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Abstract 

 White-tailed deer (Odocoileus virginianus) are hyperabundant in parts of Thousand 

Islands National Park because of their ecological impact on its forests.  To manage the high 

number of deer on Hill Island, an annual population reduction occurs in the park.  This study is 

intended to inform managers on the seasonal habitat use of the island by deer, so they are better 

able to evaluate impacts on affected forests.  Winter aerial surveys (10 historical surveys from 

1992-2006, supplemented by surveys in 2018 and 2019) and seasonal deer pellet counts (winter 

2018, summer 2018, winter 2019) were conducted to estimate resource selection and habitat use 

on Hill Island in Thousand Islands National Park.  Recent aerial surveys were also used to test 

locational accuracy and detectability of observations during flights.  Relative predictive surfaces 

were generated in a geographic information system where they could be compared to seek 

patterns of deer use contingent on method or season.  Winter aerial surveys did not corroborate 

winter pellet surveys well.  Detectability of deer during aerial surveys varied by cover type, and 

biased model results towards less important habitats.  Model validation indicated that the 

selected aerial model had modest predictive capability at the scale used.  Conversely, hilltops and 

areas with a high probability of hemlock occurrence, concentrated on the centre of the island, 

were judged to be high relative use areas by deer in winter when using pellet counting.  Summer 

use was not well-predicted by any of the habitat variables tested, and spatial patterns were 

different than winter estimates.  The results suggest that forest restoration and monitoring efforts 

in the park might be best focussed on upper elevation, high hemlock content areas in the centre 

of Hill Island to account for concentrated winter use there. Results also point to the need for an 

assessment of habitat use at a broader spatial extent to examine seasonal deer movement within 

the entire Thousand Islands region.   
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Chapter 1: Introduction 

 Thousand Islands National Park (TINP) was established in 1904 in order to preserve 

public access to part of the Thousand Islands region of Eastern Ontario.  Islands along the river 

were being developed as early as the mid 1800’s as recreational properties for wealthy 

Americans.  Though many appreciated the unique landscape of the area early on (and it had been 

used extensively by peoples for thousands of years), settlers only recognized the ecological 

importance of the area once development had occurred.  The park is situated along a nearly 

100km stretch of the St Lawrence River and consists of a mix of islands and adjacent mainland 

properties along the Canada-USA border (Figure 1.1).  Many of the islands are underlain by the 

Frontenac Arch, a Precambrian rock formation that connects the Algonquin Highlands of the 

Canadian Shield to the Adirondack Dome to the south.  Due to the marginal suitability of the 

land for agriculture forest cover tends to be higher along the arch than on adjacent areas.  The 

confluence of an east-west river, the Great Lakes- St Lawrence and Appalachian forests, and a 

locally unique geological feature mean that the park is a hotspot of species diversity.  In fact the 

park is in one of the most biodiverse regions of Canada, home to many species at risk (Parks 

Canada 2010).  This diversity is naturally vulnerable to stressors given the small, fragmented 

nature of the park.  Hyperabundant herbivores are one type of stress present in parks and can 

impact the distribution and abundance of other species to the detriment of overall ecological 

integrity (Parks Canada 2007). 
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Figure 1.1. Overview of the Thousand Islands and Thousand Islands National Park. (Parks Canada 2019). 

 

 White-tailed deer (Odocoileus virginianus), hereafter called deer, are an important 

species in North America.  Ecologically they play a significant role in the exchange of energy in 

the food web of forests (McShea 2012).   In parts of Eastern Ontario they are the only ungulate in 

the food web.  As a result of their ability to modify entire ecosystems some even consider them a 

keystone species (Waller and Alverson 1997; Rooney 2001; Côté et al. 2004).  A prerequisite to 

being a keystone species is having a disproportionate effect on other trophic levels of ecosystems 

(Primrack 1993).  Deer fit this description.  Due to their ability to adapt to the mix of habitats 
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that humans have created, many populations are thought to exist at levels that exceed various 

ecological thresholds (Côté et al. 2004; Parks Canada 2012a; Ontario Ministry of Natural 

Resources 2017).   There is an abundance of scientific literature documenting a range of 

ecological impacts that high densities of deer create on all parts of temperate forest ecosystems 

(Rooney 2001, Rooney and Waller 2003; Côté et al. 2004; Habeck and Schultz 2015), and as 

densities of deer increase, the ecological impacts they create also increase (Horsley et al. 2003).    

 Observations of high numbers of deer were first documented in parts of TINP in the 

1970’s during resource inventories.  Staff expressed concern that this could have a disruptive 

impact to island ecosystems (Kall 1978).  Throughout the 1980s there were various attempts at 

enumerating populations that culminated in the 1990s with a series of winter aerial surveys on 

Hill Island, the epicenter of overabundance.  Around this time the park also began studying the 

impact of deer populations on vegetation.  With the advent of ecosystem-level monitoring 

programs in the 2000s the park concluded that deer populations were having a clear effect on 

vegetation as measured by a lack of tree seedling regeneration (Parks Canada 2010; Parks 

Canada 2012a).    

 The Canada National Parks Act (assented in 2000), cemented the principle that ecological 

integrity must be the first priority in managing Canada’s national parks.  This led to the 

development of a number of tools to assist managers in caring for national parks.  One such tool 

was the Parks Canada Directive on Hyperabundant Species (Parks Canada 2007).  It provided the 

conceptual framework to move beyond monitoring deer populations and towards restoring 

impacted ecosystems.  It also directed the need to develop a hyperabundant species management 

plan that: 1) described the problem, 2) assessed the options, 3) recommended a course of action, 

4) communicated with the public about the course of action and 5) monitored the action.  In 
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2010, after public consultation, the current Park Management Plan was approved (Parks Canada 

2010).  The plan included a requirement to actively manage deer populations and set the stage 

for development of the first version of the Hyperabundant Deer Management Plan (Van Wieren 

and Broadfoot 2007; revised 2008 by Gonzales).  In December 2008 the park began 

implementing a core objective of the plan; a program of deer population reduction on three park 

islands in collaboration with the Mohawks of Akwesasne First Nation.  Management actions on 

Hill Island continue to this day, administered by a joint Mohawk-Parks Canada advisory 

committee.   Between 2009 and 2019, 135 deer have been harvested from the island during 

annual hunts and catch per unit effort has been steadily declining (Parks Canada 2018). 

 Ongoing deer management activities at Thousand Islands National Park (TINP) are 

governed by a series of ecological indicators to guide decision-making.  These occur at two 

levels: Ecological Integrity Monitoring, and Management Effectiveness Monitoring.  Both work 

on the premise that indicators can be used to provide an overall picture and trend of the health of 

the ecosystem, and a measure of effectiveness for any interventions to protect or restore the 

ecosystem.   

 Ecological Integrity Monitoring is intended to assess the overall health of national park 

ecosystems.  In TINP three ecosystems are monitored and reported on: Forests, Wetlands, and 

Freshwater (Parks Canada 2012b).  Each has a suite of indicators to act as a warning if 

ecosystem health is impaired or begins to decline beyond pre-established thresholds.  Research is 

then initiated to investigate the cause of decline/ impairment.  Should intervention be required, 

plans for active management are developed.  This type of monitoring is designed as a long-term 

monitoring program and is a core part the Parks Canada State of the Park reporting system.  

Results from the State of the Park Report are used to inform the Park Management Plan, which is 
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developed in consultation with the public, and is approved by the Canadian Minister of the 

Environment. 

 Once active management begins there is a requirement to monitor for its effectiveness to 

ensure that the action is having the desired effect.  Management Effectiveness Monitoring is 

targeted at monitoring the intervention itself.  In an experimental sense, it is testing to detect the 

response to a manipulation.  This type of monitoring is critical to ensure that funds are being 

efficiently invested, and is part of an adaptive management framework.  Management 

effectiveness of deer management in TINP is measured by vegetation browse plots and deer 

pellet counts as overall indexes of relative abundance.  These types of indicators are prescribed 

in the Hyperabundant Deer Management Plan (2012a), and are based on existing monitoring 

protocols (Ontario Parks 2011). Ideally, as deer populations in target areas are reduced, their 

impact should also decrease (e.g. browse pressure, relative abundance) and be captured by 

management effectiveness indicators, followed by improvements in the tree seedling 

regeneration indicator. 

 The ecological responses to management have not been immediately apparent in TINP, 

as the park has taken the approach of monitoring the effect (i.e. impacts of deer populations on 

vegetation) and not the stressor (i.e. deer populations themselves) (Parks Canada 2012a).  Many 

deer have been removed from the island yet tree seedling counts remain low.  There can be a 

very long lag time between the reduction of a deer population and a measurable effect in 

regeneration of the flora of an area (Tremblay et al. 2005; Le Saout et al. 2014; Nuttle et al. 

2014).  Within this context, my study will inform land managers on the relative habitat use by 

deer in an area known to be highly impacted by deer numbers.  Knowledge of the patterns of use 

may to help prioritize areas for enhanced forest restoration, as well as to focus efforts to measure 
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the impact of high numbers of deer.  I also take advantage of historical data and apply them to 

newer methods for assessing habitat use by animals.  This requires some flexibility in approach, 

but potentially opens up possibilities for solving management challenges in a protected area 

using geographic information systems and established methods for estimating animal use. 

Study Goal: 

The goal of this study is to estimate and compare seasonal habitat use patterns of deer on Hill 

Island in Thousand Islands National Park and assess methods for their measurement. 

Study Questions/ Specific Objectives:  

1. Historical and recent aerial deer surveys will be used to identify what relationships exist 

between observations and selected habitat variables.  The resulting model will be used to 

generate a map of predicted winter resource selection by deer on Hill Island, ON (1992-

2006, 2018, 2019), and will include an estimate of detectability and locational accuracy 

of recent aerial deer observations. 

2. Fecal pellet counts will be used to identify what relationships exist between deer pellet 

group abundance and selected habitat variables.  Resulting models will be used to 

generate maps of predicted habitat use by deer on Hill Island, ON in winter (2018, 2019) 

and summer (2018), and will include an estimate of summer pellet decay rates. 

3. Results from 1 and 2 will be used to explore differences between: 1) aerial and pellet-

derived estimates of winter habitat use, and 2) winter and summer estimates of habitat use 

on Hill Island, ON.  I hypothesize that deer congregate on the same parts of the island 

each winter, and that those patterns change in the summertime. 
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 The study makes use of well-situated methods for species enumeration and habitat 

modelling to estimate the relative habitat use by deer on Hill Island in different seasons.  

Methods evaluating habitat use and specifically resource selection by animals have proliferated 

in the literature in the past two decades (Beyer et al. 2010; Lele et al. 2013), though the search 

for patterns in the relationship between animals and their environment has been a core area of 

study in biology/ ecology for the last century (Guisan et al. 2017).  Aerial surveys are frequently 

used in the context of resource selection functions and can provide meaningful results (Neu et al. 

1974; Morrison and Wong 2013).  Ungulate pellet counting has been used as an indirect method 

for counting cryptic species for years (Eberhardt and Van Etten 1956).   A novel aspect of this 

study involves the use of historic, spatially oriented, aerial surveys at Thousand Islands National 

Park as part of the observation dataset, reflecting an exercise in data rescue (Hawkins et al. 

2013), a common practice in the climate sciences (Slonosky et al. 2019). 

 My thesis is structured using a traditional format including; an introduction, literature 

review, methods, results, discussion, and conclusion.  The literature review provides background 

on deer behaviour and biology, impacts of deer on ecosystems, aerial surveys and pellet counting 

as surveying methods, and species distribution modelling.  The methods chapter describes the 

techniques used to collect, prepare and model the data.  Outputs from the study are presented in 

the results chapter.  The discussion and conclusion chapters interpret the results, speculate on 

reasons for some of the unexpected outcomes, recommend areas for further research, and 

summarize the importance of the research to park management activities.  
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Chapter 2: Literature Review 

 White-tailed deer are widespread throughout North and South America.  They inhabit a 

variety of ecosystems and are important components of the food web in many forest types 

(McShea 2012).   Due to the myriad of interactions they have with humans, cervids like White-

tailed deer are perhaps one of the most widely studied mammalian taxa on the planet.  Deer are 

generally studied from an ecological/ biological perspective, but interact with the human 

environment as well.  Many aspects of human interactions revolve around key themes; economic 

impacts, public health impacts, and animal welfare/ rights impacts.   

 Deer have an enormous impact on economies in North America.  Conover (1997) 

produced an economic value for deer of >$12.0B/ year in the USA alone.  Huijser et al. (2008) 

estimated that there are between one and two million wildlife-vehicle collisions in the United 

States per year, many including deer and each representing an economic cost.  Deer can serve as 

a vector for disease-causing organisms, including the bacterial taxa responsible for Lyme 

Disease.  Indeed, Lyme disease prevention is often cited as a reason for deer management 

(Kugeler et al. 2016).   Animal welfare/ rights considerations are also prominent in the study of 

deer (McShea et al. 1997), especially since many deer management programs involve lethal 

management (Williams et al. 2013).  All of the aforementioned impacts are relevant within my 

study area.  However, the primary legislated responsibility of Thousand Islands National Park is 

the maintenance of ecological integrity.  This is the impetus for deer management activities in 

the study area, so ecological impacts are paramount to decision-making, and are the lens through 

which impact is defined in this study.  The purpose of this literature review is twofold; to further 

explore the ecological impacts of deer in the context of ecological integrity in a National Park, 

and to provide theoretical background on the methodological approaches used in this study.    
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2.1 Deer Characteristics 

 White-tailed deer are a medium-bodied, long-legged, ungulate in the cervid family 

(subfamily Odocoileinae).  They share the genus Odocoileus with the Mule Deer (O. hemionus) 

of Western North America.  Cervids are distinguished from other two-toed members of the order 

Artiodactyla by being ruminants that chew cud, and by having deciduous antlers.  Within North 

America Odocoileinae share the continent with the Cervinae, which includes the North American 

Elk (Cervus canadensis).  White-tailed deer (16 subspecies) possess a number of unique 

adaptations that have made them able to thrive on the continent post-glaciation. 

 Cervids are present on every continent save Antarctica.  White-tailed deer have become 

exceptionally successful in the New World and have a range spanning nearly the entirety of both 

North and South America.  The species is found in every jurisdiction in Canada except Nunavut 

and Newfoundland and Labrador (NatureServe 2019). In Western Canada it shares habitat with 

the Mule Deer.  White-tailed deer are one of the most widely distributed species in North 

America and are present in a staggering range of environments, occupying mountains, prairies 

and forest (NatureServe 2019).   White-tailed deer have been expanding their range northward 

through Canada since the mid-twentieth century aided by high reproductive rates (Etnayake et al. 

2018), loss of key predators (Parks Canada 2012a), and an abundance of suitable habitat 

(Dechen-Quinn et al. 2013).  A changing climate will continue to drive this range expansion 

(Dawe and Boutin 2016).    

 Deer have long been admired for their agility and ability to maneuver through brushy, 

difficult environments.  Often the only glimpse one gets of a deer in the forest is its symbolic 

white flag of a tail as it bounds off to a safe distance (Government of Canada 1990).  When 

necessary they can run at incredibly fast speeds and bound over 2.4 m high obstacles (Sauer 
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1984; VerCauteren et al. 2010).  Using well developed senses of smell, hearing and sight, deer 

usually sense danger with ample time to use their speed to evade predators (Mech and Frenzel 

1971).  Their predators are numerous given their distribution across an extremely wide gradient 

of environments, but in eastern North America include; humans (Homo sapiens), coyotes (Canis 

latrans), wolves (Canis lupus), black bear (Ursus americanus), bobcat (Lynx rufus), lynx (Lynx 

canadensis) and domestic dogs (Canis familiaris).  Excepting humans, only wolves are generally 

thought to contribute significantly to deer mortality (Mech 1984).  Certain behaviours may help 

to minimize the risk of predation by these animals.  In fact predator avoidance is a contributing 

factor to many of the day-to-day movement patterns that deer adopt, and this movement can be 

generalized on three scales: daily movements, seasonal movement, and home range/ dispersal 

movement (Masse and Côté 2013).     

2.1.1 Deer Movement and Home Range 

 Deer are most active in the twilight portions of the day, with activity peaking just before 

sunrise and after sunset (Montgomery 1963; Beier and McCullough 1990; Rhoads et al. 2010; 

Keever et al. 2017).  This movement occurs between day and night bedding areas, feeding areas, 

and on travel lanes between these nodes (Armstrong, Euler and Racey 1983a).  Various factors 

have been investigated to account for the timing of these movements, but no universally 

applicable cause has been identified (Beier and McCullough 1990).  In many cases, movements 

are not long distance, with movement rates <100 m/hr common (Rhoads et al. 2010).   

 Movements also occur on a seasonal scale as animals migrate to areas more suitable for 

winter conditions (Voigt et al. 1997; Sabine et al. 2002; Morrison et al. 2003).  These movements 

may be obligatory, conditional, or may not occur at all, but were reported to be less than 20 
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kilometers in Sabine et al. (2002).  These seasonal tendencies usually form the core area of an 

animal’s home range, and the migration path connects the two ranges.   

 Home ranges are highly variable across the range of the white-tailed deer and are 

dependent on local level conditions (Government of Canada 1990; Dechen-Quinn et al. 2013).  

Home range sizes may be 200 hectares or larger (Tierson et al. 1985; Beier and McCullough 

1990; Lesage et al. 2000), but can also be small (8-40 hectares) (Kilpatrick and Lima 1999; 

Rhoads et al. 2010).  Occasionally, long-range dispersal movements occur as deer leave 

matrilineal home ranges (Nelson and Mech 1999) in search of better habitat (Etter et al. 2002).  

The mechanisms that drive these dispersals are unknown, but these occurrences may facilitate 

range expansion of the species and occupation of new habitats.    

2.1.2 Deer Habitat 

 The term habitat refers to the biophysical resources that a species uses to meet its 

physiological needs (Guisan et al. 2017).  Habitat use refers to the way that an animal uses a set 

of resources available to it, and habitat selection describes the process that leads to the selection 

of a resource over others that are available to it (Beyer et al. 2010).  Habitat is usually described 

as meeting two basic needs: cover and forage (shelter and food) (Guisan et al. 2017).   

 Deer require shelter for rest, protection from the elements, and avoidance of predators 

(Armstrong, Euler and Racey 1983b).  Shelter requirements vary through a year and across their 

distribution.  In areas with winter climates deer can exhibit ‘yarding’ behaviour, where they 

congregate in areas with high conifer content to minimize the impacts of severe weather 

(Hamerstrom and Blake 1939; Nelson 1995; Morrison et al. 2003; DelGiudice et al. 2013a).  

Conifer trees themselves can protect the animals by intercepting snow and minimising relative 
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snow depths.  By congregating, deer pack down trails in deep snow to ease the effort of moving 

and reduce energy expenditure in their search for food (Masse and Côté 2013). 

 Deer can eat all types of herbaceous material during the summer.  As long as there is 

sufficient plant material to meet their up to 4 kg/day requirements (Voigt et al. 1997), they are 

not limited by food (Government of Canada 1990).  However, as the seasons change, food 

supply can be limiting.  In winter some deer feed nearly exclusively on woody browse, which is 

of relatively poor nutritional value (DelGiudice et al. 2013b).  The effects of poor browse are 

compounded by the yarding habits of some populations.  The act of seeking refuge amongst 

conifers during difficult winter conditions is a well-known and intergenerational behaviour in 

deer (Kearney and Gilbert 1976; Voigt et al. 1997; Nelson and Mech 1999), and only adds to the 

pressures on an environment at these locations (Lesage et al. 2000).  In extreme cases of severe 

winter conditions starvation is a real possibility (DelGiudice et al. 2002). 

 Given the physical and behavioural characteristics described above, deer populations 

have a remarkable ability to grow rapidly when freed from the traditional constraints on their 

numbers (Côté et al. 2004).  When deer exist at high densities they can impact the environments 

in which they live.  Too much impact can affect the integrity of the ecosystems on which they 

rely for their basic habitat needs. 

