. (Statistics Canada Catalogue, Ottawa, 2021).

Caravaggi, A. et al. A review of factors to consider when using camera traps to study
animal behavior to inform wildlife ecology and conservation. Conservation Science and
Practice 2, €239 (2020).

Royle, J. A., Chandler, R. B., Sollmann, R. & Gardner, B. Spatial capture-recapture.
(Academic press, 2013).

MacKenzie, D. I. & Royle, J. A. Designing occupancy studies: general advice and
allocating survey effort. Journal of applied Ecology 42, 1105-1114 (2005).

MacKenzie, D. L. et al. Occupancy estimation and modeling: inferring patterns and
dynamics of species occurrence. (Elsevier, 2017).

Greenberg, S., Godin, T. & Whittington, J. Design patterns for wildlife-related camera
trap image analysis. Ecology and evolution 9, 13706-13730 (2019).

Forrester, T. D. & Wittmer, H. U. A review of the population dynamics of mule deer and
black-tailed deer O docoileus hemionus in N orth A merica. Mammal Review 43, 292-308
(2013).

Gilbert, B. A. & Raedeke, K. J. Recruitment dynamics of black-tailed deer in the western
cascades. The Journal of wildlife management 68, 120-128 (2004).

Zuur, A., Ieno, E. N. & Smith, G. M. 4nalyzing ecological data. (Springer, 2007).

Zuur, A. F., Ieno, E. N. & Smith, G. M. Generalised linear modelling. Analysing
ecological data, 79-96 (2007).

Zuur, A., Ieno, E. N., Walker, N., Saveliev, A. A. & Smith, G. M. Mixed effects models
and extensions in ecology with R. Springer Verlag. New York (2012).

R: A language and environment for statistical computing (2022).

Brooks, M. E. et al. glmmTMB balances speed and flexibility among packages for zero-
inflated generalized linear mixed modeling. (2017).

Lenth, R. emmeans: Estimated Marginal Means, aka Least-Squares Means_. R package
version 1.8. 5 (2023).

Wickham, H. dplyr: A grammar of data manipulation. R package version 04. 3, p156
(2015).

68



77

78

79

80

81

82

83

84

85

86

87

88

&9

90

UVIC

Wickham, H. in ggplot2: elegant graphics for data analysis 189-201 (Springer, 2016).
Hartig, F. Package ‘dharma’. R package 531, 532 (2017).

Liidecke, D. ggeffects: Tidy data frames of marginal effects from regression models.
Journal of open source software 3, 772 (2018).

Pulliam, H. R. Sources, sinks, and population regulation. The American Naturalist 132,
652-661 (1988).

Pulliam, H. R. & Danielson, B. J. Sources, sinks, and habitat selection: a landscape
perspective on population dynamics. The American Naturalist 137, S50-S66 (1991).
McNay, R. S. & Voller, J. M. Mortality causes and survival estimates for adult female
Columbian black-tailed deer. The Journal of wildlife management, 138-146 (1995).
Wright, C. A., Adams, 1. T., Stent, P. & Ford, A. T. Comparing survival and movements
of non-urban and urban translocated mule deer. The Journal of Wildlife Management 84,
1457-1472 (2020).

Seagle, S. W. & Close, J. D. Modeling white-tailed deer Odocoileus virginianus
population control by contraception. Biological Conservation 76, 87-91 (1996).
Rudolph, B. Evaluating immunocontraception for managing suburban white-tailed deer
in Irondequoit, New York (Odocoileus virginianus). (1999).

Rutberg, A. T., Naugle, R. E. & Verret, F. Single-treatment porcine zona pellucida
immunocontraception associated with reduction of a population of white-tailed deer
(Odocoileus virginianus). Journal of Zoo and Wildlife Medicine 44 (2013).

Frey, S., Burgar, J., Fuller, H. W., Fisher, A. & Fisher, J. T. Black-tailed Deer
Distribution, Home Range, and Population Density in Oak Bay, BC. (2019).

Rodewald, A. D. & Gehrt, S. D. in Urban wildlife conservation: theory and practice
117-147 (Springer, 2014).

Merrill, J. A., Cooch, E. G. & Curtis, P. D. Time to reduction: factors influencing
management efficacy in sterilizing overabundant white-tailed deer. The Journal of
wildlife management, 267-279 (2003).

Naugle, R., Rutberg, A. & Underwood, H. Field testing of immunocontraception on
white-tailed deer (Odocoileus virginianus) on. Reproduction 60, 143-153 (2002).