2.2 Deer Impacts 

 Much scientific literature documents a number of ecological impacts that high densities 

of deer create on all parts of temperate forest ecosystems (Rooney 2001; Rooney and Waller 

2003; Côté et al. 2004; McShea 2012; Habeck and Schultz 2015).   As densities of deer increase, 

the ecological impacts they create also increase (Horsley et al. 2003).   How that relates to the 
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population dynamics of deer is uncertain though.  Saether (1997) argues that environmental 

stochasticity plays a large role in influencing population levels.  Simard et al. (2008) reported 

that deer modify body mass and reproduction rates before a reduction in density is observed.  Le 

Saout et al. (2014) and Tremblay et al. (2005) found that litterfall can subsidize and support high 

density deer populations thereby limiting tree regeneration up until the point that the mature 

canopy of the forest dies without any tree seedlings to replace them.  Furthermore, Nuttle et al. 

(2014) reported impaired regeneration of a number of trees and shrubs from a high degree of 

browsing for at least 20 years raising the spectre of a lag time to browse impacts.   The 

ecological impact of a high density of deer can potentially persist for decades after high 

populations.   

 Impacts by deer are commonly described in terms of the changes to vegetation they 

cause.  Fundamentally the impacts of high deer numbers extend from the tops of the trees down 

into the soil that the tree grows on.  Table 2.1 provides an overview of pivotal work describing 

the relationship between deer and select ecosystem components and processes.  The table is 

based on a review work on the ecological impacts of deer in Wisconsin, USA (Rooney and 

Waller 2003), and uses studies from a broad geographic area.
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Table 2.1: Some potential effects of deer on ecosystem components and processes.  Based on a 

review work from Wisconsin, USA (Rooney and Waller 2003).

 Component Effect Author 

Tree 

regeneration 

Deer can limit seedling abundance.  

Palatability influences nature and 

type of regeneration.  

 

Bradshaw and Waller 2016 

Rooney 2009 

Alverson et al. 1998 

Herb/ Shrub 

diversity 

Deer can reduce herb diversity and 

can favour graminoids and ferns, and 

have long-term impacts on shrub 

regeneration. 

 

Prendeville et al. 2015 

Nuttle et al. 2014 

Horsley et al. 2003 

Nutrient cycling Deer can alter rates of 

mineralization, change types of 

nutrients produced through browse 

selection. 

 

Hobbs 1996 

Rooney and Waller 2003 

Other 

vertebrates 

Deer can modify habitat and compete 

for food with small mammals and 

birds. 

 

Flowerdew 2001 

McShea and Rappole 2000 

Chollet et al. 2015 

Insects Deer can affect insect populations by 

competing for plant food, changing 

physical structure of habitat, 

changing biomass and species 

composition of habitat, changing 

habitat availability for dung affiliated 

species. 

 

Stewart 2001 
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 Practically, heavily browsed forests are indicators of a high density deer population 

(Simard et al. 2008).  As many eastern forests rely on gap replacement for succession (Runkle 

1982), impacts like those described above could result in long-term changes in abundance and 

diversity of species at local scales as synchrony between tree regeneration and gap formation is 

interrupted by heavy browsing (Runkle 1989; Kern et al. 2012).   

 High numbers of deer are affecting the ecological integrity of some forests in Ontario 

(Ontario Ministry of Natural Resources 2017), and specifically in protected areas in Eastern 

Ontario (Ontario Parks 2011) and the Thousand Islands (Parks Canada 2012a).  On some islands 

within Thousand Islands National Park trees are not regenerating and herb layers in the forests 

are absent (Parks Canada 2012a).  Management actions are in progress to try to reverse the 

ecological decline apparent in the areas of highest deer population densities.  Hill Island, in 

Thousand Islands National Park, is known for its abundant deer populations and provincially 

recognized forests.  It has a history of intense browsing, is the focus of park management actions, 

and forms the extent of the study area for this project. 

2.3 Counting Deer 

 There are many ways to enumerate deer on a landscape.  The goals of an individual study 

and the desired outcome should dictate the method selected.  Various costs, time, equipment, 

output strengths, weaknesses, study area, and historical norms can all play a role in determining a 

survey method.  Different methods may be appropriate depending on whether the desired 

outcome is presence/ absence, relative abundance, absolute abundance or animal density.  Many 

studies have compared one method to another to contrast methods, or conversely by using one 

method to supplement the conclusions of another.  Pellet counts and aerial surveys have been 

compared as survey methods in a number of studies with generally good agreement, especially as 
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it relates to overall animal density (Urbanek et al. 2012; De Calesta 2013).   Each has its own 

strengths and contributes in different ways to the body of knowledge on a species within a study 

area.   

2.3.1 Aerial Surveys 

 Aerial surveys have been used to census or survey wildlife populations for decades for an 

array of species (Pollock et al. 2006).  They can be effective for large areas and have been 

applied all over the world (Caughley 1977). Aerial surveying generally involves the use of 

aircraft to survey an area for a species of interest using a pre-defined sampling pattern.  A 

number of configurations are available to the surveyor, ranging from strip transects (Miller et al. 

1998), to line transects (White et al. 1989), and quadrats (Caughley 1977).  A potential 

shortcoming of aerial surveying is its potential for inaccurate results due to bias introduced by 

observers and animals alike (Caughley 1974; Marsh and Sinclair 1989; Fuller 1990).  Various 

tools are available to address the potential for inaccuracies such as mark-recapture estimation 

(Pollock and Kendall 1987) to estimate perception bias by humans, or detectability experiments 

(Marsh and Sinclair 1989) that use experimentation to define visibility bias for hidden animals.  

As long as other factors such as altitude, speed, crew configuration and transect width are 

controlled then aerial surveying may be useful, especially for estimates of relative abundance 

(Caughley et al. 1976; Caughley 1977).  In Canada aerial surveys have been conducted for deer 

in recent decades (Potvin et al. 2004).  In the absence of other methods suitable for large 

landscapes, detection-corrected aerial surveying has proven to be an effective means of deer 

enumeration (Potvin et al. 2004). 

 Data collected from aerial surveys are used in various ways, but most commonly as a 

method for population estimation (Potvin and Breton 2005), or for species distribution modelling 



17 

 

(Potvin et al. 2003; Morrison and Wong 2013).   Population estimation comprises a simple count 

extrapolated across the study area (Urbanek et al. 2012), or uses a distance sampling framework 

to estimate a density of animals (White et al. 1989).  Species distribution modelling emphasizes 

the location of the observation rather than the number of observations.  In the absence of variable 

bias this allows the comparison of sites with observations to those without.  Trends in habitat 

selection can be assessed using this method.  Many resource selection studies make use of 

observations collected by using radio or satellite telemetry tags affixed to animals (Wells et al. 

2011).  However, aerial surveys have also been successfully used to collect data feeding into 

studies of resource selection. (Manly et al. 1993; Morrison and Wong 2013). 

2.3.2 Pellet Surveys 

 Studies using pellet surveying to make ecological inference have been present in 

scientific literature since the 1940’s (Eberhardt and Van Etten 1956; Rogers et al. 1958; Neff 

1964; Putman 1984).  Dung counts are employed for a number of different kinds of mammals 

around the world, and are a favoured technique for elusive and hard to spot animals (Putman 

1984).  Pellet counts are indirect counts of presence as they do not usually accompany the animal 

itself, but prove that it was there.  As deer can be difficult to find, pellet counts are a common 

technique for their enumeration.  Presence/ absence (BC Ministry of Environment 1998), relative 

abundance (Munro et al. 2012) and absolute abundance (De Calesta 2013) can all be estimated 

using a well-designed survey of pellet counts (Putman 1984). 

 Distance Sampling has emerged as an effective framework for conducting pellet counts 

(Marques 2001; Thomas et al. 2009).  Several software tools now exist that aid in the 

development of statistically-sound surveys (e.g. DISTANCE software and R code: Thomas et al. 

2009).  Resulting data can be used as simple counts, or modelled to develop a detection function 
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that rounds out a population estimate. The capability of the approach to formally incorporate 

detection probability into population estimation (Denes et al. 2015), has led to its extensive use 

in the field of ecology (Thomas et al. 2009).     

 The history and application of Distance Sampling is described in a series of textbooks 

(Buckland et al. 1993; Buckland et al. 2004), and study designs are well-developed (Thomas et 

al. 2009).  Line transect sampling using distances has been specifically been employed to 

estimate deer distributions and populations (Marques et al.  2001; Valente et al. 2016).   Alves et 

al. (2014) used pellet data counts to estimate habitat use with Generalized Linear Models.  Their 

study compared pellet modelling results to those obtained from a separate sample of direct 

observations, modelled using a resource selection function. 

2.4 Modelling Habitat Use 

 Understanding the patterns that lead to species distributions is core to the study of 

biogeography.  Ecologists have been on this quest for more than a century (Guisan et al. 2017); it 

gave rise to the predictive modelling omnipresent in the field today. Regression is a common 

technique for assessing distribution and habitat preferences and is applied in both multivariate 

and logistic frameworks (Guisan et al. 2017). When paired with information theoretic model 

selection techniques, regression can be a powerful tool to explore the relationship between 

animal observations and their environment (Boyce et al. 2002; Burnham and Anderson 2002; 

Crawley 2013).   

 Resource Selection Functions have also been used to evaluate habitat preferences for 

decades (Manly et al. 1993).  Johnson (1980) described a ranking system that compared used and 

not-used resources to seek evidence of disproportionate use of selected habitats.  Resource 
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selection functions are drawn from this concept and are formulated around the premise that 

animals will select high quality resources more than other types to satisfy life requirements 

(Manly et al. 1993; Guisan et al. 2017). Within this context, resource selection is defined as 

resource use that is disproportionate to its availability (Johnson 1980; Beyer et al. 2010).  

Resource selection is measured by applying logistic regression to used-not used, or used- 

available datasets that include any number of potentially explanatory variables as covariates.  

Johnson et al. (2006), provide the theoretical motivation for resource selection functions.  They 

describe that when a sample is available rather than not-used, the resource selection value cannot 

be a probability and all outputs are considered relative to each other.    

 Studies using aerial survey data, or any other type of data where the animal is not 

individually identifiable from others in a population, are considered Type 1 study designs 

(Thomas and Taylor 2006).  Selection inference from these study designs are limited to the 

population as a whole.  When using these types of designs Boyce et al. (2002) provide useful 

guidance on the testing and application of resource selection functions.  Various studies of 

ungulates that have assessed habitat selection using resource selection functions.  The Manly 

textbooks (1993, 2002) use as an example results from an aerial survey to elucidate resource 

selection for moose (Alces alces) in Alaska (Neu et al. 1974).  Other studies have applied 

resource selection to mountain goats (Oreamnos americanus) (Wells et al. 2011), mule deer 

(Odocoileus hemionus) (Anderson et al. 2012), red deer (Cervus elaphus) (Alves et al. 2014), 

and white-tailed deer (Masse and Côté 2013).    
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2.5 Study Assumptions and Potential Limitations to Use 

There are a number of assumptions inherent in the study of the habitat selection of animals 

(Lele et al. 2013).  Beyer et al. (2010) define some of the primary ones that can limit the scope of 

inference for a study.   

Habitat Use compared to Resource Selection: Habitat use and resource selection are similar but 

not identical terms.  Habitat use is a measure of the amount of habitat used.   Resource selection 

is the disproportionate use of a habitat compared to what was available.  Measures of use signify 

that an animal was in that habitat for more or less time, but selection represents the process by 

which an animal selected that habitat to use.  In most cases they produce the same outputs as 

animals stay in places that better meet their needs.  It is assumed that the two types of maps are 

equivalent as relative measures and that deer in the study area spend more time in the habitats 

they are selecting for. 

Time Budget Constraints:  Pellet counting and aerial surveys assumed that both pellets and aerial 

observations truly represent how deer use a landscape.  Late winter aerial surveys are assumed to 

represent average seasonal use of an area.  Furthermore, mid-day flights are operationally 

necessary and mean that all observations are from approximately the same time of day.  This too 

is assumed to be representative of how deer use the study area.  Pellet surveys are bound to the 

weather and phenological conditions that permit surveying.  This means that survey periods 

cannot be standardized.  It is assumed that the survey periods imposed on the pellet counts are 

fully representative of the season for which they were intended.  Pellet surveys also assumed that 

more pellet groups are representative of increased time spent in an area. 
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Other Effects Impacting Selection of Resources:  Aerial surveys and pellet surveys both assumed 

that use of a resource represents selection of that habitat in the absence of other influences on 

decision-making.  Animal locations collected by pellets or aerial surveys are not able to separate 

a selection for an environment versus an unrelated behavioural response to other members within 

the population.  Individuals or groups may be spatially autocorrelated because of an unknown, 

unmodelled, behavioural relationship with other animals in their group, which is not captured 

using either survey method. 

Definition of Habitat Availability:  All habitats within the study area are assumed to be available 

to any one of the animals observed during the study.  There are no known barriers restricting 

accessibility within the study area and the study area itself is smaller than some published 

literature on deer home range size.  Essentially this means that within the framework of the study 

the deer were observed in one place, but could have been anywhere else in the study area.   

How Selection was Measured: Selection functions are contingent on how availability is sampled 

in a study area.  Due to the small size of the study area, only a certain number of availability 

samples could be taken and all were assumed to be equally accessible.  Spatial inaccuracies 

inherent in aerial surveys further reduced the area to sample for availability.  When study areas 

are small there is a risk of overlap and sample contamination (use by available) (Johnson et al. 

2006).  Smaller availability samples helped to ameliorate the risk of this, but at the expense of 

incomplete convergence in the models (Northrup et al. 2013).  Selection is potentially 

overestimated in this sampling design with a higher standard error.   
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 Chapter 3: Materials and Methods 

3.1 Study Area 

 Thousand Islands National Park (TINP) was established in 1904 and is situated east of 

Lake Ontario along a nearly 100km stretch of the St Lawrence River between Kingston, Ontario 

and Brockville, Ontario.  It consists of a mix of islands and adjacent mainland properties 

totalling 24 square kilometers.  Many of the islands are situated on the Frontenac Arch, a 

southern extension of the Precambrian Laurentian Shield that connects the Algonquin Highlands 

to the north with the Adirondack Dome to the south.  These islands, with their array of 

topographical features and riparian influence host high species diversity (Parks Canada 1997).  

The park is home to many species at risk (Parks Canada 2010).  However, its biodiversity is 

vulnerable to ecosystem stresses given the small, fragmented nature of the area.   

 Two major conservation efforts exist in Eastern Ontario to enhance protection of the 

unique biodiversity of the area, including the Thousand Islands.  The Algonquin to Adirondack 

(A2A) collaboration promotes the importance of intact ecosystems connecting the major 

Adirondack Dome of the United States and the Algonquin Highlands in Canada (A2A 

Collaborative 2019).  Effective connections between these two large forested areas help facilitate 

the effective continental-scale flow of biodiversity through eastern North America.  At a smaller 

scale, the Frontenac Arch Biosphere Reserve is recognized as part of the United Nations Man 

and the Biosphere program.  The designation was made due to the outstanding biological 

diversity and mix of uses present on the Arch (Frontenac Arch Biosphere Reserve 2019).  A 

formal role of the biosphere is to celebrate and foster sustainability and harmony between the 

environment of the arch and its residents (United Nations 2020). 
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 TINP is included within the land area of both initiatives and plays an important role in 

their effectiveness because: 1) park islands act as stepping stones for species crossing the river 

and onto mainland areas within an area of relatively intact north-south connectivity (Parks 

Canada 2016), and 2) park areas act as core protected areas where ecosystems have a greater 

degree of protection from anthropogenic stressors.  Protection and restoration efforts in the park 

can have broad impacts extending well beyond its boundary. 

 Hill Island is one of largest islands in the Thousand Islands and contains one of the 

largest park properties.  The island measures 555 hectares and is listed provincially as an Area of 

Natural and Scientific Interest (ANSI) (Figure 3.1).  The park portion of the study area (414 

hectares) was acquired in 1977 from private interests and is comprised primarily of forest and 

regenerating old field.  Other land uses include a Canada-USA border crossing, a 1.2 km stretch 

of highway to access the border, and a number of private homes.  The international border is 

within 100 m of the park boundary in some places, and the nearest American island, Wellesley 

Island, is as close as 20 m away.   
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Figure 3.1. Overview of Hill Island, ON.  

 

 Hill Island is ecologically diverse, owing partly to its hilly, rocky topography more 

usually found in contiguous parts of the Canadian Shield, and comparatively moderate climate.  

Eastern hemlock (Tsuga canadensis), oaks (Quercus spp.), maples (Acer spp.) and white pine 

(Pinus strobus) are common on the island, and there are a number of hemlock stands that could 

function well as deer winter concentration areas (Kall 1978; Voigt et al. 1997; Broadfoot 2006).  

Climate is typical of that found in the region in general, though winters are less severe on the 

island due to its proximity to the river as well as the transit of occasional air masses from much 

further south (Environment Canada 1978).  Winter snowmelts are common, as are lake effect 

snowfalls. 
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 The earliest park descriptions of the resources of the island emphasized high numbers of 

deer, and alluded to a potential for negative impacts stemming from their numbers (Kall 1978).  

A number of reports have speculated on the reasons for such a high number of deer (Kall 1978; 

Broadfoot 2006; Parks Canada 2008; Parks Canada 2012a), ranging from a relative abundance of 

conifer forest, lack of predation and hunting, and a forest regenerating from historic agriculture.  

In reality, all of these may combine to create ideal conditions for successful deer reproduction 

(Parks Canada 2012a).  Additionally, it has long been suspected that populations on Hill Island 

may even be further augmented by seasonal movements of deer from other parts of the Thousand 

Islands, particularly Wellesley Island in the USA. 

 Due to its proximity to the much larger Wellesley Island there is a high probability that 

deer migrate between the two islands by swimming or crossing ice in winter.  Deer crossing to 

and from the island are regularly observed by residents and park staff, though the frequency of 

these occurrences has not been quantified or characterized.  There is no known reason for these 

movements, but Broadfoot (2006) hypothesized that the largely agricultural landscape of 

Wellesley Island supports a high number of deer in the summer, while Hill Island has a forest 

with a relatively high proportion of conifers to meet potential habitat needs in winter.  If 

movements occur to the extent suspected, then the deer on Hill Island do not represent a true 

closed population and are not reproductively isolated from other places (Wellesley Island or 

further).  All conclusions for the Hill Island study area must be tempered by the possibility that 

island-to-island movements are extensive, and that many deer do move seasonally on and off 

Hill Island.   
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3.2 Study Design 

 The overall goal of this study was to estimate patterns of habitat use by deer on Hill 

Island to provide information useful for ecosystem management and restoration.  There were 

three main components of the study.  The first was to use historical and current winter aerial 

surveys to plot deer locations on the island, and associate those with a number of biological, 

topographic and anthropogenic variables hypothesized to affect habitat use.  The output of this 

analysis was a map of relative resource selection by deer in winter.  The second component used 

deer fecal pellet surveys as indicators of habitat use to build habitat use maps that could be 

compared to the one obtained by aerial surveys.  There were three primary reasons for using 

pellet surveys: 1) they could be used to corroborate the value of aerial surveys for predicting 

habitat use, especially because deer are a visually cryptic species, 2) they allowed for the 

collection of habitat use data for an entire season as pellets accumulate for a period of time, and 

3) they document deer habitat use in the summer, when broadleaf forest canopies render the use 

of aerial surveys impractical.  In the final component, I standardized different maps and 

compared them to explore the potential that relative habitat use changes by method or by season. 

3.3 Deer Locations 

3.3.1 Aerial Deer Observations 

 Aerial winter surveys of white-tailed deer were conducted annually on Hill Island from 

1992-2006 to estimate the total number of deer on the island (Table 3.1).  Surveys were flown 

with a Bell Jet Ranger 206 helicopter. A total of 5 strip transects were used to survey the island, 

oriented in an east-west direction, and separated by approximately 400 m (Parks Canada 1992). 

Surveys were conducted at an elevation of 100 m and at a flight speed of 80 kph, or otherwise as 
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slow as was considered safe. Surveys were flown under overcast or flat skies with wind 

directions and speeds suitable for safe flight at low elevations. All surveys were conducted with 

snow on the ground, preferably after a recent snowfall so as to obscure old tracks. Weather 

conditions were noted during each survey. 

 

Table 3.1: Aerial survey results for deer on Hill Island, ON, 1996-2006.  

 1992 1993 1994 1995 1996 1997 1998 1999* 2000 2001* 2002 2003* 2004 2005* 2006* 

Date (M/D) 2/6 2/3 2/7 2/6 3/11 2/7 N/A N/A 2/18 2/28 2/13 2/3 2/12 N/A N/A 

# Deer 45 34 53 56 16 21 39 39 29 14 76 32 29 50 3 

* denotes no locational information available for count 

 

 Crew configurations varied, but consisted of at least two observers (one on each side of 

the helicopter) and a third individual tasked as a recorder (Broadfoot 2006).  All deer 

observations were plotted on a paper base map of the island with conspicuous features indicated 

to aid recorder orientation. Observations were marked by a number with a circle around it. The 

number represented how many animals were noted at that location.  

 I conducted surveys on March 10, 2018 and March 14, 2019 using the same basic 

methods, except that a Robinson R44 helicopter was used. The map used for orienting and 

marking observations during these two surveys was a printout of a high resolution Digital Raster 

Acquisition Project for Eastern Ontario [DRAPE] colour aerial photograph projected to 

Universal Transverse Mercator Zone 18N. Locations of deer observations were transferred 

directly into a GIS as point features using the same DRAPE image to guide precise data transfer.   
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 Transfer of data from the early surveys into the GIS began by first scanning the paper 

maps at a resolution of 600 dpi. These files were then imported into ArcGIS and georeferenced 

using a minimum of 3 reference control points. The presence of multiple landmark type features 

including shorelines, road intersections, and prominent structures allowed for precise geocoding 

of the maps. The average root mean square [RMS] error for all georeferencing was 4.1 m 

(min=0.0, max= 18.9).  All maps were visually inspected to ensure results were suitable for the 

entire island area. 

 Deer group locations were digitized into a point shapefile with attributes including year, 

habitat (if available), group size, and date of survey.  Points were centred on the circled number 

on the map.  Due to the overall small size of the map, and the recorder’s penmanship, many 

observation marks approached 200 m in diameter.  There was some locational uncertainty 

inherent in this approach and this was addressed as part of an overall approach to locational 

uncertainty with deer observation data (described in 3.3.2).  Only observations that had a 

location were digitized.  In 1999, 2001, 2003, 2005, and 2006 observations were recorded 

directly along the flightline.  These surveys were not used for this study as there was no way to 

plot the position of the animal on a map. 

3.3.2 Detection Probability and Locational Accuracy 

 Given that the aerial surveys were carried out over many years, by many observers, for 

other reasons than habitat selection analysis, there was a potential for detection and locational 

errors in the dataset.  This study explicitly considered the potential for these errors in the data by 

testing the skill of observers in 2018 and 2019.  Dummy deer (n=40) were placed in three 

vegetation types on the island:  old field, deciduous forest, and mixedwood forest.  Each observer 

was asked to plot the dummy deer on their map.  Dummy deer consisted of Marine Flotation 
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suits in 2018 (n=12), folded to present an area of 1 square metre to the occupants of an 

overflying helicopter; and black garbage bags in 2019, 1 square metre with a fluorescent 

identifier painted on it (n=28).  Dummies were chosen based on their high contrast colours, 

shapes and ease of deployment.   

 Detection may not be equal across all parts of the study area.  Studies utilizing satellite or 

radio telemetry technology often allude to downward bias of observations in certain habitats 

(Hebblewhite and Merill 2007; Frair et al. 2010).  This results from equipment failure under 

certain, non-random, conditions.  For example, GPS radiocollars are less able to record a position 

in dense conifer than in deciduous forest or a field (Frair et al. 2004).  As such a certain 

percentage of habitat use in conifer stands is not recorded in databases.  When resource selection 

is assessed using those datasets, the missing data exerts a downward influence on the use of 

those habitats relative to others with better satellite reception (Frair et al. 2004).   

 Aerial surveys suffer from the same problem (Jacques et al. 2014).  Sightability of 

animals can be highly variable across a landscape, and ranges from animals being completely 

hidden from sight (Marsh 1989), to those that are simply missed by observers (LeResche and 

Rausch 1974).  Sightability is usually less than 100%, but some studies suggest the rates may be 

as low as 25% (Potvin and Breton 2005).  A dummy deer database was created to estimate 

detection efficiency.  The rate at which dummies were detected was used to derive a rudimentary 

detection probability by vegetation cover (mixedwood, deciduous, and unforested areas).  Frair 

et al. (2004) described sample weighting or simulation as ways to correct for missing GPS data 

in habitat studies.  Simulation increases the number of existing observations in a habitat type by 

the percentage of observations missed as defined by a detection probability.  This technique was 
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applied to the aerial dataset by duplicating randomly selected observations to mimic the 

estimated proportion of missed observations.  

 Locational accuracy was tested by comparing observed positions of dummy deer to their 

actual positions as recorded by averaged GPS positions (Garmin Montana, positional accuracy of 

<5 m).  Differences between the two positions were measured in meters and a distribution was 

constructed so that an average difference could be estimated.  The resulting statistics informed 

the use of an error polygon (buffer area) implemented around each deer observation. 

3.3.3 Pellet Counting 

 Fecal pellet counting is regularly used to indirectly estimate relative and absolute 

abundance of deer populations (Neff 1968; Putman 1984).  It is occasionally used to estimate 

animal distributions and intensity of use (Laing et al. 2003; Manley et al. 1993 Marques et al. 

2001).  Pellet counts are known to be easy to implement (Neff 1968), can produce reliable 

relative abundances that are comparable to other survey methods (Mooty et al. 1984; Urbanek et 

al. 2012; de Calesta 2013; Pfeffer et al. 2017) and can be applied to the exploration of deer 

habitat use and distribution patterns (Putman 1984; Shi et al. 2006; Mannson et al. 2011). 

 Pellet count surveys were developed to estimate relative habitat use by deer on Hill 

Island.  Pellet surveys were designed using the stratified random design feature in DISTANCE 

software (Thomas et al. 2009).  Strip transects were stratified by major ecosite type considering 

the following conditions: 1) each stratification layer had at least 10 transects, 2) transect numbers 

represented the proportion of habitat available, and 3) the sum contributed to a total survey effort 

not exceeding 100.  Predictive Ecosystem Maps from the Land Information Office of Ontario 

(2008) were used to stratify the landscape. Six ecosite types were included for stratification to 
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distinguish the major habitats of the island:  Dry Mixedwood, Moist Mixedwood, Dry 

Deciduous, Moist Deciduous, Open, and Ecotone.  Table 3.2 provides summary statistics on 

survey effort for each of these vegetation types.  Open habitats were selected from ecosite types 

where tree cover was absent.  Ecotones were clipped from an ecosite layer using a buffer of 50 m 

on both sides of a line differentiating forested and non-forested ecotypes.   

 The Study Design engine of the DISTANCE software (Thomas et al. 2009) was used to 

randomly place transects in each vegetation type, until such time as the three conditions for 

transect numbers were met (although the Open area vegetation type only had enough area 

available for 4 transects).  There were 84 transects identified once all strata had transects 

assigned to them.   
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Table 3.2: Major vegetation types present on Hill Island, ON.  

Vegetation 

Type * 

Area (m 

sq.) 

Prop. 

of Park 

area 

# of 

transects 

Area 

surveyed 

(m sq.) 

Prop. 

surveyed 

Characteristics of 

veg type 

Ecosite Code 

Dry 

Mixedwood 

2,100,000 0.52 29 5,800 

 

0.003 Upland 

mixedwood; 25-

75% conifer content 

FOM2 

Moist 

Mixedwood 

870,000 0.21 19 3,800 0.004 Lowland 

mixedwood; 25-

75% conifer content 

FOM6 

Dry 

Deciduous 

240,000 0.06 10 2,000 0.008 Upland deciduous 

communities, 

usually oak 

dominated 

FOD6 

Moist 

Deciduous 

320,000 0.08 11 2,200 0.007 Lowland deciduous 

communities, 

usually maple 

dominated 

FOD2 and 5 

Open 70,000 

 

0.02 4 800 0.011 Grass, Marsh and 

old fields 

MAS, 

Undifferent-

iated 

Open/ Forest 

Ecotone 

450,000 0.11 11 2,200 0.005 Transitional area 

where open areas 

meet forest 

Open + 

Forested line 

buffered 

* based on Ontario Ministry of Natural Resources Predictive Ecosystem Classification Maps 

(2008).   
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 Each forested and ecosite transect was 50 m long, oriented SE-NW to sample 

perpendicularly to the major topographic features of the island.  Due to space constraints open 

area transects were composed of two randomly placed but adjacent 25 m transects, so as not to 

impinge on ecotone vegetation types.  Each transect was located with a GPS, oriented with a 

compass, and had metal pins placed to permanently mark its end points.  A tape measure was 

laid out along transects at their centreline.  Both sides were then searched to a distance of 2 m per 

side following guidance provided in Marques et al. (2001).  A measuring stick was used to 

measure the distance from the centreline to the edge of the strip.  A lack of herbaceous and shrub 

cover across most of the study area permitted a complete search of transects.  Following 

Mansson et al. (2011), and Alves et al. (2014), and consistent with historical local pellet datasets, 

all data were processed as counts, which were suitable for use in Generalized Linear Models.  

Each pellet group was removed from the search area after being counted in accordance with the 

‘clearance plot’ method defined in Campbell et al. (2004).    All data were recorded into an audio 

recording device, which was later transcribed onto a spreadsheet.   

 In some cases the randomly placed transects were unsuitable or unsafe to sample.  When 

this occurred a bearing was run on the same orientation from one of the transect end points to 

position further into the habitat being sampled.  Crew configurations ranged from 1-3 people, but 

the same person supervised all identification and collection of data.  Effort was focussed on 

consistency along and between transects.   

 For the purpose of this study pellet groups were defined as having the following 

characteristics; 

 Ten or more individual pellets, where at least 10 pellets are within 25 cm of each other 

(British Columbia Ministry of Environment Lands and Parks 1998).  Pellet groups of a 
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softer, more clumpy, consistency were encountered frequently and were included if they 

were distinguishable as being from deer. 

 Brown or black in colour (not tan) (Hibert et al. 2011). 

 Smooth, not fibrous and weathered (Hibert et al. 2011). 

 Not buried by leaves or other forest floor material (Marques et al. 2001). 

 The centre of the pellet group was on the transect (Marques et al. 2001) 

Some of these characteristics are subjective and depend on the observer’s judgment.  This was 

controlled by using the same observer to define pellet groups throughout the study.   

 Pellet surveys were repeated 3 times to obtain seasonal counts representing winter 2018, 

summer 2018, and winter 2019.  Each survey represented average use through a season.  Surveys 

were conducted as weather and phenological conditions permitted and were timed to coincide 

with the changing of seasons to take advantage of good observing conditions (Table 3.3).  Spring 

surveys were conducted post-snowmelt and prior to herbaceous vegetation green-up.  The fall 

survey was conducted before leaf fall could obscure pellet groups.  Leaf fall was important for 

another reason; for the first survey period (spring 2018) leaves from the previous fall were 

assumed to have covered all pellet groups, thus limiting pellet accumulation to the late fall and 

winter seasons (Eberhardt and Van Etten 1956; Marques et al. 2001). As such, all pellet groups 

found in the spring of 2018 were assumed to have been deposited since the previous fall.  

Subsequent surveys made use of transect clearing during the previous survey to ensure an 

accumulation period equal to a specified period of time.  
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Table 3.3: Timing of pellet surveys on Hill Island, ON, 2018 and 2019.  

Survey Survey Start 

Date 

Survey End 

Date 

Assumed 

accumulation period 

Transects 

completed 

Winter 2018 May 1, 2018 May 23, 2018 Nov. to mid-May 

(winter) 

82 

Summer 2018 Sep 22, 2018 Oct 16, 2018 Late May to Oct. 

(summer) 

84 

Winter 2019 April 12, 2019 April 29, 2019 Nov. to mid-April 

(winter) 

84 

 

 

3.3.4 Pellet Decomposition 

 Some studies identify pellet decomposition as a concern for count accuracy, especially in 

climates where decomposition rates may exceed the desired accumulation period (Neff 1964; 

Putman 1984; Marques et al. 2001; Laing et al. 2003).  This is of particular concern when using 

the ‘clearance plot’ method that assumes pellet accumulation for the entirety of each study 

period.  For the purpose of my study pellets were assumed to persist for at least 6 months during 

the survey, to represent seasonal use.  To ensure the validity of this assumption, 2 pellet 

decomposition plots were established.  One plot was located in a hemlock stand with little 

undergrowth (n=21 pellet groups).  The other was located in an open pine stand on the same hill 

(n=20 pellet groups).  Tree cover here was less than 50%, and grass dominated the herb strata of 

the stand.  Pellet decomposition is impacted by rain, exposure to direct sun, slope, humidity, 
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insect populations, and surrounding vegetation (Neff 1964; Campbell et al. 2004). These sites 

were chosen to represent the suspected variation of these impacts on the island.  Special 

emphasis was placed on measuring decomposition in the summer when deleterious effects such 

as sun, heat, and rain are most pronounced.  Pellet groups were identified, flagged, and 

photographed at each plot on June 16, 2018.  The plots were revisited on September 24, 2018, 

and May 22, 2019.  At each visit pellet groups were simply classed as being identifiable or not, 

using the identification characteristics described above in 3.3.3.    

3.4 Explanatory Variables 

 A number of potential explanatory variables were considered for modelling pellet counts 

and aerial observations.  These variables were assessed in a multivariate framework to explore 

the combinations of factors that may have influenced the location of deer observation or the 

number of pellets found on a particular transect.  Since many resource selection techniques use a 

form of regression, any number of independent variables could be tested.  However, for the sake 

of parsimony and to reduce the risk of overfitting a model, 10 were chosen (Table 3.4).  Each 

was selected after consultation with a group of local ecologists and resource managers and all 

have been previously identified in the literature as being potentially important to resource use by 

deer.   

 Variables were of four basic types: topographical, vegetation probability and diversity, 

distance, and vegetation class.  Topographical variables included elevation and topographic 

roughness index (TRI).  Probability and diversity variables included probability of hemlock 

occurrence, probability of oak occurrence, and Shannon diversity of vegetative structure.  

Distance variables included distance to buildings, open areas, and roads as well as an index of 

east-west position on the island.  Vegetation classes included eight general vegetative states on 
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or near the island; dry mixedwoods, fresh mixedwoods, dry deciduous, fresh deciduous, natural 

open areas, built-up developed areas, water, and wetlands.  All variables were formatted as 

rasters at a 10 m resolution to match the native resolution of vegetation inputs.  Each variable 

was tested for collinearity and multi-collinearity before being included as a candidate in the 

model.  
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Table 3.4: Independent variables used for modelling deer on Hill Island, ON, 1992-2019. 

Variable Description Type Calculation Rationale 

Type 1: Topographical (derived from LiDAR obtained by CRCA 2015) 
Elevation A measure of the various 

elevations in the study 

area 

Continuous 

floating point; 

meters. 

Resampled by mean from 1 m to 10 m; 

clipped to island extent post-processing. 

Explores the potential that deer use high elevations more in the 

winter due to factors such as reduced snow depths, ease of travel, or 

higher solar radiation (Armstrong et al. 1983a).   

Topographic 

Roughness 

Index (TRI) 

An index of topographical 

roughness based on the 

DEM. 

Continuous 

floating point 

index. 

Calculate the standard deviation of 

elevation in a 50 m circular 

neighbourhood of cells around the cell 

of interest (see Grohmann et al. 2011). 

Tests for evidence that selection may occur at the level of the 

individual hill, slopes and cliffs, but not at the roughness of the forest 

floor.  Deer may use the arrangement of hills and slopes for thermal 

protection in the cold, or for thinner snow covers on highly variable 

slope and aspect sites. 

Type 2: Vegetative Probability and Diversity Metrics (derived from Predictive Ecosystem Mapping  conducted by the OMNR in 2008) 
Hemlock 

probability of 

occurrence 

Expresses the probability 

of a Hemlock occurring 

within a cell. 

Floating point 

values ≥ 0 ≤1. 

None required. Eastern Hemlock stands are well-known to have a close association 

with deer wintering yards in areas with severe winters (Voigt et al. 

1997).   

Oak probability 

of occurrence 

Expresses the probability 

of an oak occurring within 

a cell. 

Floating point 

values ≥ 0 ≤1. 

Used Mosaic function to apply the 

maximum value of the white oak and 

red oak cells to a new grid. 

Oak are seasonally a very important and nutritious food supply for 

deer, sometimes contributing up to 75% of a deer’s diet (Harlow et 

al. 1975; McShea and Schwede 1993). 

Vegetation 

structural 

diversity 

 

Measures the structural 

diversity of vegetation in 

a 5x5 area around a cell.  

Continuous 

floating point 

index. 

The vegetation classification map was 

input to FRAGSTATS (McGarrigal et 

al. 2012), a moving window analysis 

conducted for the Shannon’s Diversity 

index. 

A combination of habitats available to deer within an area may 

influence the observation of deer or deer sign on the island 

constituting a functional response (Mysterud and Ims 1998).  Areas 

with a diversity of habitat may better meet the fitness requirements of 

deer (Beyer et al. 2010).   

Type 3: Distance Metrics (derived from data from the Land Information Office Ontario database 2019) 
Buildings A grid of distance from 

buildings. 

Continuous 

floating point; 

meters. (0-818 

m) 

Buildings were mapped as points.  

Euclidean Distance from buildings was 

calculated including a buffer around the 

island. Surfaces were then clipped to 

the study area extent. 

There are a number of structures within the study area, some of 

which are permanent residences.  Deer may be attracted to these 

structures as some homeowners seasonally feed deer.  Additionally, 

occupied buildings may provide a degree of predator protection and 

ornamental plants to browse (Lovely et al. 2013). 

Natural open 

areas 

A grid of distance from 

open areas. 

Continuous 

floating point; 

meters. (0-802 

m) 

The distance between the edge of the 

closest open area and the centroid of 

each cell in the study area was 

calculated using Euclidean Distance 

from open areas.  Only open areas over 

1 hectare were considered. 

Open areas may be seasonally important to deer, as they are a source 

of food in the late fall and early spring before new growth appears 

(Montgomery 1963; Munro et al. 2012).  Though deer may not be 

observed in these habitats during aerial surveys in the middle of the 

day, they may remain close by in order to use them outside of survey 

periods (through crepuscular activity).   

Roads A grid of distance from 

roads. 

Continuous 

floating point; 

meters. (0-

1798 m) 

Roads were mapped as lines.  Euclidean 

Distance from roads was calculated 

including a buffer around the island.  

Surfaces were then clipped to the study 

area extent. 

Tests for an avoidance by deer of areas of high road density because 

of road mortality (Etter et al. 2002; Gkritza et al. 2010; Rytwinski 

and Fahrig 2011).  Conversely, deer may be attracted to roadside 

habitats because of the browse they produce (Munro et al. 2012). 
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Index of West-

East position 

Location on island; west 

or east of Highway 137. 

1 or 0 index of 

location. 

Binary grid where cells west of 

highway receive a 1 and all else a 0. 

The west side of Hill Island is a known hotspot for deer observations 

(Kall 1978).  High traffic loads along Highway 137, which runs north 

to south to bisect the island, the road may create a psychological 

barrier for animals, which they do not readily cross.   

Type 4: Vegetation (derived from Predictive Ecosystem Mapping conducted by the OMNR in 2008). 
Dry mixedwood Forest containing between 

25% and 75% conifer.   

Floating point 

between 0 and 

100 %. 

A moving window analysis was 

conducted on each categorical 

vegetation type in FRAGSTATS where 

each cell was resampled according to 

the proportion of cells meeting the 

presence criteria in a 50 m circular 

neighbourhood (McGarrigal et al.  

2012). 

50% of study area; 2,852,000 sq. m.  Conifer species white pine or 

hemlock.  Generally well-drained sites, sometimes with shallow soils 

and rock outcrops.  Shrub and herb layers highly variable and 

dependent on % overstory cover. 

Moist 

mixedwood 

Forest containing between 

25% and 75% conifer.   

Floating point 

between 0 and 

100 %. 

See above Long linear features in sloughs between ridges.  Connects many parts 

of island; 1,297,100 sq. m.   Conifer species primarily white pine. 

Found on lower slope positions or north side of hills.  Usually near 

water.  Complete canopy cover restricts shrub and herb diversity. 

Dry deciduous Deciduous stands with < 

25% conifer.   

Floating point 

between 0 and 

100 %. 