69



91

92

93

94

95

96

97

98

99

100

101

UVIC

Ransom, J. L., Powers, J. G., Thompson Hobbs, N. & Baker, D. L. Ecological feedbacks
can reduce population-level efficacy of wildlife fertility control. Journal of Applied
Ecology 51, 259-269 (2014).

Rutberg, A. T. & Pereira, K. 2020 Report to the New York State Department of
Environmental Conservation License to Collect or Possess: Scientific# 2670 White-tailed
Deer Contraception and Impact Study Village of Hastings-on-Hudson, New York.
(2021).

Kirkpatrick, J. F. & Turner, J. W. Remotely-delivered immunocontraception in feral
horses. Wildlife Society Bulletin (1973-2006) 18, 326-330 (1990).

Naz, R. K. & Saver, A. E. Immunocontraception for animals: current status and future
perspective. American Journal of Reproductive Immunology 75, 426-439 (2016).
Rutberg, A., Grams, K., Turner, J. W. & Hopkins, H. Contraceptive efficacy of priming
and boosting doses of controlled-release PZP in wild horses. Wildlife Research 44, 174-
181 (2017).

Mahon, C. L., Holloway, G. L., Bayne, E. M. & Toms, J. D. Additive and interactive
cumulative effects on boreal landbirds: winners and losers in a multi-stressor landscape.
Ecological Applications 29, 01895 (2019).

McKinney, M. L. & Lockwood, J. L. Biotic homogenization: a few winners replacing
many losers in the next mass extinction. Trends in ecology & evolution 14, 450-453
(1999).

Dornelas, M. et al. A balance of winners and losers in the Anthropocene. Ecology letters
22, 847-854 (2019).

Barnas, A. F. et al. How landscape traits affect boreal mammal responses to
anthropogenic disturbance. Science of The Total Environment 915, 169285 (2024).
https://doi.org/https://doi.org/10.1016/j.scitotenv.2023.169285

Hulme-Beaman, A., Dobney, K., Cucchi, T. & Searle, J. B. An ecological and
evolutionary framework for commensalism in anthropogenic environments. Trends in
Ecology & Evolution 31, 633-645 (2016).

Granados, A. et al. Mammalian predator and prey responses to recreation and land use

across multiple scales provide limited support for the human shield hypothesis. Ecology

and Evolution 13, ¢10464 (2023). https://doi.org/https://doi.org/10.1002/ece3.10464

70


https://doi.org/https://doi.org/10.1016/j.scitotenv.2023.169285
https://doi.org/https://doi.org/10.1002/ece3.10464

102

103

104

105

106

107

108

109

110

111

112
113

114

115

UVIC

Berger, J. Fear, human shields and the redistribution of prey and predators in protected
areas. Biology letters 3, 620-623 (2007).

Pozo-Montuy, G., Serio-Silva, J. C., Chapman, C. A. & Bonilla-Sanchez, Y. M. Resource
use in a landscape matrix by an arboreal primate: evidence of supplementation in black
howlers (Alouatta pigra). International Journal of Primatology 34, 714-731 (2013).
Dunning, J. B., Danielson, B. J. & Pulliam, H. R. Ecological processes that affect
populations in complex landscapes. Oikos, 169-175 (1992).

Fisher, J. T. & Merriam, G. Resource patch array use by two squirrel species in an
agricultural landscape. Landscape Ecology 15, 333-338 (2000).

Schell, C. J. et al. The evolutionary consequences of human—wildlife conflict in cities.
Evolutionary Applications 14, 178-197 (2021).

Soulsbury, C. D. & White, P. C. Human—wildlife interactions in urban areas: a review of
conflicts, benefits and opportunities. Wildlife research 42, 541-553 (2015).

van Bommel, J. K., Badry, M., Ford, A. T., Golumbia, T. & Burton, A. C. Predicting
human-carnivore conflict at the urban-wildland interface. Global Ecology and
Conservation 24, €01322 (2020).

Seto, K. C., Giineralp, B. & Hutyra, L. R. Global forecasts of urban expansion to 2030
and direct impacts on biodiversity and carbon pools. Proceedings of the National
Academy of Sciences 109, 16083-16088 (2012).

van Vliet, J. Direct and indirect loss of natural area from urban expansion. Nature
Sustainability 2, 755-763 (2019).

Williams, B. K., Nichols, J. D. & Conroy, M. J. Analysis and management of animal
populations. (Academic Press, 2002).

Festa-Bianchet, M. in Wildlife Science 195-214 (CRC Press, 2007).

Treves, A., Krofel, M. & McManus, J. Predator control should not be a shot in the dark.
Frontiers in Ecology and the Environment 14, 380-388 (2016).

Massei, G. & Cowan, D. Fertility control to mitigate human—wildlife conflicts: a review.
Wildlife Research 41, 1-21 (2014).

Cowan, D. P. & Massei, G. in Proceedings of the Vertebrate Pest Conference.

71



116

117

118

119

120

121

122

123

124

125

126

127

UVIC

Kirkpatrick, J., Turner Jr, J., Liu, L., Fayrer-Hosken, R. & Rutberg, A. Case studies in
wildlife immunocontraception: wild and feral equids and white-tailed deer. Reproduction,
fertility and development 9, 105-110 (1997).

Fisher, J. T., Fuller, H. W., Hering, A., Frey, S. & Fisher, A. C. Black-tailed deer
resource selection reveals some mechanisms behind the ‘luxury effect’ in urban wildlife.

Urban Ecosystems (2023). https://doi.org/10.1007/s11252-023-01428-7

Forrester, T. D. & Wittmer, H. U. A review of the population dynamics of mule deer and
black-tailed deer Odocoileus hemionus in North America. Mammal Review 43, 292-308
(2013).

Williams, S. C., Denicola, A. J., Almendinger, T. & Maddock, J. Evaluation of organized
hunting as a management technique for overabundant white-tailed deer in suburban
landscapes. Wild Soc Bull 37, 137-145 (2013).

Van Eeden, L. M., Dickman, C. R., Ritchie, E. G. & Newsome, T. M. Shifting public
values and what they mean for increasing democracy in wildlife management decisions.
Biodivers Conserv 26, 2759-2763 (2017).

Royle, J. A., Chandler, R. B., Sollmann, R. & Gardner, B. Spatial Capture-Recapture.
(Academic Press, 2014).

Rovero, F. & Zimmermann, F. Camera trapping for wildlife research. (Pelagic
Publishing Ltd, 2016).

Efford, M. G. & Fewster, R. M. Estimating population size by spatially explicit capture—
recapture. Oikos 122, 918-928 (2013).

R Core Team. R: A Language and Environment for Statistical Computing. Vienna: R

Foundation for Statistical Computing, Available at https://www.r-project.org/ (2017).

Chandler, R. B. & Royle, J. A. Spatially explicit models for inference about density in
unmakred or partially marked populations. The Annals of Applied Statistics 7, 936-954
(2013).

Sollmann, R. ef al. Using multiple data sources provides density estimates for endangered
Florida panther. Journal of Applied Ecology 50, 961-968 (2013).

Whittington, J., Hebblewhite, M. & Chandler, R. B. Generalized spatial mark—resight
models with an application to grizzly bears. Journal of Applied Ecology 55, 157-168
(2018).

72


https://doi.org/10.1007/s11252-023-01428-7
https://www.r-project.org/

128

129

130

131

132

133

134

135

136

137

138

139

140

141

UVIC

Borchers, D. L. & Efford, M. Spatially explicit maximum likelihood methods for
capture—recapture studies. Biometrics 64, 377-385 (2008).

Anderson, C. W., Nielsen, C. K., Storm, D. J. & Schauber, E. M. Modeling habitat use of
deer in an exurban landscape. Wildlife Society Bulletin 35, 235-242 (2011).

Bose, S., Forrester, T. D., Casady, D. S. & Wittmer, H. U. Effect of activity states on
habitat selection by black-tailed deer. The Journal of Wildlife Management 82, 1711-
1724 (2018).

Bishop, C. J., White, G. C., Freddy, D. J., Watkins, B. E. & Stephenson, T. R. Effect of
enhanced nutrition on mule deer population rate of change. Wildlife Monographs 172, 1-
28 (2009).

Monteith, K. L. et al. Life-history characteristics of mule deer: effects of nutrition in a
variable environment. Wildlife Monographs 186, 1-62 (2014).

Jensen, W. F., Bleich, V. C. & Whittaker, D. G. in Ecology and management of black-
tailed and mule deer of North America 25-42 (CRC Press, 2023).

Lukacs, P. M. & Nowak, J. J. in Ecology and Management of Black-tailed and Mule
Deer of North America 95-102 (CRC Press, 2023).