See above 3 distinct patches on island.  Litterfall may be an important source of 

food in these stands; 372,000 sq. m.  Common dominant species 

include oak and maple.  Well-drained soils on a mix of slopes.   

Moist deciduous Deciduous stands with < 

25% conifer.  

Floating point 

between 0 and 

100 %. 

See above Found alongside dry deciduous stands but on flat ground.  Less 

mature forest and less oak; 270,820 sq. m.  Common dominant 

species ash, elm, maple.  Found on flat seasonally wet areas.  Grass is 

common on these sites. 

Open developed 

areas 

Manicured lawns, parking 

lots, buildings, roads. Not 

included in pellet 

analysis. 

Floating point 

between 0 and 

100 %. 

See above Possible source of food, predator avoidance; 249,300 sq. m. 

Open natural 

areas 

Meadows, old fields. Floating point 

between 0 and 

100 %. 

See above An old gravel pit and associated old fields on south end of island. 

Notable for deer sightings at dusk; 222,300 sq. m.  

Other 

(wetlands/ 

water) 

Open water or standing 

water for most of year.   

Floating point 

between 0 and 

100 %. 

See above Marshes on northeast end of island; 295,100 sq. m.  Status subject to 

water levels. 
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 Each candidate variable was correlated pairwise against the others and a Pearson 

correlation value (r) was calculated to assess for collinearity among the variables (Appendix 1).  

High correlation between two variables violates a principle of parsimony and could potentially 

degrade model fit (Crawley 2013).   A correlation plot was created and inspected using the pairs 

function in the R package Raster (Hijmans 2018).  Other studies utilizing aerial observations and 

resource selection functions have used r values ranging from r>0.6 to r>0.7 to identify 

collinearity (Shi et al. 2006; Anderson et al. 2012; Dechen-Quinn et al. 2013; Morrison and 

Wong 2013; Guisan et al. 2017). I applied a threshold of r>0.6.  Variables with correlation 

exceeding 0.6 were considered potentially related.  Only Distance to Road- Distance to Open 

Area marginally exceeded this r value at 0.62.  When two variables exceeded the threshold, their 

variance inflation factor was assessed to ensure any similarities were not problematic for the 

model as a whole.    

 Variance inflation was calculated for all variables to seek out multi-collinearity between 

one variable and all of the others in a model (Guisan et al. 2017) (Table 3.5).  High values could 

indicate potential problems with model stability as algorithms try to fit two similar variables as 

distinct.  Values less than 10 were considered acceptable for retention for modelling as per 

Guisan et al. (2017).  Variance Inflation Factors were calculated in R using the vif function of 

the usdm package (Naimi et al. 2014).  Vegetation data were highly structured as they originated 

from a single classified layer.  They were not included in VIF calculations.  No variables outside 

of the proportional vegetation layers exceeded the threshold of 10, including the Distance to 

Roads and distance to Open Areas grids.   All variables were therefore retained for model 

consideration. 
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Table 3.5: Variance inflation factors (VIF) for all variables used in modelling deer use on Hill 

Island, ON, 1992-2019.   Ten was considered the threshold for multi-collinearity. 

Variable Name Variable Code VIFa 

Elevation elev 1.738 

Standard Deviation Elevation stdev 1.263 

Distance to Buildings builddis 1.466 

Distance to Open Area opendis 1.886 

Distance to Road roaddis 1.809 

Vegetative Diversity Index vstruct 1.236 

Probability of Hemlock 

Occurrence 

hempro 1.716 

Probability of Oak Occurrence quercus 1.804 

East or West Side west 1.297 

 

 

3.5 Model Building and Selection 

3.5.1 Aerial Data Preparation. 

 To apply a resource selection function to the aerial survey results a use-availability 

framework was used (Johnson 1980; Manly et al. 1993; Thomas and Taylor 2006).  Used points 

on the landscape were clearly defined, but non-use could not be confirmed.  Observers may have 

just not seen the deer in other parts of the study area (Johnson et al. 2006).  As such locations 

without observations were considered available for use and not necessarily unused.  This 
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approach is common in studies where explicit sampling of non-use does not occur and allowed 

the comparison of used and available areas to look for evidence of resource selection (Manly et 

al. 1993).   

 Considering a potential for spatial inaccuracy in the observations (described in 3.3.2) all 

groups of deer observations were plotted with a 50 m buffer around them and a rule was set 

whereby availability samples could not be located within that distance.  In a classic resource 

selection study an availability sample must be drawn from the landscape before the use sample is 

applied (Manly et al. 1993; Johnson et al. 2006).  However, it was important to address the 

spatial inaccuracies inherent in this type of data collection, and buffering of use points 

(Montgomery et al. 2010) has been used as a procedure in other studies utilizing aerial surveys to 

account for this (Potvin et al. 2003; Morrison and Wong 2013; Clarke 2017).  Each use location 

was assumed to be temporally and spatially independent of all other points.  

 Availability samples were randomly picked from all cells in the study area excluding the 

50 m use buffer.   Northrup et al. (2013) and Barbet-Massin et al. (2012) provided guidance on 

the number of availability points that should be used in resource selection studies.  Both 

suggested a very high ratio of available-use points (increasing until coefficients stabilize).  The 

small size of the study area, along with spatial inaccuracies in the use data, precluded the use of a 

high ratio.  Five hundred points were randomly selected as availability samples.  This resulted in 

an available sample intensity of more than 1 point/ hectare and an available-use ratio > 2.  Used 

and available points were assigned a code of 1 (observation) or 0 (available).   Afterwards the 

point sampling tool in QGIS (QGIS Core Development Team 2019) was used to append 

covariate data to all points.  Finally, all records were exported as a comma separated table to be 

used for model construction in R.  
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3.5.2 Aerial Model 

 How animals use the environment is central to the study of ecology (Johnson 1980).  

Habitat use is commonly evaluated using species distribution models (Barbet-Massin et al. 2012; 

Guisan et al. 2017).  Resource Selection Functions (RSF) are an oft used technique to evaluate 

resource use, and imply a preferential use of certain resources (Beyer et al. 2010) because it 

increases the overall mean fitness of a population (Thomas and Taylor 2006).  Manly et al. 

(1993, 2002) authored textbooks on resource selection functions and described in detail a use-

availability approach using logistic regression in a Generalized Linear Modelling (GLM) 

framework.  Johnson et al. (2006) expanded on the theoretical underpinnings of this approach.  A 

global model consisting of response and explanatory variables was constructed and compared to 

a null model.  If the model was potentially informative it was carried forward to a stepwise 

selection process.  In this study global models were constructed using binomial regression to 

permit use of a single stepwise approach to selection (MASS::glm in R, link=logit (Venables and 

Ripley 2002)).  Final models were created using the rsf function (link=log) of the 

ResourceSelection package of R (Lele et al. 2019).   

3.5.3 Pellet Models 

 Pellet count data were added to a Geographic Information System (GIS) and referenced 

to the midpoint of each transect line using ArcGIS software (Environmental Systems Research 

Institute 2012). GIS-based point sampling was used to append independent variables to the count 

data points using Quantum GIS software (QGIS Development Team 2019).  All data were 

modelled using multiple regression to predict increased numbers of pellet groups given a set of 

explanatory variables.  A Generalized Linear Modelling (GLM) approach was used to fit the 

pellet data (response) to potentially explanatory (independent) variables.  This is a common 
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approach in species distribution modelling and has been widely used in ecological study (Nelder 

and Wedderburn 1972; Boyce et al. 2002; Denes et al. 2015). The most common form of GLM 

when using count data is the Poisson family of models or, in the case of over/under dispersion, 

Negative Binomial (Guisan et al. 2017).   The advantage of using a GLM for this type of 

modelling is that it permitted the use of non-Gaussian data and error distributions, which are 

regularly present in observational studies of biological entities. 

 A global model consisting of response and explanatory variables was created.  The utility 

of the global model was tested by comparing its residual deviance to a null deviance.  If deviance 

was lower in the global model it would be considered potentially informative and carried forward 

to a stepwise approach to refining its fit.  

3.5.4 Model Selection 

 Information Theory is often used to select an appropriate model in habitat use studies and 

has largely replaced null hypothesis testing due to the duality and potentially uninformative 

nature of a null hypothesis approach (Raftery 1995; Boyce et al. 2002; Burnham et al. 2011).  

The Aikake Information Criterion (AIC) is a simple and appropriate information theoretic 

approach that balances the dual objectives to reduce deviance and increase the number of 

parameters in a model simultaneously (Boyce et al. 2002; Manly et al. 2002).  To estimate a 

well-fitting model, global models were run through a stepwise AIC (MASS::stepAIC in R 

(Venables and Ripley 2002)) process similar to Boyce et al.  (2002) with a goal to select the best 

combination of variables explaining datasets.  Additionally, null, full and parsed aerial models 

were inspected using ResourceSelection::CAIC (Lele et al. 2019) to confirm that stepAIC and rsf 

functions produced the same relative result.  To mitigate the potential problems associated with 

stepwise approaches, namely an indiscriminate running of models with any number of potential 
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variables (as described in Burnham et al. (2011)), all variables were carefully screened using 

expert opinion before being included as candidates.   The most informative model that was 

suitable for creating habitat use maps was selected within Δ 2 of the lowest AIC score (Burnham 

and Anderson 2002).   

 A second consideration affecting model selection and performance, specific to the pellet 

datasets, is a variance that varies throughout the range of values in the dataset.  In many data 

collected in biological studies the principle of homoscedastity may be violated when the residual 

deviance exceeds the residual degrees of freedom (Crawley 2013).  More simply put, the mean-

variance relationship is not well modelled when data are over/under dispersed, which can lead to 

an increase in Type I error (Young et al. 1999).  In order to test for this pellet data were screened 

for overdispersion using a Pearson χ2 statistic and the overdispersion parameter was extracted.  

Should the parameter have exceeded 1 (McCullagh and Nelder 1989), it was accounted for using 

a Negative Binomial form of the GLM, where the parameter could be included in the model.   

3.6 Model Fit and Validation 

3.6.1 Aerial Models 

 K-fold Cross Validation was used to validate the selected model of aerial surveys against 

observations.  Cross fold validation subsets data into training and testing datasets (n=K).  Five 

subsets are often used and were applied in this study (Boyce et al. 2002).  Each of the subsets 

were used as the testing dataset for one iteration of the validation.  The validation technique 

worked as follows; the training dataset was used to construct a model, the model was applied to 

the study area, the resulting resource selection function (rsf) outputs were separated into 10 equal 

interval bins ranked low to high (1-10), the testing dataset was placed over the rsf surface, and 
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observations were placed in bins according to their predicted rsf.  The sum of observations was 

tallied for each bin, area adjusted and ranked, then plotted against the rsf bins.  A model was 

deemed to have good predictive power if the relationship was positive and close to 1 as measured 

by a Spearman rank correlation test (χr) (Boyce et al. 2002).  A plotted output was created for 

each of the testing datasets.  Individual rank correlation scores were averaged and reported.  This 

technique has been applied in a number of resource selection studies (Morrison and Wong 2013; 

Morris, et al.  2016; Clarke 2017) and was recommended as an approach by Boyce et al. (2002). 

3.6.2 Pellet Models 

 Pellet model fits were informally assessed using residual deviance to explain the amount 

of deviance in the data that was explained by the model.  The greater the difference between the 

null and residual deviance meant the model explained the variation in the data better.  Model fit 

was validated by visually inspecting its standard diagnostics.   

3.7 Map Comparisons 

 Once a final model was selected for the survey data, resulting ẞ coefficients were fit into 

the spatial environment of the study area in a GIS to create a predictive surface.  The surface was 

generated as a relative value of use because non-use could not be assured in the aerial surveys 

and all maps needed to be standardized for comparison.  Interpretation was simple; high values 

represented areas with greater predicted use compared to areas with low values. 

 Provided that all heterogeneous bias was accounted for, aerial results would reflect on-

the-ground patterns of use in mid-winter during the afternoon (i.e. time of the survey). The 

outputs of the aerial model could then be used to corroborate results obtained from pellet models, 

which used sign as an indicator of average seasonal use.  To ensure compatibility all surfaces 
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were standardized by placing all cells into 1 of 10 ranked equal interval classes according to their 

predicted relative use score.  Principles for map generation were adopted from Morris et al. 

(2016) to standardize outputs and ensure comparability. 

 Maps were compared to one another using three approaches to provide a holistic picture 

of model fit to the study area in different seasons, and using different methods of data collection.  

(1) Overall agreement was assessed by conducting a Spearman’s rank correlation test (χr) on all 

cells on the map.  Results with a positive value near one suggest a high degree of similarity 

between maps.  (2) Spatial agreement was assessed by inspecting the maps on a pairwise basis 

and subtracting one class raster from another.  Areas with a difference indicated places on the 

island where two models produced different results.  This would indicate a spatial discrepancy in 

how the maps interpreted use given different surveys.  Classes within one of each other were 

considered equivalent, or nearly so.  Classes between 20-30% of each other were considered 

marginally similar.  Cells classed more than 30% apart were considered significantly different.  

(3) Finally, descriptive statistics were produced for each of the difference maps created to assess 

their distributions.  The goal of producing these statistics was to characterize the distributions of 

the outputs to see if the structure of the data alluded to any patterns inconsistent with a normal 

symmetrical distribution.  For example, skewed distributions with high kurtosis scores may 

indicate imbalances in classification that are lumped in one part of one of the classed surfaces. 

 All geospatial data analysis was conducted using ArcGIS version 10.0 (Environmental 

Systems Research Institute 2012) and Quantum GIS (QGIS) version 3.4.5 (QGIS Development 

Team 2019).  Statistical analysis was conducted using R software version 3.4.2 (R Development 

Core Team 2012).   
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Chapter 4: Results 

4.1 Aerial Deer Observations 

4.1.1 Historic and Current Aerial Observations 

 Four hundred and fifteen deer in 229 groups were plottable in the 12 aerial surveys with 

locational data available (Figure 4.1). Collectively these data constitute the use sample for 

resource selection modelling.  Surveys in 2018 and 2019 yielded 20 and 14 deer observations, 

respectively.  The mean number of observations across all surveys (n= 17) was 34 (95% CI ± 9).  

Count totals in 2018 and 2019 would not qualify as data outliers (1.5 x interquartile range), but 

were considerably lower than the long-term average (outside of the lower 95% confidence 

interval).  Deer observations were well-distributed across the island.  The mean size of groups 

among 1992-2019 surveys with group size data (n= 14) was 1.82 (95% CI ± 0.17) deer with a 

maximum of 8 deer in a group (2002 and 2004).  The mean group sizes in 2018 (1.57) and 2019 

(1.40) were much lower than the long-term average, but still not considered outliers.  Caution 

must be exercised when interpreting these results due to the small sample size available, but they 

suggest that the relative abundance of deer may be decreasing and that group size is smaller in 

recent surveys. 
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Figure 4.1:  Deer observations on Hill Island, ON from winter aerial surveys 1992-2019 (n=12 

surveys).  Size of circle represents group size. 

 

4.1.2 Detection Probability and Locational Accuracy 

 In total, 23 of the 40 dummies placed on the ground in known locations were detected by 

the observers in the helicopter (58%).  However, detection rates were highly variable between 

vegetation types and observer position in the helicopter (Figure 4.2).  Detection rates in mixed 

forests averaged 31%, but were as low as 22%.  Rates in open sites and in deciduous forests were 

much higher at 73% and 71%, respectively.   
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Figure 4.2: Detection rates by vegetation type and observer position during accuracy and 

detection experiments in aerial surveys on Hill Island, ON during winter in 2018 and 2019  

(n=40). Values represent the proportion of dummies seen to what was available to be seen. 

 

 On average, estimated positions of dummies were within 56 m (95% CI ± 17) of the 

actual location and 87% of dummies were plotted within 100 m of their actual location (Figure 

4.3). Errors occurred in all directions relative to the actual position, though items were more 

likely to be estimated further along transects than the actual position.   
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Figure 4.3: Difference between estimated and actual dummy positions during location and 

detection experiment in aerial surveys on Hill Island, ON conducted in 2018 and 2019  (n=40). 

 

 The results of the detectability exercise highlight the challenges associated with aerial 

surveys.  Detectability was less than 100% in all cases, but more troublesome was the difference 

between conifer cover and deciduous/ open cover types.  Spatially, observers were able to geo-

locate items well, thus validating the use of a 50 m buffer around deer observations for habitat 

modelling. 

4.1.3 Model Building and Selection: Aerial Surveys 

 Two model types were tested with the aerial data: an observation model and a detection-

adjusted observation model (Table 4.1).  The detection-adjusted model increased the number of 

observations in certain habitats according to the results of the detection experiment, which 

indicated differential detection capabilities in different cover types. Observations were adjusted 

by multiplying observation count by (1/detection rate) with the following detection rates: 
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mixedwood= 50%, deciduous=75%, open= 75%.  Existing observations were randomly 

duplicated in the database until the correct proportion had been added.   

 

Table 4.1: Model forms considered in the search for the best performing candidate aerial winter 

resource selection model for deer on Hill Island, ON, 1992-2019.   

Model Residual 

Deviance 

Degrees 

of 

Freedom 

AICa Δ AIC 

(Logit) 

Observation Database     

  Null Aerial 905 725 907 - 

  Global Aerial 835 708 871 -36 

  Parsed Aerial b 835 712 863 -8 

     

Detection-Adjusted Observations      

  Null Aerial 1277 924 1279 - 

  Global Aerial 1163 907 1199 -80 

  Parsed Aerial 1164 910 1194 -5 

 a AIC= Aikake Information Criteria. 

 b Coefficients included in the parsed model are listed in Table 4.2.  

 

 The observation model generated a lower deviance than the detection-weighted model 

and was therefore used for all further modelling.  Stepwise regression and Δ AIC results 
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supported the choice of a parsed model with the following variables: topographical roughness, 

elevation, distances to buildings/ open areas/ roads, the index of westness, and vegetation 

proportions.  Coefficients, standard errors and significance levels of the selected model were 

calculated and are presented in Table 4.2. 

 The aerial model used a number of significant values for predicting deer selection, though 

their magnitude and contrast was limited.  The westness index yielded a high and significant 

coefficient, indicating greater use by deer on that end of the island.  Elevation and topographical 

ruggedness contributed to relative use scores negatively, meaning that deer were more likely to 

be found at lower elevations and in areas with low variation in elevation.  Distance to buildings, 

openings and roads all produced a marginal impact on resource selection scores.  Scores 

increased with distance to buildings and roads and decreased as distance to open areas increased.  

Vegetation types were included in the selected model and contributed to resource scores at 

different intensities.  Generally, forested areas had coefficients that were slightly higher than 

open areas, and all coefficients were positive.   
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Table 4.2: Selected winter aerial models for deer use on Hill Island, ON, 1992-2019, and their 

explanatory variables, along with their coefficient (ẞ), error (SE), and significance level (p).  

Coefficients weight the effect of a variable in the regression equation and are not standardized.  

Values further from zero denote an increasing impact of the variable on habitat use. Negative 

coefficients indicate a negative effect on predicted use by deer.  Standard error measures the 

amount of uncertainty around a coefficient and is estimated by bootstrapping.  A low standard 

error means that the coefficient was well-supported by the data, as measured by the p-value.   

Covariates Coefficient 

(ẞ) 

Standard Error 

(SE) 

Significance 

(p) 

Topographical Roughness -0.047 0.048 0.324 

Elevation -0.031 0.011 0.007 

Distance to Buildings 0.001 0.000 0.001 

Distance to Open Area -0.003 0.001 <0 .001 

Distance to Road 0.0008 0.000 0.001 

Proportion Open Natural  0.033 0.004 < 0.001 

Proportion Open Developed 0.027 0.005 <0 .001 

Proportion Fresh Mixed 0.039 0.003 <0 .001 

Proportion Fresh Deciduous 0.043 0.005 <0 .001 

Proportion Dry Mixed 0.046 0.003 <0 .001 

Proportion Dry Deciduous 0.043 0.004 <0 .001 

Proportion Wetland 0.028 0.004 < 0.001 

West Side of Island 1.034 0.172 < 0.001 
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4.1.4 Relative Predicted Surface: Aerial Model 

 Each model was used to generate a predictive surface of aerial observations within the 

study area.  Variables were fitted using an exponential model of the form: 

w(x)= exp(ẞ1x1 + ẞ2x2 … + ẞixi) 

where ẞ1… ẞi are logistic regression coefficients for variables x1…xi to solve w(x), which is a 

relative risk of occurrence (Manley et al. 2002). 