Forrester, T. D. & Wittmer, H. U. Predator identity and forage availability affect
predation risk of juvenile black-tailed deer. Wildlife Biology 2019, 1-12 (2019).

Long, E. S., Tham, E. J. & Ferrer, R. P. Succession and climatic stochasticity induce
long-term decline of a forest browser. Plos one 19, €0298231 (2024).

Piccolo, B. et al. Behavior and survival of white-tailed deer neonates in two suburban
forest preserves. Canadian Journal of Zoology 88, 487-495 (2010).

Merems, J. L. et al. Nutritional-landscape models link habitat use to condition of mule
deer (Odocoileus hemionus). Frontiers in Ecology and Evolution 8, 98 (2020).
Matthiopoulos, J. ef al. Establishing the link between habitat selection and animal
population dynamics. Ecological Monographs 85, 413-436 (2015).

Cain I11, J. W., Kay, J. H.,, Liley, S. G. & Gedir, J. V. Mule deer (Odocoileus hemionus)
resource selection: trade-offs between forage and predation risk. Frontiers in Ecology
and Evolution 12, 1121439 (2024).

Pulliam, H. R. On the theory of optimal diets. The American Naturalist 108, 59-74
(1974).

73



142

143

144

145

146

147
148

149

150

151

152

153

154

155

UVIC

Lima, S. L. & Dill, L. M. Behavioral decisions made under the risk of predation: a review
and prospectus. Canadian journal of zoology 68, 619-640 (1990).

Bannister, A. E. & Morris, D. W. Habitat selection reveals state-dependent foraging
trade-offs in a temporally autocorrelated environment. Israel Journal of Ecology and
Evolution 62, 162-170 (2016).

Monteith, K. L. et al. in Ecology and Management of Black-tailed and Mule Deer of
North America 71-94 (CRC Press, 2023).

Pierce, B. M., Bowyer, R. T. & Bleich, V. C. Habitat selection by mule deer: forage
benefits or risk of predation? The Journal of Wildlife Management 68, 533-541 (2004).
Belovsky, G. E. Diet optimization in a generalist herbivore: the moose. Theoretical
population biology 14, 105-134 (1978).

Trivers, R. L. in Sexual selection and the descent of man 136-179 (Routledge, 2017).
Orians, G. H. & Pearson, N. E. On the theory of central place foraging. Analysis of
ecological systems 155, 177 (1979).

Westoby, M. An analysis of diet selection by large generalist herbivores. The American
Naturalist 108, 290-304 (1974).

Laundré, J. W., Hernandez, L. & Altendorf, K. B. Wolves, elk, and bison: reestablishing
the" landscape of fear" in Yellowstone National Park, USA. Canadian Journal of
Zoology 79, 1401-1409 (2001).

Bergman, C. M., Fryxell, J. M., Gates, C. C. & Fortin, D. Ungulate foraging strategies:
energy maximizing or time minimizing? Journal of Animal Ecology 70, 289-300 (2001).
Klappstein, N. J. et al. Energy-based step selection analysis: Modelling the energetic
drivers of animal movement and habitat use. Journal of Animal Ecology 91, 946-957
(2022).

Bender, L. C., Lewis, J. C. & Anderson, D. P. Population ecology of Columbian black-
tailed deer in urban Vancouver, Washington. Northwestern Naturalist 85, 53-59 (2004).
Grund, M. D., McAninch, J. B. & Wiggers, E. P. Seasonal movements and habitat use of
female white-tailed deer associated with an urban park. The Journal of Wildlife
Management, 123-130 (2002).

Hanley, T. A. A nutritional view of understanding and complexity in the problem of diet

selection by deer (Cervidae). Oikos, 209-218 (1997).

74



156

157

158

159

160

161

162

163

164

165

166

167

168

UVIC

Altendorf, K. B., Laundré, J. W., Lopez Gonzélez, C. A. & Brown, J. S. Assessing effects
of predation risk on foraging behavior of mule deer. Journal of mammalogy 82, 430-439
(2001).

Verdolin, J. L. Meta-analysis of foraging and predation risk trade-offs in terrestrial
systems. Behavioral Ecology and Sociobiology 60, 457-464 (2006).

Tollefson, T. N., Shipley, L. A., Myers, W. L., Keisler, D. H. & Dasgupta, N. Influence
of summer and autumn nutrition on body condition and reproduction in lactating mule
deer. The Journal of wildlife management 74, 974-986 (2010).