 The Raster Calculator in QGIS was used to create a surface of relative resource selection 

(Figure 4.4).  The map output was rescaled into 10 ranked equal interval classes (width= 2.3, 

range= 0.0 – 23.2) to allow for comparison with predictive maps from the pellet models.  High 

deer use was predicted for the east and west ends of the island relative to the central portions, 

which were predicted to have low to moderate use.  The ends of the island contain low elevation, 

low relief, mixedwood stands with high conifer content, are far from roads, and partly meet the 

index of westness criteria, all of which better predicted deer occurrence in the model. 
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Figure 4.4: Relative resource selection by deer on Hill Island, ON as modeled using aerial 

survey results.  Scores were classified into equal interval bins (width= 2.3, range=0.0 - 23.2). 

 

 The final aerial model was assessed for its ability to predict deer observations using k-

fold validation (Appendix 2).  Spearman Rank results showed a negative relationship between 

increasing scores and observations (-0.305 with no bins having statistical significance).  Negative 

trends were due to empty bins at higher classes of resource scores.  After removing empty upper 

bins results ranged from 0.214 to 0.929 and averaged 0.616 (with one significant bin at p=0.10).  

Overall they indicated that the data validated the model at lower levels of scores, but with overall 

poor and non-significant predictive performance. 
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4.2 Pellet Surveys 

4.2.1 Seasonal Pellet Counts 

 Pellet count results are presented in Table 4.3 and mapped in Figure 4.5.  Two transects 

were unavailable to survey in the winter 2018 period due to accessibility issues, but this was 

resolved for the second and third surveys.  Winter and summer 2018 had similar total count and 

mean transect totals.  Winter 2019 had more total observations than the others (33% and 39% 

more), and was not quite statistically different from them as measured by its mean (4.0) and 

confidence interval (95% CI ± 1.0).    The number of zero pellet transects decreased through the 

study period by 47%.  Confidence intervals were the same across all surveys (1.0).  Summer 

2018 had one outlier transect that constituted the maximum count for that survey (38).  The next 

highest count in that survey was 13.   

 

Table 4.3: Summary statistics from pellet count surveys for deer on Hill Island, ON, 2018 and 

2019. 

Season Total 

Plots 

Total 

Count 

# of Zero 

Counts 

Mean 

Count 

Confidence 

Interval 

(95%) 

Maximum 

Count 

Winter 2018 a 82 227 36 2.8 ± 1.0 24 

Summer 2018 84 205 29 2.4 ± 1.0 38 

Winter 2019 84 338 19 4.0 ± 1.0 19 

 a 2 less plots in winter 2018 due to access consideration. 



58 

 

 

Figure 4.5: Pellet survey count results on Hill Island, ON in winter 2018, summer 2018 and winter 2019. 
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4.2.2 Pellet Decomposition Experiment 

 Nearly all of the 41 pellet groups that were monitored persisted through summer 2018 

(90%) (Table 4.4).  However, by spring 2019 many pellet groups were gone, or obscured by 

vegetation (10% remaining).  Some pellet groups persisted on the open pine site for the entire 

study period.  To explore where pellet groups remained intact and visible within the plots, they 

were subdivided by the type of substrate they were located on.  Most substrates retained their 

pellet groups for the entire summer (Table 4.2), but by the following spring some groups located 

on beds of moss still met the criteria for being counted in a survey (30%).  This underscored the 

importance of clearing plots during a site visit to minimize the potential for bias associated with 

counting pellets from outside the accumulation period. 

 

Table 4.4: Number of deer pellet groups remaining at plot revisits by site and substrate type on 

Hill Island, ON, 2018 and 2019.  

 Spring 2018 Fall 2018 Spring 2019 

Total 41 37 4 

Site Type    

Hemlock 21 20 0 

Open Pine 20 17 4 

Substrate    

Oak-Hemlock Litter 21 20 0 

Moss 10 9 3 

Grass 10 8 1 
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4.2.3  Model Building and Selection: Pellet Surveys 

 Generalized Linear Models were fit to the pellet data from each survey.  Count 

frequencies in each survey (Figure 4.6) were compared to different distributions to select the best 

fitting form.  The Negative Binomial model distribution approximated count frequencies for all 

three surveys and specifically accounted for the overdispersion present in Poisson modelling of 

the data (Winter 2018 χ2= 3.6, Summer 2018 χ2= 3.8, Winter 2019 χ2= 3.3).  As such this form 

was used as the default distribution for modelling. ΔAIC results supported the choice of a 

negative binomial form (glm.nb in R, link= log (Venables and Ripley 2002)) and guided the 

selection of the final model covariates (Table 4.5). 
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 a) 

 

 b) 

 

Figure 4.6: a) Count frequencies of 2018/ 2019 pellet counts on Hill Island, ON, and b), Winter 

2018 count frequencies compared to estimated distributions using Poisson and Negative 

Binomial forms. 
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Table 4.5: Model forms considered in the search for the best performing seasonal deer pellet 

model on Hill Island, ON, 2018 and 2019.  

Model Residual 

Deviance 

Degrees 

of 

Freedom 

AICa ΔAIC 

Null Winter 2018 (Poisson) 445 81 588  

  Global Winter 2018 (Neg. Bin.) 89 64 330 - 

  Parsed Winter 2018 (Neg. Bin.) 87 75 314 -16 

     

Null Summer 2018 (Poisson) 400 83 554  

  Global Summer 2018 (Neg. Bin.) 89 66 346 - 

  Parsed Summer 2018 (Neg. Bin.) 88 72 335 -11 

     

Null Winter 2019 (Poisson) 424 83 631  

  Global Winter 2019 (Neg. Bin.) 94 66 408 - 

  Parsed Winter 2019 (Neg. Bin.) 94 74 397 -11 

 a AIC= Aikake Information Criteria. 

 

 All models performed better than their null counterpart and were greater than Δ 2 AIC 

from a full model.  In every case parsed models had residual deviances that approached 

remaining degrees of freedom, which indicated that overdispersion had been addressed during 

model selection (Crawley 2013).  Variables and their coefficients from parsed models were used 

to construct a predictive model for the study area for each of the three seasons when sampling 

occurred (Table 4.6). 
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Table 4.6: Selected deer pellet models for Hill Island ON, 2018 and 2019, and their explanatory 

variables, along with their coefficient (ẞ), error (SE), and significance level (p).    Coefficients 

are not standardized.   

Covariates Coefficient (ẞ) Standard Error 

(SE) 

Significance 

(p) 

Winter 2018    

Elevation 0.068 0.017 <0.001 

Distance to Open 0.0015 0.0015 0.329 

Distance to Road -0.0018 0.001 0.024 

Hemlock Probability 2.479 0.900 0.006 

Oak Probability 1.808 1.152 0.117 

Natural Opening 0.021 0.010 0.036 

    

Summer 2018    

  Elevation 0.033 0.021 0.175 

  Distance to Open 0.0018 0.001 0.072 

  Veg. Structural Diversity -0.672 0.518 0.195 

    

Winter 2019    

  Elevation 0.062 0.016 0.002 

  Distance to Building -0.0019 0.0007 0.010 

 Distance to Opening 0.0016 0.001 0.138 

 Distance to Road -0.0006 0.0004 0.192 

  Hemlock Probability 2.019 0.729 0.021 

  Natural Opening 0.019 0.008 0.014 

  Fresh Mixedwood Veg. 0.013 0.004 0.003 

  Oak Probability 1.274 0.883 0.149 

  West Side of Island 0.875 0.381 0.022 
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Higher numbers of pellet groups were positively associated with elevation in both winter 

and summer, though the relationship was significant only in winter.  They were also strongly and 

positively associated with hemlock probability in winter months, indicating these areas are 

heavily used by deer in winter but not summer.  A positive and significant relationship between 

higher counts and the island westness index was evident in winter in 2019.  Natural openings and 

moist mixedwood forests predicted higher numbers of deer in winter counts.  Probability of oak 

occurrence was associated with higher deer numbers in winter, but the relationship was not 

statistically significant.  Conversely, the summer model produced no statistically significant 

predictor of relative use.  Selected coefficients were not of a magnitude to suggest a strong 

preference by deer.  As a result the summer model necessarily produced muted contrast in use 

across the island, and the contrast that is present is constructed from estimates with a high 

standard error.  Results suggest that during the summer deer may not actively select for/ against 

any of the habitat variables assessed. 

4.2.4 Relative Predicted Surfaces: Pellet Models 

 Each model was applied to raster-based GIS data to generate a predictive surface of pellet 

occurrence within the study area.  Variables were fitted using negative binomial regression of the 

form: 

ln(μ)= ẞ1x1 + ẞ2x2 … + ẞixi 

where ẞ1… ẞi are regression coefficients for variables x1…xi (Nielson and Sawyer 2013).  Pellet 

maps were produced using log-transformed outputs to reduce the number of outlier values and 

generate meaningful surfaces.  Maps were rescaled into 10 ranked equal interval classes to 
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convert all results to a common scale and enable map comparison.  High ranking classes indicate 

higher predicted use by deer than low ranking classes. 

 Figure 4.7 illustrates the results of the relative intensity of use as measured by deer pellet 

counts.  The range of values prior to mapping classification varied among the three surveys and 

there was little variability in scores in the summer predictive surface (range of 3.0).  Winter 2018 

had the highest habitat use scores and the largest range from minimum to maximum.  Hotspots of 

high classifications were predicted in the centre of the island in all seasons, on the southeast 

shore in summer 2018, and in areas on the west side of the island in 2019.   The centre of the 

island contains numerous hemlock stands and two high ridges that run for nearly 2 km through 

the centre of the island.  Both of these features were strong and significant predictors of deer use 

and combined to create the high scores apparent here.  The west side of the island was a 

significant predictor in winter 2019, and contains a large high probability hemlock area.  The 

prominence of these two variables yielded a hotspot here for 2019.  The predicted hotspot of 

activity on the southeast corner of the island in summer may be a consequence of including two 

non-significant predictive variables: distance to open areas and vegetation structural diversity.  

This hotspot should be interpreted with caution as it may be artificially important, constructed 

from poorly fitted variables.  
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Figure 4.7: Relative habitat use of Hill Island, ON by deer in different seasons, as measured by pellet counts.   

Scores classified into 10 equal interval bins; Winter 2018 (width= 0.9, range= 3.00 – 11.9), Summer 2018 (width= 0.3 range= 1.6 – 4.6), Winter 2019 (width= 

0.7, range= 3.2 – 9.7).



67 

 

4.3 Map Comparisons 

 Five predicted habitat use (rsf) raster maps were compared for overall similarity in their 

predicted outcomes (aerial predicted rsf, an average of the two winter pellet surfaces, winter 

2018 predicted rsf, summer 2018 predicted rsf, and winter 2019 predicted rsf) (Table 4.7).  

Similarity among the maps was tested using Spearman’s Rank Correlation (χr).  Significance 

levels for all calculations were <0.001 due to the number of cells available for comparison in 

each map.  Winter 2018 and Winter 2019 maps were strongly and positively correlated and the 

average winter pellet use map was strongly correlated with its component maps of Winter 2018 

and Winter 2019.  Summer 2018 maps were only moderately correlated with winter maps. Aerial 

prediction maps were not correlated with any of the maps generated from the pellet models.   

 

Table 4.7: Spearman rank correlation results for all predicted habitat use maps for Hill Island, 

ON.   

R
h
o

 C
o
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n
 

Aerial     

0.05 
Avg. Winter  

Pellet 
   

0.04 0.93 
Winter 2018  

Pellet 
  

0.08 0.53 0.54 
Summer 2018  

Pellet 
 

0.11 0.91 0.79 0.44 
Winter 2019  

Pellet 

Note: All results are statistically significant to <0.001. 

 

 Maps were assessed for patterns of spatial differences between the predictions by 

subtracting one map from another.  The output layer contained class differences.  Results ranged 
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from output maps that were very similar across the island (Winter 2018-Winter 2019), to those 

that were nearly entirely marginally or significantly different (Average winter pellet- Aerial) 

(Figure 4.8).  Winter and Summer pellet difference maps suggest prediction agreement in the 

centre of the island, higher winter values on the west side, and higher summer values on the east 

side. 

 Descriptive statistics were generated for the difference maps to help characterize 

similarities and differences among the modeled predictions (Table 4.8).  The Winter 18- Winter 

19 and Winter 2018-Summer 2018 maps exhibited high kurtosis (-1.096 and -1.581, 

respectively) indicating that tails of their distribution included fewer data than would be expected 

in a normal distribution.  This implies that there were not many classifications in these maps that 

were very different from each other.  All maps were left skewed meaning that the first map in the 

difference calculation tended to contain higher classifications than the second.   

 Mean differences were lowest in the Winter 2018-Winter 2019 map and it had the most 

clustering around the mean (SD), and smallest range of difference values.  Nearly 84% of cells in 

the winter 2018 and 2019 pellet maps were matching or nearly matching.  Conversely, the 

descriptive statistics point to the aerial prediction map as under classifying values relative to 

pellet predictive surfaces (Pellet-Aerial map).  This difference map has a large range, is left 

skewed with data in the distribution tail on the left.  Many of the highest classified pellet cells 

were classified as low in the aerial predictive surface.   
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Figure 4.8: Difference maps between models of habitat use by deer on Hill Island, ON.  Positive result indicates where scores on first map exceeded the second. 

Values closer to zero indicate areas of general agreement between maps.  
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Table 4.8: Descriptive statistics for deer habitat use difference maps for Hill Island, ON. 

Includes: Average winter pellet - Aerial, Winter 2018-Winter 2019, Winter 2018-Summer 2018, 

and Winter 2019-Summer 2018. 

 Predictions 

within one 

class (%) 

Range Mean 

(M) 

Standard 

Deviation 

(SD) 

Kurtosis Skew Shape 

Pellet-Aerial 

Difference 20 -7, 8 2.945 2.341 -0.502 0.905 

 

Winter 2018-

Winter 2019 

Difference 

84 -3, 3 0.339 1.051 -1.096 0.608 

 

Winter 2018- 

Summer 2018 

Difference 

40 -5, 6 1.431 1.706 -0.583 0.927 

 

Winter 2019- 

Summer 2018 

Difference 

49 -5, 7 1.093 1.900 -1.581 0.421 
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Chapter 5: Discussion 

5.1 Winter Resource Selection by Deer using Aerial Surveys 

 Fewer deer were observed in the 2018 and 2019 counts than nearly any other year with 

data available; significantly less than the dataset average.  Such low results may indicate a lower 

relative abundance of deer compared to pre-management surveys.  One hundred thirty five deer 

have been removed from the island since 2009 as part of a managed hunt designed to reduce the 

impact of deer on ecosystems of the island.  With the exception of the annual hunt, other factors 

generally thought to influence the population dynamics of deer have not changed appreciably 

(e.g. snow depths have not increased, large numbers of predators have not have not been 

reported, no major disease outbreaks have occurred on the island, no physical changes in deer 

have been observed that would indicate food supply issues) (Whitlaw et al. 1998; Del Giudice et 

al. 2002; Côté et al. 2004; Simard et al. 2008; Parks Canada 2012a; Edmunds et al. 2016).  The 

lower than average deer numbers observed in 2018 and 2019 suggest that the annual hunt may 

have led to lower deer numbers on the island, though more data are required to confirm this 

 Results of detection probability and locational accuracy reaffirm that aerial surveys may 

be useful for assessing relative changes in population, but are less capable of providing the level 

of accuracy required for a thorough understanding of fine-scale habitat selection.  Overall, 

detection rates were 58%, and highly variable by cover type.  They were lowest in the 

mixedwood forests on the island, where deer were difficult to spot because of the abundant 

conifer canopy cover.  Detectability has long been recognized as a challenge to aerial surveying 

generally (Caughley 1974; Caughley et al. 1976), and for deer surveys in particular (Potvin et al. 

2003), where rates can be below 50% (Fuller 1990; Potvin and Breton 2005).  However, 
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assuming that the visibility and perception factors impacting detection remained constant across 

all surveys then results are suitable for a comparison of relative abundance (Caughley 1974).  

Estimates of absolute abundance and habitat use derived from these data should be interpreted 

with caution in the absence of a suitable correction for missing observations (Marsh et al. 1989; 

Frair et al. 2004).  Attempts to apply such a correction (simulating missed observations) to aerial 

data in my study increased model error significantly and were rejected.  As a result, 

heterogeneity of detection in the forest types of Hill Island (specifically visibility bias) impacted 

the representativeness of the resulting model by underweighting observations and predicted 

resource selection (Frair et al. 2004) of the dominant mixedwood forest type of the island. 

 The winter habitat selection model derived from aerial survey data performed only 

slightly better than the null model, and the results of k-fold validation did not support robust 

predictive ability. Together, this indicates that, when using aerial survey data, deer on Hill Island 

are not strongly selecting for or against any particular habitat variable during winter. 

Nevertheless, the model did indicate that deer had a higher relative probability of using forests, 

the west end of the island, and lower elevations.  The west end of the island is low elevation and 

contains large conifer stands suitable for bedding that are in some areas less than 20 meters from 

the much larger Wellesley Island.   Forests west of Highway 137 have long been described as a 

“hotspot” for deer (Kall 1978).  Additionally, there are reports that some residents on the west 

side of the island historically fed deer in winter thus attracting them to the forests near their 

homes (Broadfoot 2006).  Higher predicted deer use in this area is consistent with results from 

Beier and McCullough (1990) and Montgomery (1963), where deer moved into forested areas to 

rest during the day.  They may also congregate here to make use of conifer stands during winter 

(DelGiudice et al. 2013a).  Armstrong et al. (1983a) found that most day bedding sites occurred 
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on upper slope positions. This is in contrast to my findings in the aerial survey-generated model 

that suggest increased use at lower elevations.   Although untested, I suspect that detection rates 

at the island level may have been higher at lower elevations because all of the open fields and 

many deciduous forests are located there and these cover types had much higher detection rates.  

An item to consider when interpreting these results is the potential that deer are using the west 

part of the island more intensively due to factors that extend beyond the study area. These 

include home range or migratory factors such as proximity to the larger, and more agricultural, 

Wellesley Island, or because deer largely exhibit an intergenerational affinity to migration routes 

(Lesage et al. 2000) and winter concentration areas (Nelson and Mech 1999).  Fine-scale 

temporal data, beyond the spatial extent of the aerial survey, is required to explore these 

hypotheses. 

5.2 Seasonal Habitat Use by Deer using Pellet Surveys 

 Pellet count totals were similar in Winter and Summer 2018, and higher in Winter 2019.  

This suggests that there were more deer on Hill Island in the winter of 2019, perhaps spurred by 

an environmental factor such as severe winter conditions or good seed crops.  Food supply and 

winter severity were not assessed as potentially explanatory variables in the model, but may be 

considerations for future efforts to ascertain habitat use on Hill Island.  Overall, I have greater 

confidence in the results of pellet counting on Hill Island as a tool for assessing habitat use 

because it integrates evidence across an entire season and worked well under tree canopy.  

Ironically, the paucity of low stature vegetation in forest understories as a result of over 

browsing meant easy sampling detection for pellet groups.  Pellet decomposition tests confirmed 

the suitability of the method for seasonally-bound pellet counts on Hill Island.  Confidence in my 
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data collection approach for pellet surveying manifested itself in the quality of the overall 

models that resulted.  

 Habitat use models constructed from pellet data were a substantial improvement over null 

models, and winter models included strong and significant predictors of habitat use.  These 

findings suggest that there is fine scale differential habitat use occurring on the island and that it 

is linked to certain features.  Higher elevations, higher probability of hemlock or oak occurrence, 

and the presence of open areas were positively associated with higher pellet numbers in each 

winter. The positive association with elevation is matched by the results of Armstrong et al. 

(1983a), who found that higher terrain is commonly used by deer for both day and night bedding 

sites.  Many of the island’s hemlock stands are also located at upper elevations and the affinity to 

hemlock is consistent with a variety of published literature demonstrating that deer often use 

hemlock in the winter as yarding areas (Armstrong, Euler and Racey 1983a; Verme and Ullrey 

1984; Voigt et al. 1997, Morrison et al. 2003).  It also supports the idea that deer seasonally use 

the habitats of Hill Island because they contain a high proportion of conifers relative to other 

nearby areas (Broadfoot 2006).  

 Higher proportions of oak were also associated with higher deer pellet numbers in winter, 

though at a lower level of significance.  At high densities deer rapidly deplete the shrub and herb 

layers available to them as browse (Rooney and Waller 2001; Horsley et al. 2003).  However, 

litterfall can provide a stable food source for deer even once palatable shrubs are gone (Tremblay 

et al. 2005; Le Saout et al. 2014).  Oak acorns are a nutritious and important source of food for 

deer in some areas (Harlow et al. 1975; McCullough 1985).  McShea and Schwede (1993) found 

that deer adjusted their home range to include acorn producing forests in years of good crops.  

Broadfoot (2006) suspected that, on Hill Island, oak litterfall sustains deer at high densities, 



75 

 

prolonging their ecological impact.  My study provides evidence that deer on Hill Island are in 

fact using the oak stands of the island more than other areas.  This lends support to the idea that 

differential access to acorns (either due to crop production or winter conditions) is responsible 

for the very different number of pellets counted between winter 2018 and 2019.  Unfortunately 

acorn crops are not monitored in the study area to evaluate this further.  

 Open natural areas were the only ecosite type to be positively associated with pellet 

counts in both winters.  Open areas may be an important source of winter food to deer, especially 

during the late fall or early spring when grass is the only green vegetation available (McCullough 

1985; Voigt et al. 1997).  Rooney (2009) observed a shift in vegetative succession towards an 

alternative stable state dominated by graminoids under high deer densities.  Grass can sustain 

repeated grazing much better than many types of other plants, thus providing a reliable source of 

food at times of year when caloric intake is critically important (Rooney and Waller 2001).  Deer 

may be seasonally making use of the old fields of Hill Island as an annual food source, possibly 

inhibiting succession to later seral site types. Food availability may also explain why distance to 

road was included in both winter models; roadside verges are often grassy and may provide areas 

of forage for deer during winter.  

 In contrast to the winter models, the summer pellet model yielded only weak evidence of 

habitat selection. The range of habitat use scores between the most used and least used parts of 

the island in summer was half as much as in winter, and the final model contained no statistically 

significant predictors of use.  This may be partly explained by the fact that deer continually 

switch their diet through the summer, moving around to selectively browse the tips of green 

vegetation as it develops through the growing season (Voigt et al. 1997; Côté et al. 2004; Rooney 
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2009).  As such, they may regularly use the whole spectrum of habitats available to them on Hill 

Island in search of their preferred browse at the time.   

5.3 Intermodel Comparison of Habitat Use 

 The aerial resource selection map did not compare well to any of the pellet maps.  It did 

not corroborate patterns of use observed in the winter pellet counts as was expected.  

Specifically, it did not explicitly detect a pattern of increased use of hemlock stands at higher 

elevations.  However, the general applicability of conclusions drawn from this model must be 

tempered by a low confidence its predictive capability.  A number of issues may have 

contributed to the poor performance of the aerial model (see section 5.4), and I must consider the 

potential that deer are not selecting habitat at the scale of an aerial survey on Hill Island.  Aerial 

surveys are just a snapshot in time; one afternoon, one day, one month of an entire season: a 

coarse and potentially problematic temporal scale (Boyce 2006).  Resource selection observed 

during the mid-afternoon aerial survey period may not be representative of how deer use the 

island overall.  

 The two habitat use maps developed from the winter pellet models were strongly 

correlated, indicating that resource use was similar between these two years.  Spatially, deer 

selected the center of the island in the winter, where elevations are higher and hemlock trees 

more prevalent.  The western tip of the island also scored highly, though classifications varied 

slightly in these area between the two years.  Winter 2018 tended toward very high scores 

focussed on the centre of the island compared to high scores more evenly distributed in 2019.  

This can be explained by the count data itself, wherein total pellet counts were much higher in 

2019 with half the number of zero counts.  
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In contrast, winter and summer pellet-predicted maps were only moderately correlated.  

Though not entirely dissimilar, many parts of the island scored high for winter or summer use, 

but not together in the same place.  Marginal areas with a mix of conifer and deciduous cover 

were predicted as preferred habitats during the summer.  The lack of strong predictive variables 

in the summer influenced the output of the map and accentuated relative use that, in reality, may 

have not been pronounced.   

 When both seasons are considered, the pellet data indicate that certain habitats on Hill 

Island are used preferentially during winter, but not during summer.  Habitat use by deer within 

the study area seems to depend on season and spatially oriented.  Perhaps the best 

characterizations of the spatial use of habitat in the study area are that deer used hilltops and 

hemlock in the centre of the island more extensively during the winter season.  This area also 

contains a number of oak stands and a mosaic of old field sites that were important predictors for 

deer.  Taken together, the central part of the island has all the elements to help deer survive 

through the difficult winter months: hemlock stands provide shelter from winter elements, 

hilltops can act as travel lanes and bedding areas because snow depths may be less, oak stands 

generate a nutritious form of food in the form of litterfall, and old fields contain grasses that are a 

reliable source of forage in all but the deepest of snows.  During other parts of the year deer may 

be more dispersed across the island and non-specific to any of the habitats assessed.   

5.4 Reflections on Modelling Deer on Hill Island 

 The large amount of data acquired from years of aerial observations was central to my 

analysis of deer habitat selection. These data were only available for Hill Island, predetermining 

the spatial extent of the study from the outset. I was able to match these data to explanatory 

variables mapped at a correspondingly high spatial resolution. In retrospect, the lack of data from 
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beyond Hill Island likely hampered efforts to develop meaningful resource selection functions 

using these aerial observations. If some of the deer on the island have a home range (or even 

winter range) that extends beyond the island, then I only assessed resource selection for part of 

the area they would be expected to use.  Kie et al. (2002) described resource selection that is 

influenced by factors not only within a home range, but also extending beyond it.  Deer may be 

choosing habitat on Hill Island because of the availability of habitats on nearby Wellesley Island 

or even further.  In such cases only a portion of the variability of their entire habitat has been 

sampled.  Consistent with Kie et al. (2002), Boyce et al. (2003) found that habitat selection 

coefficients varied markedly at different spatial extents, and Wallace et al. (1995) did not detect 

selection at all on fine scales, compared to larger extents.  In this context it is entirely plausible 

that coefficients might have been more pronounced in my study had I expanded the extent of the 

study area to explore different scales.  Considering the methodological limitations these factors 

may impose, the aerial resource function generated in my study may best be interpreted as 

estimating coarse scale winter range resource selection on Hill Island, a scale where deer are 

using many of the resources available to them. 

 Deer are generalists that can adapt to a wide variety of habitats.  White-tailed deer can be 

found in nearly every major ecosystem in North America south of the Arctic (Nature Serve 

2019).  A primary reason for their success is that they will occupy all types of spaces once basic 

food and shelter requirements are met (Rooney and Waller 2003; Dechen Quinn et al. 2013).  

Deer can tolerate wide variety of foods (Voigt et al. 1997; Rooney 2001), and in northern 

climates may prefer conifer cover during winter for shelter from deep snow (Morrison et al. 

2003; DelGiudice et al. 2013a).  My expectation that deer intensively selected for the conifer 

stands of Hill Island as shelter did not materialize in the aerial model.  One reason might be that 
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there are simply a lot of conifers on the island relative to other nearby places.  At a different 

resolution and extent the entire island might have been considered a mixedwood habitat.  If local 

deer perceive their environment at the scale of an island within a larger landscape, then Hill 

Island potentially becomes preferred habitat in the Thousand Islands region, and fine-scale use 

estimated from pellet counting is driven more by generalized diel patterns of movement in search 

of browse and litterfall.  The aerial model may have struggled to predict strong, meaningful 

coefficients because at the island scale (time, resolution and extent) deer were randomly 

distributed with selection only occurring for the island itself in a larger landscape. 

 Errors related to data collection or model specification could also have contributed to the 

limited habitat selection I observed in the aerial model. Resource selection functions comprise a 

mature and well-developed method for providing inference on animal use in a landscape (Manly 

et al. 1993; Boyce et al. 2002; Lele et al. 2013).  It has been applied for decades, including on 

deer (Kie et al. 2002; Anderson et al. 2012; Morris et al. 2016).  However, a shortcoming of 

resource selection functions is that the method does not formally incorporate detection 

probabilities like mixed modelling methods do (Denes et al. 2015).  Since detection of deer in 

my study was less than 100%, and those missed deer were not randomly distributed across the 

habitats of the island, the aerial model will be biased away from habitats where it is difficult to 

document observations (McGarrigle 2003; Frair et al. 2004).   

 Pellet counting is not without its potential limitations.  There has been some debate about 

the efficacy of using pellet distribution to infer habitat use because it assumes that more pellet 

groups mean more use (Collins and Urness 1981; Leopold et al. 1984; Loft and Kie 1988).    

Without knowing the detailed defecation patterns of local deer I am left to assume that more is in 

fact more. However, pellet counts do provide indisputable evidence that an animal did use a 
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habitat, and in this study the method sidestepped the issues of unequal detection of observations 

and low temporal resolution that impacted aerial survey results.  There is a long history to the 

method (Putman 1984), and it is widely used to imply resource use in other environments 

(Marques et al. 2001; Palmer and Truscott 2003; Mansson et al. 2011; Tinoco-Torres et al. 

2011).  Though pellet surveys are time consuming, costs may compare well to other methods, 

especially aerial surveying. (Urbanek et al. 2012).  Pellet counts may be an efficient means of 

estimating habitat use in highly browsed ecosystems such as Thousand Islands National Park. 

 The relative success of pellet models at detecting fine-scale patterns underscored the 

potential limitations of aerial surveying to estimate habitat use in this environment.  Pellet counts 

were able to “see through the canopy” and “look for a much longer time” to provide fine-scale 

insight that the aerial surveys could not. The low temporal resolution of the aerial dataset and 

unequal detection of deer in certain habitats combined to bias aerial survey generated models 

towards mid-afternoon patterns of use, away from the mixedwood forests I expected to be 

important.  Any future use of aerial surveys to estimate resource use by deer on Hill Island 

should continue to carefully consider the intended use of the data and implement a plan to 

manage detectability accordingly.  
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Chapter 6: Conclusion 

 Results from my study highlight the complexities of modelling habitat use on a small 

landscape.  Knowing this, I emphasized quality assessment of data used to create the models.  In 

fact, one of the more important conclusions of the study can be drawn from these quality control 

efforts.  Deer detectability is known to be problematic during aerial surveys, and experiments 

designed to test this proved it is so on Hill Island as well.  Despite this challenge, I observed a 

potentially declining trend in relative abundance measured by the less than average counts in 

2018 and 2019.  I did not find strong selection for most of the habitat variables tested at the scale 

of the aerial survey model.  Validation of the model itself suggests a degree of caution is 

warranted when interpreting aerial results, or for its comparison to different methods of 

estimating habitat use.  

 At a fine-scale, I found that pellet count data generated meaningful predictors and spatial 

patterns within the study area.  Hilltops and hemlocks were significant deer predictors in winter, 

especially when adjacent to oak forest and old fields.  On the other hand predicted use was well-

distributed in the summer.  Spatial patterns of relative use of the island, estimated by pellet 

counts, changed by season during the study period.  Furthermore, patterns of use were similar in 

winters of 2018 and 2019.  The same areas on the centre of the island were important to deer in 

both years.  When I compared winter counts, the 2019 survey had more pellet observations, 

alluding to an un-modelled temporal effect to habitat use.   

6.1 Management Implications and Recommendations 

 To make use of the data and information created during this study I propose three main 

areas where it may be applied by park managers: 
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1. Monitoring efforts assessing the winter impact of deer could be placed on hilltops, unless 

there are specific reasons to monitor elsewhere.  Pellet counting may work well as a 

method for indirect inference about year-to-year habitat use and relative abundance in 

these areas.  A second, and related monitoring consideration is that unique species may 

be especially vulnerable to deer browse in areas of preferred use.  Pitch Pine (Pinus 

rigida) is a nationally unique species that occupies hilltop areas on Hill Island.  Hill 

Island hosts the largest pitch pine stand in Canada, which has had declining stem 

numbers and a complete lack of regeneration in recent decades.  Seedling regeneration of 

species occupying these habitats could potentially be impacted by intense browsing by 

deer.  

2. Population management activities might focus on areas near these well-used habitats in 

winter when restoration efforts occur.  Targeted hunting near these areas may increase the 

results/ unit effort of hunters reducing costs and increasing effectiveness. 

3. Aerial surveys may be of little value as a measure of habitat use at the scale of the island.  

They can be useful for relative abundance and population trend analysis, but habitat 

selection on the island may not occur at the scale of a single island survey.  A larger 

study extent may have generated more distinctions in use and would have allowed for the 

use of different scales of independent variables (Boyce 2006).  However, larger areas 

would still be constrained by the same detectability issues that impacted this study.  

Ultimately, the choice to use the historical aerial dataset pre-ordained the use of Hill 

Island as a study area and reflected the jurisdictional complexities of a small fragmented 

park.  
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 The results from my study do not imply that there is no selection occurring by the deer on 

Hill Island.  Rather, pellet counts provide evidence of fine-scale resource use for certain habitats 

and that it varies from winter to summer.  The lack of strong predictors for the aerial model most 

likely arises from the scale and detection issues described in Chapter 5.  Deer on Hill Island have 

long been suspected to move back and forth from Wellesley Island (and potentially further).  The 

island as a whole could be a preferred habitat relative to a much larger range that even includes 

the mainland.  Conceivably, neither pellet counting nor aerial surveys would be appropriate for 

an analysis of resource use on a larger scale.  Similarly, methods for surveying deer impacts such 

as counting seedling regeneration can capture overall trends in relative abundance at large scales, 

but cannot factor in the time lag between deer population changes and tree seedling regeneration 

response, nor can they address how and why deer use the park islands the way they do.    

 A tool that may be useful for the types of analysis described above is radio or GPS 

telemetry.  In fact, the most common applications of resource selection functions make use of 

telemetry datasets (Manly et al. 2002).  This equipment allows for analysis at many spatial scales 

and using any number of temporal frames.  Hourly, daily and season patterns of movement can 

all be estimated using telemetry data from individual deer (Beier and McCullough 1990).   A 

study design might consider different islands in the Thousand Islands to compare movement 

patterns across the region using different populations of animals.  Newer technologies have 

greatly reduced the amount of effort and cost that is required to deploy this equipment, and there 

are a host of opportunities for public engagement in this type of science.  Should park managers 

wish to continue to use aerial surveys to build on an existing trendline, then telemetry data can 

help further develop a detection function for Hill Island to better correct and interpret results.  

There are many questions that could be asked and answered using telemetry data, some of which 
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approach the core question of how deer move through and use the broader Thousand Island 

region. 

6.2 Implications for Sustainability 

 My study made use of standard deer enumeration techniques in a unique island-based 

environment.  My findings reinforce the limitations of such techniques (small scale, unknown 

mechanisms for movement), but also highlight the value of understanding the patterns and how 

they change seasonally in the context of an active management regime.  Results of the study can 

help fine tune the determination of effects on forest ecosystems and, as a result, the overall 

ecological health of the Park.  They will help scope the scale of the problem of high deer 

numbers as it relates to the management of uncommon and declining species such as pitch pine.  

They may also be used to provide insight to the application of a population management program 

to restore forest ecological integrity deer in accordance with Parks Canada direction on 

hyperabundant species management (Parks Canada 2012a).   

 Deer are an important part of the ecosystems of the Thousand Islands.  They play a 

critical role in redistributing and recycling biomass through an ecosystem.  They have value that 

extends well beyond their contributions to the ecosystem ranging from economic, existential and 

consumptive value, public health costs such as Lyme Disease and motor vehicle collisions, and 

intrinsic value centred on the human-animal relationships that include the ethics of deer 

management in a National Park.  Deer are a cosmopolitan species, intersecting with many 

aspects of our relationship with the natural world and delivering on their ability to deliver an 

outsized effect on the environments in which we live, work, and play. 
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 Thousand Islands National Park was created to provide public access to the Thousand 

Islands.  As the role of protecting and presenting representative ecosystems in Canadian parks 

become a priority for their management, the importance of understanding their composite 

ecosystems came into focus.  National Parks in Canada require healthy ecosystems to be the 

national treasures they were intended.  Healthy parks supply ecosystem services to the larger 

region in a broader conservation context.  My study highlights the importance of ecosystem 

functions at scales larger than the park itself and provides valuable management information that 

may transcend jurisdictional boundaries.  It points to the need for coordinated management that 

will allow the Thousand Islands region (and Thousand Islands National Park) to play its role in 

facilitating species movement across North America. 

 



86 

 

References.  

A 2 A Collaborative.  2019. Retrieved from http://www.a2acollaborative.org/. December 23, 

 2019. 

Alverson, W. S., D. M. Waller, and S. L. Solheim. 1988. Forests Too Deer: Edge Effects in 

 Northern Wisconsin. Conservation Biology Volume 2, Issue 4 

Alves, J., A. Alves da Silva, A. M. V. M. Soares, and C. Fonseca. 2014. Spatial and temporal 

 habitat use and selection by red deer: The use of direct and indirect methods. Mammalian 

 Biology, 79(5): 338-348. doi:10.1016/j.mambio.2014.05.007  

Anderson, E. D., R. A. Long, M. P. Atwood, J. G. Kie, T. R. Thomas, P. Zager, and R. T. 

 Bowyer. 2012. Winter resource selection by female mule deer odocoileus hemionus: 

 Functional response to spatio-temporal changes in habitat. Wildlife Biology, 18(2), 153-

 163. doi:10.2981/11-048 

Armstrong, E., D. Euler, and G. Racey. 1983a. Winter bed-site selection by white-tailed deer in 

 Central Ontario. The Journal of Wildlife Management, 47(3), 880-884. 

 doi:10.2307/3808632  

Armstrong, E., D. Euler, and G. Racey. 1983b. White-tailed deer habitat and cottage 

 development in Central Ontario. The Journal of Wildlife Management, 47(3), 605-612. 

 doi:10.2307/3808598  

Barbet-Massin, M., F. Jiguet, C.H. Albert, and W. Thuiller. 2012. Selecting pseudo-absences 

 for species distribution models: How, where and how many? How to use pseudo-

 absences in niche modelling? Methods in Ecology and Evolution, 3(2), 327-338. 

 doi:10.1111/j.2041-210X.2011.00172.x   

Beier, P., and D. R. McCullough. 1990. Factors influencing white-tailed deer activity patterns 

 and habitat use. Wildlife Monographs, (109), 3-51.  

Beyer, H. L., D. T. Haydon, J. M. Morales, J. L. Frair, M. Hebblewhite, M. Mitchell, and J. 

 Matthiopoulos. 2010. The interpretation of habitat preference metrics under use-

 availability designs. Philosophical Transactions: Biological Sciences, 365(1550), 2245-

 2254. doi:10.1098/rstb.2010.0083  

Boyce, M. S., P. R. Vernier, S. E. Nielsen, and F. K. A. Schmiegelow. 2002. Evaluating 

 resource selection functions. Ecological Modelling, 157(2), 281-300. doi:10.1016/S0304-

 3800(02)00200-4  

Boyce, M., J. Mao, E. Merrill, D. Fortin, M. Turner, J. Fryxell, and P. Turchin. 2003. Scale 

 and heterogeneity in habitat selection by elk in Yellowstone National Park. Écoscience, 

 10(4), 421–431. https://doi.org/10.1080/11956860.2003.11682790 

Boyce, M. 2006. Scale for resource selection functions. Diversity and Distributions, 12(3), 

 269–276. https://doi.org/10.1111/j.1366-9516.2006.00243.x 



87 

 

Bradshaw, L., and D. M. Waller. 2016. Impacts of white-tailed deer on regional patterns of forest 

 tree recruitment. Forest Ecology and Management, 375, 1-11. 

 doi:10.1016/j.foreco.2016.05.019 

Broadfoot, Jim. 2006. Deer Management Strategy, St. Lawrence Islands National Park, Final 

 Report. Contract #45165815.  Unpublished Report for Parks Canada. 

Buckland, S.T., D. R. Anderson, K. P. Burnham, and J. L. Laake. 1993. Distance Sampling: 

 Estimating Abundance of Biological Populations. Chapman and Hall, London. 