Tollefson, T. N., Shipley, L. A., Myers, W. L. & Dasgupta, N. Forage quality's influence
on mule deer fawns. The Journal of Wildlife Management 75, 919-928 (2011).

Moen, A. N. Seasonal changes in heart rates, activity, metabolism, and forage intake of
white-tailed deer. The Journal of Wildlife Management, 715-738 (1978).

Morgan, J. Factors influencing summer habitat use of black-tailed deer on South-Central
Vancouver Island, University of British Columbia, (1994).

Bishop, C. J., Unsworth, J. W. & Garton, E. O. Mule deer survival among adjacent
populations in southwest Idaho. The Journal of Wildlife Management 69, 311-321 (2005).
Bowyer, R. T. Timing of parturition and lactation in southern mule deer. Journal of
Mammalogy 72, 138-145 (1991).

Sadleir, R. Energy consumption and subsequent partitioning in lactating black-tailed
deer. Canadian Journal of Zoology 60, 382-386 (1982).

Unsworth, J. W., Pac, D. F., White, G. C. & Bartmann, R. M. Mule deer survival in
Colorado, Idaho, and Montana. The Journal of Wildlife Management, 315-326 (1999).
Taillon, J., Sauvé, D. G. & COTE, S. D. The effects of decreasing winter diet quality on
foraging behavior and life-history traits of white-tailed deer fawns. The Journal of
Wildlife Management 70, 1445-1454 (2006).

Bishop, C. J., Garton, E. O. & Unsworth, J. W. Bitterbrush and cheatgrass quality on 3
southwest Idaho winter ranges. Rangeland Ecology & Management/Journal of Range
Management Archives 54, 595-602 (2001).

Weckerly, F. W. Selective feeding by black-tailed deer: forage quality or abundance?
Journal of Mammalogy 75, 905-913 (1994).

75



169

170

171

172

173

174

175

176

177

178

179

180

181

182
183

UVIC

Berry, S. L., Shipley, L. A., Long, R. A. & Loggers, C. Differences in dietary niche and
foraging behavior of sympatric mule and white-tailed deer. Ecosphere 10, €02815 (2019).
Ulappa, A. C. Using foraging dynamics to answer landscape management questions: the
nutritional ecology of black-tailed deer. (Washington State University, 2015).

Whitney, L. W., Anthony, R. G. & Jackson, D. H. Resource partitioning between
sympatric Columbian white-tailed and black-tailed deer in western Oregon. The Journal
of Wildlife Management 75, 631-645 (2011).

Sandoval, L., Holechek, J., Biggs, J., Valdez, R. & VanLeeuwen, D. Elk and mule deer
diets in north-central New Mexico. Rangeland Ecology & Management 58, 366-372
(2005).

Van Soest, P. J. Nutritional ecology of the ruminant. (Cornell university press, 1994).
Clauss, M., Kaiser, T. & Hummel, J. in The ecology of browsing and grazing 47-88
(Springer, 2008).

White, R. G. Foraging patterns and their multiplier effects on productivity of northern
ungulates. Oikos, 377-384 (1983).

Eckrich, C. A. et al. Summer habitat use of female mule deer in Oregon. The Journal of
Wildlife Management 84, 576-587 (2020).

Ciuti, S. et al. Effects of humans on behaviour of wildlife exceed those of natural
predators in a landscape of fear. PloS one 7, €50611 (2012).

Conteddu, K. ef al. Fawn bedsite selection by a large ungulate living in a peri-urban area.
European Journal of Wildlife Research 70, 126 (2024).

Happe, P. J. The use of suburban habitats by Columbian black-tailed deer. (1982).
McClure, M. F., Bissonette, J. A. & Conover, M. R. Migratory strategies, fawn
recruitment, and winter habitat use by urban and rural mule deer (Odocoileus hemionus).
European Journal of Wildlife Research 51, 170-177 (2005).

Lendrum, P. E., Anderson Jr, C. R., Long, R. A., Kie, J. G. & Bowyer, R. T. Habitat
selection by mule deer during migration: effects of landscape structure and natural-gas
development. Ecosphere 3, 1-19 (2012).

ArcGIS Pro v. Version 3.2 (2023).

Hofmeester, T. R. ef al. Effects of camera-trap placement and number on detection of

members of a mammalian assemblage. Ecosphere 12, €03662 (2021).

76



184

185

186

187

188

189
190

191

192
193

194

195

196

197

UVIC

Zeller, K. A., McGarigal, K. & Whiteley, A. R. Estimating landscape resistance to
movement: a review. Landscape ecology 27, 777-797 (2012).