Buckland, S.T., D. R. Anderson, K. P. Burnham, J.L. Laake, D.L. Borchers, and L. Thomas. 

 (Editors) 2004. Advanced Distance Sampling. Oxford University Press, Oxford, UK. 

Burnham, K. P. and D. R. Anderson. 2002. Model selection and multimodel inference: A 

 practical information- theoretic approach (2nd ed.). New York: Springer. 

 doi:10.1007/b97636   

Burnham, K. P., D. R. Anderson, and K. P. Huyvaert. 2011. AIC model selection and 

 multimodel inference in behavioral ecology: Some background, observations, and 

 comparisons. Behavioral Ecology and Sociobiology, 65(1), 23-35. doi:10.1007/s00265-

 010-1029-6   

Campbell, D., G. M. Swanson, and J. Sales. 2004. Comparing the precision and cost-

 effectiveness of faecal pellet group count methods. Journal of Applied Ecology, 41(6), 

 1185-1196. 

Canada National Parks Act S.C. 2000, c. 32. <http://canlii.ca/t/532sg> retrieved on 2018-04-08 

Cataraqui Region Conservation Authority (CRCA). 2015. Digital Elevation Model for the 

 CRCA.  Data provided to Parks Canada. 

Caughley, G. 1974. Bias in aerial survey. The Journal of Wildlife Management, 38(4), 921-

 933. 

Caughley, G. 1977. Sampling in aerial survey. The Journal of Wildlife Management, 41(4), 

 605-615. doi:10.2307/3799980  

Caughley, G., R. Sinclair, and D. Scott-Kemmis. 1976. Experiments in aerial survey. The 

 Journal of Wildlife Management, 40(2), 290-300. doi:10.2307/3800428   

Chollet, S., C. Bergman, A. J. Gaston, and J. Martin. 2015. Long-term consequences of 

 invasive deer on songbird communities: Going from bad to worse? Biological Invasions, 

 17(2), 777-790. doi:10.1007/s10530-014-0768-0  

Clarke, H. 2017. Statistically-derived early winter moose habitat selection in the south Canol 

 region. Yukon Fish and Wildlife Branch Report MR-17-03, Whitehorse, Yukon, Canada. 

 20p. 

Collins W.B. and P.J. Urness. 1981. Habitat preferences of mule deer [Odocoileus hemionus] as 

 rated by pellet-group distributions [Utah]. Journal of Wildlife Management, 45(4), 

 969–972. https://doi.org/10.2307/3808105 



88 

 

Conover, M. R. 1997. Monetary and intangible valuation of deer in the United States. Wildlife 

 Society Bulletin (1973-2006), 25(2), 298-305. 

Côté, S. D., T. P. Rooney, J. Tremblay, C. Dussault, and D. M. Waller. 2004. Ecological 

 impacts of deer overabundance. Annual Review of Ecology, Evolution, and Systematics, 

 35(1), 113-147. doi:10.1146/annurev.ecolsys.35.021103.105725 

Crawley, M.J. 2013.  The R Book: Second Edition. John Wiley & Sons.  

Dawe, K. L., and S. Boutin. 2016. Climate change is the primary driver of white‐tailed deer 

 (odocoileus virginianus) range expansion at the northern extent of its range; land use is 

 secondary. Ecology and Evolution, 6(18), 6435-6451. doi:10.1002/ece3.2316  

deCalesta, D. S. 2013. Reliability and precision of pellet-group counts for estimating landscape-

 level deer density. Human-Wildlife Interactions 7(1): 60-68. 

Dechen Quinn A. C., D. M. Williams, and W. F. Porter. 2013. Landscape structure influences 

 space use by white-tailed deer. Journal of Mammalogy, 94(2), 398-407. doi:10.1644/11-

 MAMM-A-221.1  

DelGiudice, G. D., M. R. Riggs, P. Joly, and W. Pan. 2002. Winter severity, survival, and cause-

 specific mortality of female white-tailed deer in north-central Minnesota. The Journal of 

 Wildlife Management 66 (3): 698-717.  

Delgiudice, G. D., J. R. Fieberg, and B.A. Sampson. 2013a. A long-term assessment of the 

 variability in winter use of dense conifer cover by female white-tailed deer. PloS  One, 

 8(6), e65368-e65368.  doi:10.1371/journal.pone.0065368  

DelGiudice, G. D., B. A. Sampson, and J. H. Giudice. 2013b. A long-term assessment of the 

 effect of winter severity on the food habits of white-tailed deer: Winter food habits of 

 northern deer. The Journal of Wildlife Management, 77(8), 1664-1675. 

 doi:10.1002/jwmg.616  

Dénes, F. V., L. F. Silveira, S. R. Beissinger, and N. Isaac. 2015. Estimating abundance of 

 unmarked animal populations: Accounting for imperfect detection and other sources of 

 zero inflation. Methods in Ecology and Evolution, 6(5), 543-556. doi:10.1111/2041-

 210X.12333 

Eberhardt, L., and Robert C. Van Etten. 1956. Evaluation of the pellet group count as a deer 

 census method. The Journal of Wildlife Management, 20(1), 70-74. 

Edmunds, D., M. Kauffman, B. Schumaker, F. Lindzey, W. Cook, T. Kreeger, … T. Cornish,

 2016. Chronic Wasting Disease Drives Population Decline of White-Tailed 

 Deer.(Research Article)(Report). PLoS ONE, 11(8), e0161127. 

 https://doi.org/10.1371/journal.pone.0161127 

Ekanayake, A. J., D. B. Ekanayake, J.Hunt, and C. L. Miller-Hunt. 2018. Modeling reproduction 

 of whitetail deer and its applications. Journal of Theoretical Biology 459: 90-102.  

Environment Canada. 1978.  The Climate of St Lawrence Islands National Park.  Unpublished 

 Report. Environment Canada 



89 

 

Environmental Systems Research Institute. 2012. ArcGIS Desktop: Release 10. Redlands, CA: 

 Environmental Systems Research Institute. 

Etter, D. R., K. M. Hollis, T.R. Van Deelen, D. R. Ludwig, J. E. Chelsvig, C. L. Anchor, and R. 

 E. Warner. 2002. Survival and movements of white-tailed deer in suburban Chicago, 

 Illinois. The Journal of Wildlife Management 66 (2): 500-10.  

Flowerdew, J. R. 2001. Impacts of woodland deer on small mammal ecology. Forestry, 74(3), 

 277-287. doi:10.1093/forestry/74.3.277 

Frair, J. L., S. E. Nielsen, E. H. Merrill, S. R. Lele, M. S. Boyce, R. H. M. Munro, . . . H. L. 

 Beyer.  2004. Removing GPS collar bias in habitat selection studies. Journal of Applied 

 Ecology, 41(2), 201-212. doi:10.1111/j.0021-8901.2004.00902.x   

Frair, J. L., J. Fieberg, M. Hebblewhite, F. Cagnacci, N. J. DeCesare, and L. Pedrotti. 2010. 

 Resolving issues of imprecise and habitat-biased locations in ecological analyses using 

 GPS telemetry data. Philosophical Transactions: Biological Sciences, 365(1550), 2187-

 2200. doi:10.1098/rstb.2010.0084   

Fuller, T.K. 1990. Dynamics of a declining white-tailed deer population in north-central 

 Minnesota, Wildlife Monographs, No. 110. pp 3-37. 

Frontenac Arch Biosphere Reserve. 2019. Retrieved from 

 https://www.frontenacarchbiosphere.ca/. December 23, 2019. 

Gkritza, K., M. Baird, and Z. N. Hans. 2010. Deer-vehicle collisions, deer density, and land use 

 in Iowa's urban deer herd management zones. Accident Analysis and Prevention, 42(6), 

 1916-1925. doi:10.1016/j.aap.2010.05.013 

Government of Canada. 1990.  Hinterland Who's Who: White-tailed Deer.  Retrieved from 

 http://www.hww.ca/en/wildlife/mammals/white-tailed-deer.html 

Grohmann, C. H., M. J. Smith, and C. Riccomini. 2011. Multiscale analysis of topographic 

 surface roughness in the Midland Valley, Scotland. IEEE Transactions on Geoscience 

 and Remote Sensing, 49(4), 1200-1213. doi:10.1109/TGRS.2010.2053546   

Guisan, A., W. Thuiller, and N. E. Zimmerman. 2017. Habitat Suitability and Distribution 

 Models: With Applications in R. Cambridge University Press, Cambridge, United 

 Kingdom. 

Habeck, C. W., and A. K. Schultz. 2015. Community-level impacts of white-tailed deer on 

 understorey plants in North American forests: A meta-analysis. Aob Plants, 7, plv119. 

 doi:10.1093/aobpla/plv119  

Hamerstrom, F. N. and J.  Blake. 1939. Winter movements and winter foods of white-tailed deer 

 in Central Wisconsin.  Journal of Mammalogy. Vol.20(2), pp.206-215. 

Harlow, R. F., J. B. Whelan, H. S. Crawford, and J. E. Skeen. 1975. Deer foods during years of 

 oak mast abundance and scarcity. The Journal of Wildlife Management, 39(2), 330-336. 

 doi:10.2307/3799910  

https://www.frontenacarchbiosphere.ca/


90 

 

Hawkins, S.J., L.B..Firth, M..McHugh,, E..S..Poloczanska, R.J.H. Herbert, M.T. Burrows,… N. 

 Mieszkowska. 2013. Data rescue and re-use: Recycling old  information to address new 

 policy concerns. (2013). Marine Policy. 42. p.91(8) 

Hebblewhite, M., and E. H. Merrill. 2007. Multiscale wolf predation risk for elk: Does 

 migration reduce risk? Oecologia, 152(2), 377-387. doi:10.1007/s00442-007-0661-y   

Hibert, F., D. Maillard, H. Fritz, M. Garel, H. N. Abdou, and P. Winterton. 2011. Ageing of 

 ungulate pellets in semi-arid landscapes: How the shade of colour can refine pellet-group 

 counts. European Journal of Wildlife Research, 57(3), 495-503. doi:10.1007/s10344-010-

 0458-x   

Hijmans, R. J. 2018. raster: Geographic Data Analysis and Modeling. R package version 2.7-

 15. https://CRAN.R-project.org/package=raster 

Hobbs, N. T. 1996. Modification of ecosystems by ungulates. The Journal of Wildlife 

 Management, 60(4), 695-713. 

Horsley, S. B., S. L. Stout, and D. S. DeCalesta. 2003. White-tailed deer impact on the 

 vegetation dynamics of a northern hardwood forest. Ecological Applications, 13(1), 98-

 118. doi:10.1890/1051-0761(2003)013[0098:WTDIOT]2.0.CO;2 

Huijser, M.P., P. McGowen, J. Fuller, A. Hardy, A. Kociolek, A.P. Clevenger, D. Smith, and R. 

 Ament. 2008. Wildlife Vehicle Collision Reduction Study: Report to Congress, Report 

 No. FHWA-HRT-08-034, US Department of Transportation, Federal Highway 

 Administration, McLean, VA 

Jacques, C. N., J. A. Jenks, T. W. Grovenburg, R. W. Klaver, and C. S. Deperno. 2014. 

 Incorporating detection probability into northern Great Plains pronghorn population 

 estimates. The Journal of Wildlife Management, 78(1), 164-174. doi:10.1002/jwmg.634   

Johnson, C. J., S. E. Nielson, E. H. MerillL, T. L. McDonald, and M. S. Boyce. 2006. 

 Resource selection functions based on Use–Availability data: Theoretical motivation and 

 evaluation methods. Journal of Wildlife Management, 70(2), 347-357. doi:10.2193/0022-

 541X(2006)70[347:RSFBOU]2.0.CO;2  

Johnson, D. H. 1980. The comparison of usage and availability measurements for evaluating 

 resource preference. Ecology, 61(1), 65-71. doi:10.2307/1937156  

Kall, Chris. 1978. A Resource Description at St Lawrence Islands National Park. Parks Canada. 

Kearney, S., and F. Gilbert. 1976. Habitat use by white-tailed deer and moose on sympatric 

 range. The Journal of Wildlife Management, 40(4), 645–657. 

 https://doi.org/10.2307/3800559 

Keever, A. C., C. P. McGowan, S. S. Ditchkoff, P. K. Acker, J.B. Grand, and C. H. Newbolt. 

 2017. Efficacy of N-mixture models for surveying and monitoring white-tailed deer 

 populations. Mammal Research, 62(4), 413-422. doi:10.1007/s13364-017-0319-z  

Kern, C. C., P. B. Reich, R. A. Montgomery, and T. F. Strong. 2012. Do deer and shrubs 

 override canopy gap size effects on growth and survival of yellow birch, northern red 



91 

 

 oak, eastern white pine, and eastern hemlock seedlings? Forest Ecology and 

 Management, 267, 134-143. doi:10.1016/j.foreco.2011.12.002 

Kie, J., R. Bowyer, M. Nicholson, B. Boroski, and E. Loft. 2002. Landscape heterogeneity at 

 differing scales: effects on spatial distribution of mule deer. Ecology, 83(2), 530–544. 

 https://doi.org/10.1890/0012-9658(2002)083[0530:LHADSE]2.0.CO;2 

Kilpatrick, H. J., and K. K. Lima. 1999. Effects of archery hunting on movement and activity of 

 female white-tailed deer in an urban landscape. Wildlife Society Bulletin (1973-2006), 

 27(2), 433-440.  

Kugeler, K. J., R. A. Jordan, T. L. Schulze, K.S. Griffith, and P.S. Mead. 2016. Will culling 

 White‐Tailed deer prevent lyme disease? Zoonoses and Public Health, 63(5), 337-345. 

 doi:10.1111/zph.12245 

Laing, S. E., S. T. Buckland, R. W. Burn, D. Lambie, and A. Amphlett. 2003. Dung and nest 

 surveys: Estimating decay rates. Journal of Applied Ecology, 40(6), 1102-1111. 

 doi:10.1111/j.1365-2664.2003.00861.x   

Le Saout, S. L., S. Chollet, S. Chamaillé-Jammes., L. Blanc, S. Padié, T. Verchere, . . . J. Martin. 

 2014. Understanding the paradox of deer persisting at high abundance in heavily 

 browsed habitats. Wildlife Biology, 20(3), 122. 

Lele, S. 2009. A New Method for Estimation of Resource Selection Probability Function.  

 Journal of Wildlife Management, 73(1), 122–127. https://doi.org/10.2193/2007-535 

Lele, S. R., E. H. Merrill, J. Keim, and M. S. Boyce. 2013. Selection, use, choice and 

 occupancy: Clarifying concepts in resource selection studies. Journal of Animal Ecology, 

 82(6), 1183-1191. doi:10.1111/1365-2656.12141 

Lele, S.R., Jonah L. Keim and Peter Solymos. 2019. ResourceSelection: Resource 

 Selection (Probability) Functions for Use-Availability Data. R package version 0.3-5.  

 https://CRAN.R-project.org/package=ResourceSelection 

Leopold, B.D., P.R. Krausman, and J.J. Hervert. 1984. Comment: The pellet group census 

 technique as an indicator of relative habitat use. Wildlife Society Bulletin. 12(3), 325-

 326.  

LeResche, R. E., and R.A. Rausch. 1974. Accuracy and precision of aerial moose censusing. 

 The Journal of Wildlife Management, 38(2), 175-182. doi:10.2307/3800722   

Lesage, L., M. Crête, J. Huot, A. Dumont, and J. Ouellet. 2000. Seasonal home range size and 

 philopatry in two northern white-tailed deer populations. Canadian Journal of Zoology, 

 78(11), 1930-1940. doi:10.1139/cjz-78-11-1930  

Loft, E., and J. Kie. 1988. Comparison of pellet-group and radio triangulation methods for 

 assessing deer habitat use. The Journal of Wildlife Management, 52(3), 524–527. 

 https://doi.org/10.2307/3801604 

Lovely, K. R., W. J. Mcshea, N. W. Lafon, and D. E. Carr. 2013. Land parcelization and deer 

 population densities in a rural county of Virginia: Land parcelization and deer densities. 

 Wildlife Society Bulletin, 37(2), 360-367. doi:10.1002/wsb.244 



92 

 

Manly, B., L. McDonald and D. L. Thomas 1993. Resource selection by animals - statistical 

 design  and analysis for field studies. Chapman and Hall, London-Glasgow-New York-

 Tokyo- Melbourne-Madras 1993, 177 pp. 

Manly B., J. Lyman L. McDonald, D. L. Thomas, T. L. McDonald and W. P. Erickson. 2002. 

 Resource Selection by Animals: Statistical Design and Analysis for Field Studies.  2nd 

 Edition. Kluwer Academic Publishers. 219p. 

Månsson, J., H. Andrén, and H. Sand. 2011. Can pellet counts be used to accurately describe 

 winter habitat selection by moose Alces ? European Journal of Wildlife Research,  57(5), 

1017–1023. https://doi.org/10.1007/s10344-011-0512-3 

Marques, F. F. C., S. T. Buckland, D. Goffin, C. E. Dixon, D. L. Borchers, B. A. Mayle, and A. 

 J. Peace. 2001. Estimating deer abundance from line transect surveys of dung: Sika 

 deer in Southern Scotland. Journal of Applied Ecology, 38(2), 349-363. 

 doi:10.1046/j.1365-2664.2001.00584.x 

Marsh, H., and D. F. Sinclair. 1989. Correcting for visibility bias in strip transect aerial surveys 

 of aquatic fauna. The Journal of Wildlife Management, 53(4), 1017-1024. 

 doi:10.2307/3809604  

Masse, A., and S. D. Côté. 2013. Spatiotemporal variations in resources affect activity and 

 movement patterns of white-tailed deer (odocoileus virginianus) at high density. 

 Canadian Journal of Zoology, 91(4), 252-263. doi:10.1139/cjz-2012-0297  

Mccullough, D. 1985. Variables Influencing Food Habits of White-Tailed Deer on the George 

 Reserve. Journal of Mammalogy, 66(4), 682–692. https://doi.org/10.2307/1380794 

McCullagh, P., and J. A. Nelder. 1989. Generalized linear models (2nd ed.). Chapman and Hall, 

 London, UK. 

McGarigal, K., S. A. Cushman, and E. Ene. 2012. FRAGSTATS v4: Spatial Pattern Analysis 

 Program for Categorical and Continuous Maps. Computer software program produced by 

 the authors at the University of Massachusetts, Amherst. Available at: 

 http://www.umass.edu/landeco/research/fragstats/fragstats.html 

McGarrigle, M. 2003. A sighting probability assessment of a double-count aerial survey 

 technique for white-tailed deer (odocoileus virginianus) populations in New Brunswick, 

 Canada.  Masters Thesis, University of New Brunswick, Fredericton, New Brunswick.  

Mcshea, W., and G. Schwede. 1993. Variable acorn crops: Responses of white-tailed deer and 

 other mast consumers. Journal of Mammalogy, 74(4), 999–1006.

 https://doi.org/10.2307/1382439 

McShea, W. J., H. B. Underwood, and J. H. Rappole. 1997. The science of overabundance: Deer 

 ecology and population management. Washington, DC: Smithsonian Institution Press. 

McShea, W. J., and J. H. Rappole. 2000. Managing the abundance and diversity of breeding bird 

 populations through manipulation of deer populations. Conservation Biology, 14(4), 

 1161-1170. doi:10.1046/j.1523-1739.2000.99210.x 



93 

 

McShea, W. J. 2012. Ecology and management of white‐tailed deer in a changing world.  Annals 

 of the New York Academy of Sciences, 1249(1), 45-56. doi:10.1111/j.1749-

 6632.2011.06376.x 

Mech, L. D., L. D. Frenzel, and North Central Forest Experiment Station (Saint. Paul, Minn.). 

 1971. Ecological studies of the timber wolf in Northeastern Minnesota. St. Paul, Minn: 

 U.S. North Central Forest Experiment Station. 

Mech, L. D. 1984. Chapter 8. In White-tailed Deer: Ecology and Management. 305-330. Eds. 

 Lowell Halls. Harrisburg, PA. (1984).Lowell Halls. Harrisburg, PA.  

Miller, K.E., B. B. Ackerman, L. W. Lefebvre, and K. B. Clifton. 1998. An evaluation of strip-

 transect aerial survey methods for monitoring manatee populations in Florida. Wildlife 

 Society Bulletin, 26(3): 561-570. 

Montgomery, G. G. 1963. Nocturnal movements and activity rhythms of white-tailed deer. The 

 Journal of Wildlife Management, 27(3), 422-427. doi:10.2307/3798516  

Montgomery, R. A., G. J. Roloff, J. M. Ver Hoef, and J. J. Millspaugh. 2010. Can we 

 accurately characterize wildlife resource use when telemetry data are imprecise? Journal 

 of Wildlife Management, 74(8), 1917-1925. doi:10.2193/2010-019 

Mooty J.J., P.D. Karns , and D.M. Heisey. 1984. The relationship between white-tailed deer 

 track counts and pellet-group surveys [Odocoileus virginianus, population estimation 

 technique]. Journal of Wildlife Management, 48(1), 275–279. 

 https://doi.org/10.2307/3808488 

Morris, L. R., K. M. Proffitt, and J. K. Blackburn. 2016. Mapping resource selection functions 

 in wildlife studies: Concerns and recommendations. Applied Geography, 76, 173-183. 

 doi:10.1016/j.apgeog.2016.09.025   

Morrison, S., G. Forbes, S. Young, and S. Lusk. 2003. Within-yard habitat use by white-tailed 

 deer at varying winter severity. Forest Ecology and Management, 172(2-3), 173–182. 

 https://doi.org/10.1016/S0378-1127(01)00809-X 

Morrison, S. and M. Wong, M. 2013. Late winter habitat selection by moose in the Dawson land 

 use planning region. Prepared by Dryas Research Ltd. and Mark Wong Consulting for 

 Yukon Department of Environment. Yukon Fish and Wildlife Branch Report TRC-13-01, 

 Whitehorse, Yukon, Canada. 24p. 

Munro, K., J. Bowman, and L. Fahrig. 2012. Effect of paved road density on white-tailed deer. 

 Wildlife Research. 2012 (39). 478-487. 

Mysterud, A., and R. A. Ims. 1998. Functional responses in habitat use: Availability influences 

 relative use in trade-off situations. Ecology, 79(4), 1435-1441. doi:10.1890/0012-

 9658(1998)079[1435:FRIHUA]2.0.CO;2   

Naimi B, Na Hamm, T. A. Groen, A. K. Skidmore, and A. G. Toxopeus. 2014. “Where is 

 positional uncertainty a problem for species distribution modelling.” Ecography, 37, pp. 

 191-203. doi: 10.1111/j.1600-0587.2013.00205.x. 



94 

 

Nature Serve. 2019.  Accessed from 

 http://explorer.natureserve.org/servlet/NatureServe?searchName=Odocoileus+virginianus

 . December 23, 2019. 

Neff, D. J. 1968. The pellet-group count technique for big game trend, census, and distribution: 

 A review. The Journal of Wildlife Management, 32(3), 597-614. 

Nelder, J. A., and R. W. M. Wedderburn. 1972. Generalized linear models. Journal of the Royal 

 Statistical Society A, 135, 370–384. 

Nelson, M. 1995. Winter range arrival and departure of white-tailed deer in northeastern 

 Minnesota. Canadian Journal of Zoology, 73(6), 1069–1076. https://doi.org/10.1139/z95-

 127 

Nielson, R., and H.  Sawyer. 2013. Estimating resource selection with count data. Ecology and 

 Evolution, 3(7), 2233–2240. https://doi.org/10.1002/ece3.617 

Nelson, M. E., and L. D. Mech. 1999. Twenty-year home-range dynamics of a white-tailed deer 

 matriline. Canadian Journal of Zoology, 77(7), 1128-1135. doi:10.1139/cjz-77-7-1128   

Neu, C. W., C. R. Byers, and J. M. Peek. 1974. A technique for analysis of utilization-

 availability data. The Journal of Wildlife Management, 38(3), 541-545. 

 doi:10.2307/3800887  

Northrup, J. M., M. B. Hooten, C. R. Anderson, and G. Wittemyer. 2013. Practical guidance on 

 characterizing availability in resource selection functions under a use-availability design. 

 Ecology, 94(7), 1456-1463. doi:10.1890/12-1688.1 

Nuttle, T., T. E. Ristau, A. A. Royo, and F. Gilliam. 2014. Long‐term biological legacies of 

 herbivore density in a landscape‐scale experiment: Forest understoreys reflect past deer 

 density treatments for at least 20 years. Journal of Ecology, 102(1), 221-228. 

 doi:10.1111/1365-2745.12175 

Ontario Ministry of Natural Resources. 2008. Predicted species distributions and vegetation 

 assemblages for eco-district 6e10, version 1.0: Ontario Ministry of Natural Resources, 

 2008. Available:  Land Information Ontario (September 30, 2017). 

Ontario Ministry of Natural Resources. 2017. White-tailed Deer Management Policy for 

 Ontario.  Retrieved from https://www.ontario.ca/page/white-tailed-deer-management-

 policy-ontario on November 30, 2017 

Ontario Parks. 2011. Deer Monitoring Strategy. Ontario Parks, Southeast Zone. Unpublished 

 report. Kingston, Ontario. 

Palmer, S., and A. Truscott. 2003. Seasonal habitat use and browsing by deer in Caledonian 

 pinewoods. Forest Ecology and Management, 174(1-3), 149–166. 

 https://doi.org/10.1016/S0378-1127(02)00032-4 

Parks Canada. 1997. National Park System Plan. Parks Canada. 

Parks Canada. 2007. Management of Hyperabundant Wildlife Populations in Canada's National 

 Parks (Parks Canada Management Directive on Impact Assessment). Parks Canada. 

https://doi.org/10.1139/z95-
https://doi.org/10.1139/z95-


95 

 

Parks Canada.  2008. Hyperabundant Deer Management Plan: St. Lawrence Islands National 

 Park.  Parks Canada. 

Parks Canada.  2010. St. Lawrence Islands National Park of Canada: Management Plan.  Parks 

 Canada. 

Parks Canada.  2012a. Hyperabundant Deer Management Plan: St. Lawrence Islands National 

 Park.  Parks Canada. 

Parks Canada. 2012b. State of the Park Report, St. Lawrence Islands National Park. Parks 

 Canada.  

Parks Canada. 2016. Multi-Species Action Plan for Thousand Islands National Park. Parks 

 Canada. 

Parks Canada. 2018. Deer Herd Reduction: Annual Report. Thousand Islands National Park. 

 Unpublished Report. Parks Canada. 

Parks Canada 2019.  Regional map of the Thousand Islands area including Thousand Islands 

 National Park. Created December 2019. 

Parks Canada 2019.  Map of Hill Island.  Created December 2019. 

Pfeffer, S. E., R. Spitzer, A. M. Allen,T. R. Hofmeester, G. Ericcson, F. Widemo, N. J. Singh, 

 and J. P. Cromsigt. 2017.  Pictures or Pellets? Comparing camera trapping and dung 

 counts as methods for estimating population densities of ungulates. Remote Sensing in 

 Ecology and Conservation.  November 2017. 

Pollock, K. H., and W. L. Kendall. 1987. Visibility bias in aerial surveys: A review of estimation 

 procedures. The Journal of Wildlife Management, 51(2), 502-510. doi:10.2307/3801040 

Pollock, K. H., H. D. Marsh, I.R. Lawler, and M. W. Alldridge. 2006. Estimating animal 

 abundance in heterogeneous environments: an application to aerial surveys for 

 dugongs. The Journal of Wildlife Management, 70(1), 255-262. 

 

Potvin, F., B. Boots, and A. Dempster. 2003. Comparison among three approaches to evaluate 

 winter habitat selection by white-tailed deer on Anticosti Island uses occurrences from an 

 aerial survey and forest vegetation maps. Canadian Journal of Zoology, 81(10), 1662-

 1670. 

Potvin, F., L. Breton, and L. P. Rivest. 2004.  Aerial surveys for white-tailed deer with the 

 double-count technique in Québec: Two 5-year plans completed.  Wildlife Society 

 Bulletin, 32(4), 1099-1107. 

Potvin, F., and L. Breton. 2005. From the field: Testing 2 aerial survey techniques on deer in 

 fenced enclosures -- visual double-counts and thermal infrared sensing. Wildlife Society 

 Bulletin, 33(1), 317. 

Prendeville, H. R., J. C. Steven, and L. F. Galloway. 2015. Spatiotemporal variation in deer 

 browse and tolerance in a woodland herb. Ecology, 96(2), 471-478. doi:10.1890/14-653.1 



96 

 

Primrack, R. B. 1993. Essentials of Conservation Biology. Sinauer  Associates Inc. Sunderland, 

 Massachusetts. 

Putman, R. J. 1984. Facts from faeces. Mammal Review, 14(2), 79-97. doi:10.1111/j.1365-

 2907.1984.tb00341.x 

QGIS Development Team 2019. QGIS Geographic Information System. Open Source 

 Geospatial Foundation Project. http://qgis.osgeo.org”. 

R Core Team 2017. R: A language and environment for statistical computing.

 https://www.R-project.org/. 

Raftery, A. E. 1995. Bayesian model selection in social research. Sociological Methodology. 

 Vol. 25 (1995), 111-163. 

Rhoads, C. L., J. L. Bowman, and B. Eyler. 2010. Home range and movement rates of female 

 exurban white-tailed deer. Journal of Wildlife Management, 74(5), 987-994. 

 doi:10.2193/2009-005  

Rogers, G., O. Julander, and W. L. Robinette. 1958. Pellet-group counts for deer census and 

 range-use index. The Journal of Wildlife Management, 22(2), 193-199. 

Rooney, T. P. 2001. Deer impacts on forest ecosystems: A North American perspective. 

 Forestry, 74(3), 201-208. doi:10.1093/forestry/74.3.201 

Rooney, T. P., and D. M. Waller. 2003. Direct and indirect effects of white-tailed deer in forest 

 ecosystems. Forest Ecology and Management, 181(1), 165-176. doi:10.1016/S0378-

 1127(03)00130-0 

Rooney, T. P. 2009. High white-tailed deer densities benefit graminoids and contribute to 

 biotic homogenization of forest ground-layer vegetation. Plant Ecology, 202(1), 103-111. 

 doi:10.1007/s11258-008-9489-8 

Runkle, J. R. 1982. Patterns of disturbance in some old-growth mesic forests of Eastern North 

 America. Ecology, 63(5), 1533-1546. doi:10.2307/1938878 

Runkle, J. R. 1989. Synchrony of regeneration, gaps, and latitudinal differences in tree species 

 diversity. Ecology, 70(3), 546-547. doi:10.2307/1940199 

Rytwinski, T., and L. Fahrig. 2011. Reproductive rate and body size predict road impacts on 

 mammal abundance. Ecological Applications, 21(2), 589-600. doi:10.1890/10-0968.1    

Sabine, D. L., S. F. Morrison, H. A. Whitlaw, W. B. Ballard, G. J. Forbes, and J. Bowman. 2002. 

 Migration behavior of white-tailed deer under varying winter climate regimes in New 

 Brunswick. The Journal of Wildlife Management, 66(3), 718-728. doi:10.2307/3803137  

Sæther, B. 1997. Environmental stochasticity and population dynamics of large herbivores: A 

 search for mechanisms. Trends in Ecological Evolution, April 12(4),143-149.  doi: 

 10.1016/s0169-5347(96)10068-9 

Sauer, P. 1984. Chapter 3. In White-tailed Deer: Ecology and Management. 73-90. Eds. Lowell 

 Halls. Harrisburg, PA. 



97 

 

Shi, H., E. J. Laurent, J. LeBouton, L. Racevskis, K. R. Hall, M. Donovan, . . . J. Liu. 2006. 

 Local spatial modeling of white-tailed deer distribution. Ecological Modelling, 190(1), 

 171-189. doi:10.1016/j.ecolmodel.2005.04.007   

Simard, M. A., S. D. Côté, R. B. Weladji, and J. Huot. 2008. Feedback effects of chronic 

 browsing on life-history traits of a large herbivore. Journal of Animal Ecology, 77(4), 

 678-686. doi:10.1111/j.1365-2656.2008.01374.x 

Slonosky, V., R. Sieber, G. Burr, L. Podolsky, R. Smith, M. Bartlett, E. Park, J. Cullen, and F. 

 Fabry.  2019. From books to bytes: A new data rescue tool. Geoscience Data Journal, 

 6(1), 58–73. https://doi.org/10.1002/gdj3.62 

Stewart, A. J. A. 2001. The impact of deer on lowland woodland invertebrates: A review of the 

 evidence and priorities for future research. Forestry, 74(3), 259-270. 

 doi:10.1093/forestry/74.3.259 

Thomas, D. L., and E. J. Taylor. 2006. Study designs and tests for comparing resource use and 

 availability II. Journal of Wildlife Management, 70(2), 324-336. doi:10.2193/0022-

 541X(2006)70[324:SDATFC]2.0.CO;2  

Thomas, L., S. T. Buckland, E. A. Rexstad, J. L. Laake, S. Strindberg, S. L. Hedley, . . . K. P. 

 Burnham. 2009. Distance software: Design and analysis of distance sampling 

 surveys for estimating population size. Journal of Applied Ecology, 47(1), 5-14. 

 doi:10.1111/j.1365-2664.2009.01737.x 

Tierson, W. C., G. F. Mattfeld, R.W. Sage, and D. F. Behrend. 1985. Seasonal movements and 

 home ranges of white-tailed deer in the Adirondacks. The Journal of Wildlife 

 Management, 49(3), 760-769. doi:10.2307/3801708  

Tinoco Torres, R., J. C. Carvalho, M. Panzacchi, J. D. C. Linnell, and C. Fonseca. 2011. 

 Comparative use of forest habitats by roe deer and moose in a human-modified landscape 

 in Southeastern Norway during winter. Ecological Research, 26(4), 781-789. 

 doi:10.1007/s11284-011-0837-0  

Tremblay, J., I. Thibault, C. Dussault, J. Huot, and S. D. Côté. 2005. Long-term decline in 

 white-tailed deer browse supply: Can lichens and litterfall act as alternative food sources 

 that preclude density-dependent feedbacks. Canadian Journal of Zoology, 83(8), 1087-

 1096. doi:10.1139/z05-090 

United Nations. 2020. Retrieved from 

 http://www.unesco.org/new/en/naturalsciences/environment/ecological-sciences/ January 

 6, 2020. 

Urbanek, R. E., C. K. Nielsen, T. S. Preuss, and G.A. Glowacki. 2012. Comparison of aerial 

 surveys and pellet-based distance sampling methods for estimating deer density. Wildlife 

 Society Bulletin, 36(1), 100-106.  

Valente, A. M., T. A. Marques, C. Fonseca, and R. T. Torres. 2016. A new insight for 

 monitoring ungulates: Density surface modelling of roe deer in a Mediterranean habitat. 

 European Journal of Wildlife Research, 62(5), 577-587. doi:10.1007/s10344-016-1030-0 



98 

 

Van Wieren, J. and J. Broadfoot. 2007. St. Lawrence Islands National Park Hill Island 

 Hyperabundant Deer Management Plan. Revised by E. Gonzales, 2008. Parks Canada. 

Verme, L. J. and D. E. Ullrey.  1984. Chapter 4. In White-tailed Deer: Ecology and 

 Management. 91-118. Eds. Lowell Halls. Harrisburg, PA. 

Voigt, D. R., J. D. Broadfoot, J. A. Baker, and Ontario. Forest Program Development Section. 

 1997. Forest management guidelines for the provision of white-tailed deer habitat, 

 version 1.0. Sault Ste. Marie, ON: Ministry of Natural Resources, Forest Management 

 Branch, Forest Program Development Section.  

Venables W.N., and B.D. Ripley BD. 2002. Modern Applied Statistics with S, Fourth edition. 

 Springer, New York. ISBN 0-387-95457-0, http://www.stats.ox.ac.uk/pub/MASS4. 

Vercauteren, K., T. Vandeelen, M. Lavelle, and W. Hall, W. 2010). Assessment of Abilities of 

 White‐Tailed Deer to Jump Fences. Journal of Wildlife Management, 74(6), 1378–1381. 

 https://doi.org/10.2193/2008-463 

Wallace, L., M. Turner, W. Romme, R. O’Neill, and Y. Wu. 1995. Scale of heterogeneity of 

 forage production and winter foraging by elk and bison. Landscape Ecology, 10(2), 75–

 83. https://doi.org/10.1007/BF00153825 

Waller, D. M., and W. S. Alverson. 1997. The white-tailed deer: A keystone herbivore. Wildlife 

 Society Bulletin (1973-2006), 25(2), 217-226. 

Wells, A. G., D. O. Wallin, C. G. Rice, and W. Chang. 2011. GPS bias correction and habitat 

 selection by mountain goats. Remote Sensing, 3(3), 435-459. doi:10.3390/rs3030435 

Whitlaw, H. A., W. B. Ballard, D. L. Sabine, S. J. Young, R. A. Jenkins, and G. J. Forbes. 

 1998. Survival and cause-specific mortality rates of adult white-tailed deer in New 

 Brunswick. The Journal of Wildlife Management 62 (4): 1335-41.  

White, G.C., R.M. Bartmann, L.H. Carpenter, and R.A. Garrott. 1989. Evaluation of aerial line 

 transects for estimating mule deer densities.  Journal of Wildlife Management 53 (3): 

 625-635. 

Williams, S. C., A.J Denicola, T. Almendinger, and J. Maddock. 2013. Evaluation of 

 organized hunting as a management technique for overabundant white-tailed deer in 

 suburban landscapes. Wildlife Society Bulletin, 37(1), 137-145. doi:10.1002/wsb.236 

Young, L. J., N. L. Campbell, and G. A. Capuano. 1999. Analysis of overdispersed count data 

 from single-factor experiments: A comparative study. Journal of Agricultural, Biological, 

 and Environmental Statistics, 4(3), 258-275. doi:10.2307/1400385 

http://www.stats.ox.ac.uk/pub/MASS4


99 

 

APPENDIX 1: Collinearity Matrix for Explanatory Variables 

 

 

Figure 1: Pearson Correlation matrix of variables used for modelling deer habitat use on Hill 

Island, ON.  Values exceeding 0.60 were considered potentially collinear and tested using 

Variance Inflation Factors. (sttdev= topographical roughness, hempro= probability of hemlock, 

quercus= probability of oak,  drymix= dry mixedwood, elev= elevation, opendev= open 
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developed, west= index of west, water= water, freshmix= fresh mixedwood, vstruct= vegetation 

structural diversity, opendis= open distance, roaddis= road distance, drydecid= dry deciduous, 

freshdecid= fresh deciduous, opennat= open natural, build= building distance, wetland= 

wetland). Code adapted from: Anonymous. 2019. retrieved on October 10, 2019 from 

http://www.sthda.com/english/wiki/ggplot2-quick-correlation-matrix-heatmap-r-software-and-

data-visualization.
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APPENDIX 2: K-Fold Results 

 The final aerial model was assessed for its ability to predict observations using k fold 

validation.  Overall count frequencies decreased with increasing bin number r= -0.305 with no 

statistically significant bins).  However when only non-zero bins were considered count 

frequencies increased as bin number increased with a positive trend in each of the test datasets.  

A Spearman Rank Correlation test was used to validate the overall predictive capability of the 

model.  Results of the K fold Validation are presented in Figure 1:   

 

Figure 1: K fold validation results with 5 testing bins and 10 ranked classes. 

 All testing datasets had empty bins in the top two or three rank classes.  These classes 

represented between 0.5- 2.0% of all cells in the study area for each of the tests, and given that 

each cell had a 0.08% chance of randomly being populated by an occurrence, left little chance 

for a testing observation to occur in one of the top classes (even in a habitat deer were selecting 

for).  This was a consequence of building classes using equal interval bins, but the intuitive value 

of displaying map outputs in equal intervals outweighed the costs to model validation in an 

environment where consistency in classification was being stressed (Morris et al. 2016).  

Correlation was calculated for all non-zero classes in each test.  Results ranged from 0.214 to 
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.929 and averaged 0.616 (1 bin significant at p=0.10).  Area adjusted frequencies agreed well 

with bin score in classes 1-4 and 7, were all 0 in classes 9 and 10, and were divergent in bins 5- 6 

(approximately 10% of cells in any given test).  Overall k fold results indicated that the data 

validated the model at lower scores, but suggest poor overall predictive performance. 
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