Sollmann, R., Mohamed, A., Samejima, H. & Wilting, A. Risky business or simple
solution—Relative abundance indices from camera-trapping. Biological Conservation 159,
405-412 (2013).

Capital Regional District (CRD). Capital Regional District urban land cover classification
2017/2019: Summary report. (2021).

Wilcoxon, F. Individual comparisons by ranking methods. Biometrics bulletin 1, 80-83
(1945).

Zuur, A. F., Ieno, E. N. & Elphick, C. S. A protocol for data exploration to avoid
common statistical problems. Methods in ecology and evolution 1, 3-14 (2010).

Casella, G. & Berger, R. Statistical inference. (Chapman and Hall/CRC, 2024).

Burnham, K. P. & Anderson, D. R. Model Selection and Multimodel Inference: A
Practical Information-Theoretic Approach 2nd Edition. (Springer-Verlag. , 2002).
Hyde-Lay, C. Urban Forest Management Strategy. (2017).

Ltd, D. H. C. Township of Esquimalt Urban Forest Management Plan. (2016).

Germaine, S. S., Germaine, H. L. & Boe, S. R. Characteristics of mule deer day-bed and
forage sites in current-condition and restoration-treated ponderosa pine forest. Wildlife
Society Bulletin 32, 554-564 (2004).

Forrester, T. D. Effects of predation and forage availability on the survival of black-tailed
deer (Odocoileus hemionus columbianus) in the Mendocino National Forest, California.
(University of California, Davis, 2014).

Bowyer, R. T. & Kie, J. G. Thermal landscapes and resource selection by black-tailed
deer: implications for large herbivores. California Fish and Game 95, 128-139 (2009).
Mysterud, A. & Ostbye, E. Cover as a habitat element for temperate ungulates: effects on
habitat selection and demography. Wildlife society bulletin, 385-394 (1999).

Forrester, T. D., Casady, D. S. & Wittmer, H. U. Home sweet home: fitness
consequences of site familiarity in female black-tailed deer. Behavioral Ecology and

Sociobiology 69, 603-612 (2015).

77



198

199

200

201

202

203

204

205

206

207

208

UVIC

Campbell, M. J., Dennison, P. E., Hudak, A. T., Parham, L. M. & Butler, B. W.
Quantifying understory vegetation density using small-footprint airborne lidar. Remote
sensing of environment 215, 330-342 (2018).

Hamraz, H., Contreras, M. A. & Zhang, J. Forest understory trees can be segmented
accurately within sufficiently dense airborne laser scanning point clouds. Scientific
reports 7, 6770 (2017).

Schuyler, E. M., Ellsworth, L. M., Sanchez, D. M. & Whittaker, D. G. Forage quality and
quantity in migratory and resident mule deer summer ranges. Rangeland Ecology &
Management 79, 43-52 (2021).

Storm, D. J., Nielsen, C. K., Schauber, E. M. & Woolf, A. Space use and survival of
white-tailed deer in an exurban landscape. The Journal of Wildlife Management 71, 1170-
1176 (2007).

Long, R. A., Kie, J. G., Terry Bowyer, R. & Hurley, M. A. Resource selection and
movements by female mule deer Odocoileus hemionus: effects of reproductive stage.
Wildlife Biology 15, 288-298 (2009).

Holt, D. Influence of deciduous tree representation on understory plant communities in
Pacific Northwest forests. (Washington State University, 2023).

Kilpatrick, H. J. & Spohr, S. M. Spatial and temporal use of a suburban landscape by
female white-tailed deer. Wildlife Society Bulletin, 1023-1029 (2000).

Fuchs, M. A. Towards a recovery strategy for Garry oak and associated ecosystems in
Canada: ecological assessment and literature review. (Environment Canada, Pacific and
Yukon Region, 2001).

Aronson, M. F. et al. Biodiversity in the city: key challenges for urban green space
management. Frontiers in Ecology and the Environment 15, 189-196 (2017).

Lepczyk, C. A. et al. Biodiversity in the city: fundamental questions for understanding
the ecology of urban green spaces for biodiversity conservation. BioScience 67, 799-807
(2017).

Tremblay, J.-P., Co6té, S., Rooney, T., Dussault, C. & Waller, D. Ecological impacts of
deer overabundance on temperate and boreal forests. Annual Review of Ecology,

Evolution, and Systematics 35, 113-147 (2004).

78